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Abstract

Introduction: Flame retardants (FRs) are common bodily
and environmental pollutants, creating concern about their
potential toxicity. We and others have found that the com-
mercial mixture FireMaster® 550 (FM 550) or its individual
brominated (BFR) and organophosphate ester (OPFR) com-
ponents are potential developmental neurotoxicants. Using
Wistar rats, we previously reported that developmental ex-
posure to FM 550 or its component classes produced sex-
and compound-specific effects on adult socioemotional be-
haviors. The underlying mechanisms driving the behavioral
phenotypes are unknown. Methods: To further mechanistic
understanding, here we conducted transcriptomics in paral-
lel with a novel lipidomics approach using cortical tissues
from newborn siblings of the rats in the published behav-
ioral study. Inclusion of lipid composition is significant be-

cause it is rarely examined in developmental neurotoxicity
studies. Pups were gestationally exposed via oral dosing to
the dam to FM 550 or the BFR or OPFR components at envi-
ronmentally relevant doses. Results: The neonatal cortex
was highly sexually dimorphic in lipid and transcriptome
composition, and males were more significantly impacted
by FR exposure. Multiple adverse modes of action for the
BFRs and OPFRs on neurodevelopment were identified, with
the OPFRs being more disruptive than the BFRs via multiple
mechanisms including dysregulation of mitochondrial func-
tion and disruption of cholinergic and glutamatergic sys-
tems. Disrupted mitochondrial function by environmental
factors has been linked to a higher risk of autism spectrum
disorders and neurodegenerative disorders. Impacted lipid
classesincluded ceramides, sphingomyelins, and triacylglyc-
erides. Robust ceramide upregulation in the OPFR females
could suggest a heightened risk of brain metabolic disease.
Conclusions: This study reveals multiple mechanisms by
which the components of a common FR mixture are devel-
opmentally neurotoxic and that the OPFRs may be the com-
pounds of greatest concern. ©2022 5. Karger AG, Basel

Karger@karger.com
www.karger.com/nen

© 2022 S. Karger AG, Basel

el
Karger~

Correspondence to:
Heather B. Patisaul, hbpatisa @ ncsu.edu

¥202 Yot 90 U0 Jesn Asesqi JitH "H'Q - ¥elS ON Aq 4pd 656925000/¥8¥8501/29Z L/ZL/E | L/Apd-8joiHe/usu/woo 1eb.es//:dny woly papeojumoq



Introduction

Chemical flame retardants (FRs) are applied to a myr-
iad of consumer products to comply with flammability
standards aimed at delaying the spread of fire. Due to
continued widespread use, FRs are prevalent pollutants
in the natural and human environment including house
dust and food sources [1-3]. This is concerning because
multiple FRs are thought to be neurotoxic and endocrine
disrupting [4-6]. In response to these toxicological con-
cerns, over the last 2 decades, the FR landscape has
changed considerably with some phasing out and others
phasing in. Most significantly, use of some polybromi-
nated diphenyl ethers (PBDEs) was discontinued after
being identified as thyroid disrupting and linked to defi-
cits in memory and cognitive function [7]. Since the
PBDE phaseout, different brominated FRs (BFRs), some-
times called novel BFRs and other alternative FRs, have
been developed and implemented as replacements [8, 9].
Also, the use of organophosphate esters (OPEs) as FRs
(OPFRs) has rapidly grown in popularity largely because
of their relatively rapid metabolism and assumed lower
human toxicity, although that presumption of greater
safety has been questioned [10-13]. Notably, some OPEs
have also been used in a variety of industrial applications
for decades prior to their adoption as FRs, so global pro-
duction was already high and human exposure wide-
spread [14]. The newer BFRs and OPFRs present in com-
mercial mixtures such as FireMaster 550 (FM 550) were
designed to be less neurotoxic than their predecessors, yet
their potential to disrupt neurodevelopment has not been
thoroughly investigated. Here, we utilized a combination
of transcriptomic and lipidomic approaches to under-
stand how exposure to these “next generation” FRs im-
pacts neurodevelopment in Wistar rats of both sexes.

Commercially available FRs are often mixtures, some-
times containing both BFR and OPFR components. FM
550 is one such mixture that has been used since the ear-
ly 2000s as an additive to treat foam-based furniture, baby
products, and car seats, among other common items [15,
16]. FM 550 is composed of two brominated compounds,
2-ethylhexyl-2,3,4,5-tetrabromobenzoate (EH-TBB) and
bis(2-ethylhexyl) 2,3,4,5-tetrabromophthalate (BEH-
TEBP), the OPE triphenyl phosphate (TPHP), and nu-
merous isopropylated triarylphosphate isomers (ITPs)
[17, 18]. FM 550 components can readily escape from
products and multiple studies have demonstrated the en-
vironmental mobility, persistence, and bioaccumulation
[2, 19]. Indoors, this includes contamination of house
dust [1, 18, 20], where inhalation or ingestion is the most
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significant route of human exposure, especially for chil-
dren [14]. Higher levels of FM 550 components are regu-
larly found in children compared to adults, likely due to
increased hand-mouth behavior [21-23]. In humans,
OPFRs are metabolized more quickly than BFRs, leading
some to conclude they are, consequently, less likely to re-
sult in fetal exposure or toxicity [24, 25]. We and others,
however, have detected them in animal and human pla-
centas, along with evidence of placental stress and other
biomarkers of disrupted placental function [26-30].

Evidence of OPFR neurotoxicity is also growing [10,
11, 31, 32]. Of additional concern is that human OPFR
exposure is now on par with, or even higher than, his-
torical PBDE peak exposure levels [10]. Although the
OPEs used as FRs were designed to have limited capacity
to inhibit acetylcholine esterase, the primary mode of ac-
tion by which the structurally similar OP pesticides have
long been recognized to be neurotoxic, emerging evi-
dence suggests they can still disrupt cholinergic and oth-
er neurotransmitter signaling pathways including cholin-
ergic neurodifferentiation [12, 32, 33]. Despite their
widespread use, proper risk assessment of OPFRs and the
newer BFRs has yet to be conducted.

To date, we and others have shown in a variety of ex-
perimental models that FM 550 is disruptive of sexually
dimorphic socioemotional behaviors [26, 34, 35] and
their related neural pathways [26, 28, 29, 31, 35-41]. Less
is known, however, about how each of the chemical class-
es may contribute to those adverse outcomes. In a related
prior study using Wistar rats, we explored how perinatal
exposure to FM 550 or its component classes alters a suite
of behaviors in both sexes as adults [35]. The animals
were gestationally exposed to 1,000 pg of the BFR mix-
ture, 1,000 pg of the OPFR mixture, or 2,000 pg FM 550
[35] via oral intake by the dam. We demonstrated that
both the BFRs and the OPFRs can induce adverse behav-
ioral outcomes, albeit differently, suggesting each class
impacts the brain via different modes of action.

The present studies were conducted to further under-
stand the underlying mechanisms driving these differ-
ences and to identify unique outcomes of exposure to the
full FM 550 mixture. Based on previous work in rodents
demonstrating dysregulated neurodevelopment of the fe-
tal forebrain [28, 29] and behavioral deficits [26, 35] fol-
lowing gestational exposure to FM 550 and OPFRs, we
chose to focus on the prefrontal cortex. Using postnatal
day (PND) 1 cortices from siblings of the animals used for
our previously published behavioral study [35], we em-
ployed a combination of transcriptomics, lipidomics, and
validating PCR approaches to determine the possible

Neuroendocrinology 2023;113:1262-1282
DOI: 10.1159/000526959

1263

¥202 Yot 90 U0 Jesn Asesqi JitH "H'Q - ¥elS ON Aq 4pd 656925000/¥8¥8501/29Z L/ZL/E | L/Apd-8joiHe/usu/woo 1eb.es//:dny woly papeojumoq



pathways each chemical class disrupts. While transcrip-
tomics is commonly utilized in exposure studies, lipido-
mics studies and combined multi-omic evaluations are
rare due to the complexity of lipidomics measurements
(e.g., numerous lipid isomers and large dynamic range).
However, since lipids constitute a major structural com-
ponent of brain tissue and are involved in numerous sig-
naling and biochemical processes, assessing how specific
lipid species change in response to exposure is a poten-
tially powerful method of assessing developmental neu-
rotoxicity. Here we combined new analytical techniques
to provide an in-depth lipid analysis of the species affect-
ed by environmental exposure in the developing brain
[42]. Collectively, our analyses explored how FM 550 and
its component classes altered cortical lipid composition
in combination with transcriptomics, to better under-
stand molecular and structural perturbations associated
with behavioral and cognitive deficits observed in prior
studies.

In addition to its disruptive effects on sexually dimor-
phic socioemotional behaviors, FM 550 and its compo-
nents have been found to be endocrine disrupting [43],
disruptive of embryonic neural pathways [28, 29], and
adipogenic with compromised bone composition as a po-
tentially consequential outcome [44, 45]. Thus, we an-
ticipated significantly altered pathways and genes, in-
cluding peroxisome proliferator-activated receptors
(PPARs) and their transcriptional partners, associated
with these phenotypes. Given the rapidly emerging body
of work demonstrating that OPFRs may not be as low risk
as previously thought [11], this component class was of
key interest.

Materials and Methods

The ARRIVE (Animal Research: Reporting of in vivo Experi-
ments) Guidelines “Essential 10” Checklist for Reporting Animal
Research was used in the construction of this manuscript with all
elements met [46]. The ARRIVE guidelines were developed in con-
sultation with the scientific community as part of an NC3Rs (Na-
tional Centre for the Replacement, Refinement, and Reduction of
Animals in Research) initiative to improve the standard of report-
ing of research using animals.

Animals

All animals were siblings of animals used for a previously pub-
lished study [35]. Animal care, maintenance, and experimental
protocols met the standards of the Animal Welfare Act and the US
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; approval number 20-150). All proce-
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dures were approved and monitored by a supervising veterinarian
throughout the duration of the project. Wistar rats were obtained
from Charles River (Raleigh, NC) and/or bred in-house as indi-
cated in humidity- and temperature-controlled rooms, each with
12-h:12-h light:dark cycles at 25°C and 45-60% average humidity
in the AAALAC-Approved Biological Resource Facility at NCSU.
As in our prior studies [47, 48], and in accordance with recom-
mended practices for endocrine disrupting chemical (EDC) re-
search, all animals were housed in conditions specifically designed
to minimize unintended EDC exposure including use of glass wa-
ter bottles with metal sippers, soy-free diet, woodchip bedding,
and thoroughly washed polysulfone caging [49-51]. Animals were
generated from breeding adult naive Wistar rats obtained from
Charles River (56 females at PND 72 and 16 males at PND 90) and
maintained on Teklad 2020 (phytoestrogen-free) diet. Dams were
weighed and randomly assigned to the four treatment groups
(control, BFR, OPFR, and FM 550) with an average weight per
group equaling approximately 300 g (mean and standard deviation
for each group: control 295 g + 16; BFR 301 g + 13; OPFR 293 g +
14; FM 550 299 g + 12).

Dosing Prep

All animals were orally dosed using concentrated solutions of
FM 550, BER or OPER as previously described [35]. Exposure con-
centrations were based on previous work demonstrating transpla-
cental/lactational transfer, bioaccumulation, and neurotoxicity at
levels lower than the purported NOAEL of 50 mg/kg for the BFR
mixture [26, 27, 29, 43]. A concentration of 1,000 pug/day was cho-
sen for the BFR and OPFR groups to represent the approximate
concentration of BFRs and OPFRs in the 2,000 pg/day FM 550 dose
[18, 52]. All mixtures were prepared in Dr. Heather Stapleton’s
laboratory at Duke University. Dosing was not done blinded be-
cause the FM 550 mixture was a larger volume, and the control
animals were always dosed first to minimize the risk of cross-con-
tamination. The individual who did the dosing was not the same
as the individuals conducting the experiments to ensure experi-
mental blinding. The FM 550 commercial mixture was obtained
from Great Lakes Chemical (West Lafayette, IN) and a 50 mg/mL
dosing solution was prepared by diluting the appropriate amount
of FM 550 into sesame oil. The Stapleton laboratory also prepared
the BFR and OPFR mixtures into working 50 mg/mL solutions.
The OPFR mixture is the same as previously reported [29, 52] and
includes organic components of TPHP and isopropylated triphe-
nyl phosphates (ITPs; also abbreviated IPPs). The FM 550 bromi-
nated component mixture (BFR) contained 2-ethylhexyl-2,3,4,5-
tetrabromobenzoate (EH-TBB) and bis (2-ethylhexyl)-2,3,4,5-tet-
rabromophthalate (BEH-TEBP). Each dosing solution (sesame oil
vehicle, 1,000 pg/day BFR, 1,000 pug/day OPFR, and 2,000 ug/day
FM 550) was stored in foil-wrapped scintillation vials at 4°C.

Exposure

Dam exposure was once per day, orally via a food treat as previ-
ously described [35], beginning 72 h after pairing and continuing
through PND 1. All animals were presumed pregnant by 72 h. The
dams gave birth within 3 days of each other, an observation that
supports this presumption. The oral dosing method was chosen to
reduce handling and, consequently, possibly confounding prena-
tal stress [53]. As previously reported [28], dosing was based on
average group body weights (bw) of 300 g before they were impreg-
nated, producing exposures of approximately 3.3 mg/kg bw/day
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RNAseq Tissue Collection

Lipidomic Tissue Collection

Fig. 1. [llustration of how cortical tissue for
RNAseq and lipidomic analysis was col-
lected in the PND 1 offspring gestationally
exposed to FM 550, BFR, or OPFR. a For
RNAseq analysis, whole PND 1 heads were
cryosectioned at 20 um and the forebrain

&

slices collected using the Developing Rat
Nervous System (Paxinos and Ashwell
[57]) atlas as a guide. Tissue collection be-
gan on plate 212 as indicated by clear sepa-
ration of cortex and olfactory bulb and
stopped on plate 216, recognized by the
distinct position of the corpus collosum,
fornix, and lateral ventricle. b For lipido-
mic tissue collection, micropunches (1.25
mm width by 1-1.15 mm deep) were then
used to isolate the medial portion of the
cortex from the same PND 1 mounted
heads. The isolated lipidomics tissue ap-
proximately contained cortical material
from plates 216-221.

\ PND 1
.y [MAseq

BER or OPFR and 6.6 mg/kg bw per day FM 550. Relative exposure
likely decreased slightly across gestation as body weight increased
[53]. We elected not to adjust for weight gain across gestation to
minimize animal handling. We concluded that the benefits of
making small adjustments to dosing to account for increasing dam
weight would not outweigh the risk of prenatal stress daily weigh-
ing could induce.

Tissue Collection and Cortical Isolation

Parturition checks were done in the morning at the time of dos-
ing and the first day a litter was present was designated PND 0. On
PND 1, pups were euthanized via rapid decapitation 4 h after dos-
ing (13:00 h + 60 min) to control for time post-exposure and time
of collection. Whole neonatal heads were collected, flash frozen,
and stored at —80°C. To verify offspring sex, a single paw was col-
lected, and PCR was performed for the sry gene as previously de-
scribed [26, 54]. Once sex was verified, 6 male and 6 female PND
1 whole heads per exposure group were selected. For all com-
pounds, only one pup per sex (littermates in most cases) per litter
was used (litter is the experimental unit). The OPFR group only
had 5 females because of limited litter availability.

Similar to our previous work [55, 56], the whole heads were first
cryosectioned at 20 um (Leica CM 1900) from the most anterior
portion of the cortex and the forebrain portion of the sequential
sections were collected with a brush (Fig. 1), transferred to an Ep-
pendorf tube, and stored at —80°C for RNA extraction and se-
quencing. Anatomical landmarks were identified using the Devel-
oping Rat Nervous System rat brain atlas [57]. For transcriptomics,
forebrain tissue was collected from the regions depicted on PO cor-
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onal plates 212-216. Anterior landmarks included clear separation
of cortex and olfactory bulb and collection stopped on plate 216 as
identified by the position of the corpus collosum, fornix, and lat-
eral ventricle. A 1.25 mm wide by 1-1.15 mm deep micropunch
was then used to isolate the medial portion of the cortex for lipi-
domics. These isolated tissues represent plates 216-221. Prior, pi-
lot work established the smallest amount of tissue we could use for
each approach and still obtain robust data. The transcriptomics
and lipidomics tissues were taken sequentially to obtain sufficient
tissue amounts while maximizing anatomical specificity to the
greatest degree possible. Moreover, while transcription is subre-
gion and even cell-specific (here we focused on the prefrontal re-
gion of the cortex), lipid content is more regionally homogeneous.
Thus, the lipid composition observed likely also applies to other
cortical regions, including the prefrontal cortex.

RNA Extraction and Sequencing

RNA extraction was performed with the Qiagen RNEasy Mini-
prep kit according to the manufacturer’s protocol (Cat. 74134;
Qiagen). RNA quality was determined using an Agilent 2100 Bio-
analyzer and all samples were found to have RNA integrity num-
bers (RIN) 29.2. Sequencing libraries were prepared as described
previously [58] by the NC State Genome Science Laboratory
(GSL), 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) for
Mlumina sequencing. Isolation, heat fragmentation, and priming
were performed according to manufacturer instructions. cDNA
synthesis was followed by purification and size selection. Finally,
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library clean-up was performed using AMPure XP beads (Cat.
A63881; Beckman Coulter Genomics, Brea, CA, USA) and quality
was assessed using the Agilent 2100 Bioanalyzer. For each sample,
library sequencing was performed using a 50-bp paired-end pro-
tocol on a single lane of an NovaSeq6000 sequencer. Approximate-
ly, 50-90 million uniquely mapped reads were generated per fetal
forebrain library. The raw data were deposited in NCBI's Gene
Expression Omnibus (GEO Accession: GSE211430).

RNA-Seq Data Processing and Analyses

Quality control of read data was evaluated with FastQC. We
used Cutadapt to trim sequences associated with library indexes,
and then alignment was performed using the STAR short read
aligner [59] to the Rattus norvegicus (rn6) reference genome. The
number of reads mapped to GENCODE was determined using fea-
tureCounts software. PCA plots and heatmaps were generated us-
ing the 500 most variable genes to assess data quality. It was ob-
served that a small number of disproportionally over-expressed
genes were potentially driving 11 samples to be outliers. To further
examine this phenomenon, a heatmap of the top 50 expressed
genes was created (online suppl. Fig. Sla; for all online suppl. ma-
terial, see www.karger.com/doi/10.1159/000526959). Additional
details of each gene ID listed in the heatmap were generated using
Uniport (www.uniport.org) including gene symbol, full gene
name, and function. The NCBI database (www.ncbi.nlm.nih.gov)
was then used to confirm the presence and/or absence of those
genes in neuronal tissue using RPKM data (online suppl. Table
Sla). The primary tissue sources of some of the 50 genes in ques-
tion were blood, hair, muscle, the eye, skin, and bone, but not the
brain. Because the forebrain tissue was collected from whole head
cryosections using a brush, the risk of contamination by minute
amounts of ectopic tissue, particularly bone and eye, from sticking
to the brush or the brain tissue as it was isolated is plausible. Based
on this analysis and in consultation with a bioinformatician, rath-
er than excluding the 11 samples, 13 genes expressed in bone and
19 genes expressed in the eye were removed from the differential-
ly expressed gene (DEG) set prior to data analysis (online suppl.
Table S1b) to minimize analytical bias from ectopic expression.
Additionally, because the PCA plots for the DEGs revealed clear
separation by sex (online suppl. Fig. S1b), the data were analyzed
within sex to account for sex-specific effects.

Transcriptomics and Pathways Analysis

The goal of the approach was to probe for potential sex-specif-
ic vulnerabilities and directional (up- or downregulated) effects
across exposure groups. Dispersion was estimated using the DE-
Seq2 Bioconductor package in the R statistical computing environ-
ment to normalize count data, estimate dispersion, and fit a nega-
tive binomial model for each gene. The overall mean of the nor-
malized counts, the log2 (fold-change), the p value, and the
adjusted p value (padj) were used to identify DEGs. Pathway anal-
ysis was then performed on each exposure group’s up- and down-
regulated DEGs with padj <0.05. Pathway analysis was performed
with the online tool Enrichr using the modules for GO biological
processes, Predicted Protein-Protein Interaction (PPI) Hub Pro-
teins, and KEGG.

RNAseq Validation Using NanoString
To validate the RN Aseq analysis and test predicted hub PPIs, a
subfraction of each RNA extraction was also analyzed using the

1266 Neuroendocrinology 2023;113:1262-1282

DOI: 10.1159/000526959

NanoString nCounter Analysis System (NanoString Technologies,
Seattle, WA), which detects multiplexed gene targets without am-
plification or reverse transcription [60, 61]. Genes were selected
based on the results of the pathway analyses including the PPI (see
online suppl. Table S1 for selection details). In total, the code set
included 29 up- or downregulated DEGs and 16 PPIs, as well as 6
positive and 8 negative controls and 7 housekeeping genes for
quality assurance (online suppl. Table S2). Samples were normal-
ized to 20 ng/uL prior to hybridization according to the manufac-
turer’s instructions. Briefly, a master mix was created using 70 uL
of hybridization buffer into the reporter code-set tube. For each
individual sample, 8 uL of master mix, 5 uL of RNA sample and 2
uL of capture probe-set was added to NanoString strip tubes and
allowed to hybridize at 65°C for 20 h in a thermal cycler. Following
hybridization, all samples were run on the NanoString nCounter
Max Analysis System. The nCounter Prep Station incubation time
was set to high sensitivity and the nCounter Digital Analyzer was
set to max count.

Lipidomics

Lipid Extraction

Lipids were isolated from cortical micropunches using a mod-
ified Folch extraction [62, 63]. Cortical tissue was combined with
750 puL of —20°C methanol and homogenized in 2.0 mL, 2.4 mm
tungsten-carbine bead tubes for 5 min with a Fisherbrand 24 bead
mill. Samples were then transferred to Fisherbrand glass culture
tubes containing another 750 uL of —20°C methanol, where 3 mL
of chloroform and 200 pL of water were added. The samples were
then vortexed for 30 s, sonicated for 30 min, vortexed again for 30
s, and incubated for 1 h at 4°C. Following incubation, 1.2 mL of
water was added and samples were centrifuged for 10 min at
1,000xg. A 300 pL aliquot of the bottom lipid layer was finally
transferred to a Sorenson microcentrifuge tube and dried in vac-
uo. The dried lipids were reconstituted in 190 uL of —20°C meth-
anol and 10 pL of chloroform and then stored at —20°C until anal-
ysis with liquid chromatography, ion mobility spectrometry, col-
lision induced dissociation, and mass spectrometry (LC-IMS-
CID-MS).

LC-IMS-CID-MS Analysis

The cortical lipid extracts were evaluated using an Agilent 1290
UPLC coupled to an Agilent 6560 IM-QTOF platform (Santa
Clara, CA) with a commercial gas kit and MKS Instruments preci-
sion flow controller (Andover, MA). Lipids were first separated by
reversed-phase LC by injecting 10 pL onto a Waters (Milford, MA)
CSH column (3.0 mm x 150 mm x 1.7 um particle size). The 34-
min gradient having a flow rate of 250 pL/min and mobile phase
A of 10 mM ammonium acetate in 40:60 LC-MS grade acetonitrile/
water and mobile phase B of 10 mM ammonium acetate in 90:10
LC-MS grade isopropanol/acetonitrile is detailed in (online suppl.
Table S3). Both positive and negative mode ESI analyses were per-
formed on all samples. Following electrospray ionization (ESI), the
ions were analyzed using the Agilent 6560 IM-QTOF MS platform
[64, 65]. Collision cross sections were collected for all features de-
tected and collision induced dissociation (CID) was performed
with high purity nitrogen by ramping collision energies based on
the ion arrival times analogous to previous IMS experiments [42,
66, 67]. Alternating scans of no fragmentation and all-ions data
independent acquisition (DIA) were used to collect precursor and
fragmentation information at 1 s/spectra for a mass range of 50—
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Fig. 2. Differentially expressed genes
(DEGs) separated by sex, exposure group
and direction of expression change. Males
had the highest number of DEGs regardless
of exposure group, with only OPFR females
having greater than 100 DEGs in both di-
rections. For this reason, data from all the
male exposure groups, but only the OPFR
female exposure group underwent path-
ways analysis.

Differentially Expressed Genes

Upregulated
OPFR 287

BFR 2

FM550 @5

Downregulated

1375 OPFR 109
1276 BFR 0

FM550 1

m Males Females

1,700 m/z. All lipidomic raw data for this analysis is deposited and
available in MassIVE (MSV000090203).

Lipid Annotations

Spectra were annotated in Skyline by matching features to an
in-house lipid library of 778 lipids with experimentally deter-
mined LC, IMS, MS, and MS/MS information [68-71]. Lipid an-
notations were made based on LC retention time, IMS collisional
cross section, and m/z tolerances for precursor and fragment ions.
The mass errors for all precursor annotations were <2 ppm and
fragment mass errors were <10 ppm. LC elution times were with-
in 2 s of predicted elution times derived from Skyline’s iRT fea-
ture, and experimental collisional cross sections were within 1%
of the library values. Using our LC-IMS-CID-MS platform en-
ables the annotation of lipid fatty acyl and head group moieties,
but fatty acyl backbone attachment to the sn-1 or sn-2 positions,
and double bond orientations and placement are not differentia-
ble with this platform and method [72]. To elaborate, lipids were
annotated with “_” to denote ambiguous fatty acyl positions and
“/” when stereochemistry is known (e.g., PC[0:0_18:0] versus
PC[0:0/18:0] or PC[18:0/0:0]). Lipids were also annotated with “a”
or “b” to denote potential isomers. Additionally, features with
multiple potential lipid matches are noted with “” (e.g.,
PC[18:1_16:0]; PC[18:0_16:1]). Lipids were also assigned annota-
tions for their summed carbon and double bond numbers when
individual fatty acyl information could not be obtained or anno-
tated (e.g., PE[34:1]). Finally, peak areas of all annotated lipids
were exported from Skyline for further processing and statistical
analysis.

Lipidomics Statistical Analysis and Interpretation

The peak areas were transformed to a log, scale and normalized
against their total ion current (TIC) since tissue variability was pos-
sible. Samples were screened for potential outliers through analysis
of the PAV-RMD algorithm [73], Pearson’s correlation and prin-
ciple component analysis using the pmartR [74] package in R [75]
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(Version 4.0.3 Vienna, Austria). Analysis of covariance (ANCO-
VA) was conducted to assess whether exposure influenced lipid
abundances by comparing mean lipid peak areas of the control
group to the exposed groups while accounting for differences in
sex. Planned comparisons were implemented to compare control
group lipid abundances to each of the exposed groups (BFR, OPFR,
or FM 550) separately and determine whether each lipid had a sta-
tistically significant fold change. Holm’s correction was used to ad-
just p values for multiple comparisons, and lipids having an ad-
justed p < 0.05 were considered statistically significant [76]. Lipids
were visualized using the SCOPE cheminformatics toolbox [77]. In
SCOPE, lipids were matched to the Lipid Maps Database to derive
SMILES, from which the ECFP6 fingerprints were calculated using
the redk R package [78-81]. Hierarchical clustering of molecular
fingerprints utilizing Euclidean distances and average linkages
were calculated using the phangorn R package, and heatmaps were
plotted with the ggtree R package [82, 83]. The resulting SCOPE
dendrograms enabled visualization of the comparisons between the
control and different exposure groups (BFR, OPFR, or FM 550).

Results

Litter Composition

Details of dam and offspring body weights, maternal
care, and litter composition are reported in Witchey et al.
[35] 2020. Briefly, dam body weights and maternal care
did not differ across exposure groups at any time exam-
ined throughout the study. Although overall litter size did
not differ across exposure groups, BFR dams had more
female pups compared to controls. No significant differ-
ences were observed in offspring PND 1 body weights.
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Fig. 3. Shared DEGs by direction across ex-
posure group in males. Across all three ex-
posure groups, 35% of upregulated (703)
and 30.1% of downregulated (629) genes
were identified as shared DEGs. The FM
550 and BFR groups had 8.4% upregulated
and 8.5% downregulated genes in com-
mon, while the FM 550 and OPFR groups
had 13.7% upregulated and 6.8% downreg-
ulated genes in common.

Upregulated in Males
OPFR (1412)

(35%)

@ 703

(12.9%)

FM550 (1406)

Downregulated in Males

OPFR (1375)

BFR (1101)
BFR (1276)

451
(21.6%)

169
(8.4%)

259

(10.5%)

FMS550 (1168)

Transcriptomics

For all compounds, the number of DEGs was greatest
in males (Fig. 2) with differential expression of 2,633 FM
550, 2,421 BFR, and 2,858 OPEFR genes at an adjusted p
value of <0.05. The affected numbers of DEGs were dras-
tically fewer in female offspring: 7 FM 550, 2 BFR, and 535
OPFR DEGs. To perform the pathway analyses, data were
examined within sex and direction of change (up- or
downregulated). For the males, there were 1,406, 1,101,
and 1,412 upregulated and 1,168, 1,276, and 1,375 down-
regulated genes in FM 550, BFR, and OPFR-exposed
groups, respectively. Because so few genes were affected
in the female FM 550 and BFR groups, pathway analysis
was only performed on the OPFR female group, which
consisted of 345 upregulated and 138 downregulated
DEGs (Fig. 2).

Pathway Analysis: Shared Expression across Groups

Using the Ensembl IDs to compare DEGs across
groups, separate Venn diagrams were created for upregu-
lated and downregulated genes within sex (https://bioin-
fogp.cnb.csic.es/tools/venny/) to identify overlapping
DEGs. In males, 35% of the upregulated (703) and 30.1%
of downregulated (629) genes were identified as DEGs in
all three exposure groups (Fig. 3). The FM 550 and BFR
groups had 8.4% upregulated and 8.5% downregulated
genes in common, while the FM 550 and OPFR groups
had 13.7% upregulated and 6.8% downregulated genes in
common. For the subsequent analysis, within each DEG
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subset (sex and direction), gene names were identified
from the Ensembl IDs using the online tool Biodnet.
Genes without names (unannotated regions) and genes
for ribosomal proteins (rp) were removed from and ex-
cluded from the pathways analysis. The modules in En-
richr used to identify enriched targets/pathways were
transcription factor PPI, KEGG 2021 Human, and GO
Biological Process 2021.

GO Biological Processes

For the GO biological process analyses, in males, there
were 157 FM 550, 163 BFR, and 180 OPFR upregulated
and 24 FM 550, 42 BFR, and 55 OPFR downregulated pro-
cesses. In males, approximately 36% [84] of the upregu-
lated and 26% [18] of the downregulated GO biological
processes were significantly altered across all three expo-
sure groups (online suppl. Table S4). When comparing
the top 10 upregulated and downregulated GO biological
pathways within each male exposure group, there were 5
and 4 consistently identified pathways, respectively
(Fig. 4). The 5 upregulated were mRNA processing, RNA
splicing via transesterification reactions, mRNA via spli-
ceosome, mitochondrial ATP synthesis coupled electron
transport, and respiratory electron transport chain. The 4
downregulated were nervous system development, posi-
tive regulation of synaptic transmission, regulation of cat-
ionic channel activity, and axonogenesis. When looking at
unique GO biological processes within exposure groups,
OPEFR exposure affected more GO processes related to mi-
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Fig. 4. Summary of the ten most significant upregulated and downregulated GO biological processes in the ex-
posure groups examined. Five upregulated processes were shared across all groups (hatched bars). Within the
OPFR male and females 6 upregulated processes were shared by both sexes (connected with dashed lines). Four
downregulated processes were shared across all groups examined (hatched bars). OPFR females had no down-
regulated processes.

Table 1. Predicted transcription factor protein-protein interaction (PPI)

OPFR BFR FM 550 Shared

Upregulated ILF3, ESR1, POLR2A, TARDBP, BRCA1, ESR1, ILF3, POU5F1, MYC ESR1, ILF3, UPF1, TARDBP, ESR1, HTT, POU5FT,
MYC, NANOG, RAD21, CHD1, ILF2,  ILF2, TRIM28, UPF1, NANOG, = BRCAT, CTNNB1, TRIM28, ILF3,ILF2, POLR2A,
RNF2, CTCF, SMC3, FOXP3, ELF1, HTT, CTNNB1, BRCA1, TARDBP, TBP, MYC, TBP, RAD21, ATF2, TARDBP, BRCAT1,
TBP, TAF1, TRIM28, HDAC2, BRF2, RAD21, ATF2, FOXP3, NFKB1 ILF2, HDAC2, PML, MYC, NANOG,
TP63, POU5F1, TP53, NR3C1, SUZ12, CTCF, HTT, SIRT3, POLR2A, POUS5F1, TP53, CTCF, RAD21, CTCF, TBP,
UPF1, HSF1, VDR, TAF7, PML, ESRRA, KDM5A, PML, HSF1, UBTF, ERG, POLR2A, HSF1, SMC3, TRIM28, TP53, UPF1,
AHR, IKZF1, POLE, ETS1, ESRRB, IRF1, TP53, TAF1, EED, AIRE, RNF2, NANOG, HTT, FOS, SMAD2HSF1, PML
IRF3, REST, HCFC1, SP3 TP63

Downregulated RXRA, EP300, STAT5A RXRA RXRA

Hub proteins predicted to be up- or downregulated in the males of each group. In total, there were 18 commonly upregulated and 1
downregulated PPIs predicted. No predicted PPIs were identified for the OPFR females.

tochondrial function (13 upregulated) than BFR exposure  activity (2 upregulated). The GO biological processes spe-
(5 upregulated). BFR exposure uniquely produced effects  cific to OPFR males were related to axon guidance/neuron
on GO processes related to RNA replication including growth (6 downregulated) and synaptic signaling (3
RNA polymerase 1 promotor (3 upregulated) and helicase ~ downregulated) (online suppl. Table S5).
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A) List of the 22 Upregulated KEGG Pathways Shared by all
Male Exposure Groups:

Parkinson disease* RNA transport
Huntington disease* Proteasome
Oxidative phosphorylation* Spinocerebellar ataxia
Alzheimer disease* RNA degradation

Pathways of neurodegeneration*
Prion disease

Protein export
Protein processing in endoplasmic

Amyotrophic lateral sclerosis reticulum
Thermogenesis Basal transcription factors
Diabetic cardiomyopathy RNA polymerase

Non-alcoholic fatty liver disease mRNA surveillance pathway

Spliceosome Ubiquitin mediated proteolysis
Cell cycle
C) Genes Shared Across the Neurodegenerative
Disease Pathways Enriched in Both Sexes:
ATP5F1E COX7A2 NDUFB11
ATPSME COX7C NDUFB4
ATP5PD ND3 SEM1
ATP5PF NDUFA12 TUBB2A
COX17 NDUFA2 UQCRB
COX6B1 NDUFA3 UQCRH

B) List of the 12 Upregulated KEGG Pathways Shared by
OPFR Males and Females:

Oxidative phosphorylation*
Parkinson disease*
Thermogenesis

Prion disease

Huntington disease*

Diabetic cardiomyopathy
Amyotrophic lateral sclerosis
Non-alcoholic fatty liver disease
Pathways of neurodegeneration*
Alzheimer disease*

Retrograde endocannabinoid signaling
Cardiac muscle contraction

OPFR OPFR
Females Males

Fig. 5. Upregulated KEGG pathways. A List of 22 upregulated KEGG pathways shared by OPFR, BFR, and FM
550 males. B List of the 12 upregulated KEGG pathways shared between the OPFR males and females. The five
neuronal degenerative pathways both sexes had in common are indicated by *. C List of the 18 genes shared across
the 5 neuronal degenerative pathways enriched in the OPFR-exposed groups. All are involved in cellular respira-

tion.

In the OPFR females, 16 GO biological pathways were
significantly upregulated. Of the 16, 11 were also identi-
fied in the OPFR-exposed males, 7 of which were related
to mitochondrial regulation and in the top ten signifi-
cantly altered pathways in males (Fig. 4). No GO biologi-
cal pathways were significantly downregulated in the
OPEFR females.

Predicted PPI Hub Proteins

In males, 24 FM 550, 31 BFR, and 42 OPFR potential
hub PPIs were identified for the upregulated DEGs, with
18 commonly predicted across all three groups. These
were (in no specific order) ESR1, HTT, POUS5F1, ILF3,
ILF2, POLR2A, TARDBP, BRCA1l, MYC, NANOG,
RAD21, CTCF, TBP, TRIM28, TP53, UPF1, HSF1, PML.
In the male downregulated DEG sets, only 1 FM 550, 3
BFR and no OPER PPIs were identified. Downregulation
of RXRA was predicted in both FM 550 and BFR-exposed
males (Table 1). No statistically significant PPIs were pre-
dicted for either the up- or downregulated DEGs in the
OPEFR females.

KEGG Pathways
In males, 71% of upregulated KEGG pathways were
shared across FM 550, BFR, and OPFR-exposed animals.

1270 Neuroendocrinology 2023;113:1262-1282

DOI: 10.1159/000526959

Many of the 22 pathways common to all three were re-
lated to neuronal degenerative diseases including Hun-
tington disease, Parkinson’s disease, Alzheimer’s disease,
and oxidative phosphorylation (Fig. 5A). Pathways
unique to component class included ribosome biogenesis
in eukaryotes, circadian rhythm for OPFR males, and mi-
tophagy for BFR males. There were also four KEGG path-
ways only observed to be upregulated in FM 550 males:
nucleotide excision repair, pyrimidine metabolism, sal-
monella infection, and shigellosis. By contrast, 2 FM 550,
4 BFR, and 10 OPFR KEGG pathways were downregu-
lated in males (online suppl. Table S6). The only pathway
shared between all male exposure groups was endocyto-
sis. In the OPFR males, 8 KEGG pathways were exclu-
sively downregulated including cholinergic and glutama-
tergic synapse and long-term depression.

In the OPER females, there were 13 upregulated and 6
downregulated KEGG pathways. Twelve of the 13 upreg-
ulated KEGG pathways were also upregulated in OPFR-
exposed males (Fig. 5B). These were oxidative phosphor-
ylation, Parkinson disease, thermogenesis, Prion disease,
Huntington disease, diabetic cardiomyopathy, amyo-
trophic lateral sclerosis, nonalcoholic fatty liver disease,
pathways of neurodegeneration, Alzheimer disease, ret-
rograde endocannabinoid signaling, and cardiac muscle
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Fig. 6. Statistically significant lipids observed in all exposure vs.
control comparaisons. a Venn diagram of statistically significant
lipids from each exposure comparison and their overlap. b Circu-
lar dendrogram of all 87 statistically significant lipids generated
with an ECFP6 fingerprint, Tanimoto distance, and average link-
age for the corresponding exposure comparisons. Log, fold change
is overlaid for all three comparisons to visualize trends in signifi-
cant dysregulation. All identified lipids without statistically sig-
nificance are shown in gray, whereas statistically significant species

contraction. Two downregulated KEGG pathways were
also common to both sexes: endocytosis and axon guid-
ance.

Five upregulated KEGG pathways related to neurode-
generation were shared between all male exposures and
OPEFR females: Parkinson disease, Huntington disease,
oxidative phosphorylation, Alzheimer’s disease, and
pathways of neurodegeneration. Within those KEGG
pathways, 18 DEGs were commonly to all (Fig. 5C). The
majority of those shared genes are associated with cellular
respiration including subunits of mitochondrial ATP
synthase (ATP5), the terminal enzyme of the mitochon-
drial respiratory chain, cytochrome c oxidase enzyme
(COX), NADH:ubiquinone oxidoreductase subunits
(NDUFA) important for oxidative phosphorylation sys-
tem in mitochondria, and components of the Ubiquinol-
Cytochrome C Reductase (UCQR) complex, which is

Developmental Neurotoxicity of
Organophosphate Esters

that were either upregulated or downregulated are displayed in red
and blue. Lipid class abbreviations include: FA, fatty acid; ANA,
anandamide; SM, sphingomyelin; Cer, ceramide; PE O-, ether-
linked phosphatidylethanolamine; PE P-, vinyl ether-linked phos-
phatidylethanolamine; LPE, lysophosphatidylethanolamine; LPC,
lysophosphatidylcholine; PC O-, ether-linked phosphatidylcho-
line; PC P-, vinyl ether-linked phosphatidylcholine; PC, phospha-
tidylcholine; PE, phosphatidylethanolamine; P, phosphatidylser-
ine; TG, triglyceride; DG, diglyceride.

part of the part of the mitochondrial electron transport
chain.

Transcriptomics Validation

NanoString was used to validate aspects of the tran-
scriptional data including 19 upregulated genes, 10 down-
regulated genes, and 16 predicted PPIs (online suppl. Ta-
ble S1). The average gene expression count ranges were
5-92 for negative controls, 138-89,160 for positive con-
trols, and 836-4,148 for housekeeping genes. The
NanoString results were largely concordant with the
RNAseq results and pathway analyses with some excep-
tions. Three genes of interest, POU5F1, OXTR, and
FOXP3, were found to have gene expression counts below
those of the negative controls and thus considered not
detected. This is not surprising since none are highly ex-
pressed in PND 1 cortex. Similarly, 4 upregulated DEGs

Neuroendocrinology 2023;113:1262-1282
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| |FUpreguiated’ | 'Downregulated!| | Total

Control Male

Control Female

BFR Male 4 8 12
BFR Female 9 3 12
OPFR Male 2 18 20
OPFR Female 15 6 21
FM 550 Male 16 35 51
FM 550 Female 18 25 43

vs. Control

Log; Fold Change
1.0 1 2 3

Fig. 7. Sex-specific statistically significant lipids observed in expo-
sure versus control comparisons. Circular dendrogram illustrating
female-only (F) and male-only (M) comparisons. Log, fold change
is overlaid for all six comparisons to visualize trends in significant
dysregulation. All identified but insignificant lipids are shown in
gray, whereas statistically significant species that were either up-
regulated or downregulated are displayed in red and blue. FA, fat-

(GNGS5, Ndufa2, CLOCK, HTT), 1 downregulated DEG
(CACNG) and 3 PPIs (ESR1, BRCAI, and RXRA) had
expression levels below the lowest expressing housekeep-
ing gene, Gusb, and were thus considered low expressors
or undetected. These genes are also not highly expressed
in the developing cortex. Thus, confirmation of these
PPIs would require examination of regions that more
strongly express them. Full results are presented in online
supplementary Table S7.

Lipidomics Results

A total of 443 lipids (208 lipids in negative ion mode
and 235 in positive) were identified from a target list of
778 lipids with LC-IMS-CID-MS. As illustrated in Figure
6a, the BFR-exposed pups had 29 significantly disrupted
lipids, while those exposed to OPFRs had 38. As expected,
the FM 550 exposed pups had the most lipidomic chang-
es with 76 statistically significant lipids. Of those, 16 were
shared by all exposure groups, and the OPFR-exposed
group had more lipid dysregulation in common with the
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ty acid; ANA, anandamide; SM, sphingomyelin; Cer, ceramide;
AC, acylcarnitine; PE O-, ether-linked phosphatidylethanolamine;
PE P-, vinyl ether-linked phosphatidylethanolamine; LPE, lyso-
phosphatidylethanolamine; LPC, lysophosphatidylcholine; PC,
phosphatidylcholine; PC O-, ether-linked phosphatidylcholine;
PC P-, vinyl ether-linked phosphatidylcholine; PS, phosphatidyl-
serine; TG, triglyceride; DG, diglyceride.

FM 550 exposed group. Further breakdown of the statisti-
cally significant lipids is shown in online supplementary
Table S8. The disrupted lipids were then clustered by
structural similarity and saturation or unsaturation of the
fatty acyl chains (Fig. 6b). Saturated free fatty acids and
saturated triacylglycerols (TGs) were observed to be
downregulated for all the FM 550-exposed pups and the
OPFR-exposed pups, albeit to a lesser extent. Addition-
ally, several sphingolipids, a lipid class including cerami-
des (Cers) and sphingomyelins (SMs), were also affected
by exposure. Interestingly, Cers were upregulated by all
three exposures, whereas SMs were predominantly down-
regulated in only the FM 550 exposed group.

Analysis by sex revealed strong sex differences in corti-
cal lipid composition and impact of exposure. In the un-
exposed controls, females had 101 statistically significant
lipids with lower abundances than the males and only 2
with higher abundances. A high degree of dichotomy was
also observed between the exposure groups within sex
(Fig. 7; online suppl. Table S9). Specifically, while the

Witchey et al.
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Example of altered shared upregulated KEGG Pathways

Oxidative Phosphorylation

Alzheimer’s Disease

Fig. 8. Example of how enriched genes factor into the identified upregulated KEGG pathways. The 18 common-
ly expressed genes within the neurodegenerative disease pathways identified were used to render KEGG pathways
using Pathview (http://bioinformatics.sdstate.edu/go/). Depicted in red are FR-affected genes in the oxidative
phosphorylation (a) and Alzheimer’s disease (b) pathways.

BFRs did not show strong lipid class-based trends for ei-
ther sex, OPFR exposure caused SMs to decrease more in
males than females. Additionally, while the male pups did
not show any Cer dysregulation, many Cer species in-
creased in the females in all three exposure groups. Both
female and male rat pups also showed considerable Cer
upregulation when exposed to FM 550, but only the males
had substantial dysregulation of SMs. Both males and fe-
males in the FM 550 group had upregulation of unsatu-
rated TGs and downregulation of saturated TGs, illustrat-
ing an exposure-based effect on double bond presence
and absence for the fatty acyl groups in the lipids. When
comparing commonalities between sexes for the BFR and
OPFR-exposed pups, there was very little overlap among
the dysregulated lipids. Female and male pups therefore
showed more dysregulation in common with respect to
the whole FM 550 mixture as opposed to its individual
components.

Developmental Neurotoxicity of
Organophosphate Esters

Discussion

Both the transcriptomics and lipidomics analyses in-
dicated that the OPFRs were the most biologically active
component of the FM 550 mixture. Strong baseline sex
differences were observed and, consequently, also highly
sexually dimorphic responses to prenatal FR exposure.
Both component classes and the full FM 550 mixture ap-
pear capable of impairing aspects of mitochondrial func-
tion including oxidative phosphorylation, electron trans-
port, and respiratory complex assembly and function.
Mitochondrial dysfunction likely underlies the exposure-
related enrichment of other pathways and systems, espe-
cially the numerous neurodegenerative pathways identi-
fied. Particularly in males, genes essential to mitochon-
drial function (ex. ATP5, COX, NDUF, UCQR) involving
all but one of the electron chain complexes (Fig. 8a) pri-
marily drove neurodegenerative pathway enrichment. In
males, OPFRs also downregulated KEGG pathways re-
lated to glutamatergic and cholinergic synapse function

Neuroendocrinology 2023;113:1262-1282
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Endocytosis

Representative KEGG Pathways Downregulated in FR-Exposed Rats

Glutamatergic Synapse

Fig. 9. Representative renderings of 4 downregulated KEGG pathways in the exposed groups. DEGs within each
are depicted in red. a Endocytosis was the only downregulated pathway shared across all male exposure groups
and the OPFR females. b Axon guidance was the only significant downregulated pathway in both OPFR males
and females. ¢, d In males, OPFR downregulated KEGG pathways included glutamatergic and cholinergic syn-

apses.

and the synaptic vesicle cycle. Similarly, axon guidance
and endocytosis were downregulated by OPFRs in both
sexes, demonstrating that developmental neurotoxicity is
multimodal. The lipid analysis was largely concordant
with the transcriptomics and indicative of sex-specific
disruption of neurodevelopmental processes, especially
myelination. Mitochondria are essential to support the
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energy-demanding nature of myelination, preserve mem-
brane potential, and fuel the enormous amount of neural
circuit reorganization and synaptic refinement that oc-
curs postnatally [85, 86]. Accordingly, mitochondrial
dysfunction has been linked to many different pathologi-
cal conditions of the developing central nervous system
more common in boys including schizophrenia and au-
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tism spectrum disorders (ASD) [87, 88]. Thus, the data
generated herein support stated concerns that FR, par-
ticularly OPFR, exposure contributes to a greater risk of
male-biased neurodevelopmental disorders [10, 89, 90].

Significance of Sex Differences in Evaluating Exposure

Outcomes

Profound sex differences in cortical lipid composi-
tion and transcriptome were identified at birth and, un-
surprisingly, strongly sex-specific effects of exposure
were also observed. The fact that the perinatal period is
a time of intense brain sexual dimorphism is well estab-
lished [84, 91] and highly dependent on steroid hor-
mones [92, 93]. In rodents, testicular androgens, gener-
ated by a perinatal testicular hormone surge, are largely
aromatized in the developing male brain and masculin-
ize it via estrogen receptors (ERs), particularly the alpha
form of ER (ERa) [94]. In humans, although a similar
androgen surge occurs in boys, brain masculinization
requires androgen receptors, with ERs playing a vastly
less significant role [95, 96]. Thus, at birth, both rodent
and human males have higher levels of circulating ste-
roid hormones than females that drive brain sexual dif-
ferentiation.

Accordingly, many transcripts and lipids with sexually
dimorphic expression at birth are steroid sensitive, espe-
cially to estrogens [97]. Significantly, at least one prior
study using a combination of wildtype and ERa knockout
mice found that OPFR exposure disrupts aspects of met-
abolic homeostasis with males displaying reduced energy
intake and body weight but not ovariectomized females
[98]. Also reported, was that perinatal exposure to the
same OPFR mixture (tris[1,3-dichloro-2-propyl]phos-
phate [TDCPP], TPHP, and tricresyl phosphate [TCP],
each at 1 mg/kg) via oral exposure to the mouse dam (GD
7 - PND 14) resulted in upregulation of hypothalamic
ERa expression on PND 14 in females but not males [99].
This upregulation was not observed at birth. Hub PPI
performed herein identified ESR1 as a possible upstream
target for both the BFRs and the OPFRs, as well as the full
mixture, an observation consistent with the published
mouse data. This prediction is also concordant with evi-
dence reported by our group and others using a variety of
in vitro and in vivo models demonstrating that FM 550
and its components are estrogen disrupting and can bind
ERs including ERa [28, 100, 101]. However, our attempt
via NanoString analysis to test if ERa expression was dis-
rupted was unsuccessful because it is not highly expressed
in the PND 1 rat cortex, thus it would have to be assessed
elsewhere in the newborn brain.

Developmental Neurotoxicity of
Organophosphate Esters

Both brain RNA expression patterns and lipid compo-
sition, including mitochondrial lipid composition, are
strongly sexually dimorphic at birth, with region-specific
differences [102, 103]. For example, cortical cardiolipin
content is not dimorphic across early neonatal develop-
ment but saturation is, with females having a higher satu-
ration ratio at birth then dropping to male typical levels
by PND 4 [104]. This is strongly concordant with neona-
tal patterns of brain ER expression, which can be highly
sexually dimorphic at birth but rapidly change [105, 106].
In the cortex, the cardiolipin biosynthetic pathway is sen-
sitive to estrogens [107], as are many other nervous sys-
tem lipids including endocannabinoids [108] and their
metabolism [97]. Critically, mitochondria are also highly
sexually dimorphic with fatty acid utilization and func-
tional capacities, including electron transport capacity,
typically higher in adult female brain mitochondria than
in male brain mitochondria [109]. Estrogens also pro-
foundly alter mitochondrial biogenics via mechanisms
involving both canonical ERs and GPER1 depending on
age and tissue type [110].

Collectively, these brain structural and functional sex-
ual dimorphisms likely underlie sex and region-specific
vulnerabilities to neuropsychiatric disorders including
ASD [111-113], and adverse outcomes to environmental
insults including chemical exposures [114, 115]. Here we
found that the OPFRs in particular disrupted mitochon-
drial pathways in both sexes related to the respiratory
electron transport chain, mitochondrial ATP synthesis,
and NADH dehydrogenase complex assembly with the
male groups also showing strong evidence of downregu-
lated pathways associated with nervous system develop-
ment, axonogenesis, synaptic transmission, and both
cholinergic and gluatamatergic synapse function, sug-
gesting that male neurodevelopment is more sensitive to
exposure and, potentially, the consequences of mito-
chondrial disruption. This is consistent with evidence
that prenatal chemical exposures increase ASD risk by
perturbing mitochondrial physiology [116].

FR Disruption of Mitochondrial Function

The BFRs and OPFRs both appear to have profound,
albeit somewhat different, effects on mitochondrial func-
tion and, consequently, neurodevelopment, with the
BFRs having a smaller sequala of effects than the OPFRs.
Numerous mitochondrial GO processes were affected by
both OPFR and FM 550 exposure (online suppl. Table
§10), including mitochondrial respiratory chain complex
assembly (especially Complex I), indicating that the OP-
FRs are likely the primary drivers of FM 550 mitochon-
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drial stress. Additionally, OPFR exposure exclusively af-
fected 2 mitochondrial GO process: establishment of pro-
tein  localization to  mitochondrial ~membrane
(GO:0090151) and mitochondrial RNA metabolic pro-
cess (GO:0000959). Our OPFR results are consistent with
prior work in the nematode (Caenorhabditis elegans) led
by the National Toxicology Program (NTP), which re-
ported evidence of significant OPE-related mitochondri-
al toxicity, particularly for TPHP, BDHP, and TMPP,
with various degrees of cytotoxicity at higher doses [32].
The authors concluded that OPFRs are comparable to
PBDEs on mitochondrial toxicity. This is significant be-
cause PBDE exposure has been linked to heightened ASD
risk [89], purportedly via mitochondrial toxicity [117].

By contrast, the BFRs primarily only affected GO pro-
cesses related to mitochondrial ATP synthesis and elec-
tron transport, suggesting they may have a somewhat dif-
ferent mode of action on mitochondria than the OPFRs.
BFRs were also linked to upregulated responses to hy-
poxia and catabolic processes including ubiquitin-depen-
dent protein catabolic processes. At least to some extent,
thyroid hormones regulate the maturation of brain mito-
chondria and the electron transport chain [118], and pre-
natal hypothyroidism has long been known to induce se-
vere neurodevelopmental abnormalities [119]. Many leg-
acy BFRs, most notoriously the phased out PBDEs, impair
thyroid signaling. Prior studies on the newer BFRs, how-
ever, have produced inconsistent results and collectively
suggest that the thyroid-disrupting potential of the BFRs
tested herein is minimal at best, particularly compared to
the PBDEs [43, 120, 121].

FR Disruption of Neurotransmitter System

Development

Upregulated KEGG pathways in both sexes and all ex-
posure groups included numerous pathways related to
neurodegeneration including Parkinson’s, Alzheimer’s,
and Huntington diseases. While this may seem counter-
intuitive for a newborn brain, the DEGs shared across
these pathways are strongly involved in the electron
transport chain and oxidative phosphorylation (Fig. 8).
Thus, critically, the enrichment of neurodegenerative
pathways in the FR exposure groups likely does not indi-
cate that developmental exposure contributes to a higher
risk of later-in-life disorders such as Alzheimer’s Disease
per se, but rather emphasizes the fundamental signifi-
cance of mitochondrial health for nervous system health
and cognitive development (for example, see Fig. 8b).
Within the Alzheimer’s disease KEGG pathway, for ex-
ample, exposure upregulated genes integral to four of the
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five electron transport chain complexes plus TUBB,
which is associated with axonal transport defects, demon-
strating the importance of these genes for not only neu-
rodegeneration but also neurodevelopment. Finally, all
FR groups produced evidence that fundamental process-
es such as those related to protein processing in the endo-
plasmic reticulum and RNA transport were upregulated,
which also signifies neurodevelopmental disruption.

In the OPFR-exposed animals, aspects of endocytosis
were disrupted as well as pathways for long-term depres-
sion (LTD) and vesicle, vacuolar and cytoplasmic vesicle
membrane formation, suggesting disruption of neu-
rotransmitter systems and function. Accordingly, down-
regulation of genes required for axon guidance was found
in both sexes (Fig. 9a, b), as well as genes related to gluta-
matergic and cholinergic synapses specifically in males
(Fig. 9¢, d), including ACHE and CAM2KA. Downregu-
lation of the axon guidance KEGG pathway by OPFRs
(Fig. 9b) is consistent with our prior observation that pre-
natal exposure to OPFRs alters serotonergic innervation
of the rat fetal forebrain [29]. Critically, glutamate, the
most prevalent neurotransmitter in the frontal cortex, is
packaged and released from presynaptic vesicles. Gluta-
matergic neurons are capable of many different forms of
LTD and thus many forms of neuroplasticity [122] one of
which, endocannabinoid-dependent LTD, is common in
the forebrain to both glutamatergic and GABAergic syn-
apses, particularly in the prefrontal cortex [123]. This
form of synaptic plasticity can, among many things, mod-
ulate dopamine signaling and affect motivated behaviors
including addiction. Forebrain cholinergic systems regu-
late behaviors including attention, habit formation,
memory, motor activity, and reward, and arise from neu-
ronal precursors that could either become GABAergic or
cholinergic, with most cholinergic cortical innervation
occurring just after birth in the rat. Acetylcholine is criti-
cal for cortical refinement including dendrite stabiliza-
tion, neuritogenesis, and synaptogenesis [124]. Mito-
chondria have an important role in supporting synaptic
activity and the synthesis and packaging of some key neu-
rotransmitters, including glutamate and choline [125,
126]. Thus, generally, OPFRs appear capable via multiple
mechanisms of altering vesicle-related synaptic activity
including amino acid neurotransmitter packaging and
release, and cortical organization and plasticity. Signifi-
cantly, our results support prior work illustrating that
OPEs, including TPHP, while perhaps not as capable of
impacting acetylcholinesterase activity as their predeces-
sors, impact other aspects of choline metabolism and sig-
naling [127-129].
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FRs and Neonatal Cortical Lipid Composition

A notable endpoint where the full mixture was more
impactful than either component class was the exposure-
and sex-dependent impact of Cer levels. While both the
OPFRs and the BFRs upregulated certain Cer species in
females, Cer upregulation in males was only observed in
the FM 550 group. This suggests that males may be more
resilient to the exposure of the individual FM 550 com-
ponents, and that the full mixture is needed to overcome
this resilience and produce disruption. Similarly, SMs,
which are derived from Cers, essential for myelin forma-
tion, and ubiquitous in cell membranes, were profoundly
downregulated in FM 550 males with females seemingly
more resistant.

Cers and SMs are intensely studied in the context of
neurodegenerative disease because they are associated
with Alzheimer’s disease and Multiple Sclerosis, but their
roles in development are less well delineated. Interesting-
ly, a prior rat study identified a transient dip in brain Cer
levels at birth but did not account for sex [130]. Similarly,
sphingosine levels were shown to be markedly higher
than dihydrosphingosine levels. Further work using a
wider range of OPFR and BFR doses will be needed to
more comprehensively explore the sex difference in Cer
and SM sensitivity. However, the observation that dys-
regulation was so sex specific is compelling, especially
since Cers are beneficial for the early growth and develop-
ment of neuronal cells, and sphingolipids are critical
components of cell membranes and potent signaling mol-
ecules in many pathophysiological processes including
neuroinflammatory processes [131]. Accumulation of
brain Cers has also been implicated in energy balance dis-
orders and, because de novo synthesis occurs in the
smooth endoplasmic reticulum and the mitochondria,
their disruption lends further support to the conclusion
that FM 550, and the OPFRs in particular, disrupt mito-
chondrial function [132]. Cer concentrations are precise-
ly controlled with cellular growth or death resulting from
very slight shifts [133]. Cers are highly sensitive to endog-
enous estrogens and essential to key aspects of neural and
synapse development including myelination [134]. More
work is needed to understand how brain Cer composition
may be vulnerable to FR exposure and what the resulting
consequences may be.

Another finding of interest from the lipidomic studies is
the upregulation of TGs with unsaturated fatty acids and
downregulation of TGs with saturated fatty acids for both
the males and females exposed to FM 550. Saturated and
unsaturated fatty acids are known to have different health
effects and this split dysregulation indicates disruption of

Developmental Neurotoxicity of
Organophosphate Esters

specific enzymatic activity occurring for the different TGs
upon exposure to the FM 550 mixture. To our knowledge,
no prior study has reported this split, likely because many
fatty acid analyses are performed with gas chromatography
coupled to mass spectrometry, which cleaves the fatty acyl
groups from the lipid headgroups. This causes a pool of all
fatty acids in the sample and ultimately the inability to dis-
tinguish specific lipid species trends. Therefore, we find this
result quite novel and a unique benefit of our approach that
we will follow up in future studies.

Disruption of Other Neurodevelopmental Mechanisms

A few of the GO processes associated with FM 550 or
BFR exposure involved modulation of viral and related
processes. While this may at first appear odd, genes in this
process include IGF2R and APOE, which have significant
roles in embryonic development and neural function.
APOE was downregulated in both the BFR and FM 550
males. APOE codes for apolipoprotein E (ApoE), which
is expressed at the surface of TG-rich lipoproteins, chylo-
microns, and very low density lipoproteins (VLDL), act-
ing as a receptor binding ligand and is critical for lipid
transport in the brain [135, 136]. In humans there are
multiple APOE alleles, with apoE4 conferring the stron-
gest genetic risk factor for Alzheimer’s disease [137].

The hub PPI analysis predicted downregulation of
RXRA for both FM 550 and the BFRs but not the OPFRs.
RXRs are common binding partners to many other nu-
clear receptors, especially PPARs, liver X receptors
(LXRs), and vitamin D receptors (VDRs). The PPI result
is concordant with prior work in rat placenta identifying
disruption of LXR/RXR pathways as a primary outcome
of FM 550 exposure [28]. Notably, the RXRA/PPARa het-
erodimer is required for PPARa transcriptional activity
on fatty acid oxidation genes such as ACOXI and the
P450 system genes, and plays a significant role in oxida-
tive stress, energy homeostasis, mitochondrial fatty acids
metabolism, and inflammation in the brain [138]. Genes
in the PPAR/RXR family are also involved in aspects of
neural proliferation and differentiation, myelination, and
synaptic plasticity and have been associated with neuro-
developmental disorders including schizophrenia [139].
Prior animal and in vitro studies suggest that FM 550 and
the OPFRs, particularly TPHP and ITP, may have adipo-
genic effects via PPARYy activation and PPARy-mediated
aP2 enhancer activity [45, 100, 140]. The combined ef-
fects of OPFR exposure on PPARy-related targets and
BFR exposure on LXR/LXR endpoints could possibly ac-
count for some unique and/or absence of effects by the
FM 550 mixture.
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Conclusions

Collectively, the data revealed multiple adverse
modes of action for the BFRs and OPFRs on neurode-
velopment. Most significantly, both induced mitochon-
drial disruption, which is associated with numerous
neurodevelopmental disorders, including ASD, and
neurodegenerative disorders. The OPFRs were most
disruptive, and via multiple mechanisms including dis-
ruption of cholinergic and glutamatergic systems. The
discovery that the lipid composition of the PND 1 cor-
tex is so highly sexually dimorphic provides additional
and novel insight as to how and why the male and fe-
male brain responds differently to environmental and
other exogenous exposures and stresses. That pups of
both sexes showed more lipid dysregulation in com-
mon with respect to the FM 550 mixture than its indi-
vidual components indicate that exposure to the differ-
ent FR classes affects the sexes differently on a molecu-
lar level. Lipid classes with the most notable changes
included the Cers, SMs, and TGs. Since dysregulated
Cers are strongly associated with Alzheimer’s disease
risk, the robust upregulation of Cers observed in the
OPFR-exposed females could suggest heightened risk
of brain metabolic disease at a very early age. Down-
regulation of phosphatidylcholines has also been noted
in Alzheimer’s disease due to choline shuttling, and
downregulation was observed herein in pups exposed
to OPFRs and the FM 550 mixture. Finally, this work
emphasizes how essential it is that future studies re-
garding the impact of FRs and other exposures on neu-
rodevelopment focus on sex differences. Too many re-
sources and published studies remain either highly
male-biased or sex-agnostic [141].
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