ABSTRACT
HOLMES, CHARISSE NICOE. Influence of Environmental Chemicals oaedRlatory
Processes that ControlUgose andLipid Homeostasis(Under the direction of Gerald A.
LeBlang.

Metabolic syndrome is an escalating pulliealth challenge affecting over a quarter
of adults worldwide. Metabolic syndrome is characterized by thecorrence of multiple
health risk factors (e.g. obesity, type Il diabetes) that may result fromstiuption of lipid
and glucose homeostasis. Lipid and glucose homéensasgulated by a group of nuclear
receptors known as the peroxisome proliferatcivated receptors (PPARS) whidmerize
with the retnoic X receptor (RXR).The PPAR signalingetwork has been recognized as
potential targets of environmental chemicals, consequently, contributing to the high
prevalence of metabolic disorders. The purpose of this research was to investigate the
underlying mechanistic interactions of some envirental chemicals on the PPAR signaling
network. The following hypothesis was tested: environmental chemicals can interact with
multiple components of the PPAR signaling network in a manner that may lead to
adipogenesis.

The main objective of the firstudy was to evaluate the effects of the
organophosphate flame retardant, triphenyl phosphate, on the PPAR signaling network.
Triphenyl phosphate inhibitedansactivation of thePARa:RXRa complex, as well as, the
PPARx and RXRx subunits. Triphenyl ph@date activated the PPARXRa complex
throughthe PPAR subunit Together, these results suggested that triphenyl phosphgte
stimulate adipogenesis which was observed usiogsepre-adipocyteghatdifferentiatel

into adipocytesvith commensurate lipid accumulation.



Bioluminescence resonance energy tran@B&ET) assays revealdhdat triphenyl
phosphat inhibited dimerization dPPARa and RXRa. Triphenyl phosphate had no
measureable effect on the assembly/disassembly &RA&;RXRa:SRC1comgdex.

Results fronthis study provided a mechanistic explanation for the observed adipogenic
activity by triphenyl phosphate.

Next, we hypothesized that igdmediated receptor assembs(measured using
BRET) may be used as an infoative endpoint for the screening of chemicals reducing both
time and costs of trad@nal screening assay8oth reporter genand BRET assays were
utilized to assess the impadftknownagonists along the PPARignaling pathway.

RXRa agonists stimulattPPAR::RXRa dimerization and the recruitment of SRC1 to this
complex. While, no measurable effect on PRARRa:SRC1 complex assembly was
observed with known PPARagonistssuggesting that these ligands activated constitutively
formed reeptor complexesWe alsceevaluated whether the actions of triphenyl phosphate
on PPAR: signaling were common to other organophosphatedl retardants2-ethylhexyl
diphenyl phosphate, to-tolylphosphateand trin-butyl phosphatenhibited
PPARa:RXRa:SRC1 assemblgnd activity Overall,the assessment of ligancediated
receptor assembly/disassembly in conjunction wafforter gene assays prouidgeater
mechanistic insight into the response of the receptor to ligand binding.

Finally, we hypothesized that somrmséct growth regulating insecticides (IGRs) may
be adipogenic due to their structural similarity to some pharmacologic PPAR modulators.
Pyriproxyfen, fenoxycarb, methoprene, and kinoprene activated the JFRA&R signaling
pathway. Evaluation of thedividual subunitsrevealed that pyriproxyfen activated the

PPARysubunit, but noRXRa. Fenoxycarb, methoprene, and kinoprene activated both the



PPARyandRXRa subunis, but PPARRXRa activationwas specificly due to interaction
with PPARy. BRET assaysupported the observation that the Plg&&bunit was the target
of action by IGRs in the PPAf8ignaling pathway. Finally, all of the IGRs stimulated-pre
adipocytes to differentiate into adipocytes with commest® lipid accumulation. Results
revealedhat the IGRs evaluated are PRfdgonists and have the ability to stimulate
adipogenesis vitro.

This research supported our hypothesis that some commercial products have the
potential to stimulate adipogenesis through interaction with the PPAR sigmafiwork.
While the potential for exposure to some of these compounds can be significant, additional
research is warranted to establish whether such toxicological effects might be elicited at

relevant exposure levels.
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INTRODUCTION

The coordination of lipid and glucose metabolism is vital to energy homeostasis in
vertebrates. Disruptions in this coordination can result in metabolic syndietabolic
syndromeconsists othe ceoccurrence of multiple health risk factors includotzesity,
insulin resistance, dijpidemia, and hypertensidi]. Approximately 24% of Americans are
affected by metabolic syndrome leading to serious implications for hea#ltast and
mortality as the currenprevalence continues to rigg. Consequentlymetalolic syndrome
significantly increases the risk fotwo of the leading @auses of deaths the world, heart
disease andiabetes mellitug3, 4]. Ligand-activated transcription factors se@® mapr
coordinators of lipid and glucose metaboliggh Included among these transcription factors
are the peroxisome proliferatactivator receptors (PPARs). PPARs are membeitseof
nuclear receptor superfalyithat include the estrogen, thyroid, glucocorticoid, retinoic acid,
and vitamin D receptors among othfk Disruptions in PPAR signaling have been

implicated in metabolic syndronjé].

PPAR Structure

PPARsserve as transcription factors when heterodimena#dtheir partner nuclear
receptor the retinoidX receptor (RXR]5, 8]. PPAR:RXR heterodimers bind RPAR
response elemenPPRES) which typically consist divo core recognition motifs,
AGGTCA, spaed by one nucleotideThePPRE5 6 -hita ik dccupied bthe PPAR

subunit;while, theRXR subunito ¢ ¢ u p i e s -site[®,d0]. Sidedite@dd mutation of



PPAR and RXR revealdtiatthe binding of RXRo thePPRE30 h aiteis more critical for
PPAR:RXRtranscriptional activatiothan the ability of PPAR to bind tbe PPRHE9, 11].
Additionally, the PPAR aminterminal region prohibits the subunit to bind as a monomer.
Studies have shown that the full length PPAR subunit does not bind to the PPRE as a
monomer, while deletion of the amiterminal domain of the PPAR subunit allothe
truncated proteito bind to DNA in the presence and absence of the RXR red8ptor

Gene transcription cadme mediated through ligand bindingeither the PPAR or
RXR subunit[12]. Additionally, co-treatment with both ligands has the potential to lead to
additive or synergistic activatiofiL3-15]. Ligandmediatedactivatedreceptor complexes
boundto the PPRE caeshanges irthe chrenatin structure revealingemw proteinprotein
interacting surfaces for coactivator recruitment. Coactivaioesylatehistone tails to
produce a transiptionally competent structure witim accessible promoter. Basal

transcriptional machinery is theaaruited to the promotend transcription is initiatefd 6].

PPAR Subtypes

ThreePPARsubtypes exist in mammaiPAR alphgPPARY), PPAR beta/delta
(PPAR /),dand PPAR gamm@PARy) [17]. The nousePPARa gene spans at least 30
kilobases of genomic DNAwhile the PPAFgene extends more thd@0 kilobases and
generatethree MRNAs (PPAR, PPAR2, and PPARB) t hat di ffer at t hej
alternative splicing18-20]. PPAR subtypes are expressed in a variety of tissues and some
tissuesxpress more than one isoform. PRARhighly expressed in liver, cardiac, and

kidney tissuewhile PPARyis highly expressed in adipose tissue and the immune system



[21]. PPAR /id highly expressed in heart, colon, and skeletal tigZ2le Studies
evaluating PPAR / hiave led to conflicting fidings regarding its rol@ lipid and glucose

processethus,will not be discussed furthg23].

RXR Subtypes

The RXR subunit is involved invaide range of processes and consequeftdiynd in
a wide \ariety of tissue$24]. Three RXR subtypes exist in mammals; R¥pha(RXRa),
RXR beta (RXR), andRXR gamma(RXRg) [24, 25] Alternative splicing generates two
different isoform for each subtype; R¥Ral anda2), RXRo (b1 andb2), and RXF (gl and
g2). The role and functioaf each particular tform remains unclear. RXRs mainly
expressed in the kidney, liver, intestine, and epidermal tissue.b RX@Xpressed in nearly
all tissues. While, RX&is only expressed in muscle, brain, and pituitary ti$2dg All
three RXR subunits serve as heterodimerziation partners for other nuclear receptors (e.g.
PPAR, farnesoid X, thyroid, and vitamin D receptors) and two members of the small nerve
growth factorinduced clone B subfamily (i.e. NGFIB and NURR24, 2628]. In most
cases, RXR dimerization partners do not prefer one RXR subtype over theg2dhers

However, PPAR subunits typically dimerize with the RXd&ibtype29, 30]

PPAR ligands
In contrast to many other nuclear receptors, PPARs accommodate a variety of ligands
and these ligandgpically bind with low affinity[16, 31, 32] Sane ligands are capable of

binding to more than one PPAR subtypat with differing affinitied32]. The ligand



binding domain (LBD) consists diiirteen alpha helices arrangedhree layers with a

central hydrophobic pockefThe composition of thirteen alpha helices is unique from other
nuclear receptors which have twelve alpha hel8&s33] At the entrance to the binding
site between helices H26 and H30 exists a
entrance to adapt in order to accommodate large ligands without significaritygatte

overall LBD structurg33].

In comparison to other nuclear receptors, PPARs have a very large binding cavity,
which may explain the ability of PPARs to accommodate diverse lig8a¢ls Within the
cavity, hydrophobic regions interact with the ligand to form-specific associations. These
interactions lead to diverse binding conformations\arus liganemediated activities
[16].

Ligandmediated activation occurs after a ligand interacts with helix 12 causing this
helix to dock against helix 3 and helix 11. This conformational change permits helix 12 to
form part of thecoactivator site (AR2) with helix 3 and helix 5 to allow coactivator
recruitment. Binding of an antagonist physically restricts the movement of helix 12 and any
helix 12related conformational changg®l]. Furthermore, fand boundo a specific PRR
subunitis attributedtd h e | i g a n dspeifc anfino acrdsvithig helix @ of that
respective subunjiL6, 34] Replacement of these specific amino at¢iitsugh sitedirected
mutagenesis resulted in a loss of transcriptional ac{iéy35]

Theendogenougands for PPARs afatty acidsand fatty acid derivatives (e.g.
eicosanoids)36]. Numerousxogenougsompounds activatine PPAR networlas well A

well-known example arthe fibrates which are aads ofdrugs designed to lower



cholesteroltriglyceride, and lav-density Ipoprotein level$37]. Fibrategpredominately
activate the PPARIsoformand thusregulategenes involved witlipid trangortand
metabolisn{38, 3]. Thiazolidinediones areaass of antidiabetic drugs used to increase
insulin sensitiviy. Thiazolidinedioneselectively activate PPAFandalsostimulatepre-
adipocyte differentiation and lipid storag]. The PPARSs also have been recognized as
potential targets of environmental chemicals thay be contributing to the epidemic of
obesity and other metabolic diseases. Sigeimds include phthalatesrganophosphates,
and organotin§41l].

Phthalates prade flexibility to plastics. The greatest potential for human exposure is
through food and beverage containdiks, 42] Other products composed of phthalates
include detergents, chil d@a rnPétkalatesqeggs, medi c al
diethylhexyl phthalate) and their metabolites (e.g monoethylhexyl phthatetepbenzyl
phthalate) werehown to activate the PPAIReceptor using luciferase reporter as4dys
44]. These compounds also stimulated adipocyte differentiation and lipid accumulation in
cultured preadipocyte cell$43, 44} Finally, aposiive association existsetween phthalate
metabolites found in huam urine and waist circumference thueviding, evidence to
support the relationshipetween phthalate exposure and obddy 46]

Organophosphate compounds are a diverse group of chemicals used in both industrial
and domestic applications. They are most commonly used asriéandants, plasticizers,
and insectiides[47, 48] Some organophosphates (e.g. triphenyl phdsptrébutyl

phosphate) activated the PP#Rceptor in reporter gene ass§48]. A rodent study



implicated triphenyl phgshate as an endocrine disrupamd environmentally relevant
obesoge50].

Organotins are largely used as heat stabilizers in plastic manufachuirtbey have
also have been used as agricultural pesticides and in antifoulant[gaif$]). Organotins
activated the PPAR PPARy, and RXRx receptors in transient transactivation assays.
Affinities towards the PPA&receptor were much greater in comparison to the
PPARa receptorf52]. Tributyltin stimulated lipid accumulation in cultured paglipocyte

cells and strongly induced adipogenesis in bthopus laeviandmice[53-55].

RXR ligands

9-cisretinoic acid (vitamin A metabolite) binds and activates all RXR subtypes with
high affinity [24, 5. However, whether-8isretinoicacid is an endogenous ligand to the
receptor is controversif®4]. A brancheethain fatty acid, phytanic acid, has been proposed
to be an endogenous ligand for the RXR recej@4y. Phytanic acid can be found in the
plasma at micromolar condeations and etivated the RXR receptor in transcriptional
activation assayi$7]. Additionaly, then-3 polysaturated fatty acid, docosahexaenoic acid,
has been proposed as an endogenous ligand for tRer@¢ptor. Docosahexanoic acid
exists at high concentrations in the mammalian &8h Neverthetss, a bona fide
endogenous ligand for the RXR receptor hasoeen established. Conceivably, several fatty

acids may serve as endogenous agonists to RXR with differing functions.



Role ofPPARzin Lipid and Glucose Ktabolism

PPARa regulates lipid and glucose metabolism in a manner that promotes lipid as a
fuel for energy production. Ligantiediated activation of PPARIirectly regulates the
transcription of key enzymebatstimulate fatty acid utilization as energetic substréges,
CPT1, MCAD)[59]. The PPAR receptor is a major player in the reduction of intracellular
fatty acid concentrations by stimulatiagpxidation of fatty acids; thus, PPARxctivation
leads tareduction in plasma triglycericend lipoprotein levelsA major physiological
outcome in response to PPARctivation in rodent models is weiglaiss Provision of a
westerntype highfat diet combined with fibrate (PPARagonisttreatmentsignificantly
reduced adiposity in PPABompetent mice through ligandediated PPAR activationin
comparson to untreated midéQ].

PPARu is a key regulatorfdipid metabolism, as well agljrectly and indirectly
influences glucose metabolid@il, 6. PPAR: upregulates TRB3 which disrupitssulin
signaling and induces insulin resistafg®, 64. However, other studiehowedhat
activation of PPAR improved insulin sesitivity [65, 6§. Ligandmediaed activation of
PPARx reducedblasma glucose lelein rodentg65, 67]. On the other han®PARa has
been found to stimulate gluconeogenesis to maintain glucose [8YpIPPARa may
enhance glucose storage (e.g. glucose uptake and glycogen synthesis) during feeding and
glucose production (e.g. glycogenolysis and gluconeogenesis) during {&&{ing hus,

PPARa aids in adapting to glucose metabolism fluctuations during changes of energy states
such as fedo-fasted transitiongs2]. Importantlymany of the genes modulating glucose

processes are not direct target genes for RR@&R). PDK4) resulting in the need for



clarification on thenechanisms of PPARN glucose metabolisii®2, 6§. Discordant
results on the influence &PARa on glucose metabolism is likely due to varyingritional

status and differingpdent mode (e.g. transgnic animals) used ievaluations.

Role ofPPARyin Lipid and Glucose ktabolism
PPARyregulateglucose metabolism in a manner that favors glucose as an energy
substrat¢16]. Regulation occurs through modulating éxpression of key genes involved
in glucose metabolism (e.g-Gbl-associated protein, glucose transporter 4) and the
expression of several hormones secreted from adipose tissue which influence insulin
sensitivity (e.qg. leptin, tumor necrosis factgradponectin)[69-73]. Insulin sensitivity in
humans can also be improved with treatmenhisizblidinedions, PPARyagonsts[74].
PPARgalso has a major role in lipid metabolismPARg upregulates genes involved
in lipid transport (i.e. FATP), fatty acid synthesis (i.e. the mahlizyme genegnd
triglyceride synthesis (i.e. PECKJ5-77]. In vitro andin vivostudies have supported the
critical roleof PPARyas the master regulator of adipogenesis. This adipogenic role can be
observedn vitro using immortalized fibroblast cell lines (e.g. 3F342A and 3Td.1) that
can be differentiated into adipocytes upon treatment with a hormone c¢c8taib] The
expression of PPA&RNcreases a few hours afteratment and is sustained to maintain the
mature adipocytf80, 81] Immortalized fibroblast cell lines lacking PP4W&ere incapable
of promotingadipagenesig82]. Numerous studies have shown that PBAgonists
stimulate adipocyte differentiation and lipid accumulation in mouse fibroblas{82{&6].

PPARyagonists promoted the fibrobldgte pre-adipocytes to undergo a series of



biochemical and morphological changes leading to lipid actation which can then be
visually observed and quantifi¢86].

PPARystimulated weight gain has been obsenvedvo.Mice fed highfat dietswith
anenvironmentally relevant PPARgonist {ributylin) experienced increased weight gain in
comparison to mice that did not receive the agqb&t Additionally, excess weight gain
from a highfat dietwasprevented when micseretreated with a PPAfantagonis{87].
Weight gain was also evaded in PRA®Rockout mice. When fed adi-fat diet, these mice
were incapable of gaining weight despite having increased app88ies

Weight gain is a common side effect of the @liibetic hiazolidinedionedrugs
which are PPABagonists. Type Il diabetics given troglitazone for 6 months showed
improvement in insulirsensitivity, but increased body m489]. Rosiglitazone was
administered tgatients with high glucose levels in aWw2ek, doubleblind, multicenter
study. Glycemic index levels improved as body weight increg@sd

High levels of circulating free fatty acids cause insulin resistance in irsertisitive
tissues (i.e., liver and skeletal musqi), 92] The Afatty acid steal
that fatty acidmediated insulin resistance can be improved with the treatment of
thiazolidinedione [92]. Thiazolidinediones stimulate free fatty acid uptake and storage in
adipose tissue without concomitant fatty acid uptake in liver and skeletal muscle tissues.
Storage of fatty acids in adipose tissue decreases its systemibititsatia other tissues

leading to improvements in insulin sensitivity and insulin signg®2g 93]



Conseguences Qio-activation of PPAR and PPAR)

The ability to simultaneously activate both PRA&d PPAR may prove to be the
most efficacious means of treating metabolic diseases. &R@ARds improve insulin
sensitivitybut promote dyslipidemia; while, PPARgands improve dyslipidemig@4-97].
Many studies have investigated the effects of the simultaneous administration of BIFAR
PPARyagonists for the treatmeat lipid and glucoselisorders. Body weight of mice
decreased when given fenofibrate alone (P®Agonist) ad increased when administered
rosiglitazone (PPARagonist) alon¢98]. In combination, fenofibrate prevented
rosiglitazone induced body weight gain, and, improved other lipid and glucose dysfunctions
(e.g. reduced plasma trygleride, total cholesterol, and plasma glucose lewelslice[98].
Unfortunately, fenofibrate did not prevent rosiglitazone induced body weight gain in a
human clinical trial involving patients with Type Il diabef@9]. These compounds did
however improveserum lipid levels (e.qg. trigterides, HDL cholesterol, LDL cholesterol
levels)[99]. In another clinical trialhuman glucose and lipid level effectsfeyofibrate
alone, pioglitazone (PPAfagonist) alone, and fenofibrate in combination with pioglitazone
wereevaluated. Fenofibrate interacted with pioglitazone in an additive faghaetrease
triacylglycerol levels. However, there were no other beneficial effects of taking the two
compounds together as opposed to individyalog] .

Several glitazar class compounds have undergone clinical evaluation for efficacy as
dual PPAR/PPARyagonists. Compounds includestglitazar, aleglitazar, saroglitazar, and
muraglitzar. These compounds were more efficacious in improving lipid and glucose

metabolism than individual selective PPAR agonists. For example, muraglitazar reduced
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hyperlipidemia, prevented the developmeindiabetes, and abolished pegisting diabetes
[101]. Unfortunately, muraglizar stimulated edema and adipogends€ig]. The adverse
toxicity profiles of murglitazar and other glitazones is a major issue and the majority of

these compounds have been discontifj@éd].

Consequences ofocactivation of PPAR and RXR subunits

The permissiveature of the PPAR:RXR heterodimer has suggested that combined
exposure to PPAR and RXR ligands may result in an additive or synergistic effect. For
example, cdareatment of NIH 3T3 cells with a low concentration of BRL49653 (P#AR
agonist) combined withG100268 (RXR agonist), synergistically activated a PPAR
responsive reporter gene and synergistically increased lipid accumulation in th&5gells
However, factors that dictate whether a PPAR ligand and a RXR ligand will interact in an
additive or synergistic manner are unknown. Activation of some fraction of the PPAR:RXR
population by a PPAR ligand with propamiate activation of another fraction of the
population by a RXR ligand would result in gene transcription activation consistent with a
model of additivity. Whereas, if both ligands are simultaneously bound to their respective
subunits of the PPAR:RXR con@x, then synergistic activation of the complex could occur.
For example, RXR ligand binding may alter the conformation of the PPAR:RXR heterodimer
in a manner that increases the dissociation aepoessors, increases the affinity for PPAR
ligands to tleir subunit, or enhances the recruitment of coactivators. Thus, allosteric
communications may be responsible for PPAR:RXR ligarediiated transcriptional activity

[15, 104.
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PPARs and Chemical Exposures

PPARs coordinate several biological processes involved ngengetabolism.

Several studies have shown that disruption in PPAR signaling can contribute to etiology of
metabolic syndrome, a combination of enesgyrce utilization andnergystorage disorders
[7]. Numerous studies support the biological plausibility éxgiosures to environmental
chemcals disrupthe PPAR network in a manner that contributes to metabolic syndrome.
Bisphenol A is a component of many plastics used in a variety of applications including food
and beveaige packaging and hbsen suggested to leaoht from these consumproducts

[41]. BPA weakly activated thePARyreceptor inliciferase transactivation assggo].
Additionally, halogenated BPA analogs (eI@BPA, TCBPA) activated PPAGN reporter
assays and activation was dependent upon the degree of haloggt@gidi0§. BPA and

its halogenatednalogs were shown stimulate adipocyte differentiation and lipid
accumulatiorj107, 10§ . Furthermore, epidemiological studesowed a positive

association between urinary BPA concentration Wwathdiabetes and coronary heart

disease, two major risk factors for metabolic syndrfto8, 110Q.

The organotin, tributyltin (TBT), has been characterized as an obesogen. TBT
potently activated both the PPABNd RXRi: receptors at nanomolar concentrations in
transactivation assays2]. Additionally, TBT increased adipocyte differentiation and lipid
accumulation in mouse pealipocyte cells at concentrations as low as 1J4M117.
TBT-mediated activation was attenuated when TBT was combined with thegPPAR

antagonist TO0709[b5]. Furthermore, micdosed with TBTin uterohad more lipid
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accumulation as neonates and larger adipose deposits as adults compared to unexposed mice

[55].

Initial Objectives

Our lab was granted funding from the EPA to construct a-tmgiughputscreening
assay® evaluateendocrine signaling pathway$Ve proposed to createnaulti-sensor cell
based assay that assessed individual chemicals and chemical mixasasgle assay. This
approach would save a considerable amount of time, money, and animals. We sought to
combine a bioluminescence resonance energy transfer (BRET va#isaystandard
luciferase reporter gene assay to evaluate the impact of cheomceomponents within the
PPAR signaling network. Howev@RET and luciferase reporter gene assays were used

separately in the research presented in the succeeding chapters.

Research Outline

Abundant evidence exists to support the hypothesis tha¢ sovironmental
chemicals are capable of modulating the PPAR signaling network in a manner that would
contribute to conditions associated with metabolic syndrome. However, humans are
typically exposed to environmental chemicals at levels significantbybthose capable of
triggering molecular initiating events that would leadhtonan diseaseThe PPAR signaling
network provides for many opportunities whereby low levels of environmental chemicals
may act together to elicit a significant initiating eze8uch opportunities include the

activation of PPARsignaling by one chemical with a commensurate suppression of #PAR
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signaling by another chemical. Alternatively, two chemicals magativate a PPAR:RXR
complex through dualctivation of the PPAR @RXR subunits resulting in additive or
synergistic signaling.

We hypothesized that such combined actions of environmental chemicals may result
in disruptions in PPAR signaling that could lead to physiologic dysfunction. We tested this
hypothesis at theolecular level by generating the tools to measure the action of chemicals
on PPAR receptor assembly and signaling. We evaluated the ability of several chemicals to
perturb normal PPAR signaling. We sought to establish the mechanism of action by which
adive chemicals disrupted normal signaling. Finally, we inferred potential contributions of
such disruptions on the etiology of metabolic syndrome.

Chapter one addresses the hypothesis that environmental chemicals may act on
different targets of the PPARetwork to perturb lipid signaling in a manner that would
contribute to conditions associated with metabolic syndrome. The primary objective of the
study was to elucidate the interactions of the organophosphate flame retardant, triphenyl
phosphate, withhie PPAR signaling network. Triphenyl phosphate inhibited RPAR
signaling. Triphenyl phosphate disassembled constitutively formed £RXRa
heterodimers and inhibited the activity of the PRARDbunit, the RXR subunit, and the
PPARa:RXRa receptor compbe In contrast, triphenyl phosphate activated the PPAR
signaling pathway. Triphenyl phosphate neither inhibited nor stimulated dimerization of the
PPARyRXRa receptorcomplex. However, triphenyl phosphate was capable of activating

the PPARERXRa heteraimer through interaction with tHfePARysubunit. Inhibition of the
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PPARa:RXRa signaling complex and activation of thBA&RgRXRa signaling complex
could lead to lipid disruption in a manner that promotes symptoms of metabolic syndrome.

Chapter twalescribes the development of tools for the evaluation of ligand
dependent PPARreceptor assembly and activation. The first objective of this study was to
determine if liganelependent receptor assembly could be detected and used to discern
specific inteactions of some chemicals with the PRAIRceptor complex. Protejorotein
interactions within the PPARRXRa:SRC1 signaling pathway were analyzed using
bioluminescence resonance energy transfer (BRET). The second objective was to use
reporter gene tracription assays to evaluate the interactions of chemicals with the
PPARa:RXRa receptor complex and define the subunit that the chemicals acts through.
Results identified candidate disruptors of the PRARNnaling network including several
organophosphatflame retardants. Results showed that some organophosphate compounds
exhibited little impacbn PPAR:RXRa receptor assembly or activity. Organophosphates
that interacted witlthe PPARa signaling pathwaylissociated PPARRXRa heterodimers
and inhibitel activity of the PPAR subunit, the RXR subunit, and the PPARRXRa
receptor complex. Inonclusion, wdound that other organophosphate flame retardants
exhibited similar effects as triphenyl phosphate (Chapter 1) on the £§iéaling
pathway, anddentified severahdditionalinhibitors of thePPARa:RXRa receptor with the
potential for human exposure.

Finally, Chapter thretested the hypothesis that insect growth regulating (IGR)
insecticides would interact with tiP ARy signaling pathway in emanner that may favor

adipogenesis. We evaluated four IGRs: pyriproxyfen, fenoxycarb, methoprene, and
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kinoprene. The IGRs didot stimulate or inhibiassembly oPPAR;RXRa:SRC1

complexes Howeverall IGRs activatd the PPARRXRa receptor complex ahthe

individual PPARysubunit in luciferase reporter assays. Fenoxycarb, methoprene, and
kinoprene also activated the individual RXBubunit, however, activation of the

PPARyRXRa complex was due to activation of the PRyARbunit not the RXRsubunit.

All of the IGRs promoted differentiation of cultured fdipocytes into adipocytes with

excess lipid accumulation within these cells. Resultantly, we found a class of environmental
chemicals that can interact with the PRAIR)naling pathway in a manngrat could

contribute to increased adiposity in humans.

Overall, the results from this research provided a mechanistic rationale that supports
the hypothesis that exposure of certain chemicals or chemical combinations could cause
disruption of the PPARIignaling network in a manner that can lead to symptoms of
metabolic syndrome. These findings advance our understandings of the role of
environmental chemicals in lipid metabolism and this research program will serve to advance
our understanding of how einonmental chemicals may contribute to the epidemic of

metabolic syndrome.
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Abstract

Triphenyl phosphate is an organophosphate flame retardant and plasticizer that has been
detected in a variety of environmental media sinownto cause weight gain in rats. We
hypothesized that triphenyl phosphate would modify the activity of the PPARIRRIing
network in a manner that would favor lipid accumulation. Ghilden luciferasebased
transcription reporter gene assays were used to evaluate the responses of human
PPARa:RXRa, PPAR;RXRa, and the individual receptor subunits, to triphguybsphate.
Triphenyl phosphate was a potent inhibitor of PRAXRa signaling. The flame retardant
interacted with both the PPARINd RXRi proteins to inhibit their respective activities at
concentrations that were not overtly toxic to the cells. Biah@&stence resonance energy
transfer experiments revealed that triphenyl phosphate actually inhibited the dimerization of
PPARx and RXRux. In contrast, triphenyl phosphate modestly activated the BRXRa
receptor complex. This net activation of the compl@s due to strong activation of the
PPARyreceptor subunit and modest inhibition of the RX&Rbunit. Further experiments
revealed that triphenyl phosphate stimulatedguiocyte differentiation to lipithden
adipocytes at a concentration that altarexlPPAR signaling networkThis dual activity of
triphenyl phosphate, as an inhibitor of PRARXRa signaling and an activator of
PPARyRXRa signaling, provides a regulatory scenario that could lead to weight gain and

other symptoms of metabolic syndrem

Key words: triphenyl phosphate, diphenyl phosphate, PPAR, RXR, organotin, BRET,

reporter gene assay, metabolic syndrome, weight gain
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Introduction

Organophosphate flame retardants are increasing in commercial use with the banning
of brominated flameetardant$l]. Some orgnophosphate flame retardants are also used as
plasticizerd1]. Triphenyl phosphate is an organophosphate flame retardant that is used in
applications such as polyurethane foams used in residential fuf@jurd riphenyl
phosphate has been detectetidnse dust{1700 ug/g }3,4], air <200 ng/ni) [5], and
biota 770 ng/g )6]. Accordingly, the potential for human exposurérifghenyl phosphate
is significant, and it has been detected in human mil& fg/g)[6].

Triphenyl phosphate is considered to be of low concern with respect to reproductive,
developmental, and systemic toxicity to mamnjd]s However, several studies have
implicated this compound in interactimgth nuclear receptors or steroidogenic enzyi8es
10]. Recently, triphenyl phosphate was reported to activate the peroxisome proliferator
activated receptor gamma (PP#RL1]. PPARysignaling stimulates pradipocyte
differentiation and lipid accumulatiqa2,13] Thus this molecular activity could be
responsible for the observed obesogenic activity associated with feeding of a triphenyl
phosphatecontaining flame retardant to rdfist]. Indeed, triphenyl phosphate exposure
stimulated lipid accumulation in cultured murine borermw stromally derived adipocytes
(BMS2)[11].

The PPAR signaling network is comprised of several ligaett/ated nuclear
receptor proteins. Three isoforms of PPAR /tb ) gontribute to the regulation of various
aspects of energy homeostd4is]. The PPAR proteins dimerize with the retinoid X

receptors (RXR,b,g to form active transcription factof$6]. The RXRs are also ligand
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activated and ligand occapcy on either the PPAR or the RXR subunit can result in
activation of the compleil7]. Thus occupancy of the PPAPRrotan by triphenyl
phosphate would specifically activate PRARgulated processes (e.g., increased insulin
sensitivity, adipogenesis and lipid accumulafibri]). Whereas, activation of the
PPARyRXR receptor complex by binding to the RXR subunit would likely result in the
activation of all PPAR isoform receptor complexes, as well as otherd0xXRiining
receptors resulting ipleiotropic consequences.

In the present study we tested the hypothesis that triphenyl phosphate elicits multiple
effects on the PPAR signaling network through interactions with human £FHRAR), and
RXRa. Further, we utilized bioluminescence resonamargy transfer (BRET) to decipher
the impacts of triphenyl phosphate binding on subunit dimerization along with recruitment of
the coactivator SRCL1 to the receptor complEinally, we evaluated the ability of triphenyl
phosphate to stimulate paglipocye differentiation to adipocytes at levels that impacted the
PPAR signaling networkResults revealed complex interactions of triphenyl phosphate on
the PPAR signaling network which could be used to infer outcome of triphenyl phosphate

exposure on lipid/glense metabolism and other physiological processes.

Materials and Methods
Plasmids and Chemicals

The plasmids containing the human gR4Ra fusion construct (pBINEgal4
hRXRa(DEF)) and the pGluc reporter gene under the control of the gal4 responseate

were previously describdd8]. The pcDNARLuc2 plasmid was a gift from Dr. Sanjiv
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Gambhir (Stanford University, Stanford, California). Plasmids containing humandPPAR
(pcDNA-hPPAR: (ORF)) and PPAR(pcDNA-hPPARy (ORF) were generously provided by
Dr. Jeffrey Peters (Pennsylvania State University, University Park, PA). pcDNASnH
pRL-CMV plasmids were provided by Dr. Seth Kullman (North Carolina State University,
Raleigh, NC). Both pEBFR&uc and pBABmAmetrinel.1 were purchased from Addgene
(www.addgene.orgAddgene plasmids 14893 and 18084¢i®retinoic acid, clofibrate,
rosiglitazone, oleic acidnsulin, diphenyl phosphatand triphenyl phosphate were obtained

from SigmaAldrich (www.sigmaaldrich.com

RXRa-Rluc2 Construct

pBIND-gal4hRXRa(DEF) was used as the source of RiResed to the gal4 DNA
binding domain for use in transcription reporter gene assays as we have described previously
[18]. This plasmid also was used as the source of RERthe preparation of fusions to
Renillaluciferase 2 (Rluc2jor BRET assaysRluc2 served as the photon smi(emission:
410 nm) for the detection of fluorescent protkised PPAR, PPARy, or SRC1 during
BRET assays. Amplified galdRXRa(DEF) fragments were digested with Nhe | and cloned
into the pcDNARLuc?2 plasmid. This plasmid contaiRgnillaluciferase(RLuc) with 2
mutations at C124A and M185V (RLu¢29]. A 21 base pair linker was adbbetween
gal4RXRa(DEF) and RLuc? to facilitate independent flexibility of the fused proteins.
Antarctic Phosphatase (New England Biolabs, www.neb.com) was used to catalyze the

removal of 5° phosphate from the pcDNRLuc2 plasmid to decrease the posgipibf
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plasmid seHigation. The chimeric construct was designated as pciQBlA-hRXRa(DEF)-

RLuc2. The final construct was verified by sequencing.

PPARa-EBFP2 and PPAREBFP2 Constructs

PPAR was fused to the fluorophore Enhanced Blue Fluorescent F2¢EBFP2;
excitation: 410 nm, emission: 475 nm) to assess dimerization witra BR{lRc2 using
BRET. PCR fragments of the PPARNd PPAR open reading frame (ORF) without a stop
codon were amplified from the parent plasmid using primers harboring Apal/BamHI or
Nhel/Xhol restriction enzyme sites respectively, and subcloned into the pcDNA3.1(
plasmid. EBFP2 was amplified out of its parelasismid (pEBFPzhuc) with a stop codon
anda30baspair | inker at i1its 50 end. Tuloe EBFP2 w
PPAR at a BamHI or Xhol restriction enzyme fusion site, respectively. These constructs
were named pcDNAPPAR:-EBFP2 and pcDNAWPFARS-EBFP2. Linkers were placed
between the PPAR and EBFP2 sequences to provide independent flexibility of the fused
proteins. Final constructs were verified by sequencing. Preliminary experiments revealed that

the fusion of EBFP2 ptoaded tie®ptidun BRETI&Gignalf t he PPA

SRCImAmetrine ©nstruct

The full frame of SRC1 isoform E wused in
region of SRC1 derived from the pSGRC1AORF plasmid (provided by Dr. Seth
Kullman, North Carolina State Univetsy , Ral ei gh, NC) and the 306

(representing amino acids 38B99) derived from pSGS5RCL1E (S. Kullman). Splice
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variations at the 306 end of these mMRNAs have
effective than SRC1E as a-activator[20,21] Therefore, the 306 end
reading frame was replaced with that derived fron€CSR The SRC1E ORF was created by
fusion PCR. The 506 portion of SRC1A was amp
CGTGCTGGTTATTGTGCTGT3 6 ; r e \CENCEGGGTGABGATCCGAAACT
TCCT-3 0 . The 306 portion of SRC1E was amplifie
AAGTTTCGG ATGCTCACCCGGAAGTCA3 06; reverse: 50
ATTGATGAGTTTGGACAAACCAC-3 6 . A twenty four base pair
conjoin the two PCR products. The resulting final PCR product was purified and amplified
using the pr tAMRAGBGGCCTICGOERACAGTTCEB® and rever se:
CTAGTCTGTAGTCACCACAGAGAAGAACTG3 6 primers at 60.5eC an
temperature using the Advantage HF 2 PCR kit (Clontech) to give a 4kb PCR product.
Restriction sites Apal/Aflll were added to the final PCR product for cloningQR &sing
the 4kb product as template with the forward
TACTATGGGCCCACCATGAGTGGCCTTGGGGACAGTT3 6 and reverse pri
TACTATCTTAAGCTAGTCTGTAGTCACCACAGAG3 0 . The amplified SR
was subcloned into Apal/Aflll sites of pcDNA3:1plasmid ancdhamed as pcDNA3:1
hSRCL1E.

SRCL1E was fused to the fluorescent protein mAmetrine (excitation: 410 nm,
emission: 535 nm) to assess recruitment of SRC1 to theaFPRRAR dimers using BRET.
The fusion construct of SRC1 and mAmetrine was created as desanilibd PPARS and

EBFP2. SRC1 ORF fragments were amplified by PCR from the pdDINASRC1E plasmid
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using primers with Kpnl/Aflllenzyme sites and then subclomeid the pcDNA3.1)

plasmid. The mAmetrine PCR fragment without a stop codon but with a 8@amdinker

was ligated iframe to the Xhol/Kpnl sites#he5 6 end of SRC1 -to gener s

mAmetrineSRC1. The final construct was verified by sequencing. Preliminary experiments
revealed that the fusion of nhaopgimumBRE t o

signal.

PPAR: -gal4 and PPARg-gal4 Constructs

The human PPARand PPARligand binding domains with a stop codon was
amplified from pcDNAPPARa (ORF)or pcDNA-PPARy (ORF)using the primers harboring
Sall and Kpnl restrictionenzymsesi t es. Di gested PCR product
end of the gal4 DNA binding domain in the pBIND plasmid by Sall/Kpnl restriction sites.
The constructs were named pBIMfal4hPPAR: and named pBINEyal4hPPARy. The

final construct was verified by se¢ncing.

Reporter Gene Transcription Assays

Reporter gene assays were used to evaluate the ability of triphenyl phosphate to
modulate the PPARgnaling network. HepG2 cellATCC® www.ATCC.org cultured in
minimum essential mediuMEM) supplemented with 10%&tal bovine serumHBS), were
plated at a density of 25,000 cells perhieB6-well plates. The next day, 2t of the
relevant plasmids containing the fusion constructs wetteatsfected with 1289 of pG5

luc, 6ng of pRL-CMV, and 25 ng of pcDNAnAmetrineSRC1 using TransFLT1(Mirus,

43

he

W a



www.mirusbio.com reagent following the manufacturer's proto&dhen @&sessing
heterodimer activities, theansfecteglasmidsvere pBINDgal4RXRa(DEF) along with
pcDNA-PPARa-EBFP2 or pcDNAPPARgEBFP2. When assessing reporter gene activation
by individual receptor subunits, the plasmids transfected were either pgaND
hRXRa(DEF), pBIND-gal4hPPARy, or pBIND-gal4hPPAR) Empty plasmid was
transfected to keep the amount of plasmid transéeicito the cells cotasnt. The next day,
the median plates waseplaced with serufree mediacontaining triphenyl phosphate or
other ligands (i.e. positive controls) at the desired concentrations. DMSO was used as a
solvent carrier for all ligands drkept constant among all treatments and controls (0.1%,
v/v). After 24 hours of incubation, firefly ariRenillaluciferase were measured using Dual
Glo luciferase assay systdPromega, www.promega.com) aadrLUOstar Omega
microplate reader (BMG Labtectvww.bmglabtech.coin Firefly luciferase values were
normalized to th&enillaluciferase values. Positive controlsd@ retinoic acid for RXR,
clofibrate for PPAR, and rosiglitazone for PPARere routinely evaluated to ensure

proper assay function.

BRET Assays

Bioluminescence resonance energy transfer (BRET) assays were used to assess
ligand-dependent dimerization of the PPAR subunits with RXRd to assess recruitment of
the coeactivator SRC1 to the receptor complex. The fusion constructRyéRk(DEF)-

Rluc2 served as the photon donor during BRET assays. PPAR subamthy), fused to
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EBFP2, and SRC1 fused to mAmetrine served as theofthhore during BRET assays (Fig.
1).

BRET assgs were performed in HepG2 ce#lad cultured in MEMsupplemered
with 10% FBS. Cells (65000) were plated in each well inf&ll plates. The next day, the
plasmids containing the gene constructs were fieatesd into the cells usinfransI-LT1
(Mirus) following mandacturer's protocol230 ng of plasmid containing the photon source
and 1,380 ng of the plasmids containing the fluorophores were transfectésiwésel
trypsinized after 24 houiand pelletd at 1,500g for 2 minutes. Cells were then suspended in
phosphatéuffered saline (PBS) and transferred tev@8l plates where cells were incubated
with triphenyl phosphate or other ligands for 20 minutes at 37C. Coelenterazine 400a
(DeepBlueC, Biotium, ww.biotium.com) in PBS was added at a final concentration®f 5
nM to each wells which served as the luminescent substrate for the Rluc2. Photon emissions
were measured immediately on a FLUOstar Omega microplate (@& Labtecl) with 3
filter settings(Rluc2, 410 £+ 40nm; EBFP2 filter, 475 £ 15nm; mAmetrine filter, 535 +
15nm).

Dimerization of RXR and the PPARwas detected as the BR ratio by measuring
the lightemitted by the fluorophore (475 nm) divided by the light emitted by the donor
protein @10 nm) with corrections for background fluorescence (using cells that were not
transfected with the fusion proteins) and contaminating emissions from the donor into the
acceptorb6s emission wavelength (475nm). Thi
measuring fluorescence at 475 nm in cells transfected with FXé2 alone minus the

fluorescence measured with untransfected cells at 475 nm divided by the fluorescence of
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Rluc2RXRa alone at 410 nm minus the fluorescence of untransfected cells at 410 nm
Recruitment of SRC1 was evaluatasing this same procedure with BRET ratios determined

using the fluorophore emission at 535 nm.

Cytotoxicity and Metabolic Viability

HepG2 cells were trypsinized and plated at a density of 10,000 cells per well in white
opaque 9évell plates using MEM supplemented with 10% FBie rext day, cells were
treated with concentrations of triphenyl phosphate in serum free medium for 24h8ude.
Triphenyl phosphate was delivered to the wells dissolved in DMSO which was present in all
wells, including controls, at a concentration of 0.1% v/v. Cellular toxicity (cell death) was
measured using the Cell Tox E wdw.premegaCojt ot 0 X i C i
foll owing manufacturerods protocol. This assa
cannot takeup a cyanine dye; while, the dye traverses the compromised membrane of dead
cells, binds to DNA, iad fluoresces at 485 nm excitation/520 nm emission. Fluorescence
was measured on a FLUOstar Omega microplate reader (BMG Labtech). Immediately
following these assays, cells were evaluated for metabolic viability using the CeGlater
20Assay (Promeg) f ol | owing manufacturero6s protocol
cellular ATP levels by luminescence. Luminescence was measured on a FLUOstar Omega

microplate reader (BMG Labtech).
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Pre-adipocyte Differentiation #says

Mouse 3T3L1 cells (ATCC) were seeded at a density of 70,000 cells in 35 mm
(diameter) petri dishes along with 2.0 ml of high glucose (4.9gd)l beccods Modi f i
Medium OMEM) with 10% FBS and allowed to reach confluence. Two days after reaching
confluence (day 0), cells were treated with eitheniiDtriphenyl phosphate, 2M
rosiglitazone (positive control), or 0.10% DMSO (negative cdntron days 2 and 4, the
mediawas renewed with the same concentrations of the test materials albrigdwig/mi
insulin (SigmaAldrich). On day 6, cells were rinsed twigvith PBS fixed with 3.7%
formalin (SigmaAldrich) for 60 min at room temperature, and then rinsed twice with PBS.
Next, 60% isopropandgFischer Scientific, www.fishersci.comjasadded taeach dish.
After 5 min, the isopropanol was removed and cells were stained with freshly diluted Oil Red
O solution (3 mg Oil Red O/ml isopropanol, diluted to 3 parts of Oil Red O stock solution to
2 parts deionized water and allowed to remain at roorpeéesture for 10 min prior to use)
for 60 min with gentle agitation. Excess stain was then removed with 60% et8aymé&
Aldrich) and cells were rinsed thrames with distilled water. Cells were imaged at 10X
magnification using an Olympus microscoggach treatment as replicated thretames per

experiment. Images presented are representative of the replicates.

Statistics
Significant (p<0.05) differences between treatments and controls were evaluated
using One Way ANOVA ac cHomygeneity of the varignceB wetee y 6 s t

confirmed by LevenesoO6s test. All assays were
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Results
Modulation of PPAR Signaling

Transcription reportegeneassays performed with the human PRARXRa receptor
complex evealed that triphenyl phosphate inhibited receptor signaling in a concentration
dependent manner with significant (p<0.05) inhibition occurring at 10 and//3@phenyl
phosphate (Fig. 2A). Evaluation of the individual receptor subunits revealedghanti
phosphate interacted with both the PRASRbunit and RXR subunit in an inhibitory
manner but with greater inhibitory potency towards PRARgs, 2B, C).

The PPAR:RXRa gal reporter system used elicits a low level of constitutive receptor
activaion. Since no activating ligand was added to these assays, the inhibition caused by
triphenyl phosphate reflected the loss of this constitutive activity. Therefore, the ability of
triphenyl phosphate to inhibit PPAHRXRa signaling following activatiorby the natural
ligand oleic acid was evaluated. Oleic acid activated the RH®Ra receptor (Fig. 3) and
triphenyl phosphate inhibited oleic acadtivated PPAR.RXRa down to a residual level of
activity consistent with that observed in the absencegahd (Fig. 3). Thus, triphenyl
phosphateaneffecively suppresPPAR:RXRa responsefo someactivating ligands.

Suppression of the receptor activity suggested that triphenyl phosphate may be toxic
to the HepG2 cells at these exposure concentratioal toRicity and metabolic viability
assays both established that triphenyl phosphate was not toxic to the cells at concentrations
that inhibited receptor activatioB{nM; Fig. 4). Thus, triphenyl phosphate specifically

suppressed the activation of PPAARXRa independent of overt adverse effects on the cells.
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PPARa2 Receptor Assembly

We performed BRET assays with triphenyl phosphate to determine whether the
inhibitory activity of this compound may be due to the prevention of subunit dimerization or
the dssociation of constitutive dimers. The PPAPOsitive control ligand, clofibrate, did
not stimulate dimerization of the PPARNd RXRx subunits (Fig.5A) nor did it stimulate
SRC1 recruitment (Fig. 5D). While, the RXRositive control ligand, -2is retinoic acid,
stimulatel subunit dimerization (Fig. 5B) arterecruitment of SRC1 to the dimer (Fig.
5E). In contrast, triphenyl phosphate caused dissociation of thedPRXRa complex (Fig.
5C); while having no significant impact on the constitutive dasioa of SRC1 with RXR.
Thus, the inhibitory activity of this compound is consistent withéigative effect on

receptordimerization.

Modulation of PPARSIignaling

In contrast to the inhibitory effects of triphenyl phosphate on RPRRRa signaling
activity, this compound exhibited modest activation of the PgRRRRa receptor (Fig. 6A).
Evaluationof triphenyl phosphate with the PPABubunit established that this compound
significantly activates this receptdFig. 6B). The dual interéion of triphenyl phosphate
with the PPAR subunit (activation, Fig. 6B) and the RXRubunit (inhibition, Fig. )
appears to result in the net modest activation of the BiRXRa receptor complex (Fig.

BA).
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PPARyReceptor Assembly.

The PPAR positive control ligand rosiglitazone had no effect on PBAdReptor
complex assembly (Figs. 7A,D) while the RXRositive control ligand €is retinoic acid
stimulated PPARreceptor complex assembly (Figs. 7B,E). Triphenyl phosphate had no
effect on PPARreaptor complex assembly (Figs. 7C,F). These results indicate that

triphenyl phosphate likely activates constitutively present REFRRRa dimers.

Reporter Gene Activation by Diphenylphosphate
Diphenyl phosphate is the major hepatic metabolite of triphgmy$phate.
Therefore, the ability of this compound to modulate the PBi§Raling network was

evaluated Diphenyl phosphate had no effect on the activity of PRRXRa or

PPARJRXRa (Fig. 8).

Pre-adipocyte [Xferentiation

Results thus far would lead to the expectatiodexfrease lipid utilization and
increasd lipid storageby triphenyl phosphatelndeed, exposure of mouse 3IB pre
adipocytes to 1@M triphenyl phosphate or 21M rosiglitazone (positive control) resatl
in increased differentiation of the cells from an elongated fibroblesappearance to

globular, lipidladen adipocytes (Fig. 9).
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Discussion

The triphenyl phosphateontaining flame retardant Firemastesis been implicated
in metabolic dysfuniton in a rodent model resulting in weight gél4]. Results of the
present study demonstrdtidat triphenyl phosphate interacts with sevé&ranscription
factors that regulate lipid and glucose storage and metabolism. Further, the effects of this
compound are differential, resulting in the activation of some regulatory processes and
inhibition of others.

Notably, triphenyl phosphate is arhibitor of RXRa regulatory activity. RXR
serves as a dimerization partner to several nuclear receptors that are involved in energy
homeostasis; and, ligafmnding to the RXR results in the activation of these dimeric
nuclear receptord 6]. Responsive partners include thentsoid X receptor (FXR),
constitutive androstane receptor (CAR), the pregnane X receptor (PXR), the liver X receptor
(LXR), and the focus of the present study, the peroxisome proliferator activated receptor
(PPAR)[16]. Adverse outcomes from the inhibition of RXRight include &evated bile
acid leveld22] resulting in colon cancg23] (FXR inhibition), increased cholesterol
accumulation ash associated risk of cardiovascular disef34 (LXR inhibition), lipid
accumulation and insulin resistari@®,26] (CAR, PPARInhibition). Interestingly, these
conditions are all associated with metabolic syndrfiiie27]

The effects of triphenyl phosphate on PPAR signaling are compounded by its ability
to interact with both the RX&KRsubunit and th®PAR subunits. This dual activity is
reminiscent of the activity of the obesogenic organd28s29] However, unlike the

organotins, which activate RXRPPARy, and PPAR subunits triphenyl phosphatonly
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activatedthe PPAR subunit and inhibited theXRa and PPAR subunitg28,30,31] The
net effet of these multiple interactions would be an enhancement of FR4RIated
processes and a suppression of P®Adgulated processes.

Evidence indicates that triphenyl phosphateind RXR: attenuatesctivation of the
PPARysubunit by this compound. In the present study, the RBRABuUNIt was activated
approximately #fold by triphenyl phosphate, but when associated with &>dgtivation
was only ~2fold. Belcher et alobserved a 2@old activation of PPARusing a commeial
reporter assay that apparently does not include&8R However, Pillai et al. observed a
~2-fold activation using a system that utilizedth PPARRand RXR: [11]. Taken ogether,
results from these studies suggest that activity of the BiRXRa heterodimer is domated
by t he ¢ ompounRPARsuluifitfwhile tigand imtaractioh with the RXR
subunit can modify this activity.

Belcher et al. evaluated the toity of triphenyl phosphate in Chinese hamster ovary
cells and D283 Med cel[®]. They observed evidence of toxicity, afterl®urs exposure,
at concentrations as low a®93M with an IC50 in Hamster ovary cells of 8¥1. Cellular
toxicity is normally evident in our BRET assays as a reduction in the signal associated with
the Rluc2 fused to RX&R These assays provided no evidence of toxioitthe HepG2 cells
although expsure durations in this assay wehmrt (20 min). Therefore, we performed two
assays for cellular toxicity following exposure of HepG2 cells to triphenyl phosphate for 24
hours. These assays utilized the retention of mangbintegrity and metabolic activity as
indicators to cellular toxicity. These assays confirmed that, at concentrations as high as 30

mM, triphenyl phosphate elicited no discernible toxitgythe cells. Our results are
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consistent with those of Pillet al. who observed no toxicity to BMS2 cells following 24
hours exposure to triphenyl phosphate concentrations as high¥s[4Q]. Thus, the
modulation of PPAR signaling observedoar experiments was not an artifact of toxicity

BRET analyses revead that triphenyl phosphate stimulated the dissociation of the
PPARa:RXRa dimer while having no effect on the dimerization on PBARI RXRu.
Accordingly, this dissociative effect of triphenyl phosphate is not likely due to its
demonstrated interaction thithe RXRx subunit, but rather due to its interaction with the
PPARa subunit. This inhibitoryféect of triphenyl phosphate on PPARXRa
dimerizationis not likely to beully responsible for thebserved inhibition oPPAR::RXRa
activity since the compound also inhibited activity associated wtte PPARa monomer.
Thus, the binding of triphenyl phosphate to the PRA&bunit inhibitedhe aility of this
protein to tranactivate gne expression and cripplésl ability to dimerize with its RXR
partner.

PPARa and PPAR function coordinately in the allocation of fuel for the production
of energy. PPARregulates the expression of genes that function in carbohydrate oxidation
in the liver and other tissues while directing lipids towards theiag&oin adipocyte$32].
PPARa suppresses the cellular utilization of glucose as an energy source naundtsts the
liberation of stored lipids along with their oxidatif82,33] Thus the simultaneous
activation of PPARand the inhibition of PPARwould favor the utilization of glucose as an
energy source while enhancing the storage and reteoit lipids. Increased adiposity is a

hallmark of both PPAR deficiencyand PPAR activation[34,35]. We demonstrated in the
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present study that triphenyl phosphate does indeed stimulate adipocyte differentiation and
lipid storage.

Triphenyl phosphate undergoes hepatic hydrolysis to diphenyl pho$p6hte
Results from the present study indichtieat this compound poses low risk of hazard as
related to the modulation of the RR signaling network. Bspite its metabolism, Jonsson,
Dyremark, and Nilsson reported human plasma trighghosphate concentrationangel
from 0.12 to 0.14g/g[37]. These analyses reflected levels in plasma samples from only
three individuals and we are not awaf@wy other reports of triphenyl phosphate
concentrations in hman plasma or blood. &8ed upon these analyses, human plasma is
estimated to contain approximately @M triphenyl phosphate. The lowest triphenyl
phosphate concentration thahibited thePPARa signaling pathway and stimulated the
PPARysignaling pathway was M. Since we are presently unaware of the distribution of
plasma triphenyl phosphate concentrations present in the human population and where 0.4

mM fits within this distribution gfforts to minimize exposure to this compound seem prudent.

Conclusion
The organophosphate flame retardant, triphenyl phosphate, both inhibita PPAR
signaling and activates PPABignaling. This dual effect may be responsible for the

observation thateosure to this compound causes weight gain in rodents.
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PPAR .
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Figure 1 Diagrammatic representation of the BRET assay. &XRs fused to the photon
donorRenillaluciferase 2 (Rluc2, emission 410 nm). PPARI(g) was fused to Enhanced
Blue Fluorescent Protein 2 (EBFP2, emission 475 rBRC1 was fused to the fluorescent
protein mAmetrine (emission 535 nm). Upon binding to RX®uc2 and the addition of

substrate to the Rluc2, resulting fluorescence of the EBFP2 and mAmetrine was measured.
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Figure 2. Gal4driven luciferase reporter gene activity following treatment of cells with
triphenyl phosphatéA. Activity associated with the PPARRXRa-Gal4 heterodimerB.

Activity associated with the PPARGal4 subunit C.Activity associated witlthe RXRa-

Gal4 subunit. Control (BM triphenyl phosphate) values are presented in red. Data are
presented as the mean and standard deviation (n=3) and are normalized to the control values.

An asterisk denotes a significant (p<0.05) difference from th&ao
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Figure 3. PPARa:RXRa-Gal4 driven reporter gene activity in cells treated with triphenyl
phosphate alone (circles) or in combination with the P&kdand oleicacid (30nM)
(squares)Control (OnM triphenyl phosphate) values greesented in red. Data are presented

as the mean and standard deviation (n=3).
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Figure 4. Viability of HepG2 cells following exposure to triphenyl phosphate. Cell
membrane integrity was measured by the accumulation of aRihAng fluoresent
substrate (black data points). Cellular metabolic activity was measured by the cellular
conversion of a substrate to a luminescent product (blue data points). Each data point
represents the means and standard deviation of three replicate treathmeasserisk

denotes a significant §0.05) difference from the control (red data points).
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Figure 5. Dimerization of PPAR and RXRx (A-C) and recruitment of SRC1 {B) with
increasing concentrations of clofibrate (A, D)iSretinoic acid (B,E) and triphenyl
phosphate (C,F). Data points and error bars represent the mean and standard deviation,
respectively (n=3) and are normalizedhe control BRET ratio. Control values (no ligand)
are presented in red. An asterisk denotes a significant difference from the control value

(p<0.05).
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Figure 6. Gal4driven luciferase reporter geaetivity following treatment of cells with
triphenyl phosphated. Activity associated with the PPARXRa-Gal4 heterodimer. B.
Activity associated with the PPAFGal4 subunit. Control (6M triphenyl phosphate)

values are presented in red. Data areqmted as the mean and standard deviation (n=3) and
are normalized to the control values. An asterisk denotes a significant (p<0.05) difference

from the control.
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diphenyl phosphaté\. Activity associated with the PPARRXRa-Gal4 heterodimerB.
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phosphate) values are presented in red. Dataesemted as the mean and standard

deviation (n=3) and are normalized to the control values.
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Fig. 9. Preadipocyte differentiation and lipid accumulation with triphenyl phosphate

treatment. A. control, B. 2M rosiglitazone (positive control), C. 1 triphenyl phosphate.
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Abstract

Reporter gene assays are commonly used to screen chemicals for interaction with nuclear
receptors.We hypothesized that endpoints may exist earlier in the adverse outcome pathway
that may preserve the advantages of reporter gene technology while reducing the time
investment.We used bioluminescence resonance energy transfer (BRET) technology to
investigate the utility of ligandependent receptor assembly as an endpoint for tise in
screening of chemicals for interaction with the PRARKRa:SRC1 nuclear receptor

complex. The human retinoid X receptar(RXRa) was fused to thRenillaluciferase 2

protein to serve as the photon don@'hile, human PPARand human cactivator SKC1

were fused to photon acceptor proteins that fluoresced upon excitation by the luciferase
emission. Reporter gene transcription assays also were performed to evaluate ligand
interactions with individual receptor subunits and the multimeric compeing known

RXRa and PPAR agonistswe revealed that RX&Ragonists stimulatereceptor assembly

and activation of the assembled transcription factdv/kile, PPAR agonists activated

existing receptor complexe$Ve next evaluated a suite of flametardingorganophosphate
compounds. Three compoundsgthylhexyl diphenyl phosphate,-witolylphosphate, trin-

butyl phosphate) inhibited activity of the PPAReceptor complex by interacting with both

the PPAR and the RXR subunits in a manner that caused alisation of the receptor
complex. Results demonstrate that monitoring the assembly of some nuclear receptors has
the potential to discern agonist and antagonist activity along with identification of the
specific subunit affected by the chemical all inrgke assayndin a time conservative

manner.

71



Keywords endocrine disruption, organophophates, endocrine receptor, alternatives to animal

testing

72



Introduction

The publication of t hEoxidihaTestrginghe21Resear ch

Century: AVision and a StrategfNRC, 2007)crystalized the need to advance the science of
toxicology by emphasizing the elucidation of molecular targets and pathways that are
impacted by chmicals rather than focusing exclusively on the description of apical outcomes
associated with chemical exposure. This shift in emphasis would allow for the development
and use of highthroughput approaches in toxicological evaluations, would reduce the
number of animals used in toxicity testing, would reduce time and cost associatedewith th
toxicological assessment cfiemicals, and ultimately, would reduce the backlog of

chemicals in use for whicloxicological hazard assessmehéve not been performed.

Cell-based assays are being used with increasing frequency in the hazard
characterization process. These assays are often used to screen chemicals for testing
prioritization(Dix et al, 2007), and to identify putative mechanisms of toxidBarile,

2013) Cellbased assays will likely gain increasing prominence in the hazard assessment
process as methods, applications, and approaches continue to @xptnét al, 2004)

The cell based assay of choice for assessing the interaction of chemicals with nuclear
receptors is the reporter gene asgddclachlan, 1993) These assays utilize a reporter gene
expressed in cells that is transcripadip activated by a specific nuclear receptor, once
bound by a chemical agonist. The product of the reporter gene is a protein that is easily
detected and quantified, such as a luciferase or fluorescent gidéeinertet al, 2000)

Batteries of reporter gene assays designed to detect interaction of chemicals with a variety of

nuclear receptors are presently in (Riersmeet al, 2013) Reporter gene assays are
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proximal to the initiating event along the adverse outcome pathway relatively inexpensive,
definitive, and conducive highthroughput application@nkley et al, 2010; Glass, 2013)
As such, they servas important tools for screening chemicals for the potential to elicit
toxicity by activating or suppressing the transcription of genes that are regulated by the
targeted receptor.

Gene transcription in response to receptor activation is an early exvbertadverse
outcome pathway but is not necessarily the initiating event. Most nuclear receptors function
as homodimers or heterodimé@lass, 2013) Many precedents exist fire concept that
receptor subunit dimerization isgand-stimulatedDepoixet al, 2001; Kakizawat al,

1997; Wanget al, 1995) Thus, in many instances, ligand dimerization or dissociation may
be an early indicator of activity of a chemical with a nucleeepéor(Shanle and Xu2011)

This early event in the adverse outcome pathway could provide added value over reporter
gene assays as a screening tools as reporter gene assays require transcription/translation to
generate sufficient quantity of the reporter protein for detectThis typically requires
approximately 24 hours. Dimerization assays would make use of existing nuclear receptor
proteins thus the response would ucenmediately following treatmentith the test

chemical, greatly reducing the time requirementferassay.

Bioluminescence resonance energy transfer (BRET) is a powerful technology for the
assessment of protein:protein interactions in living c@fegeret al, 2006; Xu and
Powell, 2008) The method involves fusing one protein of interest with a photon donor and
fusing a putatie dimerization partner protein with a fluorescent protein. Dimerization is

measured by the light that is emitted at a defined wavelength when the fluorescent protein is

74



excited by photons generated from the photon détegged protein. A stable associatiof
the proteins resulting in a distance of less than 10 nm between the proton emitter protein and
the photon acceptor protein results in energy transfer which can be measured by the
fluorescent output of the photon acceptor profBiorroto-Escueleet al, 2013) The
fundamental difference between BRET and fluorescence resonance energy transfer (FRET) is
that the photon source in FRET isaofescent protein that is activated by an external light
source while the photon source in BRET is a bioluminescent protein that generates photons
upon addition of a suitable chemical substrate. BRET has advantages over FRET in that
photobleaching and &fluorescence can limit the sensitivity of FREiston and Kreers,
2007) Further, the external light required for FRET can damage some cellular components.
We viewed BRET as an ideal technology for the rapid detection of hgeatiated protein
protein interactions in living cells, in real time.

The overaligoal of this studyvas to test the hypothesis thilmnerization assays alone
or in combination with reporter gene assays could provide a wealth of mechanistic
information regarding the ability of chemicals to disrupt nuclear receptor signaling. We
choseto evaluate the human peroxisome proliferatctivated receptor alpha (PPAR
signaling pathway to test this hypothesis. PRABNtributes to regulation of energy
production by stimulating processes that contribute to the utilization of glucose as a fuel
source(Lefebvreet al, 2006) PPAR: dimerizes with the retinoid X receptor alpha (R¥R
along with ceactivators including steroid receptor-activator 1 (SRC1) to form the active
transcription factor. We used BRET to evaluate ligaradiated PPAR:RXRa dimerization

and SRC1 recruitment. We use reporter assays to assess the consequence of ligand binding
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and to determine which subunit interacted with the test chemicals. Experiments were
initially performed with known PPARand RXRa agonsts, then the methods were used to
evaluate the interactions of several organophosphate flame résandgmthis signaling
pathway. The organophosphate flame retardant, triphenyl phosphate, inhibited the PPAR
signaling pathwy (Chapter Onjeand we prdict that other organophosphate flame retardants

will act similarly on this pathway.

Materials and Methods

The plasmid containing the human gaRRXRa fusion construct (pBINEgal4
hRXRa (DEF)) and the pG3uc reporter gene under the control of the galpoase element
werepreviously describe@Wang and LeBlanc, 2009)he pcDNARLuc2 plasmid was a
gift from Dr. Sanjiv Gambhir (Stanford University, Stanford, California). Plasmid
containing human PPAR(pcDNA-hPPAR: (ORF)) was generously provd by Dr. Jeffrey
Peters Pennsylvania State University, University Park, PA). pcDNA3diid pR-CMV
plasmids were provided by Dr. Seth Kullman (North Carolina State University, Raleigh,
NC). Both pEBFPzhuc and pBABmAmetrinel.1 were purchased from Addgene
(www.addgene.orgAddgene plasmids 14893 and 18084gi®retinoic acid, clofibrate, W
14,643 2-ethylhexyl diphenyl phosphate,-tiibutyl phosphate, trigbutoxyethyl)
phosphate, tris¢2hloroethyl) phosphate, and tris¢zhylhexyl) fnosphatevere obtained
from SigmaAldrich (vww.sigmaaldrich.comm LGD1069 (Bexarotene) was purchased from
LC Laboratoriesww.lclabs.con. Tri-o-tolyl phosphate wagurchased from Fisher

Scientific fvww.fishersci.com
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RXRa-Rluc2 construct

pBIND-gal4hRXRa(DEF) was used as the source of RXRsed to the gal4 DNA
binding domain for use in transcription reporter assays as we have described previously
(Wang and LeBlanc, 2009]This plasmid also was used as the source of RigRthe
preparation of fusions t&enillaluciferase 2 (Rluc2). Rluc2 served as the photoncgour
(emission: 410 nm) for the detection of fluorescent prefiesed PPAR or SRC1 during
BRET assays. Amplified galiRXRa (DEF) fragments were digested with Nhe | and
cloned into the pcDNARLuc2 plasmid. This plasmid contaiRgnillaluciferase (RLuc)
with 2 mutations at C124A and M185V (RLu@®pcanet al, 2008) A 21 base pair linker
was added between gaRiXRa (DEF) and RLuc? to facilitate independent flexibility of the
fused proteins. Antarctic Phosphatase (New England Biolabs, www.neb.com) was used to
catalyze the removal of 5" phosphate from the pcERlAIC2 plasnid to decrease the
possibility of plasmid selfigation. The chimeric construct was designated as pciDlA

hRXRa (DEF)-RLuc2. The final construct was verified by sequencing.

hPPAR:-gal4 construct
The human PPARIigand binding domain (amino acid 1-&B9) with a stop codon
was amplified from pcDNAPPARa using the primers harboring Sall and Kpnl restriction
enzymes sites. iyested PCR product wéiseninserted athe3 6 end of the gal 4
binding domain irthepBIND plasmid by Sall/Kpnl restriction &. The construct was

named pBINDgal4hPPARx. The final construct was verified by sequencing
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PPARa-EBFP2 construc

PPARa was fused to the fluorescent protein Enhanced Blue Fluorescent Protein 2
(EBFP2; excitation 410 nm, emission: 475 nm) to assess dimerization with-RXiR2
using BRET. PCR fragments of the PRASpen reading frame (ORF) with and without a
stop codon wer amplified from a the parent plasmid using primers harboring Kpnl/Aflll or
Apal/BamHI restriction enzyme sites respectively, and subcloned into the pcDNA3.1(
plasmid. EBFP2 was amplified out of its parent plasmid (pEB#RR2 without its stop
codon bawith a 30 base pair linker ending with a Kpnl restriction enzyme fusion site. This
amplified sequence was fused with the amplified PRA&juence via a BamHI/Kpnl site at
t he 5086 ea dhiscconstiBdPwaRknamed pcDNEBFP2hPPARa. Amplified
EBAFP2, with stop codon, but containing the
fused to the BamHI / Kardhamed pcDNARPAR-EBFPZ nd o f
Linkers were placed between the PRA&Nd EBFP2 sequences to provide independent

flexibility of the fused proteinsFinal constructs were verified by sequencing.

SRCImAmetrine constructs

The full frame of SRC1 isoform E used in this study was constructedtfrone 5 6
region of SRC1 derived from the pSGRC1AORF plasmid (provided by D&eth
Kul | man, North Carolina State University,
(representing amino acids 38B99) derived from pSGSRCL1E (S. Kullman)Splice

vari ati ons tese mMRNAs haS8keéen showh toaehder SRC1A much less
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effective than SRCL1E as a-aativator(Kalkhovenet al, 1998; Maijeret al, 2005)
Therefore t he 36 end of the SRC1A open reading f
SRC1E.The SRCIEORFwascreatedy f usi on PCR. The 506 port.i
amplified using tOGCEGCCHGATIMMETGIGCTE b war dveboe
CTTCCGGGTGAGCATCCBAACT TCCT-3 0 . The 306 portion of SR
using the pr tARRGTTRCGGCGATGCTRAQCAGGGAARICA3 0 ; reverse:
ATTGATGAGTTTGGACAAACCAC-3 0 . A twenty four base pair
conjoin the two PCR products. The resulting finaRR@oduct was purified and amplified
using the pr tAMRAGBGGCCTICGCGLBEACAGTTE® and rever se:
CTAGTCTGTAGTCACCACAGAGAAGAACTG3 6 pri mermneabng 60. 5e C a
temperature using thdvantage HF 2 PCR kit (Clontech) to give a 4kb PCR product.
Restriction sites Apal/Aflll were added to the final PCR product for cloning by PCR using
the 4kb product as template with the forward
TACTATGGGCCCACAATGAGTGGCCTTGGGGACAGTTCE3 0 raemder se -pri mer :
TACTATCTTAAGCTAGTCTGTAGTCACCACAGAGS3 6 . ariplified SRC1E ORF
was subcloned into Apal/Aflll sites of pcDNA3:1plasmid and named as pcDNA3.1
hSRCL1E.

SRCE was fused to the fluorescent protein mAmetrine (excitation: 410 nm,
emission: 535 nm) to assess recruitment of SRC1 to theaFPRRRa dimerusing BRET
The fusion construct of SRC1 and mAmetrine was created as described fos BRAR
EBFP2. SRC1 ORF fragments were amplified by F@R the pcDNAhSRC1E plasmid

using primers with Kpnl/Aflll and Ap@Khol enzyme sites and then subcloned into the
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pcDNA3.1¢) plasmid. The mAmetrine PCR fragment without a stop codon but with a 30

base pair linker was ligated-inr ame t o t he Xhol/ Kpnl sites at
pcDNA-mAmetrineSRC1. Another mAietrine PCR fragment with its stop codon and 30

base pair Iinker atfriaganmne 5t60 etnhde wXahso Is/ukopcnl 1o nseid
SRC1 and degnated as pcDN/ASRCEmAmetrine The final constructs were verified by

sequencing.

BRET assays

Bioluminescence resonance energy transfer (BRET) assays were used to assess
ligand-dependent dimerization of PPARNd RXR: along with recruitment of SRC1 to the
receptor complex. BREIB used to assess protginotein interactions bfusinga photon
donor toone protein and a fluorescent photon acceptor to the other. Detectable energy
transfer from the donor to the acceptor proteins requires a distance between the proteins of
<10nm which effectively discerns dor@ceptor protein complexes, but not freetpns.

HepG2 cells (ATCC®, www.ATCC.org) were cultured in MEM supplemented with
10% FBS. One day bemtransfection, approximately 8®00 cells were seed into
individual wells of 6well plates. The next daypcDNA-gal4hRXRa(DEF)-Rluc2,PPARa-
EBFP2 and SRCImAmetrine fusion constructs were transfedted the cells with Trangit
LT1 (Mirus,www.mirusbo.com) reagent accordingmea nuf act ur er 6 s pr ot oco
plasmid pcDNA3.1{) was used to provide the same quantity of transfected DNA to each
treatmat. Cells were trypsinized twenfgur hours later and centrifuged at 1,500g for 2

minutes. Cells were resuspended in RBfgmaAldrich) and cells from oe well of the 6
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well plate weralivided into three wells in 9@ell white bottom plates (PerkinElmeife
Sciences, MA, USA Cells were incubated in the presence or absence of véesiligands

for 1 hour. The amount of DMSO, used to deliver ligands, was kept constant in all wells
(0.1% (v/v)). Rluc2 substrate coelenterazine 400a (DeepBlueC , Biotrww.biotium.com)
was added to the wells in PBS at a final concentration affd.0Emission readings were
performed immediately on a FLUOstar Omega microplate reader (BMG
Labtech,www.bmglabtech.com) with 3 filter settings (Rluc2 filter, 410 + 40nmF2BHRer,
475 = 15nm; mAmetrine filter, 535 + 15nmA conceptual diagram of the BRET assays
used in this study is provided kig. 1A.

Dimerization of RXR and PPAR was detecteds the BRET ratiby measuring the
light emitted by the acceptor protein (475 nm) divided by the light emitted by the donor
protein (410nm) with corrections for background fluorescence (using cells that were not
transfected with theusion proteins) and contaminating esngsfrom the donor into the
acceptor 6s emi s s i.dlhis laiter coerdctomfgctorway dérives bym
measuring fluorescence at 475 nm in cells transfected with fRXé2& alone minus the
fluorescence measured with untransfected cells ah#v8ivided by the fluorescence of
Rluc2RXRa aloneat 410nm minus the fluoresoee of untransfected cells at 4d.

Recruitmenbf SRC1 was determined using te@emegeneraprocedure witl BRET

ratios determined usirgmissiors detected at 535 nm.
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Functional assessment of fusion proteins

Functional integrity of protein constructs was established using the dual P&R
RXRa) ligand tributyltin in both reporter gene and BRET ass®8RET assays were
optimized for maximum signal (BRET ratio) withifferent ratios of photon donor molecsle
and photon acceptor molecsiend with different positioning of the photon acceptor protein
on the receptor protein (drminal fusion versus-@&rminal fusion). Optinzation results
are depicted ifrigs. 1B-C. Fusion of EBFP2 to the-€&rminus of PPAR out-performed
fusion to the Nterminus. Conversely, fusion of mAmetrine to théekminus of SRC1 out
performed fusion to the-@&rminus.

Experiments were performed to establish whether the measured BRET signal
generated from one fluorescent protein may reflect contaminating emissions from the other
fluorescent protein or random transfer of photons to unbound photon acceptor pitteins.
475/410 nm BRET signal, which was indicative of PRARXRa dimerization increased
with increasing Zisretinoic acid concentration when all assay compon@Xfa-Rluc2,
PPARa-EBFP2, SRCAnAmetrine)were included in the assay but did not increase when
PPARa was excluded from the ass@XRa-Rluc2, EBFP2, SRCGinAmetrine)(Fig. 1D).
Similarly, the 535/410 nm BRET signal, which was indicative of SRC1 recruitment to the
complex, increased with increasingi8 retinoic acid concentration when all assay
components were included in the as@@}Ra-Rluc2, PPAR-EBFP2, SRCimAmetrine)
but did not increase when SRC1 was excluded from the é8%&a-Rluc2, PPAR-

EBFP2, mAmetrinefFig. 1B). These results established that the measured increases in

BRET signals were due to targeted dimerization and not due to random energy transfer to
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phaon acceptors arontaminatingemissions.Overall, results established that the fusion
proteins exhibited ligandependent assembly that could be measured by the energy

transferred.

Reporter gene transcription assays

HepG2 cells, cultured in MEM supplemted with 10% FBS, were plated at a density
of 25,000 cells per well in 9%ell white-bottomplates. The next day, 2&g of plasmids
containing the specific receptor proteins under evaluation were transfected into the cells
along with 25ng of pcDNAnAmetine-SRC1,125ng of pG5luc (firefly luciferase) and 6
ng of PRLCMV (Renillaluciferase)using TransITLT1 (Mirus) reagent according to the
manuf act ur eRed@sor pasnuds that wdre.transfected were either 25 ng of
pBIND-gal4hPPARx alone oipBIND-gal4hRXRa (DEF) alonefor assessment of ligand
interaction with the individual receptor subunits, or 25 ngRIND-gal4hRXRa (DEF)
along with25 ng of pcDNAPPARa-EBFP2 forthe assessment béterodimer
transactivationTwenty-four hours later, naiawasreplaced with serusree media
containing various ligands at the desired concentrations for another 24 hours. Ligands were
delivered in DMSO and the concentration of DMSO was kept constant among all treatments,
including controls (0.10%, v/v). Adr incubation, firefly andRenillaluciferase activities
were measured using Du@lo luciferase assay system (Promega, www.promega.com) using
the manufacturerdéds protocol. Luminescent sig
microplate reader (BMG Laéch) and firefly luciferase values were normalized to the

Renillaluciferase values.
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Cellular toxicity

Toxicity to HepG2 cells, caused by the organophosphate flame retardants, was
evaluated.Cells were plated at a density of 10,000 cells per well itendpaque 9évell
plates using MM supplemented with 10% FBS. Thexhday, cells wer&geated with each
organophosphate compound at the concentrations used in the reportemessays free
mediafor 24 hours at 37Cl'he organophosphates welelivered to the wells dissolved in
DMSO which was present in all wells, including controls, at a concentration of 0.1% v/v.
Cellular toxicity was measured using the Cel
www.promegaom) f ol |l owi ng manufacturerds protocol
that living cells cannot takap thecyanine dye; while, the dye traverses the compromised
membrane of deaok moribundcells, binds to DNA, and fluoresces at 485 nm excitation/520
nm emission. Fluorescence was measured on a FLUOstar Omega microplate reader (BMG

Labtech).

Statistics
Significant <0.05) differences between treatments and control or among treatments
wereeval uated using One Way ANO\WAogeneitgafthgp ani e d

varianceswas onf i r med by Levenesods test.
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Results
RXRa agonists

Comparative assays were performed to evaluate the activity of the knowsn RXR
agonists isretinoic acid ad LGD1069 in reporter gene assays and BRET assays. Both
ligands activated gene transcription in the PRAXRa reporter assay (Figs. 2A, 3A).
Activity of both ligands was due to interaction with the RXdibunit (Figs. 2C, 3C) and not
the PPAR subunit (Figs. 2B, 3B). Both compounds also stimulate dimerization of #PAR
and RXRu (Figs. 2D, 3D) and recruitment of SRC1 to the receptor complex (Figs. 2Bs3E)
measured in the BRET assays. Thus, thesedafJ@nists stimulate the assembly of the

PPAR::RXRa:SRCL1 triplex to form an active transcription factor.

PPARa agonists

Next, we comparatively evaluated the activity of the known PPadgonists
clofibrate and Wy14,643 in reporter gene assays and BRET assays. Both compounds
activated gene traaription in our PPAR:RXRa reporter gene assay (Figs. 4A, 5A).
Activity of both compounds was due to interaction with the P&albunit (Figs. 4B, 5B)
and not the RXR subunit (Figs. 4C, 5C). In contrast to results obtained with theaRXR
agonists, botlfPPARa agonists failed to stimulate subunit dimerization (Figs. 4D, 5D) or
SRCL1 recruitment (Figs. 4E, 5E).

Activation of the PPAR:RXRa receptor by clofibrate and Wi4,643 in the reporter
gene assay had to involve assembled receptoplexesas the galDNA-binding element

was associated with the R¥Rubunit and the ligandinding element was associated with
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the PPAR subunit. The lack of ligandtimulaed assembly of the transcription factor
suggested that PPARxgonists activateconstitutively assentéd receptors. The presence

of constitutively assembled receptor dimers was substantiated by the observation that ligand
independent (i.e., constitutive) reporter gene activity was low and comparable when only
either PPAR-gal4 or RXRi-gal4 was trasfecta into the assay bgignificantly increased

when both receptor subunits were egsed (Fig. 6). Taken togethesults with known

RXRa and PPAR ligands indicated that the BRET assay would be informative in the
detection of RXR agonists but not in the detection of PRA&Yonists. We next evaluated

the relative performance of the BRET and reporter gene assays with several
organophosphates that we viewed as candidate ligands to thea FO&E receptor based

off of results reporéin Chapter Qe.

2-Ethylhexyl diphenyl phosphate

2-Ethylhexyl diphenyl phosphate significantly<(x05) inhibited PPAR RXRa
activity at concentrations as low a® 8M (Fig. 7A). This compound interacted with both
receptor subunits but was at lea8X more inhibitory towards the PPARubunit (Figs. 7B,
C). 2Ethylhexyl diphenyl phosphate also inhibited dimerization of the RPa&R RXRa
subunits albeit at concentrations appreciably higher than those that inhibited activity (Fig.
7D). This compond had no significant effect on the recruitment of SRC1,; although
empirically, a decline in SRC1 recruitment commensurate with the decline in subunit

dimerization was observed (Fig. 7E).
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Tri-o-tolyl phosphate

Tri-o-tolylphosphatesignificantly (p<0.05)inhibited PPAR:RXRa activity at
concentrations as low as 801 (Fig. 8A). This inhibitory effect was reflected when
evaluating the PPARreceptor activity alone (Fig. 8B). In contrast;d-tolylphosphate
activated the RXR receptor, with maximum activation occurring atrd¥ (Fig. 8C). At
concentrations greater than dd, this compound interacted with the RXRubunit in an
inhibitor manner (Fig. 8C). This decline in activity was significantlyQ(p5) different at
100nM tri-o-tolylphosphate as compared to the peak activity observedndll. 1dri-o-
tolylphosphatenhibited dimerization of the PPARand RXRx subunits at concentrations as
low as 30hnM (Fig. 8D) and inhibited recruitment of SRC1 at concentrations as |ldW@s

M (Fig. 8E).

Tri-n-butyl phosphate

Tri-n-butyl phosphaténhibited the PPAR:RXRa at concentrations as low as 1l
though the severity of the inhibition was less than the other organophosphate compounds
evaluated (Fig. 9A). Similar teito-tolylphosphatetri-n-butyl phosphaténhibited the
PPARa subunit (Fig. 9B) and elicited a biphasic effect on the RX&ounit with activation
followed by inhibition Fig. 9C)The decline in activity was significantly<€p.05) different at
30 and 10GvM tri-n -butyl phosphate as compared to the peak activity observedrd¥l3.0
Tri-n-butyl phosphaténhibited the dimerization of the PPARNd RXRx subunits although

significant (<0.05) inhibition was evident only at the highest exposure concentrd6on (
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mM) (Fig. 9D). This compound had no effect on SRC1 recruitment of SRC1 to the receptor

complex (Fig. 9E).

Tris(2-butoxyethyl) phosphate

Tris(2-butoxyethyl) phosphateas weakly inhibitory towards the PPABRRXRa
receptor complex with significance<.05) only at 100vM (Fig. 10A). This inhibitory
effect was not evident when evaluating interaction specifically with the BBARunit (Fig.
10B). Tris(2-butoxyethyl) phosphatgecreased activity associated with the RXSRibunit at
concentrations greater tham®l with a significant reduction, as compared to activity at 3
nM, observed at 30 and 10® (Fig. 10C) This compound also had no effect on receptor

subunit dimerization (Fig. 10D) or SRC1 recruitment (Fig. 10E).

Tris(2-chloroethyl) phosphate

Tris(2-chloroethyl) phosphatelicited no effect on PPARRXRa activity orthe
individual subunits (Figs. 4-C). High concentrations of the compound did inhibit
dimerization of the receptor subunits (Fig. 11D) but hadffezteon SRC1 recruitment to the

receptor (Fig. 11E).

Tris(2-ethylhexyl) phosphate
Tris (2-ethylhexyl) phosphatieehave similarly to tris (Zhloroethyl) phosphate with
no effect in the reporter gene assays (Figs. L2) Anhibition of receptor dintezation (Fig.

12D), and no effect on SRC1 recruitment (Fig. 12E).
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Cellular toxicity

None of the organophosphate compounds elicited toxicity to the HepG2 cells at
concentrations as high as 198I. While BRET assays were performed at concentrations as
highas 300nM, this higher concentration was not evaluated for toxicity as cells were

exposed to the organophosphates in the BRET assays for only 1 hour.

Discussion

The assessment of PPAReceptor assembly using BRET in conjunction with
reporter gene assays provided mechanistic data that informed on the relationships between
ligand-induced receptor assemldigassembly and receptor activity. Results also identified
ligandtypes with whichBRET assays could supplant reporter assays in toxicity screening
programgPPARa ligands)as well as ligandypes for which the BRET assay would not be
as irfformative as the reporter ass&®XRa ligands). Finally, we determined that some
organophosphatiéame retardants act similarly on the PRAs&gnaling pathway as triphenyl
phosphate (Chapter One).

BRET analyses revealed that provision of the RXiBands9-cis retinoic acid or
LGD1069stimulatedRXRa:PPARa dimerization. ovision of the PPAR ligands
clofibrate or W-14,643 did not enhance dimer formation. This differential effect of ®XR
and partner ligands afimerization support the conclusions made by Dong and (mng
and Noy, 1998involving RXR:RAR and RXR:VDR heterodimerization. They and others
(Gampe Jret al, 2000; Kerstert al, 1995)observed that liganftee RXR exists in the cell

predominantly as inactive homtetramers and to a lesser degree, hetarbomae dimers.

89



Dong and NoyDong and Noy, 199&ksults suggestatiat binding of Scis retinoic acd
caused dissociation of the tetraswerth the commensurate accuratibn of dimers and
monomers.RAR or VDR ligands did not stimulate heterodimerization but rather these
ligands were able to bind and stabilize-presting heterodimeric associationsiwiRXR.
Thus, ligand interactions resulting in RXIRPARa activation paralleddinteraction
observed with other RXR heterodimers, where RXR ligands serve to enhance the formation
of activeheterodimers; and, PPARigands serve to activate constitutivelyisting
heterodimers.Thus BRET was informative of receptor activation by RXigands, but not
PPARa ligands.

Recruitment of the cactivator SRC1 tracked well with receptor dimerization in the
present experimentgith the RXRx and PPAR activating ligagnds RXRa agonists
enhanced recruitment of SRC1 to the PRAIXRa dimer; while,PPARa agonistdid not
enhance SRC1 redtment to the receptor dimeifhe RXRua ligand, concentration
depemlent recruitment of SRC1 ®XRa is consistent with previous observatio(i3iRenzo
et al, 1997) RXRactivators haveeen shown to promote recruitment of SRC1 to the
RXR:PPARyheterodimer; while, a PPAFspecific ligand had no effect on SRC1 recruitment
to the heterodher (Schulmaret al, 1998; Yanget al, 2000) In contrast, SRCL1 also has
been reported to be recruited to the ligaedupied PPAR(DiRenzo, Soderstrom,
Kurokawa, Ogliastro, Ricote, Ingrey, Horlein, Rosenfeld and Glass, 1997; eZlabu
1998) However, these demonstrations of ligategpendentecruitment of SRC1 to PPARSs
have used cell free experimental systems. Furthermore, #Akined ligand responsive

in SRC1 knockout mic@Qi et al, 1999) indicating that SRCL1 is not obligatory for PPAR
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activity. Taken together, previous and present observations indicate that SRC1 is recruited to
the PPAR:RXRlJimerin response to ligandctivaion of the RXR subunit, with negligible
recruitment in response to PPARgand-dependent activatioim intact cells. Rather, PPAR
agonistsaare known to selectively recruit other-aotivators (e.g. DRIP) to the receptor
complex(Yang, Rachez and Freedman, 2000)

Evaluation of the organophosphate feanetardants revealed several inhibitors of the
PPARa:RXRa receptor. Typically, this inhibitory activity was elicited towards both the
PPARx and RXRx receptor subunits (Table 1). Several of these inhibitors elicited a biphasic
effect on the RXR subunit with initial modest activation of the subunit followed by
inhibition at higher exposure concentrations. For most of these inhibitors, receptor subunit
dimerization also was reduced indicating that the compounds were binding and dissociating
consttutively existing dimers. SRC1 association with the receptor was largely unaffected by
these inhibitorssuggesting retention of the coactivator on the ligaoclpied RXR
subunits.

Two organophosphate compounds,(Bishloroethyl) phosphatand trig2-
ethylhexyl) phosphatestimulated dissociation of the receptor subunits while having no
discernible effect in the reporter gene assays. We speculate that these compounds did indeed
cause dissociation of constitutively present dimers but that theaRXRinit, which was
capable of binding to the reporter gene via its gal4 DNA binding dgommaimtained the
constitutive level of reporter activity.

Receptor assembly assays may serve to complement or replace conventional reporter

gene assays in toxicologikcscreenings for chemical interaction with nuclear receptors.
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Results from the present study revealed that BRET assays can discern receptor agonists and
antagonists in a single assay. Both BRET and reporter gene assays can be performed in a
multi-well plate format and are conducive to hijinoughput screening. However, the time
between chemical addition and output reading for the BRET is significantly less than that
required for reporter gene assayg the BRET assay does not rely upon gene transariptio

and translation. However, the BRET assay could not universally replace the reporter gene
assays as it was shown to be deficient in its ability to detect agonists that function through
binding to the PPARsubunit.

In designing our BRET assay, we chgsé4RXRa as the receptor subunit fused to
the Rluc2 photon donor with PPARINd SRC1 fused to phot@tcepting fluorescent
proteins. This configuration allows for the use of the existing assay system with other RXR
partners by simply replacing the PPA&EBFP2 fusion construct with EBFP2 fusion
constructs using other RXRpartners. For example, iave andare currently using this
same assay system to evaluate the effects of chemical exposures anFPHRRRSRC1
(Chapter One and Threahd VDR:RXRi:SRClassembly.

In combination, the BRET and reporter gene assays could provide a wealth of
mechanistic information regarding the specifigé of action of chemicals. These assays
could alsdacilitate the identification of chemical combinations that may function
synergistically with respect to either therapeutic efficacy or toxi@tydies have suggested
that combineaxposure to RXR and PPAR agonistay result in either additive or
synegistic activationMukherjeeet al, 1997; Mukherjeet al, 1994; Mukherjeet al,

2013; Schulman, Shao and Heyman, 1998; Tetal, 1998) Factors that dictate whether
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a RXR ligand and a PPAR ligand will function additively or synergistically are unknown.
Conceivably, activation of some fraction of the RXR:PPAR population by an RXR ligand
with commensurate activation of another fractwdnhe population by a PPAR ligand would
result in the activation of gene transcription consistent with a model of additivity.
Alternatively, if both ligands bind to their respective subunits of the RXR:PPAR complex,
the outcome may be synergistic activat For example, the RXR ligand binding might
elicit allosteric conformational charng® the PPAR ligand binding domai8chulman, Shao
and Heyman, 1998; Shulmanal, 2004)resulting in increased affinity of the domain for
PPAR ligands, resulting in increased recruitment eiciivabrs, or increased dissociation
of corepressors. RXR ligands may also increase the pool of PPAR:RXR dimers that are
available for activation by the PPAR receptioong and Noy, 1998)BRETassays would
inform on whether ligands are functioning as synergists by enhandngisdimerization or
impacting ceactivator/cerepressor interactions with the receptor.

PPARa and PPAR cooperate in complementary roles to regulate the balance between
lipid and glucose utilization for the production of ene(@gsvergne and Wahli, 1999)
PPARx activation favors the utilization of lipid as an energy source; while, activation of
PPARyfavors the oxidation of glucose and the storage of (ipgdebvre, Chinetti, Fruchart
and Staels, 2006; Shulman and Mangelsdorf, 20086s the inhibition of PPARor the
activation of PPARcould contribute to symptoms ofatabolic syndroméGrundyet al,
2004) Epidemiological and toxicological studies have linked human exposure to several
environmental chemicals to symptoms of metabolic syndrome. These include glucose

intolerance with exposure to triphenyl{i@olosioet al, 1991)and increased waist
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circumference, insulin resistance with exposure to phthalate @dtachet al, 2008;

Stahlhutet al, 2007) Members of the oamotins and phthalatesyeabeen shown to activate
PPARyand, in some cases, cause weight gain in animal experiffengeet al, 2010;

Feigeet al, 2007; Grun and Blumberg, 2006; Grtral, 2006; Hurst and Waxman, 2003)
Conceivably, chemicals or chemical combinations that inhibit RRAR observed with

many of the agganophosphates, and activate Plgasuld result in synergistic outcomes with
respect to metabolic syndromiéhe relevance of higdose animal toxicological studies to
human risk is a challenge to the chemical risk assessment process. However, humans are
exposed to multiple chemicals through normal daily activities and additive or synergistic
effects of these chemicals on a common regulatory pathway, such as the PPAR signaling
pathway, could have adverse consequences as observed in some epidemiologicT$tedie
utilization of BRET assays in toxicity screening programs could provide mechanistic data
that would identify chemical combinations that should be earmarked for in vivo toxicological

investigations of additive or synergistic toxicity.
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Table 1. Summafof the impacts of the evaluated compounds on PEAXRa, and PPAR:RXRa mediated activation/suppression

of the transcription reporter gene; ligamgédiated dimerization of PPARand RXRy; and, recruitment of SRCL1 to the complex.

Compound Reporter Gene Activation Complex Assembly
PPARR RXRa PPARa:RXRa PPARa:RXRa SRCL1 recruitment

9-cisretinac acid ne + + + +
LGD1069 ne + + + +
Clofibrate + ne + ne ne
Wy-14,643 + ne + ne ne
2-Ethylhexyl diphenyl - - - - ne
phosphate

Tri-o-tolyl phosphate - +/- - - -
Tri-n-butyl phosphate - +/- - - ne
Tris(2-butoxyethyl) ne +/- - ne ne
phosphate

Tris(2-chloroethyl) ne ne ne - ne
phosphate

Tris(2-ethylhexyl) ne ne ne - ne
phosphate

%+ = adivation (reporter gene assays) or assembly (BRET assay#)hibition (reporter gene assays) or dissociation (BRET assays);
+/- non-monotonieconcentration response; ne = no effect.
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FIGURE 1. Conceptual diagram of the BRET assay (A); the effect of construct orientation
on BRET activity (B,C); and specificity of the BRET signals (D, E). A.l. Fusion proteins
expressed in the cdblased assay are indicated. Il. Ligand binding stimulates diatiem of
PPARx and RXRx. This dimerization is detected upon addition of Rluc2 substrate which,
upon metabolism, produces a 410 nm emission (purple) that excites the EBFP2 resulting in
an emission at 475 nm (blue). SRC1 also is recruited to the conmuléReaRluc2 emission
excites the mAmetrine resulting in an emission at 535 nm (green). B. BRET ratios with
EBFP2 fused to either the-fdrminus or G@erminus of PPAR. C. BRET ratios with
mAmetrine fused to either the-tdrminus or @erminus of SRC1Assays were performed

at mass ratios of the photon donor:photon acceptor of 1:2 and 1:6, as indicated. Black bars:
no ligand provided. Red bars: the dual PRARXRa ligand tributyltin (0.1mM) was

provided. Error bars represent the standard deviatmB) (nAn asterisk denotes a significant
difference (g0.05) between assays performed in the presence and absence of ligand. D.
BRET ratio (475/410 nm) in the presence of all components éRRIBc2, PPAR-EBFP2,
SRCImAmetrine) (red) and all components (RxRluc2, EBFP2, SRG1

mAmetrine)except PPAR bflack). E. BRET ratio (535/410 nm) in the presence of all
components (RXR-Rluc2, PPAR-EBFP2, SRCimAmetrine) (red) and all components
(RXRa-Rluc2, PPAR-EBFP2, mAmetrine) except SRC1 (black). Data depiesnean

and standard deviations (n=3). An asterisk denotes a significgh0f) difference from the

control (OnM 9-cisretinoic acid).
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FIGURE 2. Theimpact of 9cisretinoic acid on reporter gene transcriptional activity driven

by PPARi:RXRa (A), PPARy, (B) and RXR (C) and dimerization of PPARand RXR

(D) with recruitment of SRC1 (E). Data are presented as mean and standard deviation (n=3).

An asterisk denotes a significant (p<0.05, Ovi@y ANOVA, Tk ey 6 s Mul ti pl e Cor

Test) difference from the control (red data point).
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FIGURE 3. The impact of LGD069 on reporter gene transcriptional activity driven by
PPARi:RXRa (A), PPARa, (B) and RXR: (C) and dimerization of PPARand RXRi (D)

with recruitment of SRC1 (E). Data are praseimas mean and standard deviation (n#3).

asterisk denotes a significant (p<0.05, Oviay ANOVA, Tk ey 6 s Mul ti pl e Comp

Test) difference from the control (red data point).
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FIGURE 4. The impact otlofibrate on reporter gene transcriptional activity driven by

PPARi:RXRa (A), PPARa, (B) and RXR: (C) and dimerization of PPARand RXRi (D)

with recruitment of SRC1 (E). Data are presented as mean and standard deviatiodn=3).

asterisk denotes a significant (p<0.05, ay ANOVA, Tukeyds Mul tiopl

Test) difference from the control (red data point).
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FIGURE 5. The impact of Wyl4,643 on reportggene transcriptional activity driven by

PPAR::RXRa (A), PPARa, (B) and RXR: (C) and dimerization of PPARand RXR (D)

with recruitment of SRC1 (E). Data are presented as mean and standard deviatioAn=3).

asterisk denotes a significant (p<0.05, ay ANOVA, Tukeyds Mul tiopl

Test) difference from the control (reldta point).
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FIGURE 6. Ligand-independent gene transcription in cells expressing & RRAR, or
RXRa and PPAR. Treatments having the same letter assignment are not significantly

different. Treatments having different letter assignments are significantly differ€n®@%.
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FIGURE 7. Theimpact of 2ethylhexyl diphenyl phosphate ogporter gene transcriptional
activity driven by PPAR:RXRa (A), PPARa, (B) and RXR: (C) and dimerization of
PPARx and RXRx (D) with recruitment of SRC1 (E). Data are presented as mean and
standard deviation (n=3)An asterisk denotes a significant (p85, OneWay ANOVA,

Tukeyds Multiple Comparison Test) difference
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FIGURE 8. The impact otri-o-tolyl phosphaten reporter gene transcriptional activity

driven by PPAR:RXRa (A), PPARy, (B) and RXR: (C) and dimerization of PPARand

RXRa (D) with recruitment of SRC1 (E). Data are presented as mean and standard deviation
(n=3). An asterisk denotes a significark@5) dfference from the control (redata poink

A plus sign denotes a significanip05) difference from the peak activity at #id.
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FIGURE 9. The impact otri-n-butyl phosphaten reporter gentranscriptional activity

driven by PPAR:RXRa (A), PPARy, (B) and RXR: (C) and dimerization of PPARand

RXRa (D) with recruitment of SRC1 (E). Data are presented as mean and standard deviation
(n=3). An asterisk denotes a significark@5) differere from the control (red data pogint

A plus sign denotes a significani(p05) difference from the peak adtwat 3.0nM.
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FIGURE 10. Theimpact of tri @-butoxyethyl) phosphate on reporter gene transcriptional
activity driven by PPAR:RXRa (A), PPARa, (B) and RXR: (C) and dimerization of

PPARx and RXRx (D) with recruitment of SRC1 (E). Data are presented as mean and
standard deviation (n=3)An asterisk denotes a significan&(Qp05) differerce from the
control (red data poiht A plussign denotes a significant<p.05)difference from the peak

activity at 3.0nM.
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FIGURE 11. The impact otris (2-chloroethyl)phosphaten reporter gene transcriptional
activity driven byPPARa:RXRa (A), PPARa, (B) and RXR: (C) and dimerization of
PPARx and RXRx (D) with recruitment of SRC1 (E). Data are presented as mean and
standard deviation (n=3). An asterisk denotes a significadt@p) differerce from the

control (red data point
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FIGURE 12. The impacbf tris (2-ethylhexyl) phosphate on reporter gene transcriptional
activity driven by PPAR:RXRa (A), PPARa, (B) and RXR: (C) and dimerization of
PPARx and RXRx (D) with recruitment of SRC1 (E). Data are presented as mean and
standard deviation (n=3). An asterisk denotes a significadt@p) differerce from the

control (red data point
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Abstract

Metabolic syndrome (i.e., obesity, diabetes, etc.) is endemic in Isoman
populations. The involvement of environmental chemicals in this condition remains
speculative. Insegrowth regulating insecticides (IGRs) are used in a variety of indoor and
outdoor applications including pest control on household pets. Thegmuoads are
considered to be relatively ndoxic to mammals; however, the potential for prolonged
exposure to pets and their owners is significant. We evaluated the ability of the IGRs
pyriproxyfen, fenoxycarb, methoprene, and kinoprene to interacthatperoxisome
proliferatoractivated receptor (PPARRamMmasignalingpathwaywhich contributes to the
regulation of lipid and glucose metabolism and whose perturbation could contribute to the
etiology of metabolic syndromelransactivatiomeportergeneassays were used evaluate
the ability of IGRs to activate the humBRARyRXRa receptor complex. All of the IGRs
activated he human PPARRXRa receptor complexEvaluation of the individual receptor
subunits revealed that all of the IGRs activated®RAR; receptor subunit; while,
fenoxycarb, methoprene, and kinoprene also activateld XifRa receptorsubunit. UVI
3003, an RXR inhibitor, had no effect on PPAJRXRa transactivation indicating that
interaction of the IGRs with the PPARubunit was responsible for activating the receptor
complex. Bioluminescence resonance enémgysfer (BRET) assays were used to evaluate
the ability of the IGRs to stimulate dimerization of PRARd RXRu alongwith the
recruitment of the aactivator RC1 to the complexKnown RXRa agonist stimulated
receptor assembly as measured by BRET; while, RR@Bnist had no measurable effect on

receptor assembly. The IGRs also had no effect on receptor assembly, further implicating the
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PPARysubunit as the tget of IGR action.PPARy;RXRa activation typically results in
differentiation of preadipocytes into adipocytes and lipid accumulation within the
differentiated adipocytes. Therefore, the ability of the IGRs to stimulate differentiation and
lipid accumtation in mouse 3T 1 preadipocytes was evaluatedhe IGRsstimulated
differentiation and significantly elevated lipid accumulation within these cells. In
conclusionthe IGRs evaluated are PP4&gonists to which sufficient exposure could lead

to weight gain and other symptoms of metabolic syndrome.

Keywords: pesticides, nuclear receptabesity, metabolic syndronteazard assessment
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Introduction

Over the past two decades, metabolic syndrome has become endemic in some human
populationd1, 2]. Metabolic syndrome refers to the-@ocurrence of multiple health risk
factors including obesity, insulin resistance, dyslipidemia, and hypertg@$ion
Approximately 24% of Americans are affected by metabolic syndrome leading to serious
implications for health care cost and mortal#y. While the causes of metabolic syndrome
are multifactorial, toxicological studies suggest that environmental chemicals may contribute
by disrupting lipid metabolism through interactioftiwthe peroxisome proliferat-activated
receptor (PPAR) signaling network.

In mammalsthere are three members of the PPAR family: PRAPAR / ahd
PPARy[5]. Through heterodimeric binding with the retinoide¢eptor (RXRa , h, PBRARS
regulate lipid and glucose metabolism gamdmediatedactivation of the PARa RXRa
heterodimer promotes glucose retention and fatty acid oxigatioile activation of the
PPARyRXRa heterodimer promotes glucose utilization and fatty acid stq&dge12].

Activation of the PPR:RXR heterodimers can be enhanced by the recruitment of
coactivators including PPAR gamma coactivator 1, P#kRling protein, and steroid
receptor coactivatet (SRC1)[13, 14]

PPAR:RXR heterodimers are considered to be permissive; thus, ligands can interact
with either subunit to cause transcriptional activafiids]. This ligandmediated activation
can be stimulated by endogenous fatty aaglsvell as, a variety of exogenous compounds
[16, 17] However, many exogenous chemicals for which human exposure can be significant

have not undergone evaluatiaith respect to activation of the PPAR signaling network.
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Insect growth regulators (IGRs) are commonly used in a variety of agricultural and
domestic applications including pest control on fruit and tobacco, carpet cleaning powders,
and pest control on heahold pet§18-21]. IGRs are popular due to their specificity towards
insects maing them less hazardous to humans, pets, and wildlife at concentrations typically
used. Nonetheless, the potential for prolonged exposure to humans and pets is significant
For example, ectoparasiticides used to control fleas and ticks on cats arid.dogs
Certifect®, Avantage |I®, Frontline PI@3 contain the IGRs pyriproxyfen or methoprene
These treatments are applied to the petods
control for a month. During this time, pets are groomed and pettellildren with potential
for oral uptake from hand to mou2].

We noted some basic structural similarities between the IGR pyriproxyfen and the
antidiabetic drug rosiglitazone (Avan@aFig. 1). Rosiglitazone is a potent activator of the
PPARyRXRa receptor complej23, 24] This observation led us to hypothesize that some
IGRs mightactivate the PPAgsignalingpathwayand accordingly milgt pose risk of
disrupting lipid homeostasisausing or exacerbating symptoms of metabolic syndrome. In
the pesent study, we tested the hypestis that the IGRs pyriproxyfefenoxycarb
methoprene, and kinoprehave the ability to activatise humarPPAR;RXRa receptor
complex Mechanistic evaluations into the transactivation of the signaling pathway provided
insight into the molecular target of the IRGs. Finally, we sought to link the observed
molecular effects of the IGRs to an apical outcomexadipocyte differentiation o

adipocytes with commensurate lipid accumulation.
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Materials and Methods

The plasmids containing the human Ra<Bal4 fusion construct (pBIN{gal4
hRXRa (DEF)) and the pGhuc reporter gene under the control of the gal4 response element
were previouslyescribed25]. Dr. Sanjiv Gambhir (Stanfordniversity, Stanford
California) provided the pcDNA3:Rluc2 plasmidccontainingRenillaluciferase (Rluc) with
two mutations at M185V and C124A (Rluc2) as a|[§f]. Plasmids containing human
PPARy (pcDNA3.1-hPPARYORF) were generously provided by Deffrey Peters
(Pennsylvania State University, University Park, PA). pcDNA3drid pR=CMV plasmids
were provided by Dr. Seth Kullman (North Carolina State University, Raleigh, NGg
PPREX3-TK-luc plasmid (Addgene plasmid #1015) was created bymRice Spiegelman
(Harvard Medical School, Boston, MAQ7].

HepG2 cells (ATCC, www.ATCC.org) were cultured in Modifiech g IMedias
(MEM,; Cellgro, www.cellgro.com) supplemented with 10% fetal bovine serum (FBS;
Atlanta Biologicals, www.atlantabio.com) at 5% £&hd 37°C. 3T4.1 cells (ATCC)
were cul tured i n DulMedie(DMEMPssippldhredtedfwithd@o Eagl e 6 s
newborn calf serum (NCS; Sigafddrich, www.sigmaaldrich.com) at 5% G@nd 37°C.
Pyriproxyfen,methoprene, @isretinoic acid, and rosiglitazoveere purchased from Sigma
Aldrich. Fenoxycarkand kinoprene were supplied frddinen Service
(www.chemservice.cojrand UVI 3003 was purchased from Tocris Bioscience

(www.tocris.con).
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PPARygal4 construct

The humarPPARy DEF domairwith a stop codn was amplified fronpcDNA3.1-
hPPARYORF)using the primers harboring Sall and Kpnl restrictionyemes sites. Digested
PCRprodict was t hen endofghe gat4 ®NA banding tiomain tige @BIND
plasmid Promegawww.promega.cojrby Sall/Kpnl restriction sites. THenal pBIND-gal4-

hPPARYDEF) construct was verified by sequencing and naRfedlRyrgal4d (Table 1).

RXRa-ORF construct

Human RXR was amplified fronpBIND-gal4-hRXRa(ORF) (provided by Dr.
Andrew Wallace, North Carolina State University, Raleigh, NC) using the primers harboring
Xbal andHindlll enzyme sites. Digested PCR product was then inserted in pcDNA3.1(
plasmid by Xbal/Hindlll restriction sites. The finatDNA3.1-hRXRa-(ORF) construct was

verified by sequencing and nameXRa-ORF(Table 1)

SRC1 construct

The full frame of SRClisofr m E used in this study was
region of SRC1 derived from the pSGRC1AORF plasmid (provided by Dr. Seth
Kullman, North Carbna State University, RaleigiNC) and t he 306 portion
(representing amino acids 38B99) derivedrom pSG5SRCL1E (S. Kullman). Splice
variations at the 30 end of these $RNAs have
effective than SRC1E as aamdivator[28, 29] Therefore, the 36 end

reading frame was replaced with that derived from SRC1E. The SRC1E ORF was created by
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fusion PCR30, 31] The 56 portion of SRC1A was amplii
CGTGCTGGTTATTGTGCTGT36; reverse : 50
CTTCCGGSTGAGCATCCGAAACTTCCT3 0 . The 306 portion of SR
using the pr tHARGTTIRCGGATGCTA@ACCAGGAAGICA3 6; Tr e-verse:
ATTGATGAGTTTGGACAAACCAC-3 0 . A twenty four base pair
conjoin the two PCR products. The resultiimal PCR product was purified and amplified

using the pr tAMRAGBGGCCTICGOCGLBEACAGTTE® and Frever se:
CTAGTCTGTAGTCACCACAGAGAAGAACTG3 6 primers at 60.5eC an
temperature using the Advantage HF 2 PCR kit (Clontech, www.clontechtc@ing a 4kb

PCR product. Restriction sites Apal/Aflll were added to the final PCR product for cloning

by PCR using the 4kb product-as templ ate wit
TACTATGGGCCCACCATGAGTGGCCTTGGGGACAGTT3 0 and reverse pri
TACTATCTTAAGCTAGTCTGTAGTCACCACAGAG3 0 . The amplified SR

was subcloned into Apal/Aflll sites otPNA3.1(-) plasmid and named SRC1 (Table 1).

Toxicity assessment
The IGRs were evaluated for their toxicity towards HepG2 cells. Cells were plated in
a white bottom 94avell plate at a density of 10,000 cells/well in MEM supplemented with
10% FBS. One day later, cells were treated with an IGR at the concentratioins theed
reporter gene assays in serum free media and incubated at 37°C for 24 hours. All treatments,
including controls, contained the same concentration of DMSO (0.1%) used to deliver the

IGRs. Cellular toxicity was measured using the CellToxTM Gredoxdyty Assay
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(Promega) foll owing manufacturero6és protocol
living cells cannot accumulate the cyanine dye provided in the assay; however the dye

crosses compromised membranes of dead cells, binds to DNA, arekflas at 485 nm

excitation/ 520 nm emission. Fluorescence was measured using a FLUOstar Omega

microplate reader (BMG LabTeclwww.bmglabtech.com

PPARIRXRa complex activation

The human PPAR response element (PPRE) luciferase reporter gene transactiva
system was used to ass#ss ability of the IGRs tactivate thd?PAR;:RXRa heterodimer
complex. HepG2 cells were plated at a density of 25,000 cells per wellwelifolates.
The next day, 10 ng of RRa-ORF, 10 ng of PPRg-ORF, 10 ng of SRC1,00 ng of PPRE
tk-luc (Table 1)irefly luciferase and 6 ng of pRICMV Renillaluciferase control reporter
vector(Table 1) were transfected using TransIT1 transfection reagent (Mirus,
www.mirusbio.com. Twentyfour hours later, the media in platesswyaplaced with serum
free media containing the candidate ligari@R(s, positive controls) at the desired
concentrations. DMSO was used as a solvent carrier for all ligands and kept constant among
all treatments andontrols €0.2%, v/v). In some experimnts, the RXR antagonist (UVI
3003) also was included in the assay. After 24 hours bo48s of incubation, firefly and
Renillaluciferase were measured useBual-Glo luciferase assagystem (Promeganda
FLUOstar Omeganicroplate readerFirefly luciferase values were normalized to Renilla
luciferase values. Positive controlsd@ retinoic acid for RXR and rosiglitazone for

PPARy) wereevaluated to ensure proper assay function.
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Individual subunit evaluation

Assays were performed using &iferase reporter gene driven by a gal4 response
element to evaluate activation of the individual receptor subunits by the IGRs. HepG2 cells
were plated in 96vell plates at a density of 25,000 cells/well in DMEM supplemented with
10% FBS. The next day25 ng of PPAR-gal4 or 50 ng of RXR-gal4, 25 ng of SRC1, 6 ng
of the pRCMV, and 125 ng of the reporter vecfu®5 firefly luciferase were transfected
using TransITLT1 transfection reagent to evaluate the individual receptor subunit. Twenty
four hourdater, the median plates waseplaced with serurfree mediacontaining the
candidate ligands (IGRs, positive controls) at the desired concentrations. DMSO was used as
a solvent carrier for all ligands and kept constant among all treatmentsranols 0.1%,
v/v). After 24 hours of incubation, firefly ari@enillaluciferase were measured and firefly

luciferase wasiormalized to th&enillaluciferase values.

BRET constructs

Human RXR was amplified from pBINBgal4hRXRa(DEF) and digested with
Nhel thencloned into thggcDNA3.1-Rluc2 plasmid We added a 21 base pair linker
between galRXRa(DEF)and Rluc2 to provide independent flexibility for the fused
proteins. The 50 p hRusZplasntd evasfremaved using AntapciicD N A 3 .
PhosphataséNgew England Biolabsyww.neb.con to limit the possibility of plasmid self
ligation. Final constructs were confirmed by sequencingnantedRXRa-Rluc2 (Table 1).

Human PPARwas fusedo the fluorescent proteinnBancedlue Fluorescent

Protein 2 (EBFP2; excitation 410 nm, emission: 475 nm), to evaluate dimerization with
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RXRa-Rluc2. PCR fragments of the PPé&pen reading frameithout astop codon was
amplified from pcDNA3.1hPPARYORF) using primers harboring a Nhel/Xhol restriction
enzyme site and subcloned into the pcDNA3) lasmid. EBFP2 (Addgene,
www.addgene.org) was amplified out of its parent plasmid with a stop codon containing a 30
basepair | inker at i1its 50end. This construct
PPARgto generate pcDNA3:bPPARrEBFP2. Linkers were placed between the PRAR
and EBFP2 sequences to supply independent flexibility for the fused proteins. The final
construct was verified by sequencing and named RFZEBEP2 (Table 1).

Human SRC1 was gptified from pcDNA3.EhSRC1E using primers with Kpnl/Aflll
and Apal/Xhol restriction enzyme sites then subcloned into pcDNA3.&(Ametrine PCR
fragments with a 30 base pair linker and without a stop codon were ligdtadha to the
Xhol/Kpnisitesat he SRC1 506 e nd-mAmetrineh@R&1Ee Fiqalc DNA3 . 1
constructs were confirmed by sequencing and named mAm&RAL (Table 1).
Arrangement of thuorescentags that were usddr all BRET constructprovided the

strongest BRET signal in prelimary experiments.

BRETassays

BRET assays were performed to gain further mechanistic insight regarding the
interactions betweethe IGRs andhe PPARyRXRa receptos. IGRs werevaluatedor
their ability tostimulate PPARRXRa dimerization andherecruitment of SRC1 to the
receptor complex. We previously observed that R¥Bonists stimulated receptor

assembly, while PPAdgagonists did not stimulate assembly (Chapter 2). Thus, BRET assays
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would assist in identifying the subunit responsible faivaton of the receptor complex by
the IGRs.

HepG2 cells were plated invdell plates at a density of 650,000 cells/well in MEM
supplemented with 10% FBS. Fusion proteinseneansfected into the cells Bdurs later
usingTransIilLT1 transfection reagent, according
was transfected witRXRa-Rluc2 (230 ng)PPARrEBFP2(1380 ng) and mAmetrine
SRC1(1380 ng) Twenty-four hours after transfection, cells were trypsaged, centrifuged
for 2 minutes at 1500 g, and resuspended in PBS (Siddrach). Cells originating from
one well of the 8wnell plate were divided into three wells of a white bottoran@8l plate.

Cells were treated for 10 minutes with candidate agoaisthe desired concentrations.

DMSO was used as a solvent carrier for all ligands and kept constant among all treatments
and controls (0.1%, v/v)Rluc2 substrate, DeepBlugBiotium, www. biotium.comn), was

added to each el at a final concentrationf .0 M, andfluorescencevas immediately
measured using a FLUOstar Omega microplate reader. The filter settings for the microplate
reader were as followed: Rluc? filter, 410 + 40 nm; EBFP2 filter, 475 + 15 nm; and
mAmetrine filter, 535 + 15 nm.

Dimerization of PPAR and RXR: was detected as the BRET ratio by measuring the
light emitted by the fluorophor@75 nm;PPARyEBFP2 divided by the light emitted by the
photondonorprotein (410 nm; RXR-Rluc2) with corrections foboth background
fluorescencdusing cells that were not transfected with the fusion proteins) and residual
fluorescence t'rm the donor into the fluorophoesnission wavelength. The following

formula was used to calculate tBRET ratia
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L Treated cell@t475 nmi untransfectedells at475 nm
Emission - CF
Treated cell&t410 nmi untransfectedells at410 nm

where CF (correction factor) equals gmaissionmeasured at 475 nm in cells transfected
with Rluc2RXRa alone minus themissionof untransfected cells at 475 nm divided by the
emissionof Rluc2ZRXRa alone at 410 nm minus tleenissionof untransfected cells at 410
nm. The CF corrects for residual fluorescence from the donor into the eméssitamgy of
thefluorophore Recruitment of SRC1 was determined using this same general procedure

with BRET ratios determined using emissions detected at 535 nm instead of 475 nm.

Pre-adipocyte differentiation andiplid accumulation

The ability of the IGRs to stimulatipid accumulation was assessed using mouse
3T3-L1 preadipocytes. Cellaere platedn clear bottom 9évell plates at a density of 6,500
cells/well in high glucos®MEM (ATCC®) supplemented with 10% NCS. All treatments,
including controls, were replicated three times. Once oedished 100% confluence, media
was replaceavith fresh mediaand the cells were incubated for additional 2 days. The
mediawas then replced withdifferentiation media high glucosd©MEM supplemented
with 10% FBS ad thePPARyagonist. Two days later (day Ojmediawas replaced with
adipocyte maintenangredia high glucos®©MEM supplemented with 10% FBS, &§/ml
insulin (Signa-Aldrich) andthe PPARyagonist. All treatments, including controls contained
0.1% DMSO which was used to deliver the Pg&Bonists. Treatmemediawas renewed

on days 2 and 4. On daydglls were washed with 204L of PBS and then incubated for 10
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minutes with 200r. of PBS and S of AdipoRed reagent, (Lonza, www.lonza.com) which
fluoresces upon partitioning into lipid dropl¢82]. Lipid accumulation was quantified as

the fluorescence measured at an excitation of 485 nm and an emission of 572 nm using a
FLUOstar Omega microplate. Fluorescence values were normalized to the mean
fluorescence measured in the negative controls.

The ability of IGRs to stimulate differentiatiaf mouse 3T3.1 cellswith
accompanyingipid accumulation was assessed by staining cells with Oil R3]0 These
assays were performeahder the same conditions as described using AdipoRed reagent. On
day 6, cells were washed twice with PBS and fixed with 3.7% fann{@igmaAldrich) for
30-60 minutesat room temperature. Cells were then washed twice with distilled water and
rinsed in60% isopropanol (Fischer Scientific, www.fishersci.com) for Sutga Cells were
stained with OHRed O for 60 minutes. The excess stain was removed by washicgltbe
with 60% ethanol anthree times with distilled water. Cells were inspected for
differentiation and lipid accumulation using a Nikon Eclipse microscope and imaged using a

MicroPublisher 3.3 RTV (QImaging) cameatixed to the microscope at 100X an@OX.

Statistics

Significant (p<0.05) differences between treatments and controls eveleated
using One Way Analysis of Variance (ANOVA) accompanied by Tukeys Multiple
Comparison Tedor reportergeneand BRET assays. Homogeneity of the variances was
confirmed byTwbttaiclhe d s-Bttsankre nseddcsevaluate sigrnt

(p<0.05) differences between treatments and controls for lipid accumulation assays.
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Results
Toxicity assessment

Pyriproxyfenand methoprenevoked no discernible toxicity to the HepG2 cells at
concentrations as high as 1@ (Fig. 2A,C). Fenoxycarkand kinoprenelicited toxicity
towards HepG2 cells at 1081 (Fig. 2B,D). The highest concentratimsedfor all IGRs in
subsequent assays wds/®81. BRET assays were performed at concentrations as high as
300nM; however, HepG2 cells were gased to IGRs in the BRET assay for only 10

minutes. Therefore, toxicity was not a concern due to a short exposure window.

PPARZRXRa complex activation

Experiments were performed to determine whether the [§yRgroxyfen,
fenoxycarb, methoprene, and kinoprene activate the h&xRaRy signaling pathway.
Exposure to pyriproxyfen, fenoxycarb, methoprene, or kinoprene for 24 (FHD) 848
(Fig. 3EH) hours activated thePAR;:RXRa receptor complex. Fenoxycarb did not activate
PPARyRXRa after 24 hour exposure, but significantly suppressed basal activitynit.30
(Fig. 3B). After 48 hour exposure, fenoxycarb significantly activated the receptor comatplex

10 nM with continued supgession at 3@M. (Fig. 3F).

Individual subunit evaluation
ThePPARyRXRa complex is reportedly subject to activation by ligands to either
subunit[15]. We investigated whether the IGRs interacted with the RARe RXR:

subunit using gal4 fused receptor subunits and a luciferase reporter gene driven by the gal4
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response element. All of th&Rs activated the PPAReceptor subunit (Fig. 4D).
Fenoxycarb, methoprene, and kinoprene also activatechRXR. 4FH); while,

pyriproxyfen had no effect with this receptor subunit (Fig. 4E). Heterodimerizaiibn
putative endogenous receptor suitgidid not confound interpretation of these assays as
activation was observed only with substrates specific to the transfected receptor (§udpunit

5).

RXRa inhibition

Fenoxycarb, methoprene, and kinoprene activated both the JHPRARXR
receptor subunits. Reporter gene transcription assays were performed with UVI 3003, a
specific RXRx inhibitor, to determine the relative contribution of RX#® the activation of
thePPAR;RXRa receptor complex. Experiments performed with the known &Xgonist
9-cisretinoic acid and the knowPPARy agonist rosiglitazone demonstrated that UVI 3003
inhibited receptor activity due to antagonistic interaction with the &3ibunit and had no
inhibitory effects on the PPAFubunit (Fig. 6A, B). UVI 3003id not inhibit
PPARyRXRa activation by fenoxycarb, methoprene, or kinoprene (FigFgDTherefore,
although these IGRs interacted with both receptor subunits, activation of the receptor

complex was specifically due to interaction with the PB&dbunit.

BRET
Results generated thus far indicated that all of the IGRs activat@dPikigz RXRa

complex through their interaction with tR&ARysubunit. Consistent with previous
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observations (Chapter 2), protein dimerization assays performed using BREfoand
PPARyor RXRa agonists revealed th&XRa ligands stimulate®PPAR;RXRa:SRC1
assemblywhile PPARyligands had no effect on receptor complex assembly (Fig. 7). None
of the IGRs stimulated receptor assembly (Fig. 8) supporting the finding tHaAly

subunit and not the RXRsubunit is the target of IGR action.

Adipocyte differentiation/ lipid accumulation

PPARyis recognized as a master regulator ofguigoocyte differentiation into
adipocytes and lipid accumulation within ttiéferentiatedadipocyteg34, 35] The IGRs
stimulatedPPARyRXRa receptoractivation therefore, these compounds wewaluated for
their ability to stimulate pradipocyte differentiation into adipgtes with lipid
accumulation.All of the IGRs (30nM) increasd the proportion of pradipocytes that
underwent differentiation and significantly increased lipid accumulation associated with the

cells (Fig.9).

Discussion

Metabolic syndrome is a global health crisis with a steadily rising prevalence due to
increasing obesity rat¢36]. Imbalance of food intake and energy expended is recognized as
a major cause of this conditi¢d7]. More current studies suggested that exposure to
environmental chemicals may be contributing to lipid disorf&g8s39] There are tens of
thousands of chemicals in use and hundreds more are created eddb]ye@nly a small

portion of these chemicals have been evaluated for hazard. An even smaller portion have
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been evaluated for potential to disrupt lipid and glucose signditjg The National
Pesticide Information Center could not find any studies which evaluated the ability of
methoprene to cause endocrine disruption in humans anddongstudiesnvestigating
pyriproxyfen only examined the estrogen, androgen, and thyroid hormone signaling
pathwayq42, 43] Results of the present study demortstighat IGRsnteract with the
PPARysignaling pathway in a manner that promotes adipogenesis.

Our major goal was to evaluate if the IGRs had the ability to activate the
PPAR;RXRa heterodimeand determine the mechanistic contributions of each subunit
towards activation of the receptor complex. All of the IGRBvated the
PPARyRXRa receptor complex and activation was due to interactions with the
PPARyreceptor subunit. An important regidey characteristic of
PPARyRXRa heterodimers is that activation occurs due to ligaradliated interactions with
PPARy, RXRa or both as a consequence of being a permissive heterddinér].
Whereas, RXR subunits are silent in ngpermissive heterodimers dheterodimer
activation can only occur through ligantediated interactions with the partner sub{#8.
Although fenoxycarb, methoprene, and kinoprene were capable of activating bBfPXRg
andRXRa subunits RXRa appeared to aets a silent partnencapable of contributintp the
overall activation of the PPAJRXRa receptor complex. Studies haepated that RXR
could act agsilent partner with PPAfRconsequently, this along with other increasing
evidence has led others to question the concepts of permi$48h |.

Conflicting findings have reported thyroid hormone receptor:RXR and retinoic acid

receptor:RXR complexes as both Aeermissive and permissive heteéimers[52-55].
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Dawson and Xia have raised the notion that RXR heterodimers are conditionally permissive
[51]. RXRa activity depends upon cellular environment, tissue specificity, and the ability of
RXRa ligands to recruit specific corepressors/coactivators to the corffdles6] Our
experiments demonstrated that the permissive nature of thedd&R complex could be
conditional.

Met hoprene and Kkinopr eneo0s asulunitlaswefl asftee st r o
PPARysubunit would lead one to predib@at transactivatioby these IGRs would be greater
than the transactivation Ipyriproxyfen @ fenoxycarb. Yet, we did not observe two
activated subunits leading to an additive or synergistic response due to methoprene or
kinoprene. Reports of dual ligand occupancy of permissive heterodimers resulting in
additive or synergistic activation arenited. Additive or synergistic outcomes due to dual
subunit ligands are more commonly observed when the measured endpoints are more apical
(e.g., cellular proliferation and death) and
other RXRu signalirg pathwayg52, 57, 58] Alternatively, the lack of observable additivity
or synergycouldbe due to the silencing of RX¥R

Permissive partners of RXR have greater functional dominance than their RXR partner;
thus, partner subunits have the ability to modulate &Rponsefsl]. In this study, the
PPARysubunit dominated thePARyRXRa transactivation response, as well as, BRET
dimerization responses. As PP#d&yonists, the IGRs had no effect on dimerization of
PPARyandRXRa consistent with the findings in Chapter 2. Vitamin D and retinoic acid
receptor agonists had no effect on the formation of their respective complex &k

instead, these ligands bized and activated constitutively formed receptor complg@s
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60]. Fluorescence resonance energy transfer assays sti@w&PAR:RXR dimerization
occurred prior to ligand or DNA binding, and ligahiohding stabilized existing PPAR:RXR
complexes to DNA61]. This study further supportise existence of constitutively formed
PPARyRXRa receptor complexesith the ability to be activated l3PARyagonists

Additionally, RXRa ligands stimulated dimerization of PPARNd RXRu in this study and

in previous chapters. This is consistent with studies showing that RXR ligands enhance the
formation of RXR heterodimef§0, 6264].

T he | GRIifyt recrnité&BRGIdaralleleckheir inability to stimulate dimerization.
Recruitment of SRCL1 to ligaraccupied PPAR has been reported; however, these studies
used cell free experimental systej@S, 66] RXR agonists were reported tecruit SRC1 to
the PPARERXRa complex, and our study further demonstrated the critical role of these
ligands and their subunit (RXRin PPARERXRa:SRC1 complex assemil7, 67, 68]

Methoprene is readily metabolized by vertebrates into methopren&-anethoxy
citronellal, and its corresponding ad®@b, 70] Methoprene acid activated mammalian
RXRa, thus exposure to methoprene poses high risk of hazard to humans due to its ability to
be biotransformed into a potentially harmful metabqlit®. Concentrations of IGRs in
human plasma have not been repoded additional studies are warranted to determine
whether humans are subjected to sufficient IGR exposure with the potential to contribute to
metabolic syndrome.

A positive correlation existsetweerthe prevalence of metabolic syndrome in humans
and amongompanion animal(i.e. household dogs and cafgl]. Environmentathemical

exposure has been suggested to play a role in human metabolic syndrome an{B8besity
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72]. However, toxicological studies evaluating the effe€snyvironmental chemical
exposure on companion pets often investigate the impact of these chemicals on the
development of reproductive toxicities and can§éBs/7]. Obesogenic studies for
companion pets primarily focus on the role of ifr@-80]. Additional studies are warranted
to determine whether pets are subjected to sufficient IGR exposure with the potential to

contribute to metabolic syndrome
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Table 1. Identification and description of constructs used in all experiments.

Construct Full Name Description Assays Used
PPARyORF | pcDNA3.1- Receptor subunit PPARyRXRa complex activation an
hPPARy(ORF) RXRa inhibition
RXRa-ORF | pcDNA3.1- Receptor subunit PPARyRXRa complex activatiorand
hRXRa-(ORF) RXRa inhibition
SRC1 pPcDNA3.1- Coactivator PPARyRXRa complex activatiorand
hSRC1E RXRa inhibition
PPREtk-luc | PPREX3-TK- Firefly luciferase PPARyRXRa complex activatiorand
luc reporter gene RXRa inhibition
pRL-CMV pRL-CMV ProvidedRenilla PPARyRXRa complex activation
luciferase RXRa inhibition
Individual subunit evaluation
PPARygal4 | pBIND-gal4 Gal4fused eceptor | Individual subunit evaluation
hPPARy(DEF) | subunit
RXRa-gal4 | pBIND-gal4 Gal4-fused receptor | Individual subunit evaluation
hRXRa(DEF) | subunit
pG5luc pG5luc Providedfirefly Individual subunit evaluation
luciferase
mAmetrine | pcDNAS.1- mAmetrine fused Individual subunit evaluation
SRC1 mAmetrine coactivator BRET
hSRC1E
PPARy pPcDNA3.1- EBFP2fused BRET
EBFP2 hPPARyEBFP2 | receptor subunit
RXRa-Rluc2 | pcDNA3.1-gal4 | Rluc2-fused receptol BRET
hRXRa(DEF)- subunit
Rluc2
pPcDNAS3.1¢) | pcDNA3.1() Empty vector BRET
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Figure 1. Chemical suctures of the PPAgagonist rosiglitazonand the IGRs

pyriproxyfen, fenoxycarb, methoprene, and kinoprene.
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