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Abstract

The predominant reliance on bromated flame retardants (BFRs) is diminishing with expanded use
of alternative organophosphate flame retardants. However, exposure related issues for susceptible
populations, the developing, infirmed, or aged, remain given environmental persistence and home-
environment detection. In this regard, reports of flame retardant (FR)-related effects on the innate
immune system suggest process by which a spectrum of adverse health effects could manifest
across the life-span. As representative of the nervous system innate immune system, the current
study examined changes in microglia following exposure to representative FRs, pentabromophenol
(PBP), tetrabromobisphenol A (2,2’,6,6°,-tetrabromo-4,4’-isopropylidine diphenol; TBBPA) and
triphenyl phosphate (TPP). Following 18hr exposure of murine BV-2 cells, at dose levels resulting
in 280% viability (10 and 40uM), limited alterations in pro-inflammatory responses were observed
however, changes were observed in mitochondrial respiration. Basal respiration was altered by
PBP; ATP-linked respiration by PBP and TBBPA, and maximum respiration by all three FRs.
Basal glycolytic rate was altered by PBP and TBBPA and compensatory glycolysis by all three.
Phagocytosis was decreased for PBP and TBBPA. NLRP3 inflammasome activation was assessed
using BV-2-ASC (apoptosis-associated speck-like protein containing a CARD) reporter cells to
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visualize aggregate formation. PBP, showed a direct stimulation of aggregate formation and
properties as a NLRP3 inflammasome secondary trigger. TBBPA showed indications of possible
secondary triggering activity while no changes were seen with TPP. Thus, the data suggests an
effect of all three FRs on mitochondria metabolism yet, different functional outcomes including,
phagocytic capability and NLRP3 inflammasome activation.

Keywords

microglia; neuroinflammation; NLRP inflammasome; pro-inflammatory cytokines;
lipopolysaccharide; flame retardants; neurotoxicity

1. Introduction

In general, flame retardants (FRs) represent four major categories based on their chemical
composition: 1) inorganic, 2) nitrogen containing, 3) halogenated, and 4) organophosphate.
For decades, halogenated FRs, including the brominated flame retardants (BFR), have
been widely used in consumer products which has led to environmental contamination

and human exposure (Birnbaum and Staskal, 2004). Use of specific classes of brominated
FRs (BFRs) has been progressively phased-out or minimized worldwide; however,

given their environmental persistence, concern remains for adverse human health effects
(Stockholm Convention, 2017). Example BFRs include pentabromophenol (PBP) and

the prevalent tetrabromobisphenol A (2,2’,6,6’,-tetrabromo-4,4’-isopropylidine diphenol;
TBBPA). Recently, increased usage of alternative organophosphate flame retardants
(OPFRs) such as, triphenyl phosphate (TPhP, also called TPP) has occurred (Abou-Donia et
al., 2016; van der Veen and de Boer, 2012). As a general rule, human exposure to FRs is
the result of exposure to components of commercial mixtures for example, Firemaster 550
(F550) is an additive FR formulation of brominated and aryl phosphate esters components
used primarily in polyurethane foam. It was introduced as a major replacement product for
the polybrominated diphenyl ether mixture, PentaBDE. Human exposure to FRs is thought
to occur primarily by inhalation and ingestion (Mékinen et al., 2009; Meeker et al., 2013)
and PBP, TBBPA and TPP, or their metabolites, have been detected in human samples
(Cariou et al., 2008; ECB, 2006; Shi et al., 2009; Sjodin et al., 2003; Smeds and Saukko,
2003; Thomsen et al., 2002) raising significant health issues given home environmental
exposure (Castorina et al., 2017; Malliari and Kalantzi, 2017; Phillips et al., 2018; Stapleton
et al., 2009) Currently, the majority of data available is for the BFR, TBBPA, and while
there is limited data available for the alternative organophosphate flame retardants (OPFR)
such as TPP, some similarities raise the possibility of subtle biological effects of exposure
(Hendriks and Westerink, 2015; van der Veen and de Boer, 2012) that warrant further
comparative examination. Despite TPP being a primary OPFR detected in house dust (Zheng
et al., 2015; Stapleton et al. 2009), data on the potential for TPP to cause toxic effects

in humans are limited and, in experimental animal models, toxicity has been reported

with extremely high exposure (oral LD50: mouse - 1320 mg/kg; rat - 3800 mg/kg; Lewis,
2004). While environmental persistence of TPP is not as prevalent as for the BFRs, there
is evidence of bioaccumulation in aquatic organisms. When zebrafish were examined for
developmental toxicity, TPP and mono-substituted isopropylated triaryl phosphate induced
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severe cardiac abnormalities (Du et al., 2015; McGee et al., 2013; Mitchell et al., 2018)
Additional work in zebrafish showed altered ocular and neurodevelopment and muscular
organization (Shi et al., 2018; 2019) that were independent of the aryl hydrocarbon receptor
and a potential role of retinoic acid receptor was reported (Isales et al., 2015). Further work
suggested metabolic disruptions in the zebrafish liver for TBBPA (De Wit et al., 2008) and
TPP (Du et al., 2016). TPP has been reported to disrupt cellular energy metabolism and
creatine synthesis in rats (Alam et al., 2012) and pyruvate metabolism and TCA cycle in
mice (Wang et al., 2018) suggesting that such cellular effects were not species dependent.

Effects on the innate immune system have been reported following experimental exposure
to BFRs. These effects manifest with the production of critical proteins or in cell functional
dysregulation (Dietert, 2015; Takeshita et al, 2013). For example, successful pregnancy
outcomes can be influenced by altered inflammatory regulation (Orsi and Tribe, 2008) and
uterine immune activation has been reported following /7 vivo exposure of Wistar Han rats
to TBBPA (250 mg/kg/day for 5 days; Hall et al., 2017). Additional evidence of an effect
upon the uterus was provided in a 2-year carcinogenicity study where positive trends were
observed in the incidences of uterine epithelial tumors (NTP, 2014). Based on evidence of
TBBPA in human cord blood (Cariou et al., 2008), Arita et al. (2018) examined placenta
explant cultures and reported elevated levels of the inflammatory cytokine, interleukin
(IL)-6. Exposure also exacerbated the normal response to a bacterial challenge with elevated
levels of IL-6 and tumor necrosis factor alpha (TNFa) and inhibition of heme-oxygenase

1 and IL-1p. Establishment of the placenta relies on proper regulation of inflammatory
signaling in first-trimester trophoblasts and a dysregulation of 1L-6, IL-8, and transforming
growth factor beta has been reported in a human trophoblast cell line exposed to TBBPA
(Park et al., 2014). A direct effect of TBBPA on immune cells has been observed with
increased levels of TNFa and IL-1p in a rat pancreatic B cell line (Suh et al., 2017) and in
murine macrophages (Han et al., 2009). In contrast, decreased levels of these cytokines were
observed in peripheral blood mononuclear cells (Anisuzzaman and Whalen, 2016; Yasmin
and Whalen, 2018) and natural killer cells (NK) (Anisuzzaman and Whalen, 2016) including
a deficit in lytic function (Cato et al., 2014; Kibakaya et al., 2009). Overall, the pattern of
response to TBBPA suggests alterations in the inflammatory response of various immune
cells that could have significant health implications.

Recruitment of the innate immune system represents a coordinated cellular response to
tissue damage in an effort to return the system to a homeostatic balance. The appropriate
regulation of this process facilitates recovery while dysregulation can hinder this response
and induce secondary injury. An adverse impact of TBBPA exposure on immune cell
function has been demonstrated with the exacerbation of respiratory syncytial virus-induced
pneumonia in perinatally-exposed mice (Takeshita et al., 2013; Watanabe et al., 2017). With
inflammation, mitochondria play a multi-faceted role, including redox balance (Mills et al.,
2017; Prdchnicki and Latz, 2017). With TBBPA exposure, mitochondrial alterations and
induction of redox pathways have been reported in immune cells (Park et al., 2019; Reistad
et al., 2005; Suh et al., 2017) and disruptions in the tricarboxylic acid cycle and glycolysis
in the medaka embryo (Ye et al., 2016). With TPP exposure, mitochondrial alterations have
been reported in the liver (Chen et al., 2015) and in in zebrafish embryos (Lee et al., 2019).
Overall, these findings suggest that TBBPA, and possibly TPP, can have effects on immune
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cells that might be associated with altered mitochondrial function. If so, these effects may
influence the ability of cells to respond to an immunological or physical insult (Wantanabe
et al., 2017) and represent a compromised system.

Alteration in immune cells may represent a basis for developmental neurotoxicity. In the
nervous system, microglia serve as the resident mononuclear phagocytes that respond to
intrinsic and extrinsic factors, leading to changes in cell function and responsiveness (for
review, Sominsky et al., 2018). In this function microglia play a critical role in multiple
processes (Harry and Kraft, 2012; Thion and Garel, 2017) not only with injury but also
during CNS development including, neurovascularation (Harry and Pont-Lezica, 2014),
neural cell differentiation (Erblich et al., 2011), neural migration (Aarum et al., 2004), and
synaptic pruning and sculpting (Schafer et al., 2012). Thus, alterations in the function of
these cells can significantly contribute to neurotoxicity during development and across the
life-span. The largest body of data on neurotoxicity for FR is for TBBPA. Examination of
an acute exposure in mice at 3 hr, the time of peak levels of TBBPA in the plasma (Schauer
et al., 2006), reported conflicting effects on behavior between 0.1 and 5 mg/kg body
weight with no effects observed at 250 mg/kg (Nakajima et al., 2009). The vulnerability

of the developing nervous system has been implicated as a primary issue for BFR exposure
(Dingemans et al., 2011). Assessment of neuropathology and neurobehavior in a standard
two-generational study showed no overt evidence of neurotoxicity up to 1000 ppm (Cope
et al., 2015). Developmental exposure to TBBPA administered during critical windows of
postnatal brain development showed no overt behavioral effects in the adult mouse (Eriksson
et al., 2011) yet a minor effect on synaptic activity (Hendriks et al., 2015). With the
inclusion of gestational exposure, subtle effects of TBBPA have been reported. In weanling
mice exposed to TBBPA (1000 or 10,000 ppm) from gestational day 10 through postnatal
day 20, an elevation in the number of NeuN+ neurons in the hilus of the hippocampus

and an increase in apoptotic bodies in the neurogenic sub-granular zone were reported,
suggestive of a disruption in neurogenesis (Saegusa et al., 2012). In agreement with this
was the deficit observed in the successful maturation of newly generated hippocampal
neurons (Kim et al., 2017). This deficit was accompanied by changes in a hippocampal
dependent memory task, decreased brain derived neurotrophic factor levels, and increased
immunostaining for astrocytes and microglia (Kim et al., 2017). Given that microglia
regulate the generation and survival of healthy new neurons in the hippocampus through
phagocytosis of apoptotic neuroprogenitor cells (Sierra et al., 2010), changes in the function
of these cells may have contributed, not only to the increase in developing neurons (Saegusa
etal., 2012), but also the increased presence of apoptotic bodies in the SGZ due to lack

of phagocytic clearance. The overall effect could contribute to the decrease in successful
maturation and integration of these neurons into the hippocampus (Kim et al., 2017).

In vitro screening of TBBPA across a number of proposed neurotoxicity models showed a
decrease in cell viability and differentiation in a mouse stem cell differentiation assay at 50
UM for 4 days with no effects observed at dose levels <25 uM. Human neuroprogenitor cell
proliferation and primary rat neurite outgrowth were not affected and human-derived neurite
outgrowth was altered at dose levels that decreased cell viability [10 — 30 pM] (Behl et

al., 2015). In human iPSC-derived neural 3D cultures comprised of neurons and astrocytes,
cytotoxicity was not observed until dose levels >50 uM for 6 days or >100 pM for <2

Chemosphere. Author manuscript; available in PMC 2021 September 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bowen et al.

Page 5

days (Liang et al., 2019). Cell functional alterations were observed for TBBPA and TPP

at >30 UM with a decrease in peak intracellular Ca2* oscillations. In comparison, mouse
cortical and hippocampal primary neurons showed apoptotic changes at levels as low as

10 uM within 6-24 hr (Szychowski and Wéjtowicz, 2016; Wojtowicz et al., 2014) as did
cerebellar primary cells (Lenart et al., 2017). The /n vitro models previously used to assess
neurotoxicity of FRs have been devoid of microglia and thus, innate immune influences.
Based on findings from neuronal or neuronal/astrocyte cultures, the primary modes of

action identified include calcium homeostasis, thyroid hormone receptor activation, NOTCH
signaling, and possibly, an oxidative stress response (Al-Mousa and Michelangeli, 2012;
Diamandakie et al., 2019; Hendriks et al., 2012, 2015; Reistad et al., 2007; Zieminska et

al., 2015, 2017). While the focus is often on neurons, these processes are also critical in the
maturation, activation, and regulation of microglia (Brawek et al., 2017; Lima et al., 2001,
Noda, 2015). Thus, to determine if FRs (PBP, TBBPA, and TPP) can manifest a direct action
on brain immune cells, we examined responses in a murine microglia cell line. We examined
the stimulation of a pro-inflammatory response, altered response to inflammatory stimuli
and, changes in mitochondrial bioenergetics and report findings to suggest that FR exposure
can modify brain immune cells.

2. Materials and Methods

2.1 Dosing Solutions

Stocks (100 mM) of triphenyl phosphate (TPP 115-86-6; 241288), 3, 3°, 5, 5’
tetrabromobisphenol A (TBBPA 79-94-7; 330396), pentabromophenol (PBP 608-71-9;
P1608) (Sigma-Aldridge, St. Louis, MO) were prepared in 100% DMSO and stored at 4°C.
All dosing solutions were prepared in DMEM from stocks immediately prior to dosing for
final dosing concentration of 40 uM or 10 uM and 0.0004% DMSO. Stocks were prepared
of ultrapure lipopolysaccharide (LPS; 1 endotoxin unit (EU)/ng, E. coli 055:B5 Lot#4231A1
List Biological Laboratories, Campbell, CA) with sonication in nuclease free sterile water.
Stocks of adenosine 5’-triphosphate disodium salt hydrate were prepared in sterile dH,O
(ATP; 100 mM; Sigma Life Science; St. Louis, MO). Stocks were stored at —20°C.

2.2 Cell Culture

BV-2 cells were maintained in DMEM (#11995-065 Gibco, 94.5 g/L glucose, 2 mM
L-glutamine ThermoFisher, Waltham, MA) supplemented with 10% Fetal Bovine Serum
(FBS; #100-106 0.25 endotoxin units (EU)/mL; Gemini Bio-Products, Sacramento, CA),
100 U/mL penicillin and streptomycin (#0781 Sigma-Aldrich, Burlington, MA). Unless
otherwise stated, cells were plated in tissue culture plates (Corning, Corning, NY) at the
following densities: 96-well (32,500 cells/cm?), 24-well (150,000 cells/cm?), 6 or 12-well
(105,000 cells/cm?) and allowed to adhere for 24 hr prior to exposure. Thermo-Fisher
black-walled optical plates were used for experiments requiring imaging or densitometry.
Cells were maintained at 37°C, 5% CQO,/5% O, 90% humidity (Nu-5831 tri-gas incubator,
Nuaire, Plymouth, MN).
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2.3 Cell Viability

To ensure that the responses observed would not be directly related to cell death, cell
viability was initially assessed at multiple dose level and times to select experimental
conditions. To allow time for changes in metabolism, mMRNA response, and protein
production an exposure time of 18h hr was selected Cell viability was determined using
CyQuant Direct Cell Proliferation Assay (Molecular Probes, Eugene, OR) following
manufacturer’s instructions. Cells (24-well plate) were exposed to PBP, TBBPA, or TPP
(5, 10, 20, 40 pm) for 18 hr, then incubated for 1 hr with 10 uL of 10x dye (100 uL DMEM,
50 L nucleic acid stain, 250 uL background suppressor I). Fluorescence measurements
were taken at 480 nm excitation and 535nm emission using a Tecan infinite M200PRO
plate reader (Tecan, Mannedorf, Switzerland). Live cell number was estimated based upon
standard curve and calculated as percentage of control.

2.4 Nitrite Production

Nitrite accumulation in culture medium was measured as an indirect indicator of nitric oxide
synthesis using a GREISS Reagent kit (Promega, Madison, WI) following manufacturer’s
instructions. BV-2 cells (12-well plate) were exposed to PBP, TBBPA, or TPP (10 or 40

uM) for 18 hr. A 50 pL aliquot of a total 100 pL cell media was placed in a clear 96-well
enzymatic assay plate (Costar, Washington, D.C.), 50 pL of sulfanilamide solution added,
and held at room temperature (RT) in the dark for 10 min. A-1-napthylethylenediamine (50
pL) was added (RT; dark; 10 min). Absorbance at 548 nm was recorded in a BioTek Synergy
4 plate reader using GenBio software. Background (ultra-pure deionized water and complete
DMEM media) corrected data was plotted relative to nitrite standard curve.

2.5 Mitochondrial Assessments

BV-2 cells were plated in a Seahorse XFe96 microplate (Agilent Technologies, Santa Clara,
CA) at 5,000-7,000 cells/well in 80 pL of DMEM (4.5g/ D-glucose, 2.5 mM L-glutamine
without antibiotics, supplemented with 10% FBS) and allowed to adhere for 1 hr followed
by the addition of 120 pL of DMEM (without FBS) and incubation for 24 hr. Cells were
then exposed to vehicle, PBP, TBBPA, or TPP (10 pL or 40 pL) for 18 hr. Cells were

gently washed with 180 uL phenol free buffered (5mM HEPES) Seahorse XF media
supplemented with 4.5 g/L glucose, 2 mM L-glutamine, and 1 mM sodium pyruvate, pH

of 7.4. Cells were maintained under ambient air conditions for 1 hr at 37°C. Seahorse

sensor cartridges were hydrated and loaded to deliver a final concentration of 50mM
2-deoxyglucose and 0.5uM rotenone for the glycolytic rate assay or 0.9uM oligomycin, 0.75
UM carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), and 1 uM rotenone for
the mitochondrial stress test. Oxygen consumption rate (OCR) and extracellular acidification
rate (ECAR) were measured using the XFe96 Seahorse Bioanalyzer (Agilent Technologies).
Proton efflux rate (PER) for glycolytic rate was calculated using Wave Software (Agilent
Technologies). Cells were stained with 20 pL (200ug/mL) Hoechst 33342 dye post-run for 5
min, imaged (ImageXpressTM Micro Confocal; Molecular Devices, San Jose,CA ) and cell
counts determined using the Find Blobs feature of MetaExpress Software’s Count Nuclei
Application. Data was normalized to cell number.
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As a supporting confirmation of the effects observed in the seahorse bioanalyzer
experiments, a specific cell line, the isogenic osteosarcoma cell line 143B (gift from Eric
Schon, Columbia University, NY), was used as an experimental tool. This cell line carries
the full complement of mitochondrial DNA (mtDNA,; rho+) and can generate ATP through
mitochondrial oxidative phosphorylation (OXPHOS) or glycolysis and the mtDNA-depleted
counterpart (rho0) can only grow through glycolysis. Cells were maintained in DMEM
(Gibco #11965-092; 4.5 g/L glucose) supplemented with 10 mM pyruvate (Sigma #58636),
50ug/ml uridine (Sigma, #U3003), 10% FBS (Hyclone #SH30070.03), 1% penicillin/
streptomycin (Gibco) under incubated conditions (37°C; 5% CO2/5% O, 90% humidity).
Cells were trypsinized (0.25%) and seeded at 6,000 cells/well in an opaque-walled 384-well
tissue culture plate (Corning) and allowed to adhere for 24hr. Cells were exposed to vehicle
and multiple concentrations of test compounds (PBP, TBBPA, and TPP) for 24 hr. Prior

to and immediately following exposure, cell density in individual wells was confirmed by
an IncuCyte S3 live-cell analysis system (Essen BioScience Inc., Ann Arbor, Ml). Total
cellular ATP levels was determined by CellTiter-GloR (Promega) following manufacturer’s
instructions. Luminescence was detected using a Clariostar plate reader (BMG Labtech).
Data were expressed as fold-change relative to vehicle-treated controls. Rotenone, a known
mitochondrial complex I inhibitor, was used as an assay positive control.

2.6 QRT-PCR

Total RNA from BV-2 cells exposed to FRs for 18 hr was isolated using TRIzol® Reagent
(Invitrogen, Carlsbad, CA), quality assessed by NanoDrop (Thermos Scientific, Wilmington,
DE), and complementary deoxyribonucleic acid (¢cDNA) synthesized from 2.5 pg total

RNA using SuperScript™ |1 reverse transcriptase with random hexamers (Invitrogen). g°PCR
was performed in duplicate using a QuantStudio 7 Flex Real-Time PCR System (Applied
Biosystems; Foster City, CA) with TagMan® detection of reaction products. A 2.5 uL cDNA
template was added with 1X Power TagMan® Universal PCR Master Mix (ThermoFisher
Waltham, MA). The 20 uL PCR reaction mixtures were held at 50°C for 2 min, 95°C

for 10 min, followed by 40 cycles at 95°C for 15 s and 1 min at 60°C. Amplification

curves were generated with QuantStudio™ 6 and 7 Flex Real-Time PCR System Software
v1.0 (Applied Biosystems). Data was obtained from samples that met inclusion criteria of
transcript detection at <32 cycles. mRNA levels were calculated relative to Gapadh. and
compared to vehicle control using the 2-22CT method.

2.7 TNFa ELISA

Mouse TNFa ELISA MAX kit (BioLegend, San Diego, CA) with BD OptEIA Reagent

Set B was used for analysis of protein released into 1 mL total medium from BV-2 cells

(4 x10° cells; 6 well plate) following FR exposure (10 uM or 40 uM) for 18 hr following
manufacturer’s instructions. Briefly, a capture antibody (100uL; 1:250 in coating buffer) was
added to a 96-well flat bottom plate (Thermo Fisher Scientific, Rochester, NY) and held
overnight at 4°C, then washed with buffer and held at RT for 1 hr. A 100uL aliquot of

40x diluted sample was added and incubated at RT for 2 hr. Wells were washed and 100

UL detection antibody (1:500) added for incubation (RT; 1 hr). Following a sequence of
washes, wells were incubated by a sequence of 100uL streptavidin-HRP antibody (1:250;
RT; 30 min), 100 mL substrate solution (RT; dark; 30 min) then 50 pL stop solution.
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Optical density values were determined at 450nm with a 570nm background subtraction in
a BioTek Synergy 4 plate reader. Protein levels were determined based on a recombinant
protein standard curve and the total amount of protein from each well was calculated to total
medium volume and cell counts.

2.8 IL-1 Production

To determine if exposure to the FR could directly stimulate a proinflammatory cytokine
response HEK Blue™ IL-1R cells (InvivoGen, San Diego, CA) were used to determine

the release of bioactive IL-1 (a and B) by the activation of the IL-1 receptor. Binding of

the IL-1R triggers a signaling cascade leading to NF-xB activation and production of a
secreted alkaline phosphatase (SEAP) reporter gene under the control of an IFN-y promoter
fused to NF-xB and AP-1 binding sites. SEAP is then assessed using QUANTI-Blue™
with a detection range of 1pg/mL-100 ng/mL. The release of IL-1 by BV-2 cells following
exposure was assessed following manufacturer’s instructions. Briefly, HEK Blue™ cells
were maintained in growth medium containing DMEM phenol-free media (4.5 g/L glucose,
2 mM L-glutamine; 11965-092 Gibco, Gaithersburg, MD) supplemented with 10% FBS
and the addition of 50 U/mL penicillin, 50pg/mL streptomycin, 100pug/mL Normocin, 200
pg/mL hygromycin B Gold, 1 pg/mL puromycin, and 100 pg/mL Zeocin (Invivogen).

HEK Blue™ cells were resuspended in test medium (growth medium in the absence of
hygromycin, puromycin, and zeocin) and a 180 pL aliquot (50,000 per well/96 well plate)
was incubated overnight at 37°C in 5% CO».with a 20 pl aliquot of BV-2 cell conditioned
medium (collected from a total volume of 1 mL from a 6-well plate) following FR exposure
for 18 hr. A 20 pL aliquot of medium from each well was added, in duplicate, to a

96-well enzymatic plate, 180 uL Quanti-Blue reagent (InvivoGen) added, and incubated
(37°C; 1 hr). Assay controls included recombinant IL-1 and TNF-a protein. Absorbance
measurements at 630nm were recorded using a Clariostar plate reader (BMG Labtech,
Ortenburg, Germany). Data was calculated relative to vehicle control.

2.9 Responseto LPS Challenge

To determine if exposure to each of the FRs would alter the response of microglia to a
pro-inflammatory stimulus, the response following LPS was examined. BV-2 cells were
exposed to each FR at the lower dose level 10 pM for 15 hr then challenged with the
addition of LPS (100 EU/mL) for 3 hr. Samples were examined for elevations in mRNA
levels for Tnfa, /13, and //1b.

2.10 Phagocytosis of Bioparticles

Phagocytic capability was measured by dosing with PHrodo Red E. Coli Bioparticles
conjugate for phagocytosis (Life Technologies, Eugene, Oregon, #P35361, LOT#2024790).
BV?2 cells were plated in an Optical 96 well plate in phenol-free supplemented DMEM

and allowed to adhere for 24 hr. Following a 50% media change to non-supplemented
DMEM, cells were exposed to 10uM PBP, TBBPA, or TPP for 18 hr. As an assay

control, cells were incubated for 30 min with the phagocytosis inhibitor, cytochalasin

D (10 pM; Life Technologies, PHZ 1063, LOT#5675843A). Cells were then exposed

to various final concentration of bioparticles (0, 10, 25, or 50 ug/mL) for 1.5 hr. Cells

were washed with PBS then fixed in 4% paraformaldehyde/0.1M phosphate buffer (PB)
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for 30 min followed by 2x PBS washes. Microglia were visualized by immunostaining
with rabbit poly-clonal anti-1ba-1 (1:800, 24 hr, 4°C, Wako Biolaboratories, 019-19741)
followed by Alexa-488-conjugated goat anti-rabbit antibody (1:5000, 1 hr, RT; Jackson
ImmunoResearch, Jacksonville, PA, USA), rinsed with PBS, then incubated with DAPI
(1:50000, 5 min, RT; Invitrogen, Carlsbad, CA, #D3571). Following PBS rinse, cells
were visualized (ImageXpress™ Micro Confocal; Molecular Devices, San Jose, CA). Four
defined regions of interest within each well (equal size and well-location) were used for
imaging of phagocytic particles co-localized within Iba-1+ cells. Within the MetaXpress
software, a custom module was designed to identify particles inside cells and number of
microglia within each region. The fluorescent intensity of particles phagocytized by BV2
was determined.

2.11 NLRP3 Inflammasome Activation

The nucleotide-binding oligomerization domain—(NOD-) like receptor 3 (NLRP3) activation
is induced by a variety of endogenous triggers (Hughes and O’Neill, 2018; Strowig et

al, 2012). The sensor molecule of NLRP recruits the adaptor protein, apoptosis-associated
speck-like protein containing a CARD (ASC) and the cysteine protease caspase-1. The
resulting protein aggregate, termed “ASC speck”, promotes the activation of caspase-1

and initiates cleavage of inactive precursor molecules of the IL-1p cytokine family to
mature proteins that are involved in a series of immune and inflammatory processes. For
real-time imaging of NLRP3 inflammasome activation, a reporter BV-2 ASC cell line

was generated. HEK293T/17 cells (ATCC # CRL-11268) were transiently transfected with
pMD2G (#12259, Addgene, Cambridge, MA), pUMVC (#8449; Addgene) and retroviral
transfer vector pRP-ASC-ESCBLerulean (Addgene #41840) using Lipofectamine 2000
(ThermoFisher Scientific) adapting the method of Salmon and Trono (2006). Forty-eight

hr post-transfection, supernatant was used for transduction of BV-2 cells following the
method of Stutz et al. (2013) to create an ASC reporter cell line. Titers were determined by
gPCR for integration of retroviral particles into host genome, titration of virus co-expressing
fluorescent moieties was conducted via flow cytometry, and clonal cell lines were derived
from infected polyclonal BV-2 cells. Cell culture conditions were identical to normal BV-2
cells. BV-2-ASC cells were exposed to PBS or LPS (33 ng/mL) for 3hr followed by a %
media change prior to the addition of vehicle or compound (10 pM TBBPA, PBP, or TPP).
As an assay positive control, LPS-primed cells were exposed to ATP (5 mM: 30 min). Cells
were immediately placed in an IncuCyte S3 live-cell analysis system under normal incubator
conditions. Images were captured using IncuCyte ZOOM 2015A software (5-min intervals
for 40 min; 1-hr intervals for 24 hr) and formation of ASC aggregates was determined based
upon methods of Stutz et al. (2013) distinguishing between diffuse fluorescent cytoplasmic
signals and distinct aggregations. Using Fiji ImageJ software (Schindelin et al. 2012),
regions of interest (ROI) were identified within each well, standardized by total number of
cells, threshold set for Speck size and intensity, and the number of SPECKS within each
determined.

2.12 Statistical Analysis

Statistical analyses were performed using GraphPad Prism software (GraphPad Software,
Inc., San Diego, CA). Bartlett’s test was used to test for homogeneity of variance.
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In experiments where LPS/ATP was used as assay positive control to confirm assay
performance, the data was not included in the analysis. Results are expressed as standard
error of mean or 95% confidence intervals as indicated. Experimental n size is stated

in figure legends and all experiments were replicated. Data from experiments comparing
across dose levels for each FR in non-LPS primed BV-2 and in rho+ and rhoO cells were
evaluated using a one-way ANOVA. Data from experiments examining the response of cells
to LPS following FR exposure or in assessing the inflammasome response to compounds

in cells primed with LPS were analyzed by a two-way ANOVA with dose and LPS as
factors. Independent group mean comparisons were conducted with Tukey’s or Dunnett’s
multiple comparisons tests. Data that did not meet homogeneity of variance criteria was
analyzed by a Kruskal-Wallis test followed by a Dunn’s multiple comparisons test. For
Normalized Basal Respiration, ATP linked Respiration, Maximum Respiration and Mean
Basal Glycolytic Rate, data was analyzed by a two-way ANOVA with dose and chemical

as factors. Post hoc comparisons were conducted for each chemical on each dose group
(10uM and 40uM) as compared to control. p values were adjusted using Hommel’s method
for multiple comparisons (Hommel, 1988). For Compensatory Glycolysis, dose effects were
assessed using the Kruskal-Wallis rank sum test on individual chemicals followed by a
Wilcoxon Rank sum test for pairwise comparisons to the control, adjusted using Hommel’s
method. Sample n sizes are provided in figure legends and all experiments were replicated.

3. RESULTS
3.1 Cell viability

At 18 hr of exposure, cell viability remained within the range of controls for PBP and
TBBPA at doses up to 40 pM (Fig. 1A). For TPP, viability was not altered at the 10 uM
dose level but was slightly lower (approximately 18%) at 40 UM, as compared to controls
(p<0.001; Fig. 1A).

3.2 Nitrite Production

BV-2 cells can be induced by the pro-inflammatory stimulus, LPS, to produce nitrite.
With exposure to PBP, TBBPA, or TPP, nitrite accumulation in culture medium was not
significantly altered suggesting limited activation of oxygen radicals in the oxidization of
nitric oxide (Fig. 1B).

3.3 Mitochondrial Bioenergetics

To determine if exposure to the test compounds would alter mitochondrial bioenergetics,
mitochondrial function was monitored real-time in cells exposed to PBP, TBBPA, or

TPP using the Seahorse Bioanalyzer. Oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) were monitored over the course of sequential additions of
mitochondrial stressors, i.e., oligomycin, FCCP, and rotenone (Fig. 2A). Addition of
oligomycin, an inhibitor of mitochondrial ATP synthase, reports the fraction of ATP
production that is linked to respiration thus informing on the level of proton leak or coupling
of the respiratory chain. FCCP is an ionophore that dissipates the mitochondrial membrane
potential. Changes in oxygen consumption after FCCP addition reflect the cell’s maximal
respiratory capacity. Rotenone and antimycin inhibit complex | and I11, respectively, shutting
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down electron flow and thus, respiration. Basal respiration, ATP-linked respiration, and
maximum respiration were determined (Fig. 2B). In vehicle-control cells, the bioenergetics
profile demonstrated the expected response pattern for basal respiration and following each
inhibitor. Basal respiration was significantly increased following exposure to PBP (10 uM,
p<0.0001) and decreased at 40 uM (p=0.01), as compared to controls. No significant
differences were observed for TBBPA or TPP, although a higher level of variance was
observed for 40 uM TBBPA with individual samples showing levels to those observed with
PBP. ATP-linked respiration was significantly decreased with 40 uM PBP (p<0.0001) and
TBBPA (p<0.001) suggesting an alteration in electron transport in a manner that affects ATP
production. No differences were observed with 10uM PBP, TBBPA, or either dose of TPP.
Maximum respiration was significantly altered by exposure to all FR (p<0.01). Exposure to
PBP showed an increase in maximum respiration at 10 uM (p<0.01) and a decrease at 40 pM
(p<0.0001) consistent with the other endpoints. Exposure to TBBPA showed a significant
increase at 10 uM (p<0.01) and decrease at 40 uM (p<0.001). A significant increase was
observed for TPP at both dose levels (p<0.001; 0.01, respectively).

In microglia, cellular metabolism and pro-inflammatory response can be affected by altered
glycolytic rate (Orihuela et al. 2016). The Seahorse Bioanalyzer was used to measure proton
efflux rate (PER) and extracellular acidification as surrogates for glycolysis. This data

was collected in the absence (for basal) or presence of rotenone, a mitochondrial complex

| inhibitor, and 2-deoxyglucose (2-DG) to inhibit glycolysis and provide information on

the ability of cells to compensate for electron transport chain inhibition by increasing

their glycolytic rate (Fig. 2C). In controls, a normal pattern of increased glycolysis was
observed with rotenone (calculated as compensatory glycolysis), which was blocked by
addition of 2-DG. The mean basal glycolytic rate (Fig. 2D) was increased by exposure

to PBP (10 pM, p=0.0125; 40 uM, p<0.0001). For TBBPA, no changes were observed

at 10uM but a significant increase was observed at 40 UM (p=0.0003). The absence

of additional stimulation by rotenone suggested a maximized glycolytic capacity. No
significant differences in basal glycolytic rate were observed for TPP. A significant decrease
in compensatory glycolysis (Fig. 2D) was observed at the 40 uM dose level for PBP
(0=0.0002) and TBBPA (p=0.0003) with no differences observed at the lower dose level.
Both dose levels of TPP showed a significant decrease in compensatory glycolysis (p=0.029;
p<0.0002, respectively) as compared to controls.

These findings suggested that these compounds differentially affect microglia metabolism
via mitochondrial oxidative phosphorylation or glycolysis but not necessarily both. To
support this interpretation of cellular processes, the rho+ and rhoO isogenic 143B
osteosarcoma cell lines were examined following FR exposure. These cells either contain
(rho+) and thus generate ATP both by mitochondrial OXPHOS and glycolysis or are
depleted of mitochondrial DNA (mtDNA; rho0) and can only produce ATP through
glycolysis due to a lack of functional OXPHOS (Lozoya et al., 2019). Following exposure
to each FR, dose levels =25uM showed a progressive decrease in ATP levels in both rho+
(Fig. 3A) and rhoO cells (Fig. 3B) that was related to the loss of cells. A comparison across
the cell lines showed a general increase in ATP levels at doses <12.5uM in the absence of
decreased cell number. The dependency of rho0 cells on glycolysis and the effects of the test
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compounds were evident in the dose-response changes in ATP levels at dose levels <25uM
suggesting changes in glycolytic rate, consistent with findings in the BV-2 cells.

3.4 qRT-PCR for Tnfa, ll1a, and Ccl3

In macrophages, increased aerobic glycolysis has been associated with elevations in the
proinflammatory cytokine response and alterations in metabolism can influence response

to an inflammatory challenge. mRNA levels for 7nfa, //1a, and chemokine ligand 3
(macrophage inflammatory protein 1-alpha), Cc/3were examined following 18 hr exposure
to FRs (Fig. 4). For PBP, Tnfalevels were significantly different (F(2,15)=11.29, p=0.001)
with a statistically significant decrease seen at 40 uM as compared to control (0=0.015). //1a
was significantly different (F(2,15)=9.159, p=0.003) with a statistically significant decrease
seen at 40 uM as compared to control (p=0.013). For TBBPA, Tnfa levels were significantly
altered (F(2,15)=6.039, p=0.012) with a statistically significant elevation seen at 40 uM as
compared to control (p=0.007). //1alevels were not significantly changed. Data obtained
from TPP exposure failed to meet homogeneity of variance by Brown-Forsythe or Bartlett’s
test thus, a Kruskal-Wallis test was used for analysis. 77/a levels were not significantly
altered while //1a levels were significantly altered (7.626, p=0.015) with levels significantly
lower in the 10 uM dose group as compared to controls (p=0.014). In the 40 uM dose level, a
dichotomy of response was observed across samples. In all dose groups, levels of chemokine
ligand 3 (macrophage inflammatory protein 1-alpha), Cc/3were not altered by exposure.

3.5 TNFa and IL-1 protein levels

For PBP exposure, TNF protein levels were significantly lower at 40 uM (p<0.05) as
compared to controls. Levels following TBBPA exposure were slightly increased however,
this failed to reach statistical significance. No changes were observed for TPP (Fig. 5A).
IL-1 (IL-1a and IL-1B) released into the cell medium was detected by HEK-Blue IL-1R
reporter cells. In general, this assay is limited in its ability to provide a quantitative measure
of IL-1 but rather can be used as an indicator of protein presence. An increase in reporter
indicator suggested the release of IL-1 from BV-2 cells exposed to 10 uM PBP (p<0.05)
(Fig. 5B). The reporter indication was similar to controls for all other groups.

3.6 mRNA changes following LPS challenge

To determine if exposure to these FRs at 10 uM would alter microglia response to a
pro-inflammatory stimulus, cells exposed to FRs for 18 hr were challenged by the addition
of LPS. Under these conditions, the prior exposure to the FRs did not significantly alter the
ability of the cells to respond to the LPS challenge (Fig. 6).

3.7 Phagocytosis

One of the primary functions of microglia, as for other macrophage-type cells, is the
ability to phagocytize and clear aberrant material from the tissue. This shift to a phagocytic
phenotype places an energy demand on the cells and thus, changes in mitochondria can
likely impact such functional actions of microglia. To determine if alterations in phagocytic
function were induced, the engulfment of bacterial fragments of various concentrations
was examined in cells exposed to the FRs at the 10 uM dose level (Fig. 7). With the
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addition of bacterial fragments (10, 25, or 50 ug/mL) all cells showed the ability to engulf
the material and an increase was observed between 10 ug/mL and 25 pg/mL fragment
concentrations (p<0.001). No additional phagocytic capacity was observed with an increase
in fragment concentration to 50 pg/mL. When the phagocytic response was analyzed at

each of the fragment concentrations, no significant differences were noted at the 10 ug/mL
concentration. When the fragment concentration was increased to 25 pg/mL, a significantly
lower level of uptake was observed for PBP (p<0.01) and TBBPA (p<0.05). At the 50 pg/mL
concentration, a lower level of phagocytosis was observed for PBP (p<0.05). No change in
phagocytosis was observed with TPP.

3.8 NLRP3 Inflammasome Activation

One mechanism by which the inflammatory response is initiated and possibly regulated

is through inflammasome activation. Of the different inflammasomes, the NLRP3
inflammasome can be triggered by sterile factors thus, potentially representing a site of
action for environmental compounds to influence the inflammatory response. In immune
cells primed following toll like receptor activation, a secondary-stimuli can serve as a trigger
to activate the NLRP3 inflammasome. With activation, NLRP recruits ASC and the cysteine
protease caspase 1 forming an ASC speck protein aggregate that promotes the activation

of caspase-1 for the release of mature IL-1p. Mitochondria function is associated with
NLRP3 inflammasome activation. Given the subtle alterations observed in mitochondria, the
FRs were examined to determine if they can serve as a secondary trigger. Inflammasome
activation was assessed using BV-2-ASC cells to visualize ASC speck formation as an
indicator of inflammasome activation. As an indicator of individual cell responses, the
formation of ASC-specks was identified by live-cell imaging. Under control conditions

and with LPS-priming, a diffuse cytoplasmic staining was observed with no evidence of
ASC-speck formation (Fig. 8). A similar diffuse staining was observed in non-primed

cells with TBBPA and TPP while, PBP significantly increased aggregate number (116.2
+/-11.16; t=4.569, df=9; p<0.0013) suggestive of a non-canonical activation. In the positive
control for NLRP3 inflammasome activation, the addition of ATP to LPS-primed cells
induced pronounced speck aggregate formation (Fig. 8). When the potential for each of

the FRs to serve as a secondary trigger in LPS-primed cells was examined, PBP showed a
significant increase in ASC speck formation as compared to vehicle control (p<0.0018)

and as compared to non-LPS primed cells exposed to PBP (p<0.0043). LPS+TBBPA
showed evidence of aggregate formation that failed to reach statistical significance and,
with LPS+TPP, the diffuse staining pattern was maintained with no evidence of aggregate
formation. Corresponding cell morphology as demonstrated in phase-contrast images
indicated subtle differences in LPS-primed cells exposed to FRs (Fig. 8). The normal
morphological pattern of rounded and triangular flattened was observed in LPS-primed cells
exposed to ATP or TPP. For PBP, the cells primarily maintained a rounded morphology with
the inclusion of a small proportion of rodlike cells. For TBBPA, cells showed a primary
rounded morphology with little evidence of triangle or elongated morphology.
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4. DISCUSSION

Microglia play critical roles in defining the structure and function of the nervous system.
Alterations in the ability of microglia to perform such functions or a shift in the threshold
for the cells to respond can have significant adverse effects across a diverse array of
processes. Based upon previous reports suggesting effects of TBBPA on immune cells,

the current study examined various aspects of microglia response to specific FR exposure
using the BV-2 cell line. At dose levels producing little if any changes in cell viability,
comparisons were made among BFRs (i.e., PBP and TBBPA) and the OPFR FR, TPP.

The predominant effect observed was in the examination of mitochondrial bioenergetics
with PBP showing the greatest level of alterations however, maximum respiration and
compensatory glycolysis were affected by all 3 FRs. The changes in mitochondria observed
with PBP were accompanied by a direct triggering of ASC-speck aggregation and, at the
higher 40 uM concentration, PBP exposure decreased levels of 7nfaand //1abut did not
alter LPS-induced elevation. TBBPA elevated 7n/a levels and with TPP, //Za was decreased
at the lower dose level. Shifts in cellular metabolism serve as determinants of macrophage
function and phenotype (Artyomov et al., 2016) and changes in microglia metabolism may
alter their ability to respond to various signals from the environment.

Associated functional changes were observed for PBP and TBBPA for phagocytosis while
the cells maintained the ability to respond to an LPS challenge. PBP clearly demonstrated
the ability to function as an secondary trigger for NLRP3 inflammasome activation with
suggestions of similar properties for TBBPA. Overall, the effects of TPP exposure were
minimal suggesting that any observed change in mitochondrial respiration is related to a cell
survival process given the lower level of cell viability starting to be observed with increasing
dose levels of this FR.

During mito-energetic dysfunction, the cell’s ability to alter the balance between glycolytic
and mitochondrial ATP generation is crucial for survival (Bonora et al., 2012). In the
cytosol, ATP can be produced by glycolytic conversion of glucose into pyruvate which
can be metabolized into lactate. This is released by the cell or taken up by mitochondria
to fuel ATP production by the tricarboxylic acid cycle and oxidative phosphorylation and
thus, can compensate for the loss in mitochondrial ATP production (Liemburg-Apers et
al., 2015). Kibakaya et al. (2009) reported decreased intracellular ATP levels in NK cells
exposed for 24 hr to TBBPA at dose levels as low as 5uM. In the current study, we
observed a similar decrease in ATP levels in the rho cells consistent with the effects on
ATP metabolism observed in the BV-2 cells. Lower respiration responses and oxidative
phosphorylation levels observed at 40uM TBBPA were associated with an increase in
basal glycolytic rate, with no alterations observed at the lower 10 uM dose level. Given
the absence of cell death, it is likely that this process was utilized for cellular survival.

In comparison, PBP initiated an increase in both anaerobic and aerobic metabolism,
suggestive of cells with functioning mitochondria. At the higher dose level, the lower
level of mitochondrial respiration, accompanied by an elevation in basal glycolytic rate,
also likely represented a survival mechanism, similar to TBBPA. Very little reported data
is available for TPP but the absence of alterations in ATP-linked respiration yet changes

in maximum respiration suggest mitochondrial-independent oxygen consumption possibly
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as an alternative adaptation response preceding overt toxicity. One possibility for the
contrasting mitochondrial profiles generated with PBP or TBBPA as compared to TPP
may be related to a difference in P450 enzyme activation. It has been previously reported
that P450 enzymes can actively metabolize TPP (Screening Information Data Set (SIDS),
2006) and it is known that, with the pro-inflammatory stimulus, interferon-gamma, BV-2
cells can elevate various P450 isoforms (Snider et al., 2009). It is likely that the increased
maximum respiration observed is associated with activation of P450 oxygenases to catalyze
the incorporation of oxygen atoms from molecular oxygen into their organic substrates.
While these are speculated effects, they would be consistent with observations on the
metabolic profile of mice exposed to TPP during the early postnatal period suggesting
shifts in lipid-related metabolites at low-exposure levels and a down-regulation of pyruvate
metabolism and TCA cycle with the higher levels of 200 pg/day (Wang et al. 2018).

Mitochondria play a crucial role in the inflammatory signaling of immune cells (Mills et al.,
2016) and BV-2 cells show increased aerobic glycolysis with a pro-inflammatory response to
LPS (Orihuela et al., 2016). Previous work reported immune cell-specific decreases in IL-1p
secretion following exposure to TBBPA at dose levels >5uM (Anisuzzaman and Wallen,
2016). In the current study, few changes in pro-inflammatory cytokine levels were observed
at the 10 uM dose level. With the higher level, 40 uM, a decrease was observed with

PBP and an elevation with TBBPA. TPP was not without effect in that lower expression
levels were also observed. These subtle changes did not lead to a deficit in the ability of
BV-2 cells to respond to an LPS challenge. When the findings were compared to a similar
experimental study examining the effects of TBBPA on RAW 264.7 cells (Wang et al.,

2019) an elevation in 7nfawas observed. Functionally, Wang et al (2019) reported that
RAW 264.7 cells exposed to TBBPA could demonstrate a response to LPS however, this
response was attenuated by approximately 30%. Similarly, we report that BV-2 cells exposed
to FRs could respond to LPS however, a significant attenuation was not observed. The
difference between the studies may be related to the cell type but also differences in time

of exposure as well as time and dose for LPS stimulation. When the functional change in
immune-cell phagocytosis was compared between the two studies a decrease in phagocytosis
was observed for TBBPA in both BV-2 and RAW 264.7 cells. Data obtained from the two
studies suggest that exposure to TBBPA alters the functional response of macrophage-like
cells that may be associated with changes in the bioenergetics of the cells.

To further examine the ability of FRs to influence the inflammatory response, we examined
the ability the FRs to function as a secondary stimulus for inflammatory activation. Within
the inflammatory repertoire, inflammasome activation plays an ever-increasing role for
which a contributory role of mitochondrial function has been implicated (for review, Gurung
et al., 2015; Elliott et al., 2018). Inflammasomes are multiprotein complexes that form

in the cytosol of immune and neural cells in response to danger signals. Upon activation
they elicit or lower an inflammatory response threshold and can inform the subsequent
adaptive immune response (Broz and Dixit, 2016; Evavold and Kagan 2018; Latz 2010).
The NLRP inflammasome recognizes a range of microbes and sterile danger signals and
thus, can contribute to a broad range of common inflammatory pathologies (Gross et al.,
2011). In n cells, NLRP3 is diffuse in the cytosol. Activation is induced by a variety of
endogenous triggers including damaged mitochondria and ROS (Zhou et al., 2011) and,
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upon activation, NLRP3 translocates to the mitochondrial membrane (Elliott et al., 2018;
Zhou et al., 2011). For PBP, in addition to the canonical activation observed in LPS-primed
cells, the formation of ASC specks in non-primed cells suggested a non-canonical activation
of the NLRP3 inflammasome which could be associated with the altered mitochondrial
respiration observed. A slight increase in ASC-speck production was observed with TBBPA
in LPS-primed cells; however, at the short 6 hr time interval, this was not statistically
significant. In comparison, TPP did not appear to function as a secondary trigger or to
induce a non-canonical activation. NLRP3 inflammasome activation results in the release

of mature IL-1p and has been associated with pyroptosis and the transition of an acute
inflammatory response to a more prolonged chronic inflammation. When the resulting ASC
specks are released into the extracellular environment they can contribute to a number of
biological responses in the nervous system and may significantly contribute to a prolonged
inflammatory response (Venegas et al., 2017). Thus, products released as a result of
inflammasome activation, IL-1p and ASC specks, can represent neurotoxic signaling and
the potential for adverse effects on the nervous system.

While the current study demonstrates the ability of these FRs to act upon cultured
microglia cells, how this might translate to potential effects in the nervous system remains
to be determined. A recent review by Kacew and Hayes (2020) suggested that, in the
absence of data demonstrating entry of TBBPA into the brain parenchyma and the lack

of neuropathology, data suggestive of a classification of neurotoxic is not well founded.
While this is a sound argument for deliberation, there are other considerations. First of

all, there is a paucity of analytical data on the amount of flame retardants that actually
reach the brain. In fact, there are few distribution studies that take into consideration the
significant contribution of the blood compartment within the brain and remove the blood
prior to tissue collection. While target tissue levels are critically important in any assessment
of neurotoxicity, excluding consideration of neurotoxicity simply due to an absence of
confirmation of chemical levels at peak time following exposure or persistence may not

be prudent. The second point relates to the recent publication demonstrating an effect of
TBBPA on the ABC blood-brain-barrier (BBB) transporter (Cannon et al., 2019). While a
change in transporter does not necessarily represent a “neurotoxic” effect, as pointed out

by Kacew and Hayes (2020), such shifts may have an effect upon cells in intimate contact
such as, astrocytes and microglia. Another critical consideration for neurotoxicity in the
absence of direct chemical entry into the target tissue, is the influence of hormones on brain
development and functioning. Of relevance to the current study, thyroid hormones regulate
activities of key enzymes of glycolysis, affecting macrophage metabolism and function (Curi
etal., 2017). /n vivo exposure to TBBPA has been reported to induce hypothyroxinemia
(Cope et al., 2015; NTP, 2014) possible through competition with the thyroid hormone
receptor for binding to transthyretin (review, Colnot et al., 2014). An interplay between
thyroid hormone action and peripheral immune cells has been established with evidence

of actions in both the innate and adaptive immune responses (Montesinos and Pellizas,
2019). Earlier work reported that microglia express the al and b1 isoforms of nuclear
thyroid hormone receptors (Lima et al., 2001) and, under conditions of developmental
hypothyroxinemia, show a decrease in cellprocess complexity (Harry et al., 2014; Lima

et al., 2001) and diminished response to a LPS challenge (Opazo et al., 2018). Thus, if
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exposure results in a direct effect upon microglia or if the effect is secondary to a shift in
thyroid hormone or a change in BBB transporters, there remains an effect upon these critical
cells of the brain even if only localized to those microglia in contact with the vascular wall.

In summary, the present study suggested that the various effects observed with the
BFRs, PBP and TBBPA, and with the alternative, OPFR, TPP, may be related to altered
mitochondrial bioenergetics. This possible relationship warrants further examination to
determine exactly what this cellular response to exposure represents with regards to
biological function and how such changes might reflect a shift in reserve capacity and
possibly manifest as a future adverse health effect.
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Highlights

1. PBP, TBBPA, or TPP exposure modified mitochondrial bioenergetics of
microglia

2. PBP and TBBPA showed potential as trigger for NLRP3 inflammasome
activatio.

3. PBP and TBBPA diminished phagocytic capability

4, FR exposure did not inhibit response to LPS
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A. Cell viability of BV-2 cells following 18 hr post-exposure to PBP, TBBPA, or TPP at
various concentrations. Data represents total cell count (mean +/- SEM) as % of controls
(n=4). B. Nitrite accumulation in BV-2 cells following 18 hr exposure to FRs at 10 UM or 40
UM for 18 hr as determined by Greiss assay. Data represents individual values and mean +/-

SEM (n=5).
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Figure 2.

A. Representative mitochondrial bioenergetics profile of BV-2 cells exposed to vehicle or
PBP, TBBPA, or TPP at 10 (left image) or 40 uM (right image) for 18 hr. After signal
stabilization (three measures) cells were sequentially exposed to the mitochondrial stressors:
oligomycin (Oligo), FCCP, and rotenone (Rot). B. Basal respiration was significantly
increased with 10uM PBP and decreased at 40 uM. ATP-linked respiration was significantly
decreased at 40 uM PBP and TBBPA. Maximum respiration was significantly altered for

all FRs at all exposure levels. C. Representative glycolytic profile of BV-2 cells exposed to
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vehicle or PBP, TBBPA, or TPP at 10 or 40 uM. Cells were sequentially exposed to Rot

and 2-deoxyglucose (2DG). D. Basal glycolytic rate was significantly increased for PBP at
both exposure levels and for TBBPA at 40uM. With the exception of no change at PBP 10
UM, compensatory glycolysis was significantly decreased for all FRs at both exposure levels.
A,C data represents mean response (n=9); B,D data represents individual values and median
(n=9). * p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.
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Figure 3.

ATP levels (Cell-Titer-Glo) in 2 isogenic osteosarcoma cell lines (143B) that either carry
the full complement of mitochondrial DNA (rho+) or that have been depleted from the
mtDNA (rhoQ) by chronic exposure to 50 ng/mL of ethidium bromide. Cells were exposed
to various concentration of PBP, TBBPA, or TPP for 24 hr. Data represents mean+/— SEM
(n=3) relative to controls. *** p<0.01.
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A. Tnfa, I/1a and Cc/3mRNA levels in BV-2 cells following 18 hr exposure to PBP,
TBBPA, or TPP at 10 or 40 pM determined by qRT-PCR using TagMan®. Relative gene
expression amounts normalized to GAPDH and presented as fold change from control. B.
Data was analyzed by a one-way ANOVA for each FR followed by Dunnett’s tests for
independent group mean comparisons. Data represents (n=6). *p<0.05
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Figure 5.

A. TNFa protein levels determined by ELISA (n=6) and B. Production of IL-1 protein

as detected by HEK Blue™ IL-1R cells (InvivoGen, San Diego, CA) (n=9) by BV-2 cells
following exposure to PBP, TBBPA, or TPP at 10uM or 40 uM. Data represents mean +/—
SEM. *p<0.05
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Figure 6.
LPS induction of 7nfa, //1a, and //76 mRNA levels over 3 hr in BV-2 cells exposed for a

total of 18 hr to 10 uM PBP, TBBPA, or TPP. Data represents fold change over non-LPS
dosed cells. (n=6).
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Figure 7.

Phagocytosis of bioparticles (10, 25, or 50 pg/mL) in BV-2 cells following exposure to PBP,
TBBPA, or TPP at 10uM for 18hr. Cells were visualized (ImageXpress™ Micro Confocal;
Molecular Devices, San Jose, CA) and quantitation of phagocytic uptake in Iba-1+ cells was
conducted on 4 defined regions within each well. The average ratio of fluorescent intensity
to cells was calculated for each well using MetaXpress software. Data represents mean of
each well+/- SEM (n= 4). *p<0.05
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Figure 8.
Representative images of BV-2 ASC Speck cells and inflammasome activation over 4

hr. Images were captured an IncuCyte S3 live-cell analysis system and IncuCyte ZOOM
2015A software. Regions of interest (ROI) were identified within each well, standardized
by total number of cells, threshold set for Speck size and intensity, and the number of ASC
SPECKS (fluorescent aggregates) within each ROI determined using Fiji ImageJ software.
Data represents mean +/— SEM (n=6).
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