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Abstract

Firemaster 550 (FM 550) is a flame retardant (FR) mixture that has become one of Key Words

the most commonly used FRs in foam-based furniture and baby products. Human » endocrine disruptors
exposure to this commercial mixture, composed of brominated and organophosphate » flame retardants
components, is widespread. We have repeatedly shown that developmental » behavior
exposure can lead to sex-specific behavioral effects in rats. Accruing evidence of > serotonin
endocrine disruption and potential neurotoxicity has raised concerns regarding the » sexually dimorphic
neurodevelopmental effects of FM 550 exposure, but the specific mechanisms of action » EDC

remains unclear. Additionally, we observed significant, and in some cases sex-specific, » brain

accumulation of FM 550 in placental tissue following gestational exposure. Because the
placenta is an important source of hormones and neurotransmitters for the developing
brain, it may be a critical target of toxicity to consider in the context of developmental
neurotoxicity. Using a mixture of targeted and exploratory approaches, the goal of the
present study was to identify possible mechanisms of action in the developing forebrain
and placenta. Wistar rat dams were orally exposed to FM 550 (0, 300 or 1000 pg/day) for
10 days during gestation and placenta and fetal forebrain tissue collected for analysis. In
placenta, evidence of endocrine, inflammatory and neurotransmitter signaling pathway
disruption was identified. Notably, 5-HT turnover was reduced in placental tissue and
fetal forebrains indicating that 5-HT signaling between the placenta and the embryonic
brain may be disrupted. These findings demonstrate that environmental contaminants,
like FM 550, have the potential to impact the developing brain by disrupting normal
placental functions.

Endocrine Connections
(2018) 7, 305-324

Introduction

Chemical flame retardants (FRs) are commonly applied  rather than reactive, and therefore able to migrate,
to foam-based furniture and infant products to meet  resulting in widespread human exposure (1). Previously,
commercial flammability standards. Many FRs are additive ~ the most commonly used chemical FRs were mixtures of
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polybrominated diphenyl ethers (PBDEs). Due to toxicity
concerns, including associations between PBDE exposure
and behavioral and cognitive impairments in humans
(2, 3, 4, 5, 6, 7), this class has largely been phased out,
resulting in increased use of replacement FRs. These
include alternative brominated and organophosphate ester
(OPE) FRs (8), the toxicity of which are largely unknown.
Structural similarities with known neurotoxicants and
endocrine-disrupting (EDCs), including
PBDEs (9) and organophosphate pesticides (10), have
raised concerns regarding possible health impacts,
especially on the developing brain. Because we have
found evidence of behavioral effects and significant
placental bioaccumulation in developmentally exposed
rats (11, 12), we hypothesized that gestational exposure
to replacement FRs can alter forebrain neurodevelopment
and that the mode of action may involve altered signaling
between placenta and the developing brain.

Throughout gestation, the placenta plays a critical
role in regulating the fetal environment (13) including
which chemicals are transferred to the fetus. The placenta
also serves as a crucial and sometimes primary source of
hormones, monoamines and other signaling factors for
the developing brain (13). For example, the fetal side of
the placenta is the sole source of 5-HT for the developing
forebrain from GD 10-15 (5, 6). Placental function,
including monoamine synthesis, can be disrupted by
environmental stress, resulting in sex-specific effects
on neurodevelopment and behavior. Notably, maternal
inflammation has been shown to disrupt forebrain
neurodevelopment via increased placental 5-HT output
to the fetal brain (14). Similarly, an elegant series of
rodent studies has shown that maternal stress induces
male-specific effects on anxiety and other stress-related
behaviors in the offspring via placental inflammation
(15, 16). These examples support the hypothesis that
disruption of placental output could be a mechanism by
which environmental chemicals, such as FRs, influence
developmental programming.

Firemaster 550 (FM 550) has become one of the most
commonly used FRs in baby products and residential
furniture (1, 8). This commercial mixture includes two
brominated compounds, bis (2-ethylhexyl)-2,3,4,5-
tetrabromophthalate (TBPH, also known as BEH-TEBP)
and 2-ethylhexyl-2,3,4,5-tetrabromobenzoate (TBB, also
known as EH-TBB), and two OPEs including triphenyl
phosphate (TPHP, also known as TPP) and a mixture of
isopropylated triarylphosphate isomers (ITPs) (17, 18,
19, 20, 21). Human exposure is predominantly through
inhalation and inadvertent ingestion of dust (22). Use

chemicals
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is so extensive that FM 550 components have reached
PBDE levels in US house dust (17) and the brominated
components have been detected in dust samples globally,
including the United Kingdom, Belgium, Iraq and New
Zealand (23, 24, 25), as well as a variety of human
tissues including breast milk, blood, hair, fingernails and
urine (26, 27, 28, 29). The OPE components of FM 550,
particularly TPHP which is a high production volume
chemical (10-50 million 1bs/year), have widely been used
as plasticizers in products such as polyvinyl chloride (PVC)
and circuit boards for many years, suggesting there may
be multiple routes and sources of human exposure. TPHP
is also present in nail polish, with elevated concentrations
of its metabolite detectable in urine following application
(26). Accumulating evidence of widespread exposure,
endocrine-disrupting properties (11, 30, 31, 32),
and potential neurotoxicity (33, 34), highlights the
importance of investigating the neurodevelopmental
effects of replacement FRs, including FM 550.

We have previously shown that perinatal FM 550
exposure can sex specifically disrupt anxiety-like behaviors
in juvenile and adult rats (11, 12), at concentrations
(100, 300 or 1000pg/kg/day) well below the purported
no observed adverse effect level (NOAEL). This NOAEL
of 50mg/kg/day was established for CN-2065/BZ-54, a
mixture containing only the brominated components (TBB
and TBPH). Studies in zebrafish, cell-based assays and other
model systems have also revealed potential developmental
neurotoxic and behavioral effects comparable to PBDEs
(34, 35). Using Wistar rats, we recently showed that
three of the FM 550 components, TBB, TBPH and TPHP,
dose dependently accumulate in placenta, with higher
concentrations of TBPH and TPHP in male-associated
placentas (12). These findings are consistent with what
has been seen for other brominated FRs, including some
PBDEs, in human placental tissue, with male-associated
placentas showing greater accumulation (36). The
brominated components were also dose dependently
detected in the fetuses (37). We hypothesized that
sex-biased placental bioaccumulation might underlie
sex-specific neurodevelopmental outcomes.

Mechanism of action data remains limited but indicate
that FM 550 likely impacts neurodevelopment by multiple
mechanisms including disruption of thyroid signaling and
neurotransmitter activity (11, 38, 39, 40). Additionally, FM
550 and its components have been shown to interact with
nuclear receptors for sex steroid hormones (41), which play
a critical role in brain organization, as well as peroxisome
proliferator-activated receptor gamma (PPARy) (32, 42),
an important regulator of adipogenesis. To probe these
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and other possible modes of action including disruption
of 5-HT production and placental inflammation, we
employed a diverse range of hypothesis-generating (RNA
sequencing and untargeted metabolomics) and targeted
(quantitative real-time PCR and targeted neurotransmitter
analysis) approaches to examine fetal Wistar rat brain and
placenta following gestational exposure to 300 or 1000 pg
FMS550/kg/day. Because we hypothesized that sexually
dimorphic placental FR exposure could be a route by
which sex-specific effects on brain and behavior arise, we
incorporated sex as a biological variable.

Materials and methods
Animals

Animal care, maintenance and experimental protocols
met the standards of the Animal Welfare Act and the
U.S. Department of Health and Human Services ‘Guide
for the Care and use of Laboratory Animals’ and were
approved by the North Carolina State University (NCSU)
Institutional Animal Care and Use Committee (IACUC).
A supervising veterinarian approved and monitored
all procedures throughout the duration of the project.
For each aim, Wistar rats were obtained from Charles
River (Raleigh, NC) and/or bred in house as indicated
in humidity- and temperature-controlled rooms, each
with 12-h:12-h light:darkness cycles at 25°C and 45-60%
average humidity in the AAALAC approved Biological
Resource Facility at NCSU. As in our prior studies (43,
44), and in accordance with recommended practices for
EDC research (45, 46, 47), all animals were housed in
conditions specifically designed to minimize unintended
EDC exposure including use of glass water bottles with
metal sippers, soy-free diet, woodchip bedding and
thoroughly washed polysulfone caging.

Dosing prep

All animals were orally dosed using a concentrated
ethanol-based solution prepared in the Stapleton lab
and then coded and transferred to the Patisaul lab so the
dosing and subsequent testing could be performed in a
blinded manner. A commercial mixture of FM 550 was
obtained from Great Lakes Chemical (West Lafayette, IN,
USA) and each dosing solution (0, 20 and 60mg/mL) was
prepared by weighing the appropriate amount of FM550
and diluting it in 100% ethanol with stirring for 6h, and
then stored in amber bottles at 4°C until use.
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Animal husbandry and exposure

Detailed methods regarding dosing and internal FM 550
exposure levels were published in prior studies using
the same animals (37). Briefly, adult Wistar rats (n=48
females and 26 males) were maintained on Teklad 2020
(phytoestrogen-free) diet, and then paired and monitored
for the presence of a sperm plug, designated gestational
day (GD) 0. The males were then removed and the dams
were housed individually. All paired females except one
were successfully impregnated and a total of 24 were used
for the gestational exposure. Exposure was once per day
for 10 days across GDs 9-18. At the time of dosing, 20 uL
of each dosing solution was pipetted onto % of a soy-free
food treat pellet (chocolate flavored AIN-76A Rodent Diet
Test Tabs, Test Diet, Richmond, IN, USA) as we have done
previously (48) resulting in the following exposure groups
(animals randomly assigned): Oug FM 550 (vehicle) (49),
300pg FM 550 (low) and 1000 ug FM 550 (high). The food
treat was dispensed once the solution was completely dry
and consumption was monitored to ensure that the dam
ate the entire treat. Dams were not dosed by individual
weight but rather by an average colony (all female)
weight of 300g at conception producing exposures of
approximately 0, 1 and 3.3mg/kg bw per day FM 550
(relative exposurelikely decreased slightly across the 10-day
window as body weight increased across pregnancy). This
method reduced handling and, consequently, possible
confounding by prenatal stress (50). Thyroid hormone
assessments were made in a different set of animals and
also used for a prior study (Supplementary Materials and
methods, see section on supplementary data given at the
end of this article) (37).

Tissue collection

Animals were euthanized on GD 18, four hours after
final dosing (12:00h+60min) to control for time post
exposure and time of collection. All dams and fetuses
were weighed and euthanized by CO, asphyxiation and
rapid decapitation. A single paw was collected from each
fetus to determine sex via PCR as previously described
(12, 51). Although all individuals were collected, only
one fetus per sex per litter, and its associated placenta,
was used for each analysis (selected at random). Placentas
were collected and flash frozen on powdered dry ice, and
then homogenized in liquid nitrogen using a mortar and
pestle. Two aliquots were prepared with approximately
25 or 200mg of homogenized placenta and stored at
—80°C to use for RNA extractions for RNA sequencing
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(n=2 per sex per group) and qRT-PCR (n=7 per sex per
group) or metabolomics (control: n=6 per sex, high: n=4
per sex, low: n=4 per sex) and targeted neurotransmitter
analysis (control: n=6 per sex, high: n=4 per sex, low:
n=4 per sex), respectively.

Whole fetal heads were collected, flash frozen and
then cryosectioned (Leica CM 1900) from the rostral
end in order to isolate forebrain via microdissection.
Anatomical landmarks were identified with the assistance
of a developing mouse brain atlas, with all forebrain
tissue from plates 48-57 obtained via microdissection
(52), placed in an Eppendorf tube and stored at —80°C
to use for RNA extractions for RNA sequencing (n=3 per
sex per group) and qRT-PCR (n=6 per sex per group) or
targeted neurotransmitter analysis (control: n=6 per sex,
high: n=6 per sex). Because fetal forebrain tissue was so
small, we could not use samples from the same animals
to run all types of analyses. Therefore, siblings from the
same litters that were used for RNA extractions were also
used for targeted neurotransmitter analysis. Thus, for
the purposes of these experiments, same-sex litter mates
were considered equivalent representatives of that litter.
All subsequent analyses were performed by personnel
blinded to exposure group.

RNA sequencing

As an initial hypothesis-generating approach, placentas
(2 per sex per group from vehicle and high dose) and fetal
brains (3 persex per groupincludingvehicleand high dose)
underwent RNA sequencing (RNA-seq). The experimental
design and analysis were developed in consultation
with the NCSU Genomic Sciences Laboratory (GSL).
RNA extraction was performed with the Qiagen RNEasy
Miniprep kit according to the manufacturer protocol
(Qiagen, Cat. 74134). RNA quality was determined
using an Agilent 2100 Bioanalyzer and all samples, for
both tissue types, were found to have an RNA integrity
number (RIN)>10. Sequencing libraries were prepared
as described previously (53), using NEBNext Ultra
Directional RNA Library Prep kit and NEBNext Poly(A)
mRNA Magnetic Isolation Module (catalogs E7420 and
E7490; New England Biolabs, Ipswich, MA, USA), to be
compatible with Illumina sequencing. Isolation, heat
fragmentation and priming were performed according
to manufacturer’s instructions. cDNA synthesis was
followed by purification and size selection. Finally,
library clean-up was performed used AMPure XP beads
(Beckman Coulter Genomics, Brea, CA, USA; Cat.
A63881) and quality was assessed using the Agilent
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2100 Bioanalyzer. For each tissue, library sequencing
was performed using a 125-bp single-end protocol
on a single lane of an Illumina HiSeq2500 sequencer.
Approximately, 27.4million uniquely mapped reads
were generated per placental library, and 23.7 million
reads per fetal forebrain library. The data discussed in
this publication have been deposited in NCBI's Gene
Expression Omnibus and are accessible through GEO
Series accession number GSE108965 (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE108965).

RNA-seq data processing

Data analysis for placenta RNA-seq was performed by
the Bioinformatics Core at the University of Virginia, on
a fee for service basis as described previously (53). Fetal
forebrain data analysis was conducted using a nearly
identical analytical pipeline in consultation with the
Bioinformatics Core of the NCSU Center for Human
Health and Environment. Briefly, quality control of
read data was evaluated with FastQC. Alignment was
performed using STAR short read aligner (54) to Rattus
norvegicus (rn6) reference genome.

For placental analysis, the number of reads mapped to
GENCODE was determined using featureCounts software
(55), and count data were normalized for sequencing depth
and distortion. Finally, dispersion was estimated using
DESeq2 Bioconductor (56, 57) package in the R statistical
computing environment (58) to normalize count data,
estimate dispersion and fit a negative binomial model for
each gene, using an extended model matrix considering
the main effects of both sex and treatment as well as the
interaction term. For fetal forebrain analysis, the number
of reads mapped to genome features was determined using
htseq-count script from HTSeq (59) python package, and
count data were imported to R statistical computing
environment for further analysis.

Initially, genes that had no counts in more than 2/3
of the replicate samples were excluded from the analysis.
Data normalization based on dispersion and differential
analysis was conducted using DESeq2 (57) package. We
fitted a generalized linear model (~Gender+ Dose) between
the expression count, Gender (M, F) and Dose (Control,
High). Finally, differential expression analysis was
preformedbetween female vs maleand high vs control dose.
For both placenta and fetal forebrain samples, the overall
mean of the normalized counts, the log2 (fold-change),
the P value and the adjusted P value (padj), adjusted
for multiple testing using the Benjamini-Hochberg
False Discovery Rate, were calculated.
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Quantitative real-time PCR

Analysis was performed on placenta and fetal brain
in all three treatment groups (vehicle, low and high
dose); n=7 per sex per group (one per sex per litter).
Genes assessed using qRT-PCR were selected based on
canonical pathways identified by IPA analysis, such as
acute phase signaling, which spurred us to follow-up
on genes related to inflammatory response (Cxcl10,
Ccl5 and Ccr7) and farnesoid x receptor (FXR)/retinoid
X receptor (RXR) signaling (Abcc2). A set of pre-
identified genes of interest were also selected based
on previous studies highlighting metabolic (Lepr, Igf1
and Pparg), thyroid (Ttr) and sex steroid signaling
(Esrl and Ar) pathways as potential targets of FM 550
and/or identification by RNA-seq with P value<0.01
as a cutoff. Additional genes of interest validated by
gRT-PCR following neurotransmitter analysis included
those related to 5-HT signaling and metabolism in
placenta (Htr2A, Tdo2, Idol, Ido2) and fetal forebrain
(Htr1B and Maoa). RNA extractions were performed as
described earlier for RNA sequencing. cDNA synthesis
was performed using high-capacity RNA-to-cDNA Kits
(Applied Biosystems, Cat. 4387406) according to the
manufacturer
transcriptase reactions was 60 min at 37°C, Smin at 95°C
and the cDNA was stored at —20°C until use. An ABI
StepOnePlus Real-Time PCR System and TagMan probes
were used for quantitative real-time PCR (qRT-PCR) as
previously detailed (53). Triplicate reactions were run as
well as negative controls (no template present) for each
TagMan assay. A house keeping gene (18s rRNA) was
used to normalize CT values for differences in starting
concentrations of cDNA. Relative changes in expression
were determined using the Livak AA CT method (60).

instructions. Incubation for reverse

GC-TOF-MS metabolomics

Aliquots of approximately 50mg of placenta tissue were
placed in a 2mL Magna Lyser tube and mixed with 1000 pL
of degassed 3:3:2 acetonitrile: isopropanol: water solution,
pulse sample 2x30s @ 2000 in Magna Lyser. Samples are
vortexed, shaken for S5min and then centrifuged at 4°C for
4minat13,100g. Samples were completely dried by vacuum
centrifuge, reconstituted with 450 uL 1:1 acetonitrile:water
solution, centrifuged for 4min at 14,000rcf and dried by
vacuum in new tubes. Study samples were randomized,
and quality control pool samples (prepared under identical
conditions) were interspersed.
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Samples were derivatized using a two-step method
with acquisition parameters similar to methods described
in detail (61, 62, 63). To summarize (as described
previously (63)), a 0.5pL volume was injected into an
Agilent 6890 gas chromatograph (Santa Clara, CA, USA)
with a 30m long, 0.25mm i.d. RxiSSil-MS column with
0.25um film thickness (Restek, Bellefonte PA, USA), using
a 250°C injector temperature in splitless mode with 25s
splitless time, at a constant flow of 1mL/min. The oven
temperature was ramped (20°C/min ramp) from 50°C
to 330°C. Data were acquired using a Leco Pegasus 4D
TOF-MS with a 280°C transfer line temperature, electron
ionization at —70V and an ion source temperature of
250°C. Spectra were acquired from m/z 50 to 750 at 20
spectra/s and 1850V detector voltage.

GC-TOF-MS data analysis

GC-TOF-MS data files were deconvoluted using the
software ChromatTOF (Leco, St. Joseph, MI, USA) and
processed in BinBase (64) for peak retention index
calculations, spectral identification and generation
of a table of peak identifications and intensities.
Multivariate data analysis was conducted using SIMCA
13.0 (Umetrics, Umea, Sweden) for data normalized
to the sum of intensities. Mean centered and pareto
scaled were analyzed by Principal Component Analysis
(PCA) and Orthogonal Projections to Latent Structures
Discriminant Analysis (OPLS-DA). Peaks with Variable
Influence on Projections (VIP)>1.0 with a jack-knife
confidence interval that did not include 0 were deemed
important for differentiating the study groups. A 7-fold
cross-validation was used to assess the predictive
variation of the model (Q2) (65).

Neurotransmitters

Rat placenta samples (approximately 100mg each) were
weighed directly into Magna Lyser tubes and extracted
for 2x30s pulses in phosphate-citric acid tissue buffer
solution containing 200ng/mL of DHBA (internal
standard) at 3:1 volume (uL):tissue (mg). Extracts were
vortexed followed by centrifugation to precipitate
solids. Supernatants were transferred by pipette to glass
HPLC vials containing 300 uL target vials for analysis by
UHPLC-ECD. Rat fetal forebrains were placed in 2mL
tubes with ceramic beads along with 20uL perchloric
acid solution spiked with 200ng/mL 2, 3-dihydrobenzoic
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acid (DHBA - internal standard) per milligram of tissue.
Samples were vortexed and subjected to three 10-s
pulses on the Magna Lyser. Samples were centrifuged for
10min at 4°C and at 14000rcf. Extract supernatants were
transferred to HPLC vials with 300pL glass inserts and
capped. Samples were randomized prior to analysis.

Sample extracts were analyzed on a Thermo Scientific
Dionex 3000 series U-HPLC with Chromeleon v.6.80
software. Compound separation was achieved using a
Thermo Scientific Hypersil Gold, 200x2.1mmx 1.9 ym
particle size column with an isocratic flow rate of 0.400
milliliter per minute with the column temperature set
at 30°. Simultaneous detection of neurotransmitters
was achieved on the TS 5600A 16 channel CoulArray
electrochemical detector (ECD) with ESA software v.3.80.
Coulometric cell potentials were set at —150, 0, 200, 400,
450, 600, 800, 850 and 900mYV with the cell chamber set
at 30°C. Acquisition run time was 60 min.

Statistical analyses

Statistical analyses were performed using GraphPad
Prism, version 6 (La Jolla, CA, USA). Placental and fetal
forebrain neurotransmitter and metabolomics data were
first analyzed using a 2-tailed exact Mann-Whitney U
test with males and females binned together, to compare
exposure groups to controls. The data were then separated
by sex and a 2-tailed exact Mann-Whitney U test used
to identity sex differences between male and female
controls, and then possible exposure effects within sex.
For the purposes of this exploratory study, metabolites
and neurotransmitters that had either a P value <0.10 or
a magnitude of fold-change >2 were determined to be
important for differentiating study groups, and P values
were not adjusted for multiple testing to minimize risk of
type-2 error (66). For all other data, statistical significance
was set at «<0.05. As was done for the metabolomics and
neurotransmitter data, a 2-tailed exact Mann-Whitney U
test was used in order to first assess effects of exposure
with males and females combined, and then with males
and females separated.

Results

Impact of prenatal FM 550 exposure on
placental gene expression

RNA-seq of the placental transcriptome was performed
and analyzed as a hypothesis-generating approach to
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identify possible modes of action. Unfortunately, one
pair of placentas, one male- and one female-associated
placenta, from the same dam in the high-dose group
had to be removed from the analysis for technical
reasons. Unsupervised PCA of the remaining samples
revealed reasonable separation of the exposure groups
(Supplementary Fig. 1). RNA-seq results were not
analyzed by sex due to very small sample sizes, (n=2
exposed and n=4 control) and the exploratory nature of
the approach, but follow-up analyses on genes of interest
by qRT-PCR, to validate RNA-seq findings, used a larger
sample size (n=7 per sex per group) and considered sex
as a biological variable (Fig. 1C). Differential expression
of over 2600 genes, at a P adjusted value of 0.05, was
found in placental tissue from dams exposed to the
highest dose of FM 550. Ingenuity Pathway Analysis
(IPA, QIAGEN) software was used to identify potential
pathways perturbed by FM 550 exposure. Several
different iterations were employed using the full gene
list with a P adjusted value of 0.05 as a cutoff. Additional
parameters included fold-changes from 1 to 3 and,
because we were specifically interested in how changes
in placental function may impact the brain, filters to
include only annotations were made in neural tissues
and stem cells. The top two canonical pathways that were
most impacted regardless of the analytical parameters
used were the farnesoid xreceptor FXR/RXR, and the
liver xreceptor (LXR)/RXR. Acute phase signaling was
also strongly identified using the full gene list with a
fold-change of 1 as the cutoff (Fig. 1A).

Following the identification of these canonical
pathways, we followed up on several genes of interest
using qRT-PCR. ATP-Binding Cassette Subfamily C
Member 2 (Abcc2), which was identified in the FXR/RXR
pathway, was found to be upregulated in RNA-seq data.
However, this finding was not confirmed by qRT-PCR
(Supplementary Fig. 3). We also explored genes related
to inflammatory processes due to the identification of
acute phase signaling as an enriched canonical pathway
as well as the identification of multiple genes previously
identified in an elegant series of studies by another group
as upregulated in male placentas via maternal stress (15, 67).
These genes included C-X-C motif chemokine ligand 10
(Cxcl10), C-C motif chemokine ligand 5 (Ccl5) and C-C
motif chemokine receptor 7 (Ccr7) (Fig. 2). An increase
in relative abundance was observed in the high dose
compared to controls for both Cxcl/10 (U=7,P<0.001) and
Ccl5 (U=17,P<0.001). A suggestive increase in expression
was also observed for Cxcl10 (U=59, P=0.08) and Ccl5
(U=56, P=0.06) in the mid dose groups compared to
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Figure 1

Top 10 canonical pathways identified by IPA analysis, in placenta (A) and fetal forebrain (B) and changes in placental gene expression verified by

gRT-PCR.

controls (Fig. 2A and C). When analyzed by sex, high-
dose males and females were found to have a significant
increase in expression of Cxcl10 (U=3, P<0.004; U=0,
P<0.001) and Ccl5 (U=5, P<0.01; U=4, P<0.007) (Fig. 2B
and D). Although the combined analysis for Ccr7 did not
show a significant increase in expression in the high-
dose group (U=61, P=0.09) (Fig. 2E), when separated by
sex, high-dose females were found to have a significant
increase in relative abundance compared to same-sex
controls (U=6, P<0.02) (Fig. 2F).

The RNA-seq results inspected for
pre-identified genes of interest to see if they were
differentially expressed. These included estrogen
receptor o (Esrl), insulin-like growth factor 1 (Igf1),
androgen receptor (Ar) and peroxisome proliferator-
activated receptor gamma (Pparg) (Fig. 3). qRT-PCR
confirmed higher relative abundance for Esrl (U=36,
P<0.004), Igfl (U=16, P<0.001) and Ar (U=36,
P<0.004) in the high dose compared to controls

were also

(Fig. 3A, B, C, D, E and F). A similar trend was found for
Pparg; however, it did not reach statistical significance
(U=53, P=0.07) and the directionality did not reflect
the change in expression observed in the RNA-seq data.
Additional pre-identified genes of interest included
leptin receptor (Lepr) and transthyretin (Ttr); however,
exposure-related differences in Lepr and Tir were not
confirmed (Supplementary Fig. 3). Esrl, Igfl, Ar and
Pparg were then analyzed by sex (Fig. 3E, F, G and H). For
Esr1, high-dose females had significantly greater relative
abundance than controls (U=7, P<0.03; Fig. 3B), while
both high-dose males and females showed significantly
higher levels of Igf1 compared to their respective, same-
sex controls (U=5, P<0.01; U=3, P<0.004; Fig. 3D).
Ar showed significantly higher relative abundance in
high-dose females compared to controls (U=6, P<0.02;
Fig. 3F), while high-dose males showed a similar trend,
but did not reach statistical significance (U=10, P=0.07;
Fig. 3F).
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Impact of prenatal FM 550 exposure on placental
neurotransmitters and metabolites

Untargeted GC-TOF-MS metabolomics
second aliquot of placental tissue revealed significant
changes (P<0.05) in 14 different metabolites or ratios of
metabolites involved in processes such as glycolysis, amino
acid metabolism and the citric acid cycle. These findings
are summarized in Table 1 with their respective P values
and directionality of change. Data have been uploaded to
the NIH Common Fund metabolomics data repository at
metabolomicsworkbench.org. Significance was tested for

analysis of

male-associated placenta, female-associated placenta and
combined (not separated by sex), in comparison with the
appropriate non-exposed control. Perturbations in benzoic
acid, enolpyruvate, glutamic acid and the ratio of proline
to glutamic acid were found when the placentas were not
stratified by sex. Some sex differences were indicated for
individual analytes. Only male-associated placentas showed
a decrease in uracil, glycerol, the ratio of enolpyruvate/citric

whiskers from minimum to maximum (*P<0.05,
Male

**P<0.01, ***P<0.001).

acid, guanosine, beta-hydroxybutyric acid, fructose and an
increase in leucine and citric acid. Only female-associated
placentas showed an increase in glucose 1 phosphate and
proline and a decrease in salicylic acid, octadecanol and the
ratio of enolpyruvate to glycerol. Overall, placenta tissues
showed at least one metabolite that tested significant
(P<0.05) that is associated with glycolysis, amino acid
metabolism, pyrimidine metabolism, fatty acid synthesis,
the urea cycle and the TCA cycle.

Targeted neurotransmitter analysis of the same
placental tissue revealed dose-dependent changes in
5-HT and its primary metabolite, 5-hydroxyindoleacetic
acid (5-HIAA) (Fig. 4). An increase in 5-HT was suggested
(U=25, P=0.08; Fig. 4A) in the low-dose group compared
to controls, while 5-HT was significantly higher in
placentas from high-dose animals compared to controls
(U=22, P=0.047; Fig. 4A). Stratification by sex revealed
that, although not quite statistically significant, female-
associated placentas from the high-dose group appeared to
have elevated levels of 5-HT compared to controls (U=3,
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P=0.07; Fig. 4B). 5-HIAA, 5-HTs primary metabolite, was
found to be significantly reduced in placentas from the
low-dose group compared to controls (U=17, P<0.02;
Fig. 4C). The ratio of 5-HIAA:5-HT was also assessed, as this
is indicative of 5-HT turnover. A significant reduction in
this ratio was found in placentas from the low-dose group
compared to controls (U=18, P<0.02; Fig. 4E); however,
this relationship did not hold up when analyzed by sex.

T whiskers from minimum to maximum (*P<0.05,
Male #%P<0.01, ***P<0.001).

A suggestive reduction in 5-HIAA:5-HT was observed in
placentas from the high-dose group compared to controls
(U=26, P=0.10; Fig. 4E), as well as in high-dose placentas
associated with female offspring (U=3, P=0.07; Fig. 4F).
Neurotransmitter analysis also revealed a reduction in
norepinephrine (NE) in response to the low-dose exposure
(U=18, P<0.02; Fig. 4G), with low-dose female-associated
placentas having significantly less NE than controls
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Table 1 Summary of untargeted metabolomics analysis in whole placenta.

Female Female Male low Male high

low (n=4) high (n=4) (n=4) vs (n=4) vs Combined Combined
Pathway/metabolite vs control vs control control control low (n=8)vs  high (n=8) vs
species Metabolite (placenta) (n=6) (n=6) (n=6) (n=6) control (n=12) control (n=12)
Glycolysis Glucose 1 phosphate 0.07 1
Glycolysis Glycerol 0.02 1 0.07 1 0.03 |
Glycolysis Glycine 0.08 1
Glycolysis Creatine major 0.06 1

dehydrated
Amino acid metabolism Benzoic acid 0.011 0.07 | 0.03 1
Amino acid metabolism Salicylic acid 0.07 )
Glycolysis Enolpyruvate 0.04 | 0.07 | 0.002 |
Glycolysis Enolpyruvate/glycerol 0.07 | 0.04 |
Amino acid Leucine 0.07 1
Ketogenesis Beta-hydroxybutyic acid 0.07 | 0.06 |
Pyrimidine metabolism  Uracil 0.01] 0.007 |
Fatty acid synthesis Stearic acid 0.06 1
Fatty acid synthesis Octadecanol 0.07 |
Citric acid cycle Citric acid 0.01 1 0.03 1
Glycolysis/citric acid Enolpyruvate/citric acid 0.02 ] 0.05 ] 0.03 ]
cycle

Amino acid Proline 0.011 0.002 1
Amino acid Proline/glutamic acid <0.001 1 0.011
Amino acid Glutamic acid 0.07 | 0.04 ] 0.02] 0.04 ] 0.001 | 0.001 ]
Urea cycle Urea 0.011 0.08 1
Urea cycle Uric acid 0.051
Purine metabolism Guanosine 0.04 | 0.02 ]
Amino acid Threonine 0.06 1
Glycolysis Fructose 0.07 ] 0.04 |
Amino acid Hydroxy-proline 0.098 |

All P values <1.0 are reported here with the direction of change. For the control group n=6 per sex and for the low and high groups n=4 per sex.

(U=2, P<0.04; Fig. 4H). No differences were identified for
neurotransmitters measured in the male placentas.

We then revisited our RNA-seq data to see if any genes
related to 5-HT and NE signaling were impacted by exposure
and identified two genes related to S-HT signaling and
metabolism differentially expressed between high-dose
and control animals. These genes were 5-HT receptor 2A
(Htr2A) and tryptophan 2,3-dioxygenase (Tdo2) (Fig. 5).
gRT-PCR revealed significant changes in expression for
both Htr2A (U=36, P<0.004; Fig. 5A and B) and Tdo2
(U=27, P<0.001; Fig. 5C and D). When analyzed by sex
only high-dose males showed significantly greater relative
abundance for Htr2A compared to same-sex controls
(U=6, P<0.02; Fig. 5B). However, high-dose females and
high-dose males showed significantly greater expression
of Tdo2 compared to same-sex controls (U=7, P<0.03;
U=7, P<0.03; Fig. 5D). Indoleamine 2,3-dioxygenase
2 (Ido2) and indoleamine 2,3-dioxygenase 1 are similar
in function to Tdo2 and, although not differentially
expressed in the RNA-seq data set, were assessed using qRT-
PCR (Fig. SE, E, G and H). Significant change in expression
of Ido2 (U=44, P<0.01; Fig. SE) was observed, with high-

dose females showing increased expression compared to
same-sex controls (U=4, P<0.007; Fig. 5F). Ido1 was not
significantly changed. Htr2A, Tdo2, Ido2 and Idol were
then broken out by sex in order to assess whether or not
there was a sex difference. No significant effect of sex was
found for any of these genes.

Impact of prenatal FM 550 exposure on fetal
forebrain gene expression

Unsupervised PCA analysis of the RNA-seq data on fetal
forebrain only revealed exposure-related clustering for the
males (Supplementary Fig. 2; data submitted to the GEO
repository). Because the female data failed to meaningfully
cluster, it was excluded from further analysis. 196 genes
were differentially expressed between high-dose and
control males at a P adjusted value of 0.05. As was done
for the placental tissue, IPA was used to identify pathways
that may be perturbed in the developing forebrain.
Two of the top canonical pathways identified included
aryl hydrocarbon signaling and glutamate degradation.
The top canonical pathway was hepatic fibrosis/hepatic
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stellate cell activation and included Igf and a variety of
collagen-related genes, all upregulated.

Impact of prenatal FM 550 exposure on fetal
forebrain neurotransmitters

Targeted neurotransmitter analysis was also performed
on fetal forebrain tissue from siblings in the same litters
used for RNA-seq and gqRT-PCR analysis (Fig. 6). No

dose n=4/sex. Graphs depict median with whiskers
from minimum to maximum (*P<0.05).

M;Ie
significant effect of exposure was found when males
and females were combined for analysis (Fig. 6A, C, E, G
and I). However, fetal forebrains from high-dose females
showed a suggestive increase in S5-HT compared to
controls (U=7, P=0.09; Fig. 6B). Additionally, high-dose
females had a significantly lower 5-HIAA:5-HT ratio when
compared to controls (U=3.5, P<0.03; Fig. 6F). Other
neurotransmitters measured in fetal forebrain included
dopamine (DA), dihydroxyphenylacetic acid (DOPAC),
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HVA, NE, tryptophan and tyrosine. No significant effect
of exposure was found for any of these neurotransmitters;
however, the ratio of DOPAC:DA showed a suggestive
reduction in high-dose females compared to controls
(U=7, P=0.09; Fig. 6]). No significant effect of exposure
was observed in male rats for any of the neurotransmitters
analyzed.

Male *+%P<0.001).

Due to interest in disruption of 5-HT signaling, two
genes were assessed using qRT-PCR, 5-HT receptor 1B
(Htr1b) and monoamine oxidase A (Maoa) (Fig. 7). Neither
of these two genes were found to be significantly different
in the high-dose group compared to controls when males
and females were grouped for analysis or when they were
broken out by sex.
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signaling and metabolism in fetal forebrain. No
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Discussion

The present study identified multiple pathways by which
gestational FM 550 exposure may impact the placenta
and developing forebrain. Altered placental pathways
included endocrine, inflammatory and neurotransmitter
signaling, all of which play important roles in fetal
growth and neurodevelopment. Multiple modes of
action were not unexpected given that FM 550 is a
mixture and many EDCs act via multiple mechanisms.
Most significantly, 5-HT turnover was reduced in
placental tissue and fetal forebrains indicating the novel
possibility that 5-HT signaling between the placenta
and the embryonic brain may be disrupted. Evidence
of RXR signaling pathway disruption was also found
in both tissues. By providing mechanistic insight, this
study builds on our prior work showing that FM 550
components sex specifically accumulate in placental
tissue, and developmental exposure can sex specifically
alter activity and anxiety-related behaviors in exposed
offspring (11, 12). Collectively, our data lead us to
hypothesize that there may be causal and sex-specific
links between FR-induced placental disruption and
neurodevelopmental outcomes.

RNA-seq exposure-related
expression changes in the placenta but comparatively few
in fetal forebrain, with the latter indicating meaningful
effects only in males. Transcriptional differences in brain

revealed numerous

D). For each dose n=6/sex. Graphs depict median
with whiskers from minimum to maximum.

M;Ie
are notoriously difficult to detect because expression is so
low and the effect sizes of biologically relevant differences
are typically small (under 2-fold) (68, 69, 70, 71, 72).
This technical limitation may partially account for the
comparatively low level of forebrain transcriptional
targets detected. Thus, the two RNA-seq data sets were
approached somewhat differently, with placental data
analyzed in both sexes and forebrain data analyzed only
in males.

In the placenta, the top two canonical pathways
strongly identified as disrupted were the FXR/RXR and
LXR/RXR pathways. RXR is a nuclear receptor (NR)
that forms heterodimers with a variety of other NRs
important for endocrine and metabolic regulation and
fetal development (73, 74). These include FXR and LXR,
which play a role in lipid and cholesterol homeostasis
and inflammation (75, 76, 77). Differentially expressed
genes in the FXR/RXR pathway included genes involved
in the transport and metabolism of cholesterol and
triglycerides, including high-density lipoprotein (Hdl),
apolipoprotein Al (Apoal), hepatocyte nuclear factor 4
alpha (Hnf4a), lipoprotein lipase (Lpl) and Abcc2. Similarly,
gene enrichment in the LXR/RXR pathway consisted of
genes related to cholesterol metabolism and transport,
including Lpl, Apoal and toll-like receptors 3 and 4 (TIr3
and 4), as well as some inflammatory response genes,
lipopolysaccharide-binding protein (Lbp) and interleukin
1 alpha (Il1a).
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The third canonical pathway identified in at least one
placental IPA analysis iteration was acute phase signaling,
indicating a potential inflammatory response to FM
550 exposure. Immune activation has been recognized
as a potential risk factor for neurodevelopmental and
neurobehavioral deficits (67, 78, 79). Genes perturbed by
FM 550 that were enriched in the acute phase signaling
pathway included Lbp, C-reactive protein (Crp), ll1a and
complements 2, 3 and 4 (C2, C3, C4), all of which are
associated with an immune response. Additional pro-
inflammatory response genes also differentially expressed
in placental tissue, but not necessarily highlighted in the
acute phase signaling pathway, included pro-inflammatory
chemokines such as chemokine ligands (CI2, 5, 6, 7,
12 and 21) and C-X-C motif chemokine ligands (Cxcl 9,
10, 11, 12, 16 and 17). Several genes positively regulated
by inflammatory mediators were also significantly
upregulated including prostaglandin-endoperoxide
synthase 1 (Ptgs1), C-C motif chemokine receptor 7 (Ccr7),
protein tyrosine phosphatase receptor type C (Ptprc) and
selectin P (Selp). Similarly, placental upregulation of both
11-p-hydroxysteroid dehydrogenase 1 and 2 (Hsd11bl
and Hsd11b2), which are responsible for the inactivation
of maternal cortisol (80), was observed in the high-dose
group, providing further evidence that FM 550 potentially
interacts with, and disrupts, the stress axis during gestation.

Many of these acute phase signaling genes, including
Ccr7, Ptpre, Selp, Cxcl10 and Ccl 5, have previously been
identified in other studies investigating the mechanisms
by which prenatal stress alters neurodevelopment
(67). A series of studies has shown that stress-induced
upregulation of these placental inflammatory response
genes is consistently male biased (15, 67) and can result in
hyperactivity, higher anxiety and other effects indicative
of a disrupted stress axis. These studies provide critical
evidence of how placental disruption may be an origin of
male-biased neurodevelopmental disorders (15, 16).

Pathway analysis of fetal forebrain also identified
aryl hydrocarbon receptor (AHR) signaling and glutamate
degradation as potentially disrupted in males. As in
placenta, RXR was one of the genes altered by FM 550
in the AHR canonical pathway. Additionally, retinoic
acid receptor (RAR), which forms heterodimers with RXR
and control processes such as myelination (81), was also
found to be differentially expressed in the AHR pathway,
indicating that gestational exposure to FM 550 could be
impacting brain development via RXR/RAR-mediated
signaling in both brain and placenta. The top canonical
pathway identified was hepatic fibrosis, primarily due to
the upregulation of numerous collagen genes. Collagen
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plays a significant role in synaptic development, axonal
guidance and lamination of the cerebral cortex; thus, it was
interpreted that ‘hepatic fibrosis’ was a misclassification.
Genes within the fibril-associated subfamily and the
collagens that form filaments and networks were most
enriched suggesting FMS50 exposure may alter brain
ultrastructure and patterning (82).

Most intriguingly, the combination of approaches
revealed an unexpected but potentially critical mode of
action worthy of follow-up investigation. In both the
placenta and fetal forebrain the ratio of 5-HT to its primary
metabolite 5-HIAA were reduced by exposure, particularly
in females, suggesting decreased 5-HT availability and
catabolism. The observed forebrain disruptions could be
the result of direct toxicity to the developing brain, since
we have previously demonstrated that the brominated
components of FM 550 accumulate in fetal tissue (37)
or a consequence of disrupted placental 5-HT synthesis.
Significantly, the fetal side of the placenta is the sole
source of 5-HT for the developing forebrain from GD
10 to 15, at which point serotonergic terminals begin to
innervate the region, providing an additional supply (S5,
6). Higher concentrations of 5-HT in the FM 550-exposed
brains might signify efforts by the GD 18 brain to
compensate for the lower placental supply. Higher 5-HT
concentrations in the placenta are difficult to interpret
because we used whole placenta, making it impossible
to delineate on which side (fetal or maternal) 5-HT
disruption occurred. Future studies will seek to identify
which placental layers are most vulnerable to FM550, and
the cellular location of 5-HT disruption particularly in the
critical window of GD 10-15 when the placenta is the sole
source of 5-HT. The observed heightened expression of
TdoZ2 suggests that altered tryptophan metabolism may be
involved. Tryptophan is the precursor for not only 5-HT
but also kynurenine via Tdo2 activity. Overexpression
of placental Tdo2 could signify diversion of tryptophan
from S5-HT synthesis, toward kynurenine and, possibly,
increased production of its neurotoxic metabolites, such
as quinolinic acid (83).

Although effects were small and subtle, particularly
in brain, further interrogation with a more highly
powered study, particularly in regards to potential sex-
specific vulnerabilities, is imperative because even small
disruptions of 5-HT availability (increased or decreased)
can have profound and life-long impacts on brain
development and function (84, 85). For example, 5-HT
disruption has been implicated in a variety of behavioral
phenotypes including anxiety and hyperactivity (86);
two behaviors we have previously linked with perinatal

© 2018 The authors
Published by Bioscientifica Ltd

http://www.endocrineconnections.org
https://doi.org/10.1530/EC-17-0373

This work is licensed under a Creative Commons
Attribution-NonCommercial 4.0 International
License.

oNole


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1530/EC-17-0373

, 3 Endocrine K D Rock et al.

W CONNECTIONS

FM 550 exposure (11, 12). Disruption of 5-HT systems
can impact multiple neurodevelopmental processes
including synaptogenesis, cell proliferation and migration,
myelination and differentiation (86, 87). That placental
norepinephrine levels were reduced in low-dose females
is also of interest given that gestational exposure to
serotonin-norepinephrine reuptake inhibitors (SNRIs) can
induce congenital heart defects via disruption of placental
and fetal heart 5-HTsignaling (88). Disruption of placental
neurotransmitter synthesis and secretion would represent
anovel mode of chemical neurodevelopmental disruption.

We also followed up on specific genes of interest
involved in steroid hormone signaling because prior studies
by us and others have revealed that these pathways are
susceptible to perturbation by FM 550 (11, 32, 35, 41, 89).
In addition to thyroid hormone disruption, which has
classically been linked to brominated FRs, especially
PBDEs (90, 91), evidence of sex steroid disruption by FM
550 components has also been observed (41). For example,
TPHP has been shown to increase plasma 17f-estradiol
concentrations and upregulate Esrl in the brain (92).
Here, we observed upregulated Esrl in placentas from the
high-dose group (Fig. 1A and B), but very little evidence
of thyroid hormone disruption. In a previously published
pilot study, we observed increased serum thyroxine (T4)
concentrations in FM 550-exposed dams (11). For the
present study, we quantified serum T3 and T4 levels in
the dams exposed during gestation, but also in dams
exposed during lactation, and serum from their PND 21
lactationally exposed pups (Supplementary Materials and
methods). Elevated concentrations of triiodothyronine
(T3) in lactating dams from the low-dose group were the
only significant finding (Supplementary Fig. 4). The RNA-
seq data also did not reveal meaningful changes in thyroid
hormone-related gene expression, including changes in
receptor or deiodinase (activating/deactivating enzymes)
expression in brain or placenta.

Gene expression related to metabolic pathways
were also of primary interest because FM 550 and its
constituents have been identified as possible obesogens
(11). Mechanisms by which EDCs induce metabolic
reprogramming and heighten risk of obesity or metabolic
disorders are multifaceted and
hormones including leptin and insulin. During gestation,
leptin is produced by the placenta and signals whether
fetal fat stores are sufficient (93). Although RNA-seq
analysis suggested reduced Lepr expression in high-dose
placentas, qRT-PCR was not confirmatory. By contrast,
Igf1, which plays a significant role in fetal and placental
growth through mitogenic and metabolic processes (94,

involve numerous
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95), was found to be upregulated by RNA-seq data and
gRT-PCR (Fig. 3C and D) in high-dose placentas. Several
studies have shown that environmental contaminants
can disrupt the Igf axis, including FRs. For example,
cord blood PBDE concentrations have been positively
correlated with increased placental Igfl expression in
neonates and low birth weight (96). The metabolomics
data are also supportive of sex-specific effects on endpoints
related to fetal nutrient availability and growth. Overall,
the collective data set support the hypothesis that FM 550
has the potential to disrupt placental genes related to fetal
growth and development.

Conclusions

The placenta represents a novel, but potentially causal link
between the toxic effects of environmental contaminants
and the developing brain. Multiple lines of evidence
have shown that placental dysfunction, resulting from
environmental insult, can lead to significant alterations
in brain development and behavior (16, 97). The data
reported herein indicate that altered placental function,
in the absence of overt pathology, resulting from FM 550
exposure, may be a route by which this commercial FR
mixture can disrupt neurodevelopment and alter later in
life behaviors. This study provides preliminary evidence
that FM 550 can impact multiple placental pathways
including endocrine, inflammatory and neurotransmitter
signaling; disruption of which could potentially translate
to impaired fetal growth and neurodevelopment. Because
FM 550 is a mixture, that multiple possible modes of
action were detected is not implausible. Independent
examination of the individual components will be
needed to identify specifically which compounds may be
developmentally neurotoxic. Follow-up studies focusing
on the specific subregions of the fetal and maternal
placental compartments, particularly between GD10
and 15 when the placenta is the sole source of 5-HT for
the developing brain, will also be needed to gain better
anatomical resolution and mechanistic understanding.
Finally, although some sex differences in vulnerability
and response were observed in this exploratory study, we
were underpowered to fully detect and account for them.
Future investigations should be sufficiently powered to
hone in on these possible differences. Our results provide
novel evidence that gestational exposure to FM 550, at
levels below the purported NOAEL of 50mg/kg/day, can
impact physiological endpoints in the rat placenta and
fetal forebrain.
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