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Abstract:

Endocrine disrupting chemicals (EDCs) act on peripheral endocrine organs or interfere with
general endocrine pathways. Several EDCs alter the central regulation of neuroendocrine
pathways, and affect neurological functions, and as such can be classified as neurotoxic
molecules. Environmental pollutants classified as EDCs and affecting the central nervous
system include perfluoroalcanes, parabens, phthalates, organotins, bisphenols,
benzophenones, polychlorinated biphenyls, and dioxins. In this review we provide a brief
description of these families of EDCs. We report and compare the EDC concentrations
measured in the brain of humans and wild animals naturally exposed to these molecules, as
well as in the brain of laboratory animals experimentally exposed to EDCs. The importance of
using sophisticated analytical tools to detect EDCs in the brain is pointed out. The ability of
blood-brain interfaces to reduce the brain exposition to EDCs in adult and during development
is discussed in relation with the specific morphological, transport and metabolic properties of
these cellular layers. Finally, we review the evidence that blood-brain interfaces
neuroprotective functions can be altered by EDCs, a process that may participate to the
central toxic action of these molecules. Overall this analysis points to the implication of blood-
brain interfaces in setting the extent of central EDCs toxicity, although most evidences are
indirect. Therefore, more specific blood-brain interface-oriented studies are called for in this

field of EDC neurotoxicology.
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highlights

* Perfluoroalcanes, parabens, phthalates, organotins, bisphenols, benzophenones,
polychlorinated biphenyls, and dioxins are environmental endocrine disrupting
chemicals (EDCs) that can be classified as neurotoxic molecules.

* Knowledge on EDC concentrations in brain stem from brain analysis in either wild
animals and human naturally exposed to these chemicals, or laboratory animals
experimentally exposed to EDC.

* brain concentration of EDCs is highly variable, and is influenced by the molecular
structures and the half-lives of the compounds.

* Very few experimental studies attempt to correlate brain concentrations of EDCs
with their effect on the central nervous system.

* blood-brain interfaces play a role in the cerebral bioavailability of EDCs. Most
evidences however remain indirect. Barrier permeability to EDCs may be modified by
efflux transporters and detoxifying enzymes.

* Blood brain barrier neuroprotective functions are altered by some EDCs, a process
that may participate to the neurological dysfunctions attributed to these toxicants.



Introduction

Endocrine disrupting chemicals (EDCs) are defined as exogenous agents that disturb the
normal endocrine functions, through affecting the synthesis, secretion, transport, binding and
metabolism of hormones (Annamalai and Namasivayam, 2015). They can mimic a natural
hormone and induce inappropriate body responses (e.g. inappropriate insulin production),
block hormone-specific receptors and consequently the corresponding hormonal activity (e.g.
growth hormone receptors), or else stimulate or inhibit endocrine pathways to cause
overproduction or underproduction of specific hormones. As a result, various general
functions and systems can be impacted, ranging from reproduction, development and
metabolism, to immune system and liver functions, leading to, or worsening, pathologies such
as hormone-related cancers, diabetes, obesity or infertility (De Coster and van Larebeke, 2012;
Karthikeyan et al., 2019). EDCs are found at low levels in thousands of products, whether
natural or man-made such as toys, furniture, medical devices and cosmetics, and form an
important part of the pollutants found in the environment. Human and animals can be
exposed to EDCs through different routes that include ingestion during consumption of food
and water, skin absorption, inhalation, and also by transfer from mother to fetus across the
placenta or from mother to infant via lactation (Gore et al., 2014). In this article, we focus on
perfluoroalcanes, parabens, phthalates, organotins, bisphenols, benzophenones,
polychlorinated biphenyls, and dioxins, which are environmental EDCs that have an impact on

neurological functions (Table 1).

EDCs have an action on selected peripheral endocrine organs or interfere with global
endocrine pathways. It is not obvious to delineate the specific action of each EDC because in
an environmental context they are hardly ever isolated and the human body is often exposed
to various EDCs simultaneously. A large panel of literature describes serious endocrine-related
deleterious effects on human health and on wild life upon exposure to these pollutants, as

illustrated by the following examples.

PCBs alter the circulating levels of thyroid hormones in human (Meeker et al., 2007). Prenatal

exposure to PCB is also linked to unfavorable birth outcome. The effects differ with the



number of chlorine atoms on the molecules. For example, Low-chlorinated PCB congeners
were negatively associated with the length of gestation in human (Tang et al., 2018).

Both estrogenic and antiestrogenic activity has also been reported for PCBs. These opposite
actions depend on the structure of the molecules. PCB with an ortho substitution and non-
coplanar PCB possess an estrogenic action, while di-ortho, multiple-Cl- substituted PCBs
possess antagonistic activities towards the estrogen receptor functions. Several PCB
congeners are pleiotropic. For instance, PCB 138 possess both receptor-mediated anti-
estrogenic and anti-androgenic effects (Bonefeld-Jorgensen et al., 2001).

Exposure of adult men to phthalates induces a decline in sperm concentration, and is
associated with decreased thyroid hormones in serum and altered semen quality (Minguez-
Alarcon et al.,, 2018; Wang et al., 2018). The effect of phthalates on women reproductive
system is also documented in in vitro and in vivo animal studies. In mouse the formation of
phthalate metabolite is directly linked to ovary dysfunction, accelerating primordial follicle
recruitment (Hannon et al., 2014; Hannon et al., 2015). Exposure of rats to Di-(2-ethylhexyl)
phthalate before puberty also induce sexual precocity (Liu et al., 2018). Individual phthalates
act on different receptors and hormonal pathways, with various potencies, hence the
cumulative consequences of a simultaneous exposure to multiple phthalate are difficult to
predict (Mankidy et al., 2013). Bisphenols seem to be negatively associated with
reproductive/developmental functions, and to be especially connected with adult, adolescent
and child obesity. The mechanism is not clearly elucidated, but may involve an interaction with
thyroid hormone receptors, an activation of estrogen receptors, a dysregulation of adipocyte
differentiation, an increased absorption of lipids, and an insulinotropic action (Boucher et al.,
2014; Darbre, 2020; Koutaki et al., 2021). Exposure to Dioxins induces a defect in the
reproductive function in many species, including decreased spermatogenesis and infertility,
ovarian dysfunction, and fetal loss (Kogevinas, 2001). In addition, a demasculinization of male
offspring and a feminization of sex behavior has been observed following pre-natal exposure
to dioxin of male rats, suggesting that dioxins interfere with sexual differentiation (Hojo et al.,
2006). Perfluoroalkanes have a damaging impact on metabolism, fertility, fetal growth,
adiposity, and on the ability of the immune system to fight infections (Joensen et al., 2009;
Stein et al.,, 2016; Braun et al., 2021). Exposure to Organotins induces developmental
abnormalities. The endocrine-disruptive effects of Tributyltin are clearly seen in some marine

organisms that develop ambiguous genitalia, such as imposex characterized by a



superimposition of male and female characters in mollusks (Mattiessen and Gibbs, 1998;
Laranjeiro et al., 2016). This is mainly attributed to the inhibition of aromatase, the enzyme
that converts androgen to estrogen (Sharan et al., 2013). Tributyltin is embryotoxic for several
aquatic organisms such as sea urchins, clams and fish (Roepke et al., 2005; Inoue et al., 2006;
Hano et al.,, 2007). In mammals, Dibutyltin induces malformations and apoptotic fetal
resorption (Furukawa et al., 2017). Tributyltin has obesogenic activity (Grun, 2014), and in
fetuses induces Multipotent Stem Cells to Become Adipocytes (Kirchner et al., 2010).
Parabens disturb the concentration of female steroid sex hormones in serum, which in human
results in a decreased estradiol/progesterone ratio. In vitro and in vivo experimental studies
conducted in young female mice revealed a significant increase in adipocytes number and in
white adipose tissue mass upon exposure to alkyl-paraben. These changes increased with the
alkyl chain length and were linked to an activation of PPARs (Nowak et al., 2018; ElImore et al.,
2020). Benzophenones affect reproductive organs in both sexes. In rodents this includes delay
in male puberty, alterations in reproductive organs, and change of the estrogen cycle, in line
with an estrogenic and antiandrogenic activity attributed to these compounds. Benzophenone
derivatives also induce disturbance of hypothalamic—pituitary—thyroid axis. Dermal exposure
to low dose of benzophenone-3 during early pregnancy in mice induces sex ratio alterations
and modification in the growth curve of male mice (Schlumpf et al., 2004; Krause et al., 2012;

Santamaria et al., 2020).

In some instances, EDCs alter the central regulation of neuroendocrine pathways, and as such
can be classified as neurotoxic molecules. The following examples illustrate some of the
central effects induced by exposure to these molecules.

Exposure to PCB is linked to morphological changes in neurons and to altered neurological
development. For example, exposure to PCBs has been associated with an altered methylation
of genes involved in autism spectrum disorder, and with developmental defects of the nervous
system, behavioral changes, learning deficits, reduced attention and impulsivity (Klinefelter et
al., 2018; Dickerson et al., 2019). Paraben intoxication in rats shows similarities with the
autistic-like rat model with respect to changes in oxidative and inflammatory stress markers
in brain, suggesting that, to some extent, paraben may cause or contribute to this brain
pathology (Hegazy et al., 2015). In mice perinatal exposure to n-butyl paraben induces an

overweight in offspring, that could be mediated by a modification of an epigenetic enhancer



leading to an altered expression of pro-opiomelanocortin, and by a defective food intake
neuronal regulation (Leppert et al.,, 2020). Benzophenones may interfere with the
hypothalamic—pituitary—thyroid axis (Broniowska et al., 2019). Dermal exposure to
benzophenone 3 in rats causes neuronal damages which may be related to an increased
concentration of extracellular glutamate in brain and to an induction of apoptosis. It leads to
an impaired spatial memory (Pomierny et al., 2019). Perinatal exposure to dioxin enhances
the expression of AhR target genes in brain, and alters the neuro-morphology of the brain in
mice. It also affects a variety of cognitive and neurobehavioral functions in humans which
could also be explained by the expression of the transcription factor AhR in neurons, the latter
being a main receptor for dioxin (Kimura et al., 2021). The neurotoxicity of Organotins is
described in multiple reports, and is linked to the generation of an oxidative stress, to an
astrocyte activation, or to an overexpression of inflammatory molecules. This neurotoxicity
translates to demyelination and edema. Developmental exposure leads to a reduction of
endogenous neurogenesis and influences synaptic plasticity. Exposure to organotins leads
ultimately to neurodevelopmental abnormalities, loss of vigilance, disorientation, and
memory deficits (Toesca et al., 2016; Ferraz da Silva et al.,, 2017). Phthalates can induce
several neurological dysfunctions, such as an impairment of cognition and psychomotor skills
in children. A correlation between phthalate exposure and attention-deficit or hyperactivity
disorders has been reported in human Following fetal exposure, phthalates induce brain
development disorders that contribute to an impairment of spatial learning and memory.
Phthalate neurotoxicity may derive from reactive oxygen species production and from
hippocampal down-regulation of brain-derived neurotrophic factor, a key player in dendrite
outgrowth and synaptic plasticity associated to cognitive and learning functions. Studies
specifically conducted on phthalates neurotoxicity remains however scarce (Kavlock et al.,
2006; Lin et al., 2015; Giuliani et al., 2020). Bisphenol A affects hippocampal neurogenesis,
induces hippocampal neuron apoptosis, and causes behavioral, learning and memory deficits.
It also modifies neuronal pathways and/or centers involved in nociception and pain (Khadrawy
etal., 2016). Bisphenol A also impairs hypothalamic gliogenesis during postnatal development,
and this alters sexual maturation by preventing GnRH neurons which produce gonadotropin-
releasing hormone to function in an optimal glial environment (Pellegrino et al., 2021).
Experimental evidences that developmental exposure to perfluorosulfonates induce

neuroendocrine disturbances and neurodevelopmental delays have been reported (Austin et



al., 2003; Lau et al., 2003). Exposure to these molecules lead to spontaneous hyperactivity in
zebrafish, disrupt hippocampal cells in mice, and alter the hypothalamic-pituitary-adrenal axis
in rats (Long et al., 2013; Spulber et al., 2014; Salgado-Freiria et al., 2018). In human, recent
epidemiological data showed that high levels of perfluoroalkyl acids is associated with

behavioral difficulties in 7-year old children (Oulhote et al., 2016).

To produce these central deleterious effects, endocrine disruptors need to accumulate into
the brain parenchyma to a toxicologically significant extent. The brain is functioning in a secure
environment provided by blood-brain interfaces (BBIs) and the cerebrospinal fluid circulation.
The BBIs comprise the blood-brain barrier located at the endothelium of the brain vasculature,
and the blood-CSF barriers located at the epithelium of the choroid plexuses and at the
arachnoid membrane, upstream and downstream of the CSF circulation, respectively. The CSF,
mainly produced by the choroid plexuses, circulates in the ventricles of the brain, and then in
the subarachnoid and cisternal spaces. It drains the brain before being resorbed either
through the venous blood or by drainage into the lymphatic system. Collectively, the BBIs,
coupled to the CSF production, circulation and resorption, prevent the accumulation of
numerous potentially deleterious compounds of systemic origin into the brain, maintain the
cerebral interstitial fluid inorganic ion homeostasis necessary for brain function, and allow an
optimal supply of nutriments and micronutrients to the brain. The cerebral vascular network
and the choroid plexuses also play an important role in brain development and in the control
of neuroimmune interactions (Hladky and Barrand, 2016; Ghersi-Egea et al., 2018b; Liebner
et al.,, 2018).

The cerebral bioavailability of EDCs should therefore be limited to some extent by the BBls, as
a result of 1) the presence of tight junctions that seal the barrier cells together and prevent
the paracellular diffusion of blood-borne molecules into the brain interstitial fluid and CSF, 2)
the activity of efflux transporters that decrease the transcellular blood-brain influx of many
lipophilic compounds and increase the efflux from brain of unwanted metabolites, and 3) the
activity of drug metabolizing enzymes, mainly located at the choroidal epithelium, that
detoxify exogenous toxic compounds (Strazielle and Ghersi-Egea, 2013). An increasing amount
of data points to BBIs dysfunctions as important factors of toxicant-induced neurological
disorders (Zheng and Ghersi-Egea, 2020), in line with BBIs playing a key role in the

maintenance of cerebral homeostasis. The cerebral bioavailability of EDCs, the influence of



brain interfaces on the entry of EDCs into the central nervous system (CNS), and the impact of

EDCs on brain interfaces functions are discussed below.

1 Evidence for the presence of endocrine disruptor chemicals in the brain, mechanism of
brain penetration

While a large number of papers describe the central effect of EDCs, few papers actually report
actual EDCs concentrations in the brain. Information can be obtained from two types of
studies. The first one relates to “wildlife” studies, in which the brain of animals or humans
living in polluted areas have been analyzed. The second type relate to experimental studies,
in which various animal species were artificially exposed to pollutants, in order to mimic an

environmental exposure or an acute toxicity.

1.1 Analysis of brains from species naturally exposed to endocrine disruptor chemicals
Several studies have been conducted on brains from human sampled post-mortem, or from
wild-type animals such as birds or fishes. These studies are summarized in Table 2.
Bisphenols is found in brain tissue, with concentration usually higher in animals than in human
brain. While Renz et al. find little bisphenol A in the brain of wild fishes (Renz et al., 2013),
other laboratories report concentration ranging from 30 ng/g up to 50 ng/g in the brain of this
species (Ros et al., 2016). In goose brain, concentrations reach up to 37 ng/g of bisphenol A,
and up to 340 ng/g of 4-ter-octylphenol (Bodziach et al., 2021). In comparison, in human,
detected concentrations for phenol derivatives do not exceed 3,2 ng/g (Geens et al., 2012;
van der Meer et al., 2017; Charisiadis et al., 2018). Both bisphenol A and bisphenol F
concentrations were similar in the hypothalamus and the white matter (van der Meer et al.,
2017; Charisiadis et al., 2018). The cerebral concentrations depend on the structure of the
bisphenols. Chlorobisphenol and Bisphenol-F accumulate more than bisphenol A, the latter
being more hydrophilic (Charisiadis et al., 2018). Very few data on Benzophenones are
available. One study realized postmortem on human brain report that Benzophenone-3 was
not detected in the hypothalamus and was detected at concentration up to 0,32g/g in white
matter (van der Meer et al., 2017). Numerous perfluoroalcanes were found in brains from
both human and wild life animals. the concentrations in post mortem samples of human
brains are higher, reaching 350 ng/g (Perez et al., 2013), than those measured in the brain of

whales (86,6 ng/g) (Dassuncao et al., 2019) and in the brain of polar bears (31,4 ng/g) (Greaves



et al., 2013). PCBs are among the most documented EDCs with respect to their accumulation
into the brain of animal species naturally exposed to environmental pollutants, and a few
studies also report concentrations in human brain. PCBs are declined in numerous congeners
(Table 1). In human, the values measured in postmortem brain samples are consistent from
one study to another. In one study the sum of 24 PCB concentrations amounts to 11,8 ng/g of
tissue and the maximal concentration for the most abundant PCB is 3,1 ng/g of tissue (Chu et
al., 2003). In another study performed on 12 selected PCB congeners, the concentration of
the most abundant individual PCB congener is 12 ng/g of lipid, which approximatively
translates to 1,9 ng/g of tissue, based on a lipid content in the wet brain of 16%, and the sum
of all 8 measured PCB is equivalent to 8 ng/g of tissue (Mitchell et al., 2012). In a third study
the total and individual maximal concentrations is equivalent to 45 ng/g and 24 ng/g,
respectively (Bachour et al., 1998). In animals, PCB concentrations measured in brain are more
variable. In seals, the total PCB concentration is 9,6 ng/g (Wang et al., 2010). In polar bear that
feed on seals, PCBs accumulate in liver and fat to levels 33 and 7,5 higher than in seal,
respectively, while the cerebral concentration remains low and equivalent between the two
species, which could suggest efficient blood-brain interfaces to limit the penetration of PCB in
the mammalian brain (Letcher et al., 2009). In fish brain the total PCB concentration is variable
between studies, ranging from 40 ng/g tissue (sum of 12 congeners) (Bachour et al., 1998) to
19,9 pg/g of lipids (approximatively 3 ug/g of tissue) (Brazova et al., 2012). In Birds the total
cerebral concentration of 7 PCB was found to be 13 ng/g in cormorants and up to 428 ng/g
wet weight in sparrow hawks (Naert et al., 2007). Whether the variability in brain
concentrations observed in non-mammals species is due to differential exposure to PCB or to
differences in blood-brain interfaces efficiency to reduce brain exposure to PCBs is unknown.
Paraben concentration in the brain varies according to species and to the geographic area of
study. Concentrations of methyl Paraben and its main metabolite p.hydroxybenzoic acid were
found to be respectively 25,4 and 370 ng/g in common dolphins brains, which was lower than
those measured in other organs. (Jeong et al., 2019). Another study performed on fishes
provides different results. A total of 58 brain fishes was analyzed for methyl, ethyl, propyl and
butyl parabens and none was detected (Renz et al., 2013). In human, parabens were detected
at concentrations up to 1.16 ng/g in hypothalamus and 0,26 ng/g in white-matter tissue (van
der Meer et al., 2017). Dioxins has also been detected in brain with TCDD levels ranging from

0,11 pg/g in fishes to 0,4 —3,3 pg/g in seebirds. The brain was the organ were TCDDs were



detected at the lowest level (Wu et al., 2000; Wan et al., 2006). The brains of three infants
that died from Sudden infant death syndrome were analyzed for dioxin. The levels were very
low, revealing an absence of dioxin accumulation in this tissue (Beck et al., 1994). Data on
Organotins concentrations in the brain are very scarce, with only one study reporting butyltin
and phenyltin to be present in brains of fishes at concentrations of 0,2 mg/g and 0,1 mg/g,
respectively. These concentrations are similar to those measured in other organs (Harino et

al., 2000). No data seems available concerning phthalates.

In conclusion, the limited data available in brain concentrations of species naturally exposed
to environmental pollutants suggest that, with the exception of perfluroalcanes, cerebral
levels of EDCs are higher in animals than in human. We can hypotheticality conclude that wild
life animals live in a higher EDCs-contaminated environment than human. It may also be
possible that mammals and especially primate brains are better protected from EDCS

accumulation than other species by blood-brain interfaces.

1.2 Experimental evidence for the accumulation of endocrine disruptor chemicals in the brain
Prediction of EDCs accumulation into the brain also comes from experimental studies in which
laboratory animals are exposed to these chemicals. This raises the question of the
toxicological relevance of these approaches, in which the doses and route of administration
sometimes mimics more an acute intoxication than an environmental exposure. These studies
provide however mechanistic information relative to the brain penetration and accumulation
of EDCs. Surprisingly, to our knowledge no experimental data are available concerning
paraben penetration into the brain, while numerous studies measured brain concentration in
in wild animals (see above). Examples of experimental data obtained from the other EDCs
families are shown in Table 3. They generated the following information.

A. Influence of the exposure scheme. The concentrations found into the brain is strongly
dependent on the type of exposure (single dose versus chronic treatment), doses, and
administration routes which can include oral gavage, exposition through drinking water,
intravenous or intraperitoneal injection, or dermal exposure). For example, in adult male rats,
tributyltin given at a dose of 30 mg/Kg by gavage leads 3 days later to tin brain concentrations
ranging from 3 to 15 ng/g depending of brain areas, (~¥15-80 ng/g of tributyltin) (Mitra et al.,

2015). When given a lower tributyltin-equivalent dose of 1 mg/kg by gavage, brain Tin
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concentrations were ~20 ng/brain (15 ng/g) 24 hours later (Rodriguez-Gonzalez et al., 2005).
In contrast intraperitoneal exposure to 2,5 or 4 mg/kg of tributyltin led to tributyltin brain
concentration reaching 1,5 pg/g after 16 hours (Doctor et al., 1983), and to an olfactory bulb
concentration of 1 pg/g after 3 days (Tomiyama et al., 2010). As another example, in rat an
intravenous infusion of benzyl butyl phthalate at 5 mg/kg/hour for 18 hours let to a brain
concentration of 68 ng/g (Kim et al., 2015), while the ingestion by gavage of a 50 mg/kg Di-(2-
ethylhexyl)phthalate dose, or ingestion of dibutylphthalate for four weeks through feed at
dosed at 1g/kg, led only to traces of the phthalates in the brain (Williams and Blanchfield,
1975; lkeda et al., 1978).

In developing animals, an additional degree of complexification is reached as the routes of
EDCs delivery to the brain involves access to the fetus across the placenta, and after birth
feeding on contaminated milk. Bisphenol A given to pregnant dams at a single dose of 100
ug/kg, was not detected in fetuses when the route of administration was by gavage, while it
readily accumulated in the fetal brain when administrated intravenously. This indicates that
the route of administration changes the systemic bioavailability of the EDC and that to some
extent the placental barrier restricts the access of the molecule to the fetus. (Doerge et al.,
2011). When dams were treated orally with dioxin at a dose of 10 pg/kg at gestational day 15,
the mother brain contained 0,42 ng/g of dioxin 24 hours later and 0,35 ng/g 5 days later. The
time course of dioxin concentration in fetal brains was inversed, from 0,193 ng/g 24 hours
after treatment to 0,298 ng/g 5 days later (Ishida et al., 2010), again indicating the placental
influence on the kinetic of dioxin accumulation in the fetal brain. Another study based on rat
dam exposure to organotins by oral gavage from gestational day 8 onwards, showed that the
fetal brains accumulated the compounds, and that pups brain retained organotin for several
days after birth. Transfer of both tributyltin and dibutyltin to pups through lactation appeared
to be minimal, and the origin of organotins found in the brain postnatally was mainly the initial
gestational exposure (Cooke et al., 2008).

B. Influence of endocrine disruptor chemical half-lives. EDC biological half-life is highly
dependent on chemical family to which they belong, and can range from hours, to days or
even years. The serum half-lives of parabens, phthalates, benzophenones and bisphenol are
relatively short in human, ranging from <1lhours for the first two families, to 7-9 hours, and 6-
20 hours, for benzophenones and bisphenols, respectively. The metabolites of these EDCs are

often eliminated more slowly. Organotin half-lives are in the month range, and
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perfluoroalkanes, dioxins and PCBs present much longer half-lives, respectively of 3-8 years,
6-11 years and 4-41 years (Table 1). This may in part explain the lack of experimental studies
investigating brain concentration of parabens, as their pharmacokinetic complicates the
experimental setting allowing to measure the brain penetration of these compounds. The
short half-lives of phthalates may also in part contribute to the limited amount of the native
molecules found in the brain, as they are rapidly metabolized (table 3). The influence of the
biological half-life on EDC brain penetration depends on the nature of peripheral tissue in
which EDCs are stored within the body, which will impact the actual concentration of EDC
circulating in the plasma, i.e. available for delivery to the brain. If the brain itself is a storage
tissue for EDC, long half-lives are obviously a key factor setting cerebral concentrations.
Differences between animal species need to be considered when extrapolating data from
animals to human. For instance, mice and humans display similar bisphenol A half-lives that
are close to 12 hours, while other species such as horses, sheeps and dogs display shorter half-
lives that range from 0.6 to 5 hours (Table 1). The half-life of benzophenone-3 appears also

higher in human than in rodent.

C. Variability between endocrine disruptor families. The different families of EDCs have very
different abilities to penetrate into the brain. For example, considering an identical route of
exposure, and very long half-lives for both families, the brain concentration-to-administered
dose ratio is 20 times higher for perfluoroalkanes than for Dioxin, and the brain-to-plasma
concentration ratio at the time of brain sampling is 4.5 times higher for the perfluoroalcanes
than for dioxin (Ishida et al., 2010; Kawabata et al., 2017). These comparisons between studies
however suffer from different limitations such as the differences in the doses used between
EDC families, or experimental protocols that are not always described in sufficient details to
warrant a correct comparison. Formal comparisons of EDC cerebral bioavailability within a

same study in which EDCs plasma concentrations are monitored over time are crucially lacking.

D. Variability within endocrine disruptor families. Within an EDCs family, brain levels of EDCs
that belong to a same family also vary according to the number and position of substituents
on the molecules. For instance, when comparing tri, di or monobutyltin cerebral levels
following identical dosing, tributyltin was found to be the most abundant species in brain. This

is likely explained by its higher lipophilicity (Rodriguez-Gonzalez et al., 2005). When
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benzophenone 2 and 3 were administered through dermal exposure at a dose of 100mg/kg
twice a day for 22 days, Benzopheneone 3 was found in different brain regions at
concentrations ranging from 40 to 50 ng/g (Pomierny et al., 2019), while benzophenone 2
levels were of 5 to 20 ng/g only following a four week-treatment (Broniowska et al., 2019).
The administration of three perfluoro acids, perfluorooctanoic acid, perfluorodecanoic acid
and perfluorododecanoic acid, given as a single oral dose of 50mg/kg- to rats, led to brain
concentration after 10 days that were not detectable, 4.7 ug/g and 44 ug/g, respectively. This
shows the strong influence of the number of fluorinated carbons on brain distribution of
perfluorinated compounds (Kawabata et al., 2017). Perfluorododecanoic acid, whose
brain/serum ratio reached 1.8, caused more cognitive deficits than the other two perfluoro
acids (Kawabata et al., 2017). The cerebral availability of different PCB congeners has also
been studied. In rats, following inhalation exposure to congeners with ortho-substitution
ranging from mono- to pentachlorobiphenyls (aroclor 1242), highest PCB concentrations in
brain were found for PCB 20 and PCB 28 (trichlorinated PCB) both with one ortho chloro
substitution (Hu et al., 2010). In another study four PCBs have been given by intramuscular
injection to pregnant sheep. One of them PCB 169, which bear no ortho substitution, was
found at low level in adult sheep brain by comparison to blood circulating levels, but
surprisingly strongly accumulated in the lamb brain. This was not observed to the same extent
with the other compounds (Jan et al., 1999). These data show that PCBs have different abilities

to penetrate into the brain, the underlying mechanisms being for now ununderstood.

1.3 Role of blood-brain interfaces in controlling the cerebral penetration of endocrine
disruptor chemicals

The extent to which brain barriers contribute to the differences in brain accumulation
observed between EDCs has not been thoroughly investigated. Tight junctions prevent
paracellular diffusion of molecules across brain interfaces. This strongly restrict blood-to-brain
permeability of most hydrophilic compounds, and likely explains the strong difference in
cerebral levels, and in blood-to-brain concentration ratio, observed between different
organotin species with varying lipophilicity (Rodriguez-Gonzalez et al., 2005). It may also in
part explain the differential cerebral bioavailability of PCB congeners (Ness et al., 1994; Jan et
al., 1999) and the low concentration of benzophenone-2 in brain despite its high serum and

adipose tissue levels (Broniowska et al., 2019). However, these studies and most other studies
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describing brain bioaccumulation of EDCs are not designed to specifically evaluate EDCs blood-
brain permeability. For instance, whether experiments are performed at blood-to-brain
steady state concentration ration is not controlled, or area-under-the-curve of blood
concentration time function is not measured, preventing accurate permeability coefficients to
be determined. True influx constant measurements, which can be achieved both in adult and
in developing rodents, (Ghersi-Egea et al., 2015) would shed more light on the efficiency of
brain barriers to limit the penetration of EDCs into the CNS. Plasma protein binding and
accumulation in cerebral cells over long period of time are other factors that set brain
concentration levels in addition to the intrinsic blood-brain interfaces permeability to EDCs.
To distinguish high blood-brain permeability from long-term retention in neural cell
membranes, EDCs concentration can be measured in the brain interstitial fluid (ISF) and in the
CSF. This can be done by direct CSF sampling or by microdialysis of ISF. To our knowledge only
one study used this approach coupled to HPLC-mass spectrometry, to show in monkey that a
bolus intravenous injection of 100 pg/kg bisphenol A led to a hypothalamic ISF concentration
of the compound that was 5 times lower than the plasma concentration (Kurian et al., 2015).
Besides tight junctions which limit the penetration of polar xenobiotics into the brain, efflux
transporters can limit the cerebral accumulation of amphiphilic and lipophilic compounds. At
the BBB the main efflux transporters are ABCB1 (p-glycoprotein), ABCG2 (Breast Cancer
Resistant protein), and selected organic anion and cation transporters such as SLC22A8 (OAT3).
At the BCSFB, efflux transporters include, but are not restricted to, ABCC1 and ABCC4,
SLC22A8, and in rodent oatp3 and oatp2 (Strazielle and Ghersi-Egea, 2013). The recognition
of EDCs as substrates for efflux transporters at the BBB and BCSFB has not been investigated,
but studies conducted in carrier-expressing cells, peripheral organs, and whole organisms
provide evidence that some EDCs are substrates for these efflux transporters. Experiments
realized in urchin’s embryo showed that Bisphenol A used at a 100 nM concentration is
prevented from accumulating in embryonic cells by Abcb1 (Bosnjak et al., 2014). Transcellular
transport studies across Caco-2 epithelial cells monolayers in the presence of verapamil used
as an ABCB1 inhibitor also indicate that bisphenol-A is an ABCB1 substrate (Yoshikawa et al.,
2002). However, another study realized in vitro using transporter-expressing cells suggest that
bisphenol A is substrate for human but not rat ABCG2, albeit with a probable high km ( optimal
concentration of 30 uM (Mazur et al., 2012). The measurement of bisphenol A accumulation

by MDCK cells overexpressing human ABCG2 or ABCB1 transporters, following exposure to 40
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nM of the compound, confirmed that this molecule is substrate for ABCG2 (Dankers et al.,
2013). These differences in transporter recognition observed among studies may be explained
by species-related transporter affinity differences for bisphenols, and/or by the limited
specificity of the transporter inhibitors used in the studies. Experiments using SLC22A6 and
SLC22A8 expressing embryonic human kidney cells exposed to 10 uM perfluoroalcanes
showed that several of these compounds, including perfluoro-octanoate, were transported by
these organic anion carriers. This may be of special relevance to the blood-CSF barrier were
CSF-to-blood organic anion efflux is highly active (Strazielle and Ghersi-Egea, 2013).
perfluorooctanoic acid used at a 1 pM concentration was also shown to be substrate for
ABCG2, but not ABCB1, when these ABC proteins were overexpressed in MDCK cells (Dankers
et al., 2013). Data concerning phthalates are controversial. One study suggests that neither
Bis(2-ethylhexyl) phthalate, nor mono(2-ethylhexyl) phthalate, (1 to 100 uM) interacts with
ABCB1, ABCG2 and ABCC transporters (Dankers et al., 2013), while other studies suggest that
the former can be substrate for ABCB1, albeit at high concentration (Yoshikawa et al., 2002;
Kim et al., 2007). The use of engineered cell lines overexpressing mouse or human ABCB1, as
well as of mice knockout for Abcb1 showed that this efflux transporter did not transport PCBs
and did not interfere with their diffusion into the brain. Data generated using tumor cells
showed that Organotins appears not transported by ABCB1 either (Rocamora-Reverte et al.,
2012; Bohacova et al., 2018). To our knowledge, no information concerning the ability of efflux
carrier identified at the brain barriers other than those discussed above to transport EDCs is
available, and no information relative to any efflux transporter is available concerning the
transport of parabens, dioxins and benzophenone. Finally, as in an environmental setting the
body is exposed simultaneously to multiple EDCs from the same families (e.g. PCBs,
phthalates), or even to multiples EDCs from different families, potential interactions between
EDCs for cerebral influx and efflux mechanisms would be worth investigating.

Drug metabolizing enzymes are associated with blood-brain interfaces and can impact the
cerebral bioavailability of toxicant. This is especially true at the blood-CSF barrier, were several
detoxifying enzymes, mainly of the phase Il of drug metabolism, are highly expressed,
sometimes reaching hepatic levels. They include glutathione-S-transferases (GSTs), UDP-
glucuronosyltransferases (UGTs), and sulfotransferases (SULTs) (Strazielle and Ghersi-Egea,
1999; Kratzer et al., 2013; Kratzer et al., 2018). No information is available concerning the

efficiency of these enzymes to act as a metabolic barrier limiting EDCs concentration into the
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CNS. However, some EDCs are conjugated in peripheral organs, suggesting that a similar
metabolism could also occur at brain barriers. For instance, UGT1A1 is the main Phase Il
enzyme implicated in the direct detoxification of benzophenone 2 in hepatocytes (de Sousa et
al., 2016). Bisphenol F and bisphenol A are bio-transformed into both glucuronide and sulfo-
conjugates by the liver (Cabaton et al., 2008; Ous;ji et al., 2020). Tetrabromo-bisphenol A is
also conjugated to glucuronic acid in the liver (Zalko et al., 2006). The uterine epithelial sac
forms an enzymatic barrier restricting the access of bisphenol A to the embryo, through a
conjugation of the compound by UGT followed by an extrusion of the metabolite into the
maternal side (Matsumoto et al., 2007). This mechanism shows similarities with the coupled
conjugation and efflux processes evidenced at the blood-CSF barrier for other toxicants in rat
(Strazielle and Ghersi-Egea, 1999; Kratzer et al., 2018). Many paraben molecules are actively
glucuronidated by the liver, in addition to being hydrolyzed (Abbas et al., 2010). Although PCB
are mainly metabolized into hydroxylated metabolites, some, such as PCB11, are undergoing
further extensive phase Il metabolism, presumably by glururonidation and sulfation in the
liver (Hu et al., 2014). EDCs such as dioxins and organotin undergo a metabolic transformation
limited to an oxidative (phase 1), cytochrome P-450-dependent process.

Altogether this literature indicates that our knowledge on the capacity of brain barriers to
reduce the cerebral bioavailability of different EDCs into the brain would benefit from studies
evaluating the role of efflux transporters and metabolic enzymes located at blood-brain
interfaces in this process.

The question of the cerebral regionalization of EDCs accumulation needs to be raised. The
vascular network density varies from one brain area to another, with large differences
between grey and white matter (Wei et al., 1993). A differential permeability between the
BBB and the BCSFB can influence EDCs concentration in periventricular areas. Accumulation
of EDCs by neural cells can differ from one area to another. Yet, few investigations of EDCs
brain levels have been done at the regional level. In human, no obvious difference in bisphenol
A and bisphenol F concentration was observed between the hypothalamus and the white
matter (van der Meer et al., 2017; Charisiadis et al., 2018). Similarly, no gross variations on
Bisphenol A concentration was observed between brain regions micro-dissected 48 hours
after a 100 mg/kg oral dose of the EDC (Kim et al., 2004). In contrast, benzophenone 3 was
detected in human white matter but not hypothalamus (van der Meer et al., 2017), and

experimental studies from another group showed that while benzophenone 3 concentrations
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were similar between the frontal cortex and the hippocampus in rat topically exposed to the
drug (Pomierny et al., 2019), the concentration of benzophenone 2 was four times lower in
hippocampus than in the cortical area (Broniowska et al., 2019). Autoradiography is a highly
resolutive technique that has been used in the past to unravel changes in EDCs concentrations
in small brain structures. For example, this allowed to demonstrate a preferential
accumulation of di-(2-ethylhexyl)phthalate in the neuroepithelium of the mouse embryo that
generate neural cell precursors, following exposure of the dam to the molecule (Lindgren et
al.,, 1982). Unfortunately, the complication of the legislation with respect to the use of
radioisotopes, and the autoradiographic technique itself which can be time consuming when
low levels of radioactivity are expected, necessitating days or weeks of exposure to

radiosensitive film/detectors, prevent its use in most laboratories.

Finally, the question of the blood-brain interfaces permeability towards EDCs during the
embryonic and postnatal periods of development needs to be addressed. For a long time, the
brain barriers have been considered more permissive during development than in adult,
making the placenta the main barrier between the mother blood and fetal brain prior birth,
and suggesting an easy cerebral penetration of toxicants during the postnatal period of
development. Tight junctions that seal the barrier cells however are efficient very early during
development, and choroidal enzymatic detoxifying systems are especially active during the
perinatal period, when the liver is still immature. The developmental profile of efflux
transporters varies from one protein to another (Strazielle and Ghersi-Egea, 2015). In this
respect ABCB1 substrates may be more prone to reach the developing brain as the expression
and activity of ABCB1 at the blood brain barrier reach adult levels only postnatally. The relative
importance of the blood-CSF barrier as a gate of entry into the brain is higher during
development than in adult. This results from the early appearance and maturation of the
choroid plexuses, while the vascular network develops only gradually pre and postnatally (Ek
et al., 2012; Ghersi-Egea et al., 2018a; Ghersi-Egea et al., 2018b). The mechanisms that set the
blood-brain permeability of EDCs during fetal, postnatal and adult periods of life are therefore

bound to be different, and need to be addressed by dedicated studies.

2. Analytical hurdles to the assessment of endocrine disruptor chemical concentrations in

the brain
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The amounts of EDCs in brain often range from 10 to 100 ng/g, or even below, yet these low
concentrations remain toxicologically significant. Therefore, accurate techniques are required
with high sensitivity and very low limit of quantification, to help interpret epidemiological
studies on the central effect of exposure to EDCs, and mechanistic studies on EDC
neurotoxicity. EDCs can enter the brain as a mixture of compounds, and metabolites of the
mother molecules can be present. Precisely identifying the molecular species present in the
brain, and measuring the concentration of multiple endocrine disruptors in a single analysis
is therefore very important. Ultra or high-performance liquid chromatography tandem Mass
spectroscopy, with triple quadrupole mass spectrometer detector is the technique of choice
used for the quantification of most EDCs levels in brain (phthalates, Bisphenol, Perfluroalkanes,
paraben, benzophenone). For some specific molecules, more tailored techniques are needed.
For example, gas chromatography analysis is more adapted to PCB or dioxin quantification. In
the case of organotins, the accumulation of tin (Sn) in brain tissue can be measured by atomic
emission spectroscopy (Cooke et al., 2008).

These different pieces of equipment needed to perform EDCs analyses are technologically
advanced and often require specific expertise. It is important to note also that a sample
preparation is necessary before the analysis is performed. The EDCs needs to be extracted
from brain tissue, the samples cleaned up, and concentrated. Solid phase extraction, liquid-
liguid extraction, chiral chromatography, filtration, and concentration, are techniques widely
used for sample preparation, that also require expertise and can be time-consuming. For
selected studies such as brain regionalization of EDC levels, additional analytical tools can be
called for, such as autoradiography using radioactive compounds. Widely used in the 1980-
2000 years, these techniques are not so commonly used nowadays and can be performed only
in dedicated laboratories. These technological constraints likely explain the limited number of
corelative analysis that combine measurement of EDCs concentration within the brain with
studies assessing the neurological consequences of systemic exposure to EDCs. This is why the
research field of neurotoxicology applied to EDCs will greatly benefit from multicentric
programs associating laboratories with an analytical chemistry expertise, to laboratories
specialized in neurobehavior, neurophysiology, cerebral cellular biology, and blood-brain

barrier studies.
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3. Evidences that blood-brain interfaces can be toxic targets for endocrine disruptor
chemicals

In the recent years the dynamic regulation of brain interfaces functions, including the limitation
of paracellular diffusion by tight junctions, influx and efflux transport processes, and
neuroimmune interactions has been highlighted, and in some instances involves endocrine
receptors. This prompted a regain of interest to investigate the brain barriers themselves as
targets for EDC toxicity in the last 6 years. The data still remain scarce, and concern mostly the
blood-brain barrier. Both historical and new studies are mostly restricted to overall barrier
integrity assessment following exposure to organotins, phthalates and organohalogens. Efflux
transporters and immune activation have also been investigated in the context of phenol
derivatives and perfluoroalcanes exposure. Table 4 summaries the main literature that
investigated the effects of environmental endocrine disruptors on blood-brain interfaces
function in vivo or using isolated capillaries.

Studies realized with organotins where based on toxic exposure regimen mimicking acute
intoxication. The observed effects on BBB integrity are controversial. For instance, tributyltin
has been found to affect the barrier transiently (Hara et al., 1994), or in a more sustained fashion
(Mitra et al., 2015). Triethyltin and trimethyltin have been reported to either increase barrier
permeability (Joo et al., 1969; Ceccariglia et al., 2014), or have no effect (Hultstrom et al.,
1984; Inoue et al., 1987; Little et al., 2002). These discrepancies appear not linked to the route
of administration (Table 4). Exposure to phthalates, in a setting mimicking environmental
human exposure, induce an increased BBB permeability, accompanied by a decrease in the
expression of a tight junction accessory molecule and of a protein involved in caveolin
formation (Ahmadpour et al., 2021). Among organohalogens, only PCBs have been studied for
their effect on the blood-brain barrier, mainly by two laboratories. The first group reports
decreased expression of Cldn5, and variable, sometimes contradictory (occludin) effects on
other tight junction proteins in adult mice. Some of these studies are unclear with respect to the
level of PCB exposure applied, but the administration scheme seems to reflect mostly acute
intoxication with for example a reported oral dose of 50 mg/kg (150 pumole/kg) (Seelbach et al.,
2010; Eum et al., 2015). The group interestingly reports a potentiation of PCB effects on the
BBB when the toxic molecule is bound to nanoparticles (Zhang et al., 2012; Zhang et al., 2013).
The second group reports a downregulation of many tight junction-associated proteins
following an intraperitoneal treatment of 2mg/kg Arochlor in rat (Selvakumar et al., 2018).
Among perfluoroalcane, perfluorooctane sulfonate was shown to induce tight junction protein

downregulation and endothelial morphological alterations when given orally and chronically to
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mice at doses relevant to human exposure (Yu et al., 2020). The limited information available
for parabens, once used as adjuvant in radiopack administered to patients for imaging, suggests
that, at least when used acutely, these molecules do not induce gross alteration of the barrier
integrity (Craver et al., 1968; Strain et al., 1969). No information is to our knowledge available
concerning benzophenone.

BBB alterations may be subtler than an overt barrier dysfunction linked to tight junction
alteration and may concern only selected barrier functions, yet remaining toxicologically
significant. This was observed mainly for phenol derivatives and perfluoroalcanes. Exposing
isolated capillaries to bisphenol A induces a weak-to-sustained inhibition of ABCG2 expression
and function depending on the concentration used, and a sex dependent change in ABCB1
function (Nickel and Mahringer, 2014; Cannon et al., 2019). These two efflux transporters are
key elements of the BBB neuroprotective functions. A dysfunction of these two transporters
has also been observed in live capillaries isolated from both male and female rats, upon ex vivo
exposure to the perfluoroalcane GEN-X, or in capillaries isolated from GEN-X-treated rats
(Cannon et al., 2020). Benzophenones have been identified as inhibitors of ABCB1, (Farman
et al., 2020), Bisphenols as inhibitors of organic anion and cation transporters (Bruyere et al.,
2017) in non-brain systems, but their interaction with brain-interface transporters has not been
characterized.

Exposure to phenol derivatives such as bisphenol A also induces an increased immune cell
accumulation in meningeal and perivascular spaces (Brinkmayer 2014) and an overall increased
neuroinflammation (Brinkmeyer-Langford et al., 2014; Rogers et al., 2017) in responses to
inflammatory challenges. Whether this involves a direct effect of bisphenol A on BBB-
associated immune attributes such as adhesion molecules remain to be assessed.

Only one group investigated the effect of an endocrine disruptor on the choroid plexus functions.
They showed that chronic exposure to PCB153 mimicking an environmentally relevant human
exposure induces a decrease in the choroidal expression of tight junction proteins and also an
alteration in the VEGF/VEGF receptor signaling that may impact the choroid plexus
vasculature in the female sheep (Szczepkowska et al., 2013; Szczepkowska et al., 2016).
These few studies highlighting BBI-specific functional alterations upon endocrine disruptor
exposure, clearly call for a more thorough investigation of specific transport pathways
responsible for both influx and efflux at brain barriers, and involving all SLC proteins, ABC
proteins, and receptors responsible for targeted transcytosis. They also call for the investigation
of other BBI functions such as immune quiescence, neuroimmune regulation, and endocrine

functions. It is surprising that the choroid plexuses did not deserve more attention as a potential

20



target for endocrine disruptors, since these structures are considered as being endocrine organs.
They are both sources of, and targets for, various biologically active endogenous molecules and
hormone carriers. The endocrine functions of the choroid plexuses play important role in brain
development, and throughout life to maintain cerebral homeostasis (Ghersi-Egea et al., 2018b).
An almost completely overlooked field of research is the effect of endocrine disruptors on the
developmental profile of neuroprotective BBI attributes. The brain develop in a specific
environment controlled by blood-brain interfaces whose properties evolve during pre- and
postnatal development. The developmental characteristics of the BBB are partly under the
prenatal influence of pericytes and postnatal influence of glial cells (Ek et al., 2012; Strazielle
and Ghersi-Egea, 2015; Ghersi-Egea et al., 2018a). If altered, the developmental regulation of
BBI functions can impact the establishment of neural networks, and brain maturation. Only one
in vitro work showed that TCDD can interfere with glial-endothelial cell cross talk, leading to
a decrease in the integrity of a cerebral endothelial cell monolayer (Miyazaki et al., 2016).
Finally, TCDD binds to, and activate the Ah receptor, and this translate in the induction of
ABCG2 and ABCBL transporters expression, a mechanism shown to occur also at the blood-
brain barrier (Wang et al., 2011; Campos et al., 2012; Halwachs et al., 2013). This property is
shared by coplanar, dioxin-like” PCBs which in non-brain cell system induce ABCG2 (Manzini
etal., 2017). As AhR activation can also lead to an upregulation of CYPs involved in deleterious
metabolic activation processes, the meaning of these activation pathway needs to be further

explored at the levels of the brain interfaces.

Conclusion.

EDCs are exogenous and persistent agents found at low doses in thousands of products. They
disturb the normal endocrine functions in human and animals through different routes and
can be transferred from mother to fetus. EDCs can have an action on selected peripheral
endocrine organs, interfere with the general endocrine pathways, and in some instances alter
the central regulation of neuroendocrine pathways. As such they can be classified as
neurotoxic molecules. The mains exogenous molecules with such effects are perfluoroalcanes,
parabens, phthalates, organotins, bisphenols, benzophenones, polychlorinated biphenyls,
and dioxins. The present review of the literature reveals large family- and structure-
dependent differences in the accumulation of EDCs in the brain. The data suggest that blood-

brain interfaces limit the cerebral accumulation of some of the EDCs, although most evidences
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are so far indirect. Measuring EDCs in the brain remains challenging, and call for sophisticated
Analytical equipment, and dedicated expert scientists. The literature analysis also points to
the brain interfaces as potential targets for EDCs. Functional alteration of these barriers, even
subtle, will be a risk factor for further neurological impairment, as it will increase the
susceptibility of the brain towards other deleterious, potentially neurotoxic compounds.
Clearly more specific brain interface-oriented studies are called for in this field of

neurotoxicology.
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Table 1. Families of endocrine disruptors for which a central toxicity has been reported.
As examples, the structure of molecules cited in the text are reported.

Pollutant family
(Karthikeyan et al., 2019)

Main use or origins
Physico-chemical properties
Half-lives information

PERFLUOROALKANES

Organic substances in which all of the hydrogens of
the hydrocarbons are substituted with fluorine atoms.
The number of carbons varies from 5 to 15.
Perfluorinated compounds can be perfluoro
alkylcarboxylic acid, sulfonic acid, sulfonamide,
phosphonic acid, phosphinic acid.

Gen X is the next generation perfluorinated
compound created to substitute short-chain
Perfluoroalkanes. It is the trade name for the
ammonium salt of hexafluoropropylene oxide—dimer
acid.

F F F F F
S A O A A
NN o
F F F F F 5_170
= A
R possible functions: OH e
P—OH s—™o
I =

Example: Perfluorooctane sulfonate (PFOS

F
F

o

FF

| | S——0
R

F F

F F F F F
F F F F F

(o]

Fire retardants, detergents and surfactants, water
repellents
Used in pesticides, cosmetics, engine Oil

Very high thermal and chemical stability due to the
extremely stable Fluorine-carbon bonds.

Anionic compound, present a hydrophilic head and
a hydrophobic tail.

Examples of serum half-lives (human)
perfluorooctanesulfonate =5.4 years
perfluorohexanesulfonate =8.5 years
perfluorooctanoate = 3.8 years

(Olsen et al., 2007)

PARABENS
Para-hydroxybenzoic acid esters with different alkyl or
aryl groups.

0
OR

R possible functions:

Used as preservatives in cosmetics, food, drugs.
Wide antimicrobial activity, particularly against
Gram-positive bacteria and fungi. An increase in
alkyl chain length improves antimicrobial
effectiveness.

Chemically stable.

Limited solubility in water, easily soluble in
acetone, ethanol, chloroform, glycerin and
propylene glycol.

Examples of plasma half-lives (human)
Free propylparaben=0,9 h
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—H

A CHs }_\; '(_\_
cH, cH,

$—cH,

Conjugated propylparaben=2.9 h
p-hydroxybenzoic acid=2.4 h
p-hydroxyhippuric acid = 1.3 h
(Shin et al., 2019)

PHTHALATES

Diesters of 1,2-benzenedicarboxylic acid (phthalic
acid) containing a benzene ring with two ester
functional groups, R1 and R2. These groups are
commonly alkyl chain formed by 8 to 13 carbon
atoms.

Example: Di(2-ethylhexyl) phthalate (DEHP)

HiC

HC

o (o]

0/\[\/\0_'}

CHy

Used to increase the flexibility of plastics. Used in
food packaging, plastic goods, toys, vinyl products,
adhesives, detergents lubricating oils, fragrances,
insecticides, inks, paints, cosmetics,
pharmaceuticals.

Soluble in most organic solvents and oils, high
hydrophobicity, strong absorption of the high
molecular weight phthalates to organic particle.

Examples of biological half-lives (human)
di(2-ethylhexyl)phthalate is rapidly metabolized.
Primary metabolite: Mono(2-ethylhexyl)phthalate
=5h

Further oxidized metabolites = 10 to 24 h

(Koch et al., 2006)

ORGANOTINS

Formed by one to four organic chains attached to a tin
atom via carbon-tin covalent bonds.

The most frequently found organotins are
monobutyltin (MBT), dibutyltin (DBT), tributyltin (TBT)
and triphenyltin (TPT).

When there are fewer than four carbon-tin bonds, the
organotin cation can combine with an anion such as
acetate, carbonate, chloride, fluoride, hydroxide,
oxide, or sulfide.

The toxicity of organotins generally increases with the
number of organic chains from one to three and
decreases with the incorporation of a fourth.
Triorganotins are therefore more toxic than other
forms. Their Toxicities are also related to the number
of carbon atoms within the alkyl chain.

Preservatives (Fungicides, biocides, bactericides,
insecticides).

Thermal stabilizers of poly vinyl chloride.

Found in plastic products, wood, textiles, paper,
leather and electrical equipment, paint, etc.

Relative low solubility in water between, 1.0 to 100
mg/liter.

Example of biological half-life (mouse)
trin-butyltin oxide = 29 days
(Brown et al., 1977)
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Tributyltin oxide ( bis-[tri-n-butyltin]-oxide) consists in
two molecules of Tributyltin linked to an Oxygen
Example: Tributyltin (TBT)

HCN
Sn H/\/\CH3
HC o~

BISPHENOLS

Formed by two hydroxyphenyl groups in para
position. The best-known bisphenol is bisphenol A.
Other bisphenols such as bisphenol B, bisphenol F,
bisphenol S, differ by the substituent chains on the
central carbon, or by a substitution of the central
carbon with sulfur.

Example: Bisphenol A

HO \ / \ / OH

Constitutional monomer of polycarbonate plastic
and epoxy resins production.

Found in plastic of food and beverage containers,
linings of tin cans, plastic bottles, baby bottles, etc.

Bisphenol A is a moderately polar substance
with good solubility in most organic solvents and
moderate solubility in water (100 to 300 mg/L at
25°C).

Examples of animal biological half-lives (h)
Horses Sheep Pigs Dogs Rats Mice
094 1.3 097 062 5.6 13.3
Examples of serum half-lives(human)

Dermal route: Free BPA= 17,6 h total BPA=21.4 h
Oral route: Free BPA=5.6 h total BPA=6.4 h
(Collet et al., 2015; Sasso et al., 2020)

BENZOPHENONES

Benzophenone derivatives are benzophenone or
diphenylmethanone with metoxy or hydroxy groups.

Example: Benzophenone-3

Chemical UV filter and fragrance enhancer.
Found in sunscreen, hair dyes, cosmetics,
perfumes, textiles, inks, and paints, food
packaging.

Lipophilic compounds.
Very persistent in the environment.

Example of biological half-life (rat)
benzophenone-3=4.6 h

Examples of serum half-lives (human)
Free benzophenone-3=9h

total benzophenone-3=7h

(Jeon et al., 2008; Lee, 2018)

POLYCHLORINATED BIPHENYLS (PCBs)

Mixture of synthetic chemicals that are formed from
the chlorination of biphenyl. The number of chlorine
atoms is between 1 and 10. There are 209 different
PCB molécules — or congeners — resulting from the

Coolants and lubricants.
Used in inks, paints, electrical equipment, etc.

Chemically stable.
low biodegradability.

Examples of PCB serum half-lives (human)
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number and placement of chlorine atoms on the
aromatic rings.

PCBs are generally found as mixture of congeners. The
most common commercial mixtures are called
Aroclors. The degree of chlorination is indicated by
the last two digits in the Aroclor name. For example,
Aroclor 1254 is a commercial mixture of PCBs with an
average chlorine content of 54%.

A greater toxicity is generally associated with a higher
number of chlorine atoms on the PCBs.

PCBs with non-ortho chloride substitution or mono-
ortho chloride substitution are referred to as coplanar
PCB congeners (e.g. PCB 77, 126) and have dioxin-like
toxicologic effects.

PCB with two or more, ortho-positions chloride
substitutions are refereed to as non-coplanar PCBs
(e.g. PCB 118, 123, 138, 153 and 180), and do not
express dioxin-like toxicity.

Cl Cl

¢ O O B

Cl Cl

Example: PCB 153

Adult (in years)
PCB-28=4.6y/PCB-74=15.9y/PCB-105 =
13.7y/ PCB-118 =13.8y /PCB-156=41.0y
Adolescent (in years)

PCB-= 6y /PCB-138 =11y /PCB-153 = 11 y/PCB-
156=6y/PCB-170= 11.1y/PCB-180=11y
(Wimmerova et al., 2011)

DIOXINS

Dioxins is a generic name for polychlorinated dibenzo-
p-dioxins

The most toxic dioxin compound is 2,3,7,8-
Tetrachlorodibenzo-p-dioxin, also referred to as TCDD
or dioxin.

Example : TCDD

Cl 0 Cl

Cl 0 Cl

Formed as a byproduct of a number of human
and natural activities, including incineration of
wastes containing chlorine-based chemical
compounds, forest fires, chlorine bleaching of
pulp during paper fabrication, herbicide
production, production of Polyvinyl Chloride
(PVC) plastics.

TCDD was the primary toxic component of the
chemical weapon Orange Agent.

bioaccumulates in in soils and sediments, and
in food chain. More prevalent in animals with
body fat.

Insoluble in water, High lipophilicity, high
stability.

Examples of serum half-lives (human)
TCDD =6.1to 11.3 years
(Aylward et al., 2013)
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Table 2. Concentrations of endocrine disruptor chemicals in brain structures from wild
animals and human environmentally exposed to these toxicants.

Unless specified otherwise, concentration data are expressed per gram of wet tissue. X: no
information regarding correlations with neurophysiological/behavioral dysfunction reported

Exposition Concentration Brain Species reported | references
structures central
effects
Bisphenols
bisphenol A 0-120pg/g Whole brain Wild fishes | X (Renz et al.,
Mean = 16.4 pg/g 2013)
bisphenol A Mean =40 ng/g Whole brain Wild fishes | X (Ros et al.,
2016)
bisphenol A 0.4-37 ng/g Whole brain Wild water | X (Bodziach
(depending on bird birds etal.,
species) 2021)
4-ter-octylphenol 2.6 - 340 ng/g
(depending on bird
species)
4-nonylphenol 0-272ng/g
(depending on bird
species)
bisphenol A Mean = 0.91 ng/g Brain structure | Human X (Geens et
unspecified al., 2012)
4-nonylphenol undetected
bisphenol A 0.3 - 26.3 ng/g Mean | Hypothalamus | Human X (van der
=3.2ng/g Meer et al.,
2017;
Charisiadis
et al.,
2018)
0.3-3.3 ng/g White matter
Mean = 1.2 ng/g
bisphenol A 0.9-14.5 ng/g Hypothalamus | Human X (Charisiadis
Mean = 2.52 ng/g et al.,
2018)
bisphenol A 0.9-5.7 ng/g White matter
Mean = 1.65 ng/g
bisphenol F 1.7-30.8 ng/g Hypothalamus
Mean = 3.95 ng/g
bisphenol F 1.7-3.4ng/g White matter
Mean = 2.40 ng/g
Benzophenones
benzophenones 3 Not detected Hypothalamus | Human X (van der
Mean =0.32 ng/g White matter Meer et al.,
2017)

Perfluoroalcanes
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sum of 10 Mean =77 ng/g Whole brain Polar bear | X (Greaves et
perfluoro acids al., 2013)
(PFCAs)
Examples:
perfluorotridecanoi | Mean = 24.1 - 48.6 Pons and
c acid (C13) ng/g, depending on medulla,
brain structures Cerebellum,
Cortices,
Striatum,
Thalamus,
Hypothalamus
perfluorooctane Mean = 30.5-158.8
sulfonate C8 ng/g, depending on
brain structures
perfluorosulfonate | Mean =1.30- 35.2 Whole brain
s (C6 to -C10) ng/g, depending on
chain length
sum of 24 Median = 86.6 ng/g Brain structure | Whale X (Dassuncao
perfluoroalkyl unspecified et al,
substances 2019)
perfluorohexanoic | Mean =180 ng/g Brain structure | Human X (Perez et
acid unspecified al., 2013)
perfluorohexyl Mean = 18.6 ng/g
ethanoic acid
perfluorotetradeca | Mean = 24.8 ng/g
noic acid
perfluorooctane Mean = 4.9 ng/g
sulfonic acid
PCBs
sum of 24 PCBs Mean = 11.8 ng/g Brain structure | Human X (Chu et al.,
unspecified 2003)
most abundant:
PCB 153 Mean =3.10 ng/g
PCB 180 Mean = 2.78 ng/g
8 PCB studied 0 - 215 ng/g lipid (~0- | Cortex Human PCB (Mitchell et
32 ng/g) depending found al., 2012)
on PCB congeners more
frequentl
0- 175 ng/g lipid yin the
(~0-26 ng/g) Cerebellum brain of
depending on PCB patients
congeners suffering
from
example: PCB 95 3.7 ng/g lipid (~0.55 | Cortex and Control autism
ng/g) in one case, cerebellum subject with
not detected in 42 known

cases
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59.3 ng/g lipid (~8.9 | Cortex and Autism of genetic
ng/g) in one case, cerebellum unknown basis
not detected in 31 etiology
cases
Mean of 32 cases: 10 | Cortex and Autism,
ng/g lipid (~1.5 ng/g) | cerebellum with a
(detected in 10 known
cases, undetected in genetic
22 cases) basis
8 PCB studied Mean of the most Brain structure | Human X (Bachour et
abundant PCB =100 | unspecified al., 1998)
ng/g lipid (~15 ng/g)
Mean of the most Whole brain Deer; fox
abundant PCB =10
ng/g lipid (~1.5 ng/g)
Mean of the most Whole brain Fishes
abundant PCB = 100
ng/g lipid (~15 ng/g)
sum of 145 PCB Mean =9.6 ng/g Whole brain Seal X (Wang et
al., 2010)
sum of 20 PCBs Low cerebral Brain structure | Polar bear | X (Letcher et
concentrations unspecified al., 2009)
Brain/fat ratio=1/10
brain/liver ratio =
1/40
sum of 6 PCBs Mean =19.9 ug/g Whole brain Predator X (Brazova et
lipids (~3 ug/g). fishes al., 2012)
Mean =1.17- 7.96
ug/g lipids (~0.19 -
1.26 pg/g)
depending on PCB
congeners
sum of 7 PCBs Median: 13 ng/g - Whole brain Different X (Naert et
428 ng/g depending bird species al., 2007)
on bird species
Median: Up to 30 Whole brain Sparrow
ng/g (for PCB138 or hawks
PCB153)
non ortho PCBs Mean = 20.4 pg/g Whole brain Herring X (Wan et al.,
gulls 2006)
mono ortho PCBs Mean =494 pg/g
coplanar PCBs Mean =507 pg/g
Parabens
methyl Paraben Mean = 25.4 ng/g Whole brain Common X (Jeon et al.,
dolphins 2008)
p.hydroxybenzoic Mean =370 ng/g
acid
methyl, ethyl, Non-detectable Whole brain Fishes X (Renz et al.,
propyl and butyl 2013)

parabens
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methyl Paraben 0.06-1.16 ng/g Hypothalamus | Human (van der
Mean =0.2 ng/g Meer et al.,
0.14-0.26 ng/g White-matter 2017)
Mean =0.18 ng/g tissue
Dioxins
Sum TCDDs Mean = 0.11 pg/g Whole brain Common (Wu et al,,
carp 2000)
Mean = 3.34 pg/g Whole brain Piscivorous
birds
2,3,7,8 TCDD Mean = 0.41 pg/g Whole brain Herring (Wan et al.,
gulls 2006)
Organotins
butyltin Mean =0.2 mg/g Whole brain Fishes (Harino et
al., 2000)
phenyltin Mean =0.1 mg/g
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Table 3: Selected studies reporting concentrations of endocrine disruptor chemicals in brain structures
from animals experimentally exposed to toxicants.

Unless specified otherwise, concentration data are expressed per gram of wet tissue. X: no information
regarding correlations with neurophysiological/behavioral dysfunction are reported. abbreviation: GD:

gestational day.

Exposition Concentration Brain Species, Effect on reference
Structure developmen brain s
tal stage functions
Bisphenol A X (Doerge
single dose 100 not detected Fetus whole Rat et al.,
ug/kg oral gavage brain (Dams, 2011)
of dams fetuses and
developing
rats)

single dose 100 117 pmol/g on Fetus whole
ug/kg GD12 brain
intravenous 62 pmol/g on
injection in dams | GD16

22 pmol/gon

GD20
Oral gavage 100 2H after gavage
pg/kg Neonatal
rats of different Postnatal day 3: Pups whole
ages 2.1 pmol/g brain

Postnatal day 10: | Pups whole

0.94 pmol/g brain

Postnatal day 21: | Pups whole

0.86 pmol/g brain
benzophenone
benzophenone 3 | 50.6 ng/g Frontal Rat Benzophen | (Pomiern
dermal exposure cortex (Dams and one 3 yetal.,
100mg/kg twice male adults) | impairs 2019)
daily to damns spatial
from the first to memory
the last day of
pregnancy, and to
male rats whose
mothers received
Benzophenone,
from 43 to 56
days of age

46.7 ng/g Hippocampu

s

benzophenone2 | 5ng/g Hippocampu | Rat (adults) No sign of (Broniows
dermal exposure s apoptosis ka et al.,
100mg/Kg twice and 2019)
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daily during 4 oxidative
weeks stress
20 ng/g Frontal
cortex
20 ng/g Cerebellum
Perfluoroalcane
Perfluoroalcane Measurement Whole brain | Rats (adults) | Perfluorod | (Kawabat
after 10 days: odecanoic aetal,
single oral dose acid causes | 2017)
50mg/kg anxiety,
attention
and
memory
deficits
perfluorooctanoic | not detectable
acid
perfluorodecanoi | 4.7 pg/g
¢ acid
perfluorododecan | 44 ug/g
oic acid
PCB
Aroclor 1242 Concentration Whole brain | Rat (adults) X (Hu et al.,
exposure by max ~ 100 ng/g 2010)
inhalation, 10 lipid (=15ng/g) for
days, (~1,4mg PCB 20 + PCB 28
/day)
PCB mixture Measurement 2 Sheep X (Janetal.,
intramuscular months after (lactating 1999)
injection of a injection females and
single dose (1.3 lambs)
mg PCB 54; 0.5
mg PCB 80; 1.4
mg PCB 155; 0.7
mg PCB 169)
PCB54:1.1ng/g | Female
fat (=0.16ng/g) whole brain
PCB 80: 1.1 ng/g Female
fat (~0.16ng/g) whole brain
PCB 155: 46 ng/g | Female
fat (~6.9ng/g) whole brain
PCB 169: 11 ng/g | Female
fat (=1.6ng/g) whole brain
PCB 54: 1 ng/g fat | Lamb whole
(~0.15ng/g) brain
PCB 80:1.1 ng/g | Lamb whole
fat (=0.16ng/g) brain
PCB 155: 15 ng/g | Lamb whole
fat (~2.3ng/g) brain
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PCB 169: 470 Lamb whole
ng/g fat brain
(~15ng/g)
Dioxin
TCDD 0.42 ng/g one day | Dam whole Rat (dams X (Ishida et
oral gavage, after treatment brain and fetuses) al., 2010)
single dose of 10
ug/kg
to dams at
gestational day
15
0.35 ng/g five Dam whole
days after brain
treatment
0.193 ng/ at Fetus whole
GD16 brain
0.298 ng/g at Fetus whole
GD20 brain
Organotin
tributyltin or Whole brain | Rat (dams X (Cooke et
dibutyltin and pups) al., 2008)
oral gavage daily
10 pg/kg from
gestational 8 day
up to birth
tributyltin 1800 ng/g at Dam whole
GD20 brain
1750 ng/g at P6
tributyltin 350 ng/g at GD20 | Pup whole
100 ng/g at P6 brain
dibutyltin 400 ng/g at GD20 | Dam whole
500 ng/g at P6 brain
dibutyltin 180 ng/g at GD20 | Pup whole
130 ng/g at P6 brain
Tributyltin 2-30 ng/g Sn Cerebellum, | Rat (adults) Central (Mitra et
oral gavage depending on Hippocampu oxidative al., 2015)
single dose brain areas S, stress with
30 mg/Kg hypothalamu elevated
s, striatum lipid
peroxidatio
nand
protein
carbonylati
on
Mono-, di- or tri- | Total amount Whole brain | Rat (adults) X (Rodrigue
butyltin z-
single dose 2 ug Gonzalez
Sn etal.,,
2005)

monobutyltin
dibutyltin

0.1 ngSn
0.2 ng Sn
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tributyltin 2ngsSn
single dose 20 ug
Sn
monobutyltin 0.4 ng Sn
dibutyltin 2.8 ng Sn
tributyltin 21 ngSn
tributyltin 1.5 pug/g after 16 | Whole brain | Mouse X (Doctor et
intraperitoneal hours (adults) al., 1983)
injection, 4
mg/kg, single
dose
tributyltin 1.5 ug/g after 24 | Olfactory Rat (adults) olfactory (Tomiyam
intraperitoneal h bulb disturbance | aetal,,
injection 2.5 s 2010)
mg/kg of body
weight

0.75 pg/g after 96

h
Phthalate
benzyl butyl 68 ng/g Whole brain | Rat (adults) X (Kim et
phthalate al., 2015)
5 mg/kg/hour for
18 hours of
continuous
intravenous
infusion

Metabolites:

Monobenzyl

phthalate 37ng/g

Monobutyl

phthalate 87ng/g
dibutylphthalate | Traces Whole brain | Rat X (Williams
10 mg bolus per (juveniles to and
gavage or 1g/kg adults) Blanchfiel
of feed for 12 d, 1975;
weeks Ikeda et

al., 1978)

Diisooctylphtalate | Traces Whole brain | Dog, Mini X (Ikeda et
or pig, Rat al., 1978)
Butylglycolylbutyl (adults)

oral
administration,
50mg/kg/day for
21-28 day
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Table 4. Examples of in vivo and ex-vivo studies investigating blood-brain interfaces as targets for environmentally-borne xenobiotic endocrine

disruptors.
Abbreviation: BBB: blood-brain barrier; IP: intraperitoneal; IV: intravenous; ICA: intra carotid artery; WB: Western Blot

Endocrine Species Developm | Treatment and time Brain areas Observed effects on BBB or References
diusruptors ental of analyze investigated BCSFB
stage at
the time
of
treatment
Tributyltin Male 4 weeks 10 to 30 mg/kg, Striatum Increase in BBB permeability (Mitra et al.,
Wistar rats gavage. Analyses: 3 | Cerebellum following 20&30 mg/kg dosing 2015)
and 7 days later Hippocampus (Evans blue marker). Correlation
Hypothalamus with Sn accumulation in brain (Mitra et al.,
Cerebral cortex | tissue. Variation from region to 2013)
region.
Tributyltin oxide | Male Adult 58,5 mg/kg, Hypothalamus Transient increase in BBB (Haraetal.,
Wistar rats gavage. Analyses: permeability at 2 hours (leakage of | 1994)
0,5 to 24 hours later lanthanum observed by EM).
Possibly related to Sn interference
with Ca at tight junctions.
Triethyltin Male Adult 10 mg/kg, IP. Multiple No change in BBB permeability (Inoue et al.,
Sprague- Analyses: 12-48 structures (evans blue marker), despite the 1987)
Dawley rats hours later occurrence of a brain edema
resulting from the acute
intoxication.
Triethyltin Male Adult 5-10 mg/kg, IV. Multiple No or limited change in BBB (Hultstrom et
hamsters Analyses: 4-24 structures, permeability (dextran markers), al., 1984)
hours later including white | despite the occurrence of a brain

matter

edema resulting from the acute
intoxication.
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Triethyltin Male and Adult 5&7,5 mg/kg IP. Whole brain Increased BBB permeability (Joo et al.,
female R- Analyses: 48hours (evidenced by serum protein in 1969)
Amsterdam later brain).
albino rats
Trimethyltin Female Adult 8 mg/kg, IP. Cerebral cortex | Possible increase in BBB (Ceccariglia et
Wistar Rats Analyses: 21-25 Hippocampus permeability (evidenced by IgG al., 2014)
days later. extravasation observed on
histology). Possible link with
VEGF/VEGFR signaling
activation. Increase in AQP4
expression .
Trimethyltin Male Long- | 6 weeks 8 mg/kg, IP. Hippocampus No effect on BBB permeability (Little et al.,
Evans rats Analysis: 1,3,5,7 21 (assessed by 1gG extravasation), 2002)
days later. except a small increase in 1IgG
evidenced by WB at day 21, when a
strong hippocampal cell loss is
observed.
di(2- Male Adult 5 to 50 pg/kg/day Hippocampus, increased BBB permeability (Evans | (Ahmadpour et
ethylhexyl)phthal | C57BL/6J for 6 weeks, peros. | Medial preoptic | blue marker, 1gG extravasation). al., 2021)
ate mice area Decreased zona occludens-1 (WB)
w/wo a mixture of Other phthalates: but not Cldn5 or occluding
other phthalates 0,25t0 0,5 expression. Decreased caveolae
ug/kg/day for 6 protein Cav-1 (Immunolabelling
weeks, peros and WB).
Bisphenol A Male and Pre and 10 pg/kg /day, Spinal cord Increased meningeal and (Brinkmeyer-
female SJL | postnatal | gavage of dam, perivascular immune cell Langford et
mice stages gestation and infiltration (indirect evidence of al., 2014)
submitted lactation period. altered neuroimmune regulation at
to virus- Analysis: 20 weeks blood brain interfaces).
induced of life
neuroinfla
mmation
Bisphenol A Male Adult 0.5 to 1uM, Isolated viable Weak inhibition (compared to (Nickel and
Wistar rats analysis: 6 hours capillaries Ethinyl-estradiol) of BCRP Mahringer,
later expression and function. 2014)
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Tetrabromo- Male and Adult Isolated capillaries: | Isolated viable Dose and time dependent decrease | (Cannon et al.,
bisphenol A female 1-100 uM, capillaries in BCRP function, increase in PGP | 2019)
Sprague- analysis: 6 hours (male), and ER-a-dependent
Dawley rats later decrease in PgP (female) functions.
In vivo: 250 mg/kg,
gavage.
Analysis: 6 hours
later
methyl and propyl | Cats Adult 2x4mg, ICA. No changes in radiopack (Craver et al.,
para- Analysis: 10 penetration into the brain. 1968)
hydroxybenzoates minutes later
methyl and propyl | Male and Adult 2 x4 mg, ICA No changes in radiopack (Strainetal.,
para- female Analysis: a few penetration into the brain. 1969)
hydroxybenzoates | Rhesus minutes later
monkeys
PCB 118 Male Adult. Unclear, possibly Whole brain Increased permeability (sodium (Choi et al.,
C57/BI6 67 umoles/kg, or fluorescein co-administered with 2012)
mice 206 pg/kg, ICA, LPS).
Analysis: 24 hours
later Isolated Occludin down-expression
capillaries (Immunolabelling and WB).
Reproduced in a brain endothelial
cell line.
PCB153 Male Adult 5 ug/kg, ICA Whole brain PCB153 bound to nanoparticle, but | (Zhang etal.,
C57/BI6 Analysis: 24 hours not PCB alone increases BBB 2012)
mice later permeability to fluorescein and
favors monocyte transmigration. (Zhang et al.,
2013)
Isolated PCB153 bound to nanoparticle, but
capillaries not PCB alone decreases occludin

and claudin 5 expression, possibly
by interaction with TLR4 signaling
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Free and nanoparticle-bound
PCB153 induce a pro-inflammatory
phenotype.

PCB153 Male Adult 150 umoles/kg, Isolated viable Decrease in occludin expression (Eumetal.,
C57/BI6 gavage. capillaries (immunolabelling). Effect 2015)
mice Analysis: 48 hours reproduced in a brain endothelial

later cell line.

PCB126, 118 153 | Male Adult 150 pmoles/kg, Whole brain Increased permeability of BBB to (Seelbach et
C57/BIl6 gavage. Analysis: fluorescein. al., 2010)
mice 48 hours later

Isolated All PCB: Cldn5 downregulation
capillaries (WB, immunosignal), No occludin
expression change.
PCB 118 and 153: increased ZO1
expression.
(Enhanced susceptibility to
melanoma cell invasion into the
brain)
Arochlor 1254 Male Adult 2mg/kg, IP. Hippocampus Occludin, Cldn5, JAM 201 202 (Selvakumar et
(PCB mix) Wistar Rat Analysis: 24 hours | Cerebrum AF6 protein expression (WB) or al., 2018)
later Cerebellum MRNA level decreased.
(Selvakumar et
al., 2013)
PCB153 Sheep Adult 0,33 mg/kg/day, 3 | Lateral ventricle | Decreased protein (but not mMRNA) | (Szczepkowsk
(ewe) times a week, three | choroid plexuses | levels of Cldnl, ZO2, AF6. No aetal., 2013)
weeks. change in Cldn5, Jam, other ZO
protein expression (WB). Changes
observed only when the treatment is
applied during short days, when
plasma PCB levels are highest.

PCB153 Sheep Adult 0,33 mg/kg/day, 3 | Lateral ventricle | Increase in VEGF164 mRNA and (Szczepkowsk

(ewe) times a week, three | choroid plexuses | protein (WB), together with a aetal., 2016)

weeks.

decrease in VEGFR expression.
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Changes observed only when the
treatment is applied during short
days.

GEN-X Male and Adult Isolated capillaries: | Isolated Decreased ABCB1 ( PPAR-y (Cannon et al.,
female 0,1 t01000 nM, capillaries dependent) and ABCG2 transport 2020)
Sprague- Analysis: 1to 4 function following ex vivo
Dawley rats hours later exposure to 0,1-100 nM and 1-1000
In vivo: 0.03to 3 nM GEN-X, respectively, or in vivo
nmoles/kg, gavage. Gen-X exposure. No protein level
Analysis: 5 hours changes.
later
Perfluorooctane Male ICR Adult 0,25-50 mg/kg/day, | Cerebral cortex | Decreased Cldn5, ZO1, Occludin (Yuetal.,
sulfonate (PFOS) | mice for 28 days, gavage from 25 mg/kg dosing. Signs of 2020)
altered endothelial cells by electron
microscopy.
Dioxin (TCDD) Rat isolated | Brain and | 0,05 to 0,5 nM, Increases Pgp and Bcrp transport (Campos et al.,
capillaries | SC measure 3 hours activity via an AhR-dependent 2012)
later mechanism (3 h seems rapid).
Rat vivo 5 mg/kg, Then Increased PgP activity and protein

capillary isolation
48 h later

level, increased BCRP protein
level.
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