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Abstract
Katie Beth Paul

Triclosan Disrupts Thyroid Hormones: Mode-of-Actj@evelopmental Susceptibility, and
Determination of Human Relevance

(Under the direction of Kevin M. Crofton, Ph.D.)

Preliminary study demonstrated that triclosan (T, @3)acteriostat in myriad
consumer products, decreases serum thyroxine (iTi4)s. Adverse neurodevelopmental
consequences result from thyroid hormone (TH) gison; therefore determination of
whether TCS disrupts THs during development, itsleaof-action (MOA), and the human
relevance is criticalThis research tested the hypothesis that TCS dssfiths via activation
of pregnane X and constitutive androstane recefffot®, CAR), mediating Phase I-1I
enzyme and hepatic transporter expression andiprdtanges, thereby increasing
catabolism and elimination of THs, resulting in ik&sed TH concentrations. For Aim One,
the hypothesized MOA was assessed using weanlmgléelLong-Evans rats orally exposed
to TCS (0-1000 mg/kg/day) for four days. Serumd&dreased 35% at 300 mg/kg/day.
Activity and expression of markers of Phase | (Qyp2yp3aland Phase Il (Ugtlal,
Sultlcl) metabolism were moderately induced, comsisvith PXR and/or CAR activation
and increased hepatic catabolism. Susceptibifidams and developing rats to TCS-
induced hypothyroxinemia was determined for Aim Twang-Evans dams received TCS
(0-300 mg/kg/day) orally from gestational day (GD{p postnatal day (PND) 21; tissues

were collected from fetuses (GD20), pups (PND4,214, and dams (GD20, PND22).



Serum T4 decreased 30% in GD20 dams and fetus& Bips, and PND22 dams
(300 mg/kg/day). Minor increases in activity anghression of markers of hepatic Phase |
(Cyp2b, Cyp3a) and Phase Il (T4-glucuronidatioPD22 dams) metabolism were
consistent with PXR/CAR activation and concomitamior decreases in T4. For Aim
Three, cell-baserht and human PXR and CAR reporter assays wereogeubko evaluate
the human relevance of the putative MOA. TCS (QG+81) demonstrated human receptor
reporter activities: inverse agonism of CAR1 andragm of CAR2 CAR3, and PXR. TCS
was an inverse agonist of rat CAR, similar to coomuts that increase Phase I-1l metabolism
downstream. Although the data indicate potenpatges differences in the initiating key
event, downstream effects on hepatic catabolismlmeagimilar due to overlapping
transcriptional regulatory functions of PXR and CARhese data establish a plausible MOA
for TCS-induced hypothyroxinemia in rats and denrae initiation of the MOA in human

models.



To my uncle, Kenneth Marshall Paul (June 7, 19ARgust 21, 2010), a courier, New York
City public transportation expert, lover of fooddazulture, and quietly hilarious friend to
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Characterization of the mode-of-action, developralesuisceptibility, and human relevance
of triclosan-induced hypothyroxinemia in the rat

Introductory Chapter 1

Katie B. Paul

YUniversity of North Carolina at Chapel Hill, Cumiiam in Toxicology, CB 7270, Chapel
Hill, NC 27599



1. Overview

Triclosan (2,4,4'-trichloro-2’-hydroxyphenylethgf)CS) is a chlorinated phenolic
bacteriostat found as an active ingredient in nm@ergonal care products, including items
such as shower gels, soaps,deodorants, and totabf{Risargavat al., 1996; DeSalvat al.,
1989), and in a majority of liquid hand soaps solthe US (Perencevictt al., 2001).
Availability of environmental TCS concentrationsdagrotoxicity data initiated important
guestions about the potential non-target toxicitf 6S. Measurements confirming parts per
trillion (ng/L) to low parts per billion (ug/L) TC8oncentrations in surface waters and
wastewater treatment plant effluents in the UnBéates and other countries (Karedal .,
2003; Kolpinet al., 2002; Lopez-Avila, 1980; Paxeus, 1996; Singed., 2002) coincided
with reports of systemic toxicity to microorganismdgaphnids, fish, and algae (Onaisl .,
2002; Singer et al., 2002). Aquatic reproductwadity studies suggested TCS acted as a
weak androgen (Foraat al., 2000) or estrogen in medakaryzas latipes) (Ishibashiet al.,
2004), or anti-estrogen in male South African cldwWwegs Kenopus laevis) (Ishibashi et al.,
2004; Matsumurat al., 2005; Tatarazaket al., 2004). Particularly interesting was a report
that TCS exposure resulted in advanced thyroid-boedependent metamorphosis and
altered gene expression of thyroid recet¢fRp) in triiodothyronine (T3)-stimulated frogs
(Veldhoenet al., 2006). These endocrine-related effects suggestaapact on thyroid
hormone homoestasis in frogs, but the effects @ B8 thyroid hormone homeostasis in
mammals remained to be elucidated.

Initial study of TCS exposure using a 4-day shernn assay paradigm, used

previously to identify thyroid hormone disruptorgh as polyaromatic hydrocarbons and



polychlorinated biphenyls (Cradt al., 2002; Croftoret al., 2005a; Zhowt al., 2001)
produced dose-dependent decreases in thyroxinar(T¥ganling female Long Evans rats
(Croftonet al., 2007). These authors suggested that TCS migrease hepatic catabolism
and elimination of T4, resulting in the observeduse T4 concentration decreases (Crofton
et al., 2007). Disruption of thyroid hormones dardevelopment adversely affects
neurodevelopment in both rats (Berbedl., 2010; Lavado-Autriet al., 2003; Zoelleet al.,
2000; Zoellert al., 2007a) and humans (Haddetal., 1999; Kooistraet al., 2006; Poget

al., 2003; Popet al., 1999). Therefore it is critical to determine wiex TCS disrupts

thyroid hormones during development, to charactatz mode-of-action, and to discern the

human relevance of this mode-of-action using comipagin vitro models. Thisresear ch

teststhe global hypothesisthat TCSinducesthyroid hormone disruption via activation
of hepatic nuclear receptors, mediating downstream Phase |- Phase 1l xenobiotic
metabolizing enzyme expression and protein changes, resulting in decreased circulating
thyroid hormone concentrationsin rats.

This research was comprised of three Specific Aiffa. Specific Aim 1, the effects
of TCS on hepatic catabolism and transport infdlswing a short-term exposure were
determinedn vivo using hepatic microsomal activity and mRNA expi@ssandin vitro
using functional activity assays in sandwich-cudtirat hepatocytes. Sensitivity of the
developing organism to TCS-induced thyroid hormdiseuption via maternal TCS
exposure, and the plausibility of the hypothesikdlA from Specific Aim 1, was evaluated
in Specific Aim 2. The potential human relevanééhe hypothesized MOA was determined
in Specific Aim 3 by assessing activation of thestdutive androstane receptor and

pregnane X receptor by TCS in both rat and humegpter-reporter assays.



These data provide the first repor TCS4induced thyroid hormone chaniand the
doses of TC®ecessary to elicit effects across multiple develeptal life-stages
Importantly, this work evaluates otential MOA in rats that can be useddentify shared
key events across specidaurther, this work contributes to a growing undamsling of
speciesspecific nuclear recepi-regulated hepatic metabolic mechanisms.

2. Triclosan applicationsin personal care and pharmaceutical products

I

. L~ ?° NH,
Thyroxine (T4) |
X CH OH
HO ‘ i ey N
[ ]
I
1 ~ 0.
. . N NH
Triiodothyronine (T3) U | 2
CH OH
o N i cHy” \ﬁ/
0

Cl

HO
. > O\)\
Triclosan (TCS) | | J\

X 7 Cl

Figure1.1. TCSis a chlorinated biphenether structurally similar to iodothyronin
TCSis a chlorinated biphenyl ether (Figure 1) withitrobial and antifunge
properties that have made it a useful additivarigriad personal care and medical prod
for approximately forty year(Bhargava et al., 1996; Faegal., 2010;Waltmar et al.,
2006). The biphasic action (TCSas a bacteriostat and bacteriocide depends upc
application concentration, with higher concentnasiof TCSeliciting lethal effects ol
bacteria and fungi via disruption of cellular meares(Guillenet al., 2004 Yazdankhalet

al., 2006). The bacteriostatic activity (TCS results from inhibition of thieab-associated

4



enoyl-acyl carrier protein reductase, preventingtdx@al fatty acid elongation in susceptible
bacteria and fungi species (Heatlal., 2000; Levyet al., 1999; McMurryet al., 1998a).

The resultant efficacy of adding TCS to soaps indetiold and hospital settings is a matter
of debate (Aiellcet al., 2007; Gordiret al., 2005; Haast al., 2005; Sickbert-Bennegt al.,
2005), in particular with respect to the risk obmoting antibiotic-resistance via modulation
of several modes of antibiotic resistance (McMwatrgl., 1998b; Salelet al., 2011,
Yazdankhah et al., 2006).

TCS is present in the majority of liquid hand sosapldl in the U.S. (Perencevich et al.,
2001). The U.S. Department of Health and Humari&ss Household Product Database
lists common personal care products containing a0B0015 to 1% of the product
formulation, including deodorants, hand soapsshampoos, dish soap, Colgate Total ®

toothpaste, and liquid lipstickitp://householdproducts.nim.nih.govin addition to

personal care products, TCS is incorporated intirdiees and other dental applications,
impregnated into plastic products, clothing, angt@nd included in many surfaces under
the commercial name, Microban® (Bhargava et aB6l1®Rodrickset al., 2010).

3. Environmental occurrence

The use of TCS as a broad spectrum antibactergitgbleath et al., 2000) in many
commercial and household products has resulteddaspread contamination of
anthropogenic and natural environments (Kolpin.e2802). By some estimates, 96% of
the consumer products containing TCS are washed deswdential drains (Reistal.,
2002). Although wastewater treatment plant (WWpR)cesses remove 70-98% of the TCS
load (Bocket al., 2010), this incomplete removal constitutes theary route for TCS

entrance into surface waters and the environme&@s surface water concentrations in the



ng/L range (parts per trillion) have been confirnaedoss the U.S. (Chalest/al., 2009;
Loraineet al., 2006; McAvoyet al., 2002; Waltman et al., 2006) and abroad (Naleh@h,
2006; Nishiet al., 2008; Singer et al., 2002). In a nationwide gtaflimpacted surface

water sites from 1999-2000, TCS was one of the mitsh detected pollutants measured,;
TCS was detected at nearly 60% of tested siteh, amtaverage concentration estimated at
50 ng/L for TCS when it was detected (Kolpin et 2002). The high octanol to water
coefficient of both the ionized and protonated feroh TCS (pK, estimates = 7.9 - 8.14)
suggests high sediment sorption and low mobility/(S et al., 2002; Singer et al., 2002).
Land-applied biosolids may also redistribute a reramount of TCS back to the aquatic
environment, due to high average concentratiod80 1 g/kg sediment in biosolids derived
from WWTP processes (Langdenal., 2010; Singer et al., 2002). Another small
contributor to environmental occurrence may be d@aaulation; limited bioaccumulation is
indicated by the relatively low bioaccumulationtfars estimated for algae (900-2700)
(Coogaret al., 2007) and fish (2500-4157) (Orvos et al., 2008w compared to known
bioaccumulative toxicants like Aroclor and chlordawhich have bioaccumulation factors in
fish that are 1 to 2 orders of magnitude higher@30 — 274,000) (Orvos et al., 2002). The
TCS metabolite methyl-TCS may have more bioaccutivel@otential; bioaccumulation
factors for methyl-TCS were estimated to be 100,260,000, suggesting a higher
bioaccumulative potential (Balmetal., 2004). Clearly the environmental occurrence of
TCS at parts per trillion concentrations stems famthropogenic use of consumer products,
but characterization of the distribution in the agy and in particular terrestrial,

environment is the subject of ongoing research.



4. Measured exposuresto TCS

4a. Wildlife exposure

Several studies of aquatic species have demorsstnalilife exposure to TCS in surface
waters downstream of WWTPs or otherwise impactet@meys, demonstrating that TCS is
present in the environment and environmental exjgssmay contribute to overall human
exposure. TCS exposure of fish has been confitoyedeasurements of TCS in fish bile,
ranging from 0.24 to 25 ng/g, depending on spemnesdistance from a WWTP (Adolfsson-
Erici et al. 2002). An analysis of lean fish fillet tissuelected in Texas demonstrated a
similar range of TCS concentrations, 17-31 ng/gttilebet al., 2009); TCS was detected in
fish fillet and liver collected from five other U.Sites, but at concentrations below the
detection limit of 38 ng/g (Ramires al., 2009). In Swedish lakes, the metabolite methyl-
TCS was detected at 35 ng/g in fish (Balreteal ., 2004).

4b. Human exposure

Measurements of TCS in human serum (Allratyal., 2008; Allmyret al., 2006b; Allmyr
et al., 2009; Hovandeet al., 2002), breast milk (Adolfsson-Erief al., 2002; Alimyret al.,
2006a; Dayan, 2007), and TCS metabolites in @atafat et al., 2008; Wolff et al., 2007)
demonstrate that humans are exposed. ConcensatidrCS in human serum have ranged
from 0.4 to 296 pg/kg wet weight in studies of 8wedish and Australian populations
(Allmyr et al., 2006a; Allmyr et al., 2008; Alimyat al., 2009). A survey of Australian
volunteers demonstrated slightly higher averagemnsefalues (4.1-19 pg/kg) than in Sweden
where there are general advisories against TCRAliseyr et al., 2008). The results from
this study of the Australian population suggesatreély homogeneous exposure throughout

territory, age group, and gender, with only slightigher serum TCS concentrations



correlated with males aged 31-45 (Allmyr et al.080 A study of Swedish nursing mothers
revealed that TCS concentrations in the serumexf@imothers was 0.010 to 38 pg/kg fresh
weight (Allmyr et al., 2006a). Of particular inést is that the TCS partitioned into serum at
a much greater rate than into breast milk of tivedenteers (Allmyr et al., 2006a). For these
mothers, TCS was detected in the women who had d&g@ysed to personal care products
containing TCS at much higher concentrations thathers who had not been exposed to
these types of products (Allmyr et al., 2006a).widweer, since TCS was present in all
mothers regardless of intentional personal cardymtoexposure, this indicates that
potentially unaccounted sources of exposure cartito the total TCS exposure of the
human population. The range of TCS detected ilbtbast milk of the mothers in this study,
both control and exposed, was 0.018 ug/kg-lipi@.85 pg/kg-lipid (Allmyr et al., 2006a).

In another study of five breast milk samples frowmeien, TCS concentrations ranged from
less than 20 pg/kg-lipid to 300 pg/kg-lipid (Adalfs-Erici et al., 2002). A study of 62
breast milk samples from milk donation banks inif6atia and Texas demonstrated a range
of TCS concentrations from below the limit of deitec to 2100 pg/kg-lipid, with the
majority of samples containing 200 pg/kg-lipid es$ (Dayan, 2007). Based on these
findings, and the standard volume of milk consurmgdhfants (Butteet al., 1984; Buttest

al., 2002; EPA, 1997), Dayan (2007) used a conseratiigh estimate of breast milk TCS
concentration (1742 pg/kg-lipid) to estimate thexmmum infant exposure to TCS as
approximately 7.4 png/kg/d. These findings undemstioe potential for human
developmental exposure via breast milk, when themg@l impact of thyroid hormone

disruption may be most deleterious (Militral., 2009).



Urinary markers of TCS exposure further demonstnatiespread TCS exposure. A
2004-2005 study of girls from three U.S. metropoliaireas found mean urinary TCS
concentrations of 17.1 pg/g-creatinine (10.0 pghemnot corrected for creatinine) (Wolff
et al., 2007). A broader National Health and Nigini Examination Survey (NHANES)
study of the U.S. population detected TCS above @ in approximately 75% of samples,
and reported the mean and"Q%ercentile as 13.0 pug/L (12.7 pg/g-creatinine) 45@ pg/L
(363.8 ng/g-creatinine), respectively (Calafatlgetz008). Significant correlations between
urinary TCS concentrations and age and socioecansi@ius suggested that concentrations
peaked for individuals in their thirties of greatonomic means (Calafat et al., 2008). A
comparison of the magnitude of these spot tesatyiMCS concentrations with the known
rate of cumulative urinary excretion, 44-57% at&fter exposure (DeSalenal., 1989;
Sandborgh-Englund al., 2006), would suggest that the order of magnifodéaily human
exposure is in the ng /kg/day range. This is sbast with U.S. EPA conservative estimates
of potential oral exposure from water sources (USER08). TCS was detected in drinking
water sources in Southern California at 49 ng/Lréuee et al., 2006); assuming that this is
the concentration of tap water for human consumptiois would be roughly equal to 98
ng/day (2L of water per day), or 1.4 ng/kg/day (age person of 70 kg) (USEPA, 2008).

5. Absorption, distribution, metabolism, and excretion (ADME) of TCS

5a. Routes of exposure and absor ption

TCS is readily absorbed from the gastrointestirsadttand oral mucosa (Bagletal.,

2000; Lin, 2000), and oral exposure is consideodaetthe predominant route of exposure
(Sandborgh-Englune al., 2006). Dermal exposure may supplement oral axedas TCS.

The chlorinated phenolic structure (Figure 1) aigh loctanol/water partition coefficient at



neutral pH (log Kw = 4.76), and a pk= 7.9 (Allmyret al., 2006b) suggests a potential for
dermal absorption. Topical application result3@S binding to the stratum corneum and
continued bacteriostatic action against nativetemusient skin bacteria (Bhargava et al.,
1996). Evidence for dermal absorption in the ker@4 hours was 23% of the applied dose,
while human absorption was 6.3%, suggesting tkatdther chemicals, dermal absorption in
rats is higher than in humans (Masl., 2000). The leading source of oral human exposure
is likely the use of personal care products (Allrayal., 2006a), but surface water and food
source contamination may contribute to this exp®sur

5b. Distribution, metabolism, and excretion

Limited available kinetic studies support rapidrehation of TCS from mice and rats,
and enterohepatic circulation and biliary elimipatof TCS (Rodricks et al., 2010). There
may be a species-specific distribution profile T@S, as mice appear to accumulate TCS in
the liver whereas rats do not (Rodricks et al. @0JAlhough TCS tissue distribution into
multiple compartments has not been reported in Imsireerum concentrations of TCS
following extended human exposures further suppolésk of accumulation of TCS
following exposure (Bagley et al., 2000; Rodricksle, 2010).

Glucuronidation and sulfation comprise the two map@des of mammalian TCS
metabolism. The predominant pathway for metabob$MCS in guinea pigs and rats is
glucuronidation (Blaclet al., 1975; Calafat et al., 2008; Moss et al., 200@hoagh TCS
may also be hydroxylated at any of the chlorinaiées on the molecule (Tugpal., 1979).
Metabolism of TCS to the glucuronide and sulfatejegates occurs locally in skin, with
TCS-glucuronide diffusing well into the skin of sand humans within several hours (Black

etal., 1975). Human TCS metabolism proceeds througtugtunidation and sulfation
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(Calafat et al., 2008; Sandborgh-Englund et al0620 though sulfation may be the primary
pathway (DeSalva et al., 1989). Conjugation of T|a&® occurs in skin following dermal
application (Black et al., 1975; Moss et al., 2000)

The human half-life of TCS is 21 hours as deterhing a study comprised of ten
volunteers who received one oral 4 mg dose, withpad absorption phase of 1-3 hours, and
primarily urinary excretion of TCS and glucuronaed sulfate metabolites (Sandborgh-
Englund et al., 2006). In contrast to previousiss where serum TCS appeared to be
completely conjugated (DeSalva et al., 1989), SargtbEngluncet al. found that 30-35%
of the total TCS was unconjugated in serum (DeSeil\a., 1989; Sandborgh-Englund et al.,
2006); this difference may have been due to diffees in exposure duration and sampling
time or dose used. The half-life of TCS in ratfaisly comparable at 10-18 hrs, depending
on exposure route and study cited (Black et alZ51®Rodricks et al., 2010; Siddigetial.,
1979).

6. Brief examination of toxicity in mammals

Overall TCS demonstrates low toxicity by traditibmeetrics of adverse effects. TCS has
a high acute LD50 dose in mammals, and does ndupeany measurable overt toxicity in
the population following routine use, and has a pmtential for inducing dermal irritation.
An earlier review of industry studies of human esype to TCS through dental hygiene
products demonstrated no adverse effects followongine and prolonged exposures to
products containing 0.01 to 0.6% TCS (DeSalva.etlB9). Further review of safety
studies of TCS-containing dental hygiene produgtgest that TCS has no systemic toxicity
when exposures increase up to 30 mg/kg/day or Wircontaining dentrifices are used

for periods of years (Rodricks et al., 2010).

11



6a. Dermal toxicity

Numerous studies performed by Ciba-Geigy, Incimjls-dermal application exposures
to TCS preparations in rats and humans did notateugy acute toxicity or sensitization
when TCS comprised less than or equal to 1.5%eofdimulation (Barbolt, 2002; Bhargava
et al., 1996; Lymasmt al., 1969). Typically consumer products contain @®0.3% TCS
(Bhargava et al., 1996).

However, repeated topical application of preparatiwith greater than 1.5% in rats and
mice resulted in dermal irritation (Lyman et aB69; Rodricks et al., 2010) and in rabbits
with preparations containing 3% TCS (Moss et &0®. Only limited sporadic instances of
dermal irritation have been reported following humse (Bhargava et al., 1996).

6b. Oral toxicity

TCS demonstrates extremely low acute oral toxiatsats, rabbits, dogs, or humans,
with demonstrated safety for use in dental produrctsimans (DeSalvet al., 1989). The
oral LDsg in rats for TCS is 3750-5000 mg/kg, and by suboebas injection route the Lsp
climbs to greater than 14,700 mg/kg; chemicals Wwilg, values greater than 2000 mg/kg
are considered acutely nontoxic (Barbolt, 2002; ayet al., 1969). The no observable
effect level for clinical toxicity in a subchron8®-day oral exposure in rats was 50
mg/kg/day, and 30 mg/kg/d for baboons (Barbolt,Z2@eSalva et al., 1989).

Increasing exposure to subacute, subchronic, armhichdurations in murine models
suggests that TCS increased liver weight and prladaptive hepatic responses such as
centrilobular hypertrophy, consistent with induatiaf Phase | cytochrome P450 enzymes

and Phase Il metabolic enzyme, with no other sakistaeffects noted in reviews of many
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studies (Bhargava et al., 1996; Rodricks et all020with the exception of the production of
liver tumors in mice only (Rodricks et al., 2010).

6¢c. Car cinogenicity

A preponderance of data confirm that TCS is nongerea and nongenotoxic. Negative
results in the Ames test) vitro mammalian point mutation assay,vivo chromosomal
aberration assay, and unscheduled DNA synthesky assat hepatocytes (Barbolt, 2002;
Rodricks et al., 2010) provide consistent evidathe¢ TCS does not cause genotoxic effects.
However, the results of carcinogenicity studieanmmals are stratified by species, with mice
demonstrating differential susceptibility to indoct of liver tumors via activation of the
peroxisome proliferator-activated receptor alph@4Ra), a tumor pathway not thought to
be relevant for the development of human liver ttsx{Gonzalezt al., 2008; Klauniget al.,
2003; Rodricks et al., 2010). In an eighteen-thamircinogenicity assay, an increased
incidence of hepatocellular adenoma and/or carcenaas observed in male and female
CD-1 mice, with a no adverse effect level (NOAEELO mg/kg/d (Rodricks et al., 2010)
(See, 1996) (Barbolt, 2002; Dayan, 2007). In asitrTCS was not carcinogenic in a dietary
two-year chronic toxicology and carcinogenesis agsaats. Non-neoplastic lesions
reported from the two-year bioassay included a -diegeendent increase in centrilobular
hypertrophy particularly in male rats (Source: Goatt DG Pathology Working Group,
Ciba) (Rodricks et al., 2010), suggesting inductdytochrome P450s in the centrilobular
(zone 3) region of the liver. No thyroid-relateddpoints, including histology or hormone
concentrations, were reported for this study, ttmooitper chronic exposure studies that
examined thyroid histology in multiple species hasgorted no effects of TCS exposure on

thyroid weights or histology (Rodricks et al., 20.10
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6d. Reproductive and teratological toxicity

Two generation reproductive studies demonstrate@dverse effects observed in rats or
rabbits for reproductive performance, teratologypastnatal development (Barbolt, 2002;
Dayan, 2007); however, the endpoints included enréproductive toxicology report did not
include endocrine or neurological measurementsis The NOAEL obtained for rat
reproductive toxicology analysis, 50 mg/kg/d forthrers, and a developmental NOAEL for
pups as 150-300 mg/kg/d (Bhargava et al., 1996 aveSet al., 1989), does not reflect
possible developmental thyroid or neuroendocrifeces.

7. Evidencefor TCS-induced endocrine disruption and potential mechanisms

Over the last decade a growing body of evidenceeherged to suggest that TCS is an
endocrine disruptor in laboratory animals. Thidudes evidence for anti-androgenic,
estrogenic, and anti-thyroid effects. The curmeotk is specifically directed at improving
the understanding of thyroid disruption in mamnthls to limited suggestive evidence in
aquatic models.

7a. Evidencefor TCS-induced sex hor mone disruption

In vitro receptor-reporter assays suggest that TCS mayehbklyvanti-estrogenic and
possibly weakly anti-androgenic. When TCS was mokad with 1 nM estradiol in estrogen
receptor (ER) reporter assays (CALUX assays), T€@&daas an antagonist, with andGf 1
UM TCS (Ahnet al., 2008); however, TCS alone produced no agoniahtagonist effects in
this assay (Ahn et al., 2008). Another study usadjoligand binding assays demonstrated
that large molar excesses of TCS inhibit estradliadling to ERy, and to a lesser extent ER
(Geeet al., 2008). Anti-estrogenic effects also were obsgimehuman breast cancer cell

lines (MCF-1 and SkBr-3), which suggested that T be an ER antagonist of low
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potency (Gee et al., 2008). Yet, in another ERyassing stably transfected T47D human
breast cancer cells, TCS was reported as a verk B&@aagonist (Houtmaet al., 2004).

Potential effects of TCS as an anti-androgen haea beported; TCS inhibited AR-
mediated testosterone activity by 92% at 10 uM@and89% at 1 uM (Chest al., 2007). In
competitive binding assays in mouse mammary andahumneast cancer cell lines, TCS
antagonized the AR, and inhibited testosteroneanon of reporter gene activity (Gee et al.,
2008). This web ain vitro receptor-reporter data suggests perhaps mixed aak activity
of TCS as a moderate estrogenic and anti-androgenipound.

Aquatic models of sex hormone disruption furthemdastrate a mixed picture of the
estrogenic and anti-androgenic action of TCS. A-tweek aquatic exposure to developing
medaka Qryzas latipes) failed to demonstrate estrogenic effects on theebpment of
phenotypic sex; instead, small changes in fin molgyy and non-significant changes to the
sex ratio suggested slight androgenic effects fFetal., 2000). Strangely a different 21-
day study of TCS exposure to medaka demonstrateatiion of hepatic vitellogenin in male
medaka, suggestive of a weak estrogenic effecsilplgdue to a TCS metabolite (Ishibashi
et al., 2004). Additionally, anti-estrogenic adinof TCS was observed in aguatic
exposures to male South African Clawed froganfpus laevis) (Matsumura et al., 2005).

Recent studies of mammaliamvivo sex hormone effects have demonstrated estrogenic
effects in rats. In a rat uterotrophic assay, Potntially enhanced estrogenic activity;
when co-administered with ethinyl estradiol to pieg@scent rats, TCS increased uterine
weight and histological markers of estrogenic resgocompared to TCS exposure alone,
which had no effect (Stoket al., 2010). Zorrillaet al. (2009) reported evidence for weak

androgenic activity in a study that included evabraof the histological, morphological, and
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hormonal effects of TCS exposure on prepubescel& rats (Zorrillaet al., 2009); a
significant decrease in serum testosterone corat@rirwas observed at 200 mg/kg/day, but
this was not observed at higher doses and wasasetdependent (Zorrilla et al., 2009). The
current array oin vitro andin vivo studies on TCS-induced sex hormone disruption appea
to support the perspective that TCS may have rarid,potentially mixed, effects on sex
hormone status.

7b. Evidencefor TCS-induced thyroid hormone disruption

Initial concern for TCS-induced thyroid disruptibrst arose due to increases infR
MRNA expression itXenopus laevis XTC-2 cells following coapplication of TCS and T3
(Veldhoen et al., 2006). In addition, TCS accekstdtind limb formation and decreased
weight gain in developinBana catesbeina following T3 treatment-induced metamorphosis
(Veldhoen et al., 2006). These results promptebstions regarding the potential for TCS to
induce thyroid-related changes in other speciagial work in our laboratory demonstrated
that TCS exposure results in dose-dependent desréa3 4 in weanling female Long-Evans
rats in a 4-day exposure model (Crofton et al.,7Z20@ollowing this work, other groups
have corroborated our finding that TCS exposureedsed T4 in several different rat models
(Zorrilla et. al, 2009, Stoker et al 2010, Rodriget al 2010).

Further suspicion of potential TCS-induced thyrettmone disruption stems froim
vitro evidence for TCS interaction with xenobiotic nacleeceptors. Interaction with the
constitutive androstane receptor (CAR) and/or tlegmpane X receptor (PXR) is suggestive
of potential effects on thyroid hormone homeostésistschmeset al., 2005; Omiecinsket
al., 2011), as CAR and PXR regulate the hepatic engyhred function in thyroid hormone

turnover. Activation of PXR results in transcrgtal induction of CYP3A isoforms (Jones
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et al., 2000), as well as other Phase | and Il hepatitdmsformation enzymes, i.e.
glucuronyltransferases and sulfotransferases #tabolize thyroid hormones as part of
thyroid hormone homeostasis (Capen, 1994; De&titd., 1999; Schuuet al., 1997; Wang

et al., 2006). Activation of PXR also transcriptionatBgulates Phase Il transporters,
including organic anion transporting peptides andtioirug resistance proteins (Kretschmer
et al., 2005), which are known to mediate hepatiake and secretion of thyroid hormones
(Janseret al., 2005). Similary, activation of CAR results iaiscriptional up-regulation of
CYP2B isoforms, and a set of Phase Il and Phasefatic enzymes that overlaps with the
functional transcriptional activity of PXR (Kretsder et al., 2005). Thus, activation of CAR
and PXR by xenobiotics may lead to increased hepatabolic enzyme expression and
activity and a subsequent dysregulation of thyfmdnone homeostasis.

A luciferase-based human PXR reporter assay in humpatoma (HuH7) cells
demonstrated moderatevitro activation of PXR by TCS; 10 uM TCS produced
approximately 46% of the response of the protoglgieducer rifampicin (Jacoles al.,

2005). Assessment of vitro exposures of rat hepatocytes further support leepatlear
receptor activation via demonstrated increasesyp8 and Cyp3al protein content and
enzymatic activity increases in markers of CYPatgtincluding pentoxyresorufin-O-
depentylase (PROD), benzyloxyresorufin-O-debengy(8ROD), and ethoxyresorufin-O-
deethylase (EROD) (Jinreb al., 1997). Invivo TCS exposure also induced hepatic
microsomal Cyp2b, Cyp3a, and Cyp4a protein contentyell as PROD and BROD activity
in rats (Haniokaet al., 1997). Further, TCS inhibited Cypla and Cyp2hiction by 3-
methylcholanthrene (3MC) and phenobarbital (PBjttreent, indicating some competitive

and/or noncompetitive interaction with the aryl hychrbon receptor (AhR) and CAR,
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respectively (Haniokat al., 1996). Evidence of Phase | inductiornvitro andin vivo, in
addition toin vitro PXR activation by TCS, suggest interactions wighobiotic nuclear
receptors, in particular CAR and/or PXR, as indidaby inductive effects on Cyp2b and
Cyp3a respectively. Increased Cyp4a protein (blanet al., 1997) suggests that TCS may
also interact with peroxisome proliferator-activchteceptor alpha (PPAR (Johnsoret al.,
2002c; Johnsost al., 1996; Xuet al., 2005), which is further supported by the inductd
PPARu-related liver tumors in mice (Rodricks et al., @D1As a whole these effects on
hepatic xenobiotic nuclear receptors and metaleoiaymes support the findings of TCS-
induced changes in THs in rats via activation aflear receptors and increased hepatic
catabolism.

Discriminating between the potential roles of CA&sus PXR activation by TCS
may be difficult due to the promiscuity of theseaptors with respect to DNA binding. Both
CAR and PXR regulate Cyp3al expression in ratsitgracting with the DR3 site in the
pregnane X response element of CYP3AL1 (Snwtled., 2001). Similarly, both PXR and
CAR regulate Cyp2b, by binding to the DR site witthe phenobarbital response element of
Cyp2b (Smirlis et al., 2001). Studies in roderdagehdemonstrated CAR and PXR functional
overlap; PXR is capable of binding the phenobakbésponsive enhancer module (PBREM),
commonly denoted as the CAR binding site for inaucof CYP2B subfamily proteins, and
CAR is capable of binding the xenobiotic respongmbancer module (XREM) commonly
denoted as the PXR binding site (Véeal., 2002). PXR, and CAR to a lesser extent, both
have flexible ligand-binding pockets that can acowdate a diverse, species-dependent set
of activating compounds (Kretschmer et al., 20081i€2inski et al., 2011; Timsédt al.,

2007). Understanding whether TCS activates CARarRIXR activation may highlight key
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events in a potential MOA for TCS-induced hypothynemia that can be testeavitro
across species to determine the relevance of ddéxted in rat models (see Chapter 5).

8. Thyroid hormonesregulate physiology

Thyroid hormones modulate a variety of processesluit and developing organisms in
target tissues including brain, pituitary, heaat, fiver, and bone, from maintenance of
metabolic and cardiac output rate to neurodeveloprfWilliams, 2008; Yen, 2001; Zoeller
et al., 2007a). An important distinction is th&rdption of thyroid hormones during
neurodevelopment results in permanent alteratishsreas the effects during adulthood are
generally reversible with a return to euthyroiddksy naturally or by pharmacological
intervention (Miller et al., 2009). The regulatiofthe thyroid system, the effects of
disruption in adults and developing organisms, poténtial mechanisms of thyroid
disruption are briefly considered below.

8a. Overview of regulation of the thyroid hormone system

Euthyroid status in most vertebrates requires pleltorgans and complex regulation
maintained by critical negative feedback sign&ggulation begins with the brain: tripeptide
thyrotropin-releasing hormone (TRH) is synthesibggaraventricular neurons in the
hypothalamus, and transported via vasculatureg@therior pituitary (Zoeller et al., 2007a).
This prompts a localized increase in pituitary s@iption of thyroid-stimulating hormone
(TSH) and post-translational glycosylation to aatesthis glycoprotein for secretion into the
systemic circulation (Yen, 2001; Zoeller et al.028). Upon release of TSH from the
pituitary, it binds to surface receptors on thdi¢alar cells of the thyroid gland, initiating a
series of events to increase iodothyronine prodadti the colloid of the follicular cells;

bound TSH increases adenylate cyclase, increagtig @MP production, resulting in
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increased iodide uptake via the sodium-iodide symepdNIS), increased thyroglobulin
synthesis and iodination, and consequently inccedgeand T3 production and release from
the gland (Yen, 2001; Zoeller et al., 2007a). TRid &SH secretion are under the regulatory
negative feedback control of thyroid hormones noudation (Yen, 2001). Further,
hypothalamic concentrations of dopamine and sortatnsnay negatively regulate TSH
secretion (Yen, 2001), demonstrating layers of hegéeedback control at the level of
stimulation of iiodothyronine production.

In most vertebrate species, T4 production greattgeds T3 production; both
iodothyronines are systemically transported torttagget tissue sites, but T4 is considered
the “prohormone” as T3 mediates the majority ofgthgsiological action of the thyroid via
its agonist interaction with the thyroid receptoR] (Williams, 2008). T4 is typically bound
to serum binding proteins in the circulatory contpeent; the ratios and kinetics of these
binding proteins is a key difference between thyilmarmone homeostasis between humans
and rodent models. Approximately 75% of T4 is btmthyroxine binding globulin (TBG)
in humans (Schussler, 2000); this serum bindinggpordhas high affinity for T4 and a long
half-life of 5 days, thereby maintaining the plashadf-life of T4 as 5-9 days in humans
(Zoeller et al., 2007a). The remaining T4 poddasind to transthyretin (TTR) (15%) and
albumin (10%) in humans (Schussler, 2000). Bottaid T3 are actively transported into
target tissues (Friesenehal., 1999; Friesemat al., 2005), and T4 is converted to T3 in the
periphery by outer ring deiodinases to provide lized increases in availability, providing
up to 80% of the T3 in the human body (Chogiral., 1996; Kohrle, 2002). Thyroid
hormones are eliminated from circulation by hepaditabolism, i.e. by glucuronidation or

sulfation (Findlayet al., 2000; Visseket al., 1988; Vissert al., 1990; Yamanaket al., 2007)
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and excreted via the bile. Assays using humamigjumicrosomes demonstrated that
UGT1A8, UGT1A10, and UGT1A1 catalyze high-affinglucuronidation of T4 and may
result in a lowered absorption rate of T4 fromititestine and increase the excretion of the
stable T4 glucuronide via the urine (Yamanekal., 2007). Many uncertainties regarding
human metabolic clearance and elimination of thd/fmrmones from circulation remain due
to the absence of comprehensive studies espeiidilymans.

After reaching target tissues, and conversion efatohormone T4 to T3, T3 exerts
genomic action via interaction with thyroid hormaeeeptors. TRs are nuclear receptors
that act as transcription factors (TFs) with liganddulated activity, as the receptor is bound
to DNA even in the absence of T3 ligand; this apeptor recruits corepressors to inhibit
target gene transcription, while T3-activated régepecruits coactivators through a
conformational change, enabling up-regulation afjeagene expression (Bernal, 2007,
Williams, 2008). Thus, there is a bidirectionajutatory potential, whereby the absence of
T3 can repress gene expression and the presegeceadér T3 concentrations can result in
increased transcription of target genes (Kambat., 2010; Morreale de Escobetral.,

2004). Local cellular availability of T3 to intertawith TRs is determined primarily by the
outer ring deiodinase 2 (D2) (Gereletral., 2008). Two subtypes of thyroid receptors (TRS),
TRao and TR, are expressed on a tissue- and cell-specifis basegulate localized TH

action (Zoellert al., 2007b); alternative splicing of the transcriptanfi the genes that

encode these subtypes produces three functioregppt@dsoforms: TR1, TR31, and TR2
(Williams, 2008; Yen, 2001). TR is most highly expressed in liver but presemhamy
tissues, and TB2 is most highly expressed in the anterior pityi{afen, 2001) and is

thought to be a primary determinant of hypothalapitaitary-thyroid axis regulation

21



(Williams, 2008). TR is expressed in neurons (Wabtsal., 2010; Yen, 2001), with levels
that are particularly high during fetal developmdmnit expression levels decrease in the
weeks following birth to coincide with dramatic reases in TRL, suggesting that a
developmental pattern of TR isoform expressiorlated to receptor-specific regulation of
genes for neurodevelopment (Yen, 2001). The gamgyets of the transcriptional action of
TRs in target tissues continue to be elucidateth bigts of TR-regulated genes growing for
the brain, heart, and liver (Grijota-Martinezal., 2011).

In addition to the TR-mediated effects of thyromrinones, there may be nongenomic
actions of thyroid hormones. Thyroid hormone actiorangiogenesis and cell proliferation
may be mediated by interaction of T3 or T4 with selface integrin receptors that initiate
signaling through the mitogen-activated proteirakie (MAPK) pathway, resulting in
molecular actions including phosphorylation of TdReh that they can autoregulate gene
targets (Axelbandt al., 2011; Davist al., 2005; Davist al., 2008). There is some
suggestion that in addition to activation of cellukinase and calmodulin pathways, T4 alone
could affect calcium signaling and transport to mlate cytoskeleton modeling in the cortex
of rats (Yen, 2001; Zamonet al., 2008; Zoeller et al., 2007a). Relatively littbeknown
about the nongenomic action of thyroid hormones wivo models, but the developing
evidence suggests that there may be important @Bpendent roles for the “prohormone”
T4 in addition to T3.

8b. Physiological action of thyroid hormonesin adult organisms

The function of thyroid hormones in adult organigmquite different from the function

of thyroid hormones in the developing neonateadalts, thyroid hormones modulate

cardiac output, metabolism, nervous system confrolental and physical ability, including
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muscle tone, calcium-phosphate balance for bonsityepituitary and adrenocortical
function, respiration, and reproductive functiore(ly 2001). There is further evidence that
TRs and TR mutations may be involved in the develam of human cancers in myriad
tissues (Cheng, 2003; Gonzalez-Sanetha., 2003). Autoimmune diseases of the thyroid
are the largest cause of dysregulation of thyraoightone function in adult humans. Grave’s
disease and Hashimoto’s thyroiditis demonstrateeagbence of 5-10% in the population,
and result in hyperthyroidism and loss of thyraiddtion, respectively (Michekt al.,
2010). Fortunately the clear health risks exebydysregulation of TH concentrations are
reversible with T4 supplementation, or treatmernhwntithyroid drugs, radioablation of the
thyroid, or surgical removal of the thyroid follod/&y T4 supplementation (Arbelét al.,
1999).
8c. Thyroid hormones during development

In contrast to adult humans, thyroid dysregulatanng development has deleterious
and permanent adverse consequences on the deyptogenism. Severe thyroid hormone
deficiencies during the first trimester of pregnanesult in neurological cretinism, including
motor skill deficits and mental retardation, andeficiency is continued through the second
trimester, the cerebral cortex, basal ganglia,cauthlea are susceptible to irreversible injury
(Berbelet al., 2007; Bernal, 2002; Williams, 2008). Generalhere are three phases of the
thyroid hormone environment during neurodevelopmidat first trimester period during
which maternal thyroid hormones are the only soofdéyroid hormones; at 16-20 weeks
post-conception in humans and embryonic day 17.6+18ts, fetal thyroid function begins
to complement maternal supplies of thyroid hormamel, finally, the early postnatal period

during which neonatal thyroid hormones alone magulamaining neurodevelopment
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(Morreale de Escobat al., 2000; Williams, 2008). Available T3 in the deweing brain
activates TRs to transcriptionally regulate reqligene expression for a host of
neurodevelopmental processes including myelinatienronal and glial cell differentiation
and migration during and pregnancy and the earsynadal period (Bernal, 2007). Prior to
the onset of fetal thyroid function, neurogenesi@ aeuronal migration are regulated by
maternal T4 (Auset al., 2004; Cuevast al., 2005; Lavado-Autric et al., 2003). Following
the onset fetal thyroid function, maternal thyrb@mrmones still supplement fetal thyroid
hormone production to regulate neurogenesis, naliroigration, axonal outgrowth,
dendritic branching, synaptogenesis, glial cellddepment, and the beginnings of
myelination; these susceptible ongoing, thyroichimne-modulated processes can be
adversely impacted by disruption of maternal T4pdyifde Escobaet al., 2008; Morreale
de Escobar et al., 2000; Morreale de Escobar,&2@04). Postnatally, neuronal cell
migration in the hippocampus and cerebellum cometimong with glial cell development and
myelination, requiring normal neonatal thyroid ftion (Porterfieldet al., 1993; Williams,
2008). All of these processes are subject to peemizalteration in the event that thyroid
hormone signaling is disrupted.

The correlation between maternal hypothyroxinemiiareversible neonatal cognitive
and brain abnormalities is well established (Bareirad., 2000; Berbekt al., 2009; Cuevas
et al., 2005; Howdeshell, 2002; Morreale de Escebat., 2000; Ricet al., 2000; Zoeller et
al., 2000). Even relatively small changes in nredkm4 during pregnancy affect the 1Q of
human children (Haddowt al., 1999) and other measures of cognition, sociatimagnd
motor function (Berbel et al., 2009; Kooistra et 2D06; Liet al., 2010; Pop et al., 2003;

Pop et al., 1999). The lasting effects of decreasetero T4 may be explained by rodent
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models which demonstrate correlations between dsetematernal T4 and alterations in
cytoarchitecture (Auso et al., 2004; Cuevas eR805; Lavado-Autric et al., 2003; Sharén
al., 2008), decreased expression of proteins invalvealcium regulation at the synapse and
myelination (Ibarrolaet al., 1997; Iniguezt al., 1996), and/or changes in the expression of
genes associated with calcium homeostasis at tiegsg, transcriptional regulation, synapse
transmission, myelination and developmental cdtlestbn (de Escobar et al., 2008;
Morreale de Escobar et al., 2000; Morreale de Emcebal., 2004; Roylanet al., 2008).
Maternal production of both T4 and T3 increasemynormal pregnancy, with a sharp spike
in serum T4 concentrations during the first triree¢Glinoer, 1997), corresponding to
increased disposition of maternal T4 to the fetahpartment (Morreale de Escobar et al.,
2004). In the fetal compartment during early géstatl4 is found predominantly as fT4,
and is dependent upon the T4 and fT4 in the systemdulation of the mother; thus,
subclinical maternal hypothyroxinemia may affe@ thyroid status of the developing
progeny (de Escobat al., 2008). Disruption of maternal T4, even in theaixe of overt
hypothyroidism, classically defined as decreasedmdincreased TSH, may result in
adverse effects on fetal neurodevelopment.

8d. Mechanisms of thyroid hormone disruption

Thyroid-disrupting chemicals include xenobioticatthlter structure or function of the
thyroid gland itself, interfere with regulatory gmaatic mechanisms responsible for thyroid
hormone homeostasis, or change systemic or tibyu@d hormone concentrations (Capen,
1994; Crofton et al., 2005a; DeVito et al., 199%hyroid disruptors act via multiple targets,
including: inhibition of thyroid hormone synthesig disruption of iodide uptake or

thyroperoxidase; binding to thyroid hormone transpooteins; interference with TRs
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systemically; inhibition of iodothyronine deiodiressat sites of thyroid action; and increased
rates of clearance of THs (Boatsal., 2006; Capen, 1994; Crofton, 2008).

Prevention of iodothyronine production at the levethe thyroid gland has been
demonstrated by toxicants that inhibit iodide uptala the sodium-iodide symporter (NIS)
or catalysis of iodide to iodine for conjugationtyoosine residues on thyroglobulin by
thyroperoxidase (TPO) (Crofton, 2008). Perchlo(selff, 1998), nitrate, and thiocyanate
(De Groefet al., 2006) are known environmental contaminants thtaibit NIS function.

The antithyroid drugs propylthiouracil (PTU) andtimenazole (MMI) inhibit TPO (Cooper,
2005), as well as the ultraviolet filter benzophe®@ (Schmutzleet al., 2007) and
isoflavones (Changt al., 2000) among others (Crofton, 2008).

Many thyroid disrupting chemicals act extrathyrdiglgia: agonism or antagonism of
TRs; displacement of thyroid hormones from serundinig proteins; and, disruption of
normal rats of thyroid hormone metabolism. Fewoleotics have been reported to interact
with TRs; the environmental contaminant bisphenasAn antagonish vitro (Moriyamaet
al., 2002; Zoelleet al., 2005), and Aroclor 1254, a mixture of polychlated biphenyls
(PCBs), appeared to exert agonist action againshvio (Gaugeret al., 2007; Gaugeet
al., 2004), although the neuroendocrine responsedcléir 1254 was not fully attributable to
unidirectional agonism (Bansetial., 2008). Xenobiotic competition for transthyretin
(TTR), a minor thyroid hormone binding protein iarhans, has been suggested as an
alternate mode of thyroid hormone disruption byi¢arts like PCBs (Lang al., 1994; van
den Berg, 1990). However, this MOA has been desgppéir PCBs byn vivo studies in rats
that indicated that the timing of peak serum cotregions of PCBs did not result in

increased fT4 in serum (Hedgeal., 2009).
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A widely accepted MOA for thyroid hormone disruptiis up-regulation of thyroid
hormone metabolism, either by inhibition of perigheleiodination of T4 to T3 (Kohrle,
2002; Kohrle, 1996) or up-regulation of hepaticabatism and transport of thyroid
hormones (Bartegt al., 1994; Capen, 1994; Hoeatlal., 2003; Johnsost al., 2002b;
Klaasseret al., 2005; Lecureuxt al., 2009; Vanselét al., 2001). Xenobiotics including
PCBs (Morseet al., 1993), PTU (Visseet al., 1979), and FD&C Red No. 3 dye (Capen,
1998) have been implicated in inhibition of perigi@leiodination. Many thyroid disrupting
chemicals have been proposed to activate xenolmatlear receptors including the aryl
hydrocarbon receptor (AhR), constitutive androstaeeptor (CAR), and pregnane X
receptor (PXR) to increase metabolism and elimomatif thyroid hormones. AhR, CAR,
and PXR transcriptionally regulate gene expresefagiucuronyltransferase,
sulfotransferase, and hepatic transporter isoforecgssary for catabolism and elimination of
thyroid hormones at a normal rate to maintain ewtidystatus (Craft et al., 2002; Crofton et
al., 2005a; Kohn, 2000; Kretschmer et al., 2008siiet al., 2007). Activation of these
receptors by xenobiotics has resulted in up-reguiaif glucuronidation, sulfation, and
export of thyroid hormones leading to thyroid homaalecreases by a variety of compounds,
including examples such as 2,3,7,8-tetrachlorodibgndioxin (TCDD), 3-
methycholanthrene (3-MC), Aroclor 1254, PCBs, pliembital (PB), pregnenolone-
16alpha-carbonitrile (PCN), DMP-904, and oltipraatthave largely been described in
rodent andn vitro human models as microsomal enzyme inducers (Betredr, 1994;
Buckleyet al., 2009; Chengt al., 2005; Gucet al., 2002; Johnson et al., 2002b; Kohn, 2000;
Lecureux et al., 2009; Schuur et al., 1997; Vardell., 2002; Vansell et al., 2001, Visser et

al., 1993; Wongt al., 2005). The basic hypothesis is that these nonas enzyme
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inducers cause a systemic thyroid hormone conderirdecrease because more thyroid
hormone exits the system following increased mdialstearance and/or transport. Recently
the importance of increased T4 glucuronidationigyWgtla subfamily in mediating serum
T4 decreases has been questioned by studies iatflvehich demonstrated that T4 decreases
were possible in Ugtla-deficient Gunn rats follogvmicrosomal enzyme induction with
Aroclor 1254, 3-MC, and PCN (Richardsetral., 2010). Previously a poor correlation
between T4-glucuronidation and T4 decreases andim@#dases has been observed (Craft et
al., 2002; Hoodtt al., 2000; Vansell et al., 2001), and the decreaselinm T4 observed
with PB treatment in Gunn rats also demonstratedlaof dependence on Ugtla-mediated
glucuronidation of T4 (Katet al., 2005). These data do not negate the potentmfibation
of T4-glucuronidation to observed systemic decreasé& 4, but rather suggest that other
mechanisms, identified or yet to be identified, todnute to decreased thyroid hormone
concentrations. One possibility is the contribatad thyroid hormone sulfation. Another
speculation might be that increased clearanceyobith hormones may rely on increased
export of parent T4, as observed with DMP-904 ts (#/ong et al., 2005). Hepatic
catabolic modulation of thyroid hormone homeostas@ characterization of the associated
MOA require further clarification.

9. Rat asamode of TH-disruption

Particularly for environmental toxicants, it isfdifilt to obtain human datan vivo
human data for thyroid hormone disruptors is lichiéexd centers on pharmacological agents
with off-target thyroid toxicity or epidemiologicatudies burdened by weak exposure
metrics. Fortunately, rats appropriately modelribarological effects of developmental

thyroid hormone insufficiency (Zoellet al., 2004). The general mechanisms of thyroid
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hormone homeostasis are conserved, but key ditfeseim the specific gene and protein
isoforms expressed do instill uncertainty to exbtapon across species. Some of the
potential differences between rat and human thymominone homeostasis mechanisms are
described here, as well as the potential humarsitiéity of the MOA described in rat and
vitro models.

9a. Potential relevance to humans: differencesin TH homeostasis between rats and

humans

Thyroid hormones are maintained in circulation @ity bound to serum binding
proteins and are cleared from the system at somstaat rate as a result of hepatic
catabolism and excretion. There are substantitdréifices in the relative expression of
serum binding proteins and the half-life of T4 be&w humans and rats. In contrast to
humans, thyroxine-binding globulin (TBG) is onlypegssed during development and early
postnatal life in rats (Sawa al., 1987; Vranckeet al., 1994; Vranckyet al., 1990), and
following this period the primary serum binding o is transthyretin (TTR) (Savu et al.,
1987; Vranckx et al., 1994). TTR has a lower bmgdaffinity and reduced half-life
compared to TBG, resulting in a shortened plasnifdifefor rat T4 that is 12-24 hours
instead of 5-9 days in humans. This decreasedlf4ite in rats may make them more
susceptible to thyroid disruption than humans (©af894).

The inducibility of TSH also varies between ratdl ammans. Decreased thyroid
hormones in circulation initiates an up-regulatadrmT SH in rodents that can excessively
stimulate the thyroid and result in thyroid tum@sll et al., 1998). Humans are thought to
be much less sensitive to this MOA due to a laoyeulating pool of THs and a larger

luminal supply of THs in the thyroid gland (Cap&A94; Hill et al., 1998).
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An additional uncertainty in using rats to modeirtain TH homeostasis is enterohepatic
recirculation of thyroid hormones, which may chatigerelative excretion pathway and
rates between species. The hypothesis we exmidhesi work is that TCS up-regulates
hepatic catabolism and excretion of thyroid hornspm@wever, it is possible that some
fraction, potentially divergent between speciese@rculated rather than exiting via biliary
excretion. It is fairly well accepted that rats\pmate thyroid hormones largely by
glucuronidation in preparation for a large fracttorbe fecally excreted via the bile (Beetstra
etal., 1991; de Herdeat al., 1988; Kapteiret al., 1997; Visser, 1996; Visset al., 1993;
Visser et al., 1990)In vivo rat studies have demonstrated that bile reciresltd the
intestine, where hydrolysis of thyroid hormone aneldominantly T4-glucuronide (Visserr
al., 1990) may enable as much as 50% of thyroid hoengmrtering the intestine to be
reabsorbed, with the rest eliminated fecally (Di&teet al., 1988). In contrast to the
findings of DiStefano and Visser, Galton and Nigila72) found no net resorption of
thyroid hormone from the gastro-intestinal tractait (Galtoret al., 1972). A separate
study confirmed that the majority of thyroid horneotonjugate excreted into bile is T4-
glucuronide, and that though this conjugate israfiterecirculated, this conjugate has a high
affinity for bile, with very little actually re-emting systemic circulation (Bastomsky, 1972).
Limited evidence from human patients suggestsdahtdrohepatic recirculation of thyroid
hormone and its conjugates occurs, but that on¥g BOreabsorbed in the intestine, with
70% of the thyroid hormone pool in the bile exitiegally (Myant, 1956). Differences in
reabsorption of thyroid hormone in the intesting/roanstitute a kinetic difference in thyroid
hormone maintenance between rats and humans. Howmmparison between species is

difficult due to the limited number of studies peutarly for humans.
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9b. Potential relevance to humans: evidence for thyroid disruption in humans by

microsomal enzymeinducers

Increased hepatic catabolism and elimination ofdidyhormones via microsomal
enzyme induction is one MOA for thyroid hormonerdpion that has been increasingly
noted in rodent models of thyroid toxicology (Bare al., 1994; Brucker-Davis, 1998; Guo
et al., 2002; Hood et al., 2003; Hoetchl., 1999; Hood et al., 2000; Hurley, 1998; Johnaon
al., 2002a; Lecureux et al., 2009; latal., 1995; Vansell et al., 2001). This MOA is
potentially relevant to humans because similargiocidation and sulfation catabolic
pathways also lead to increased thyroid hormoneuar. There are also analagous
xenobiotic nuclear receptors in rats and humansrégalate similar functional domains to
include Phase |, Phase Il, and hepatic transppression.

In vivo evidence for the plausibility of the hypothethat thyroid disrupting chemicals
can decrease serum thyroid hormones in humans qomnesrily from the toxic side-effects
of therapeutic drugs. A number of drugs, includittgum (anti-depressant) (Gittoesal.,
1995) and the anti-convulsant sedatives carbamaegphenytoin, and phenobarbital, are all
known to decrease thyroid hormones (Gittoes el @85; Simkeet al., 2007).
Carbamazepine decreased systemic T4 via activatibapatic microsomal enzymes and
displacement and also potentially by competitivading to TBG (Simko et al., 2007);
carbamazepine induces CYP3A4 and UGT1A1 (Oscaatsaln, 2006), and is a PXR agonist
(Luo et al., 2002), suggesting that it can up-regulate gluaugation and other catabolic
processes to increase elimination of thyroxineer@barbital is also thought to increase
glucuronidation of T4 via activation of CAR, andieases expression and activity of

UGT1Al in human hepatocytes (Rit&ral., 1999), though at concentrations that exceed
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therapeutic serum concentrations by at least Id{falrolin et al 2005). In addition to
increased glucuronidation activity, phenytoin magrease peripheral conversion of T4 to T3
(Strolin et al 2005). The therapeutic use of aptulsant sedatives appears to mediate
moderate inductive effects on metabolic enzymestlaaghotential for thyroid hormone
disruption (Strolin et al. 2005, (Perucgtaal., 1984; Simko et al., 2007). On this basis, it
appears possible to elevate glucuronidation agtteittoincide with serum T4 decreases in
humans, provided a high enough dose of the micrakenzyme inducer is employed.
Several epidemiological studies have tried toosgiectively correlate the serum
concentrations of known thyroid disrupting toxicamtith serum thyroid hormone
concentrations, with varying success. Chewtlat. (2010) found an inverse correlation
between the serum concentration of polybrominateldeshyl ethers (PBDEs) and maternal
serum TSH, which does not correspond to the exgeetationship that PBDEs decrease
serum T4 and T3 concentrations with no effects 8 &s seen in rodents (Zhetal .,
2002). An inverse correlation between the seruntentrations of hydroxylated PCBs in
mothers and children and markers of neurodevelopmas demonstrated in a cohort from
Slovakia (Parlet al., 2009). Similar reports are counterbalanced pgnts that demonstrate
little or no correlation between thyroid hormonsrdptor burden in maternal and/or child
tissues and neurodevelopment and thyroid hormoneerirations in the children (Darnerud
et al., 2010). Thus, there is some suggestion that badyen of thyroid disrupting
compounds may correspond to thyroid hormone amgforological outcomes, but these
associations are weakly correlative at best, liklelg, in part, to the epidemiological

experimental approach and confounding factors.
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10. Summary and human health significance
Currently, there is a veritable dearth of evideregarding the potential risks to

human health posed by widespread TCS environmeotéhmination. Detection of TCS in
ecosystems and human tissue samples globally sraatenperative to determine the dose-
response relationship for thyroid hormone disrupbg TCS, the MOA of TCS-induced
hypothyroxinemia, and the potential effects of T@&he developing neonate. TCS may
interact with hepatic xenobiotic nuclear receptepgcifically CAR and/or PXR, and
produce downstream hepatic enzyme induction thgtattar thyroid hormone homeostasis.
Currently, there is a lack of information regardihg MOA for TCS-induced
hypothyroxinemia in the rat. Knowledge of the M@An vivo laboratory models is
extremely useful for determination of the humamvahce of TCS-induced
hypothyroxinemia (Boobist al., 2008; Croftoret al., 2005b). Common hazard assessment
practice assumes human relevance of animal daaéysas of the key events of the MOA in
rat models andh vitro human models enables testing of the hypothesisTitb&-induced
hypothyroxinemia is relevant to humans.

11. Experimental Design

In vivo oral administration of TCS to rats is used in tleisearch in order to model

human oral exposures that would potentially ochuwugh drinking water or oral hygiene
products. In additionn vitro experiments were used to address specific medfanis
guestions regarding the potential activation ofof®atic nuclear receptors by TCS and the
contribution of functional hepatic transport to thgothesized MOA.In vivo, whole animal
exposures were used to identify the target tishgetiver was identified as critically

involved in mediating the observed systemic thytmdmone disruption. Initially a short-
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term exposure of four days was employed to askegsatential for TCS to decrease thyroid
hormones in young female rats, as a screen fooithyxormone disruption, and to identify an
appropriate dose range for further characterizatfcdhe MOA for TCS-induced thyroid
hormone disruption in rats. A developmental expegaradigm was used to model the
potential exposure and effects of TCS on the dgnetporganism; rat dams were exposed
perinatally to TCS via oral gavage, such that affgponly received TCS through
transplacental transfer and/or milk consumptiohisTvas a more appropriate model for the
subpopulation of concern: human neonates receiM2fg via transplacental transfer and
lactation. Finally, the human relevance of th&ivo rat work was assessed by comparative
in vitro models of the initiating key event of the MOA hyipesis: xenobiotic nuclear
receptor activation, as indicated by species-sjga@teptor-reporter assays.

The second chapter of this work describes theefief a four-day TCS exposure on
the thyroid hormone system and biomarkers of hegatiabolism of thyroid hormones.
Hepatic microsomal activity assays and RT-PCR weszl to assess the contribution of
hepatic catabolism, i.e. glucuronidation and sidfgtand transport, to the observed systemic
decreases in thyroid hormones. The third chapgt#i®work details study of the susceptible
population model: the developing fetus and neon@tes work provided an initial focus on
the potential for thyroid hormone disruption durthg lactation period. The fourth chapter
includes an extension of the initial finding tha@ 3 decreases thyroxine (T4) during
postnatal development to include assessment dftfgt@xine during gestation, an
examination of the hypothesized MOA in multipleeldtages, and an assessment of the
internal doses of TCS received at the varioussitsges. Receptor-reporter assays indicating

xenobiotic nuclear receptor activation, and prawgcritical interspecies comparison data
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between rat and humans, are described in thechigipter of this work. The sixth chapter of
this work summarizes the major findings of the agsle project, implications, and future
directions of this work. Finally, an appendix distéhe effects of TCS om vitro functional

hepatic transport in sandwich-cultured rat hepdtscgs an addendum to Specific Aim 1.

Global hypothesis: TCS induces hypothyroxinemiaagtvation of xenobiotic nuclear
receptors, resulting in up-regulation of hepati@balism and excretion of thyroid hormones
and subsequent systemic thyroid hormone concemtrdecreases.

Hypothesis 1: Short-term TCS exposure decreasesgtihi4oincident up-regulation of
markers of hepatic catabolism and transport ofdidyhormones, suggesting that the MOA
of TCS-induced hypothyroxinemia is increased hepadtabolism and excretion of T4.
Specific Aim 1: Determine whether triclosan affeleepatic catabolism and transport of
thyroxine in rats. Assessment of hepatic Phasel IRhase Il gene expression and enzymatic
markers reflective of nuclear receptor activatiaaswwerformed using quantitative reverse
transcriptase PCR (gRT-PCR) and hepatic microsassdys. The potential contribution of
hepatic transport to the proposed MOA was meadwyefRT-PCR of key hepatic transport
proteins (Phase Ill). Follow-up studies of hepatamsport function were performed in an
additional set ofn vitro experiments in sandwich-cultured rat hepatocytes.

Hypothesis 2: Perinatal TCS exposure decreases @dms and offspring via a similar
proposed MOA: increased hepatic catabolism andimdition of thyroid hormones as a result
of xenobiotic nuclear receptor activation by TCS.

Specific Aim 2: Determine the effect of perinatadternal exposure on thyroxine

concentrations and metabolism in dams and offsprifftge dose-response relationship for
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perinatal maternal TCS exposure and T4 decreasesl@tarmined in dams and pups;
analysis of TCS in the serum and liver of exposathals provided additional support for
these relationships. Hepatic microsomal activiiyags were employed to study markers of
Phase | and Il metabolic enzyme activity, and tfNA expression of Phase |, I, and Il
hepatic metabolic enzymes was evaluated using iaiiveg PCR (QPCR). Gene expression
markers of tissue-level thyroid hormone changeswssessed for hepatic mRNA by gPCR.
Hypothesis 3: TCS activates rat and human xenabmeiclear receptors as the initiating key
event in a MOA for TCS-induced hypothyroxinemia.

Specific Aim 3: Determine whether TCS activatesdbestitutive androstane and pregnane
X receptors (CAR and PXR) in models of the humaah raih receptors. Tha vitro

activation of human and rat PXR was measured usingmercially available (Puracyp, Inc.;
Carlsbad, CA) human and rat hepatoma cell linesaooing full-length PXR and a
luciferase-based reporter construcell-based receptor-reporter assays in human emiaryo
kidney cells (HEK293T) (INDIGO BioSciences) wereeddo evaluate the ligand-binding
potential of TCS for all three active human CARigplhariants (hCAR1, hCAR2, hCAR3),

rat CAR, mouse CAR, and human, rat, and mouse PXR.

36



References

Adolfsson-Erici, M., M. Pettersson, J. Parkkoned anSturve (2002). Triclosan, a
commonly used bactericide found in human milk anthe aquatic environment in Sweden.
Chemosphere 46, 1485-1489.

Ahn, K. C., B. Zhao, J. Chen, G. Cherednichenkd&&marti, M. S. Denison, B. Lasley, .
N. Pessah, D. Kultz, D. P. Chang, S. J. Gee aral Bammock (2008). In vitro biologic
activities of the antimicrobials triclocarban, @#salogs, and triclosan in bioassay screens:
receptor-based bioassay scre&msironmental health perspectives 116, 1203-1210.

Aiello, A. E., E. L. Larson and S. B. Levy (200Qonsumer antibacterial soaps: effective or
just risky?Clin Infect Dis 45 Suppl 2, S137-147.

Allmyr, M., M. Adolfsson-Erici, M. S. McLachlan an@. Sandborgh-Englund (2006a).
Triclosan in plasma and milk from Swedish nursingtimers and their exposure via personal
care productsThe Science of the total environment 372, 87-93.

Allmyr, M., M. S. McLachlan, G. Sandborgh-EnglunadaV. Adolfsson-Erici (2006b).
Determination of triclosan as its pentafluorobenzsger in human plasma and milk using
electron capture negative ionization mass spectirgnfnalytical chemistry 78, 6542-6546.

Allmyr, M., F. Harden, L. M. Toms, J. F. Mueller,.N8. McLachlan, M. Adolfsson-Erici and
G. Sandborgh-Englund (2008). The influence of agkgender on triclosan concentrations
in Australian human blood seruffhe Science of the total environment 393, 162-167.

Allmyr, M., G. Panagiotidis, E. Sparve, U. Diczfajuand G. Sandborgh-Englund (2009).
Human exposure to triclosan via toothpaste doesmatge CYP3A4 activity or plasma
concentrations of thyroid hormondasic Clin Pharmacol Toxicol 105, 339-344.

Arbelle, J. E. and A. Porath (1999). Practice glings for the detection and management of
thyroid dysfunction. A comparative review of the@senmendation<Clinical endocrinology
51, 11-18.

Auso, E., R. Lavado-Autric, E. Cuevas, F. E. DeyR&. Morreale De Escobar and P. Berbel
(2004). A moderate and transient deficiency of mmatlethyroid function at the beginning of
fetal neocorticogenesis alters neuronal migratimalocrinology 145, 4037-4047.

Axelband, F., J. Dias, F. M. Ferrao and M. Einiekamas (2011). Nongenomic signaling
pathways triggered by thyroid hormones and theilab@ite 3-iodothyronamine on the
cardiovascular systerd.Cell Physiol 226, 21-28.

Bagley, D. M. and Y. J. Lin (2000). Clinical evidanfor the lack of triclosan accumulation
from daily use in dentifrice\merican journal of dentistry 13, 148-152.

37



Balmer, M. E., T. Poiger, C. Droz, K. Romanin, P.Bergqvist, M. D. Muller and H. R.
Buser (2004). Occurrence of methyl triclosan, agfarmation product of the bactericide
triclosan, in fish from various lakes in Switzera&nvironmental science & technology 38,
390-395.

Bansal, R. and R. T. Zoeller (2008). Polychlorinddgphenyls (Aroclor 1254) do not
uniformly produce agonist actions on thyroid hormoesponses in the developing rat brain.
Endocrinology 149, 4001-4008.

Barbolt, T. A. (2002). Chemistry and safety of lwmgan, and its use as an antimicrobial
coating on Coated VICRYL* Plus Antibacterial Sutfceated polyglactin 910 suture with
triclosan).Surgical infections 3 Suppl 1, S45-53.

Barone, S., Jr., K. P. Das, T. L. Lassiter and L\\Ihite (2000). Vulnerable processes of
nervous system development: a review of markergwattiodsNeurotoxicology 21, 15-36.

Barter, R. A. and C. D. Klaassen (1994). Reduabibtinyroid hormone levels and alteration
of thyroid function by four representative UDP-gluonosyltransferase inducers in rats.
Toxicology and applied pharmacology 128, 9-17.

Bastomsky, C. H. (1972). The enterohepatic circahadf thyroxine in the rat: a short circuit.
Clin i 42, 28P-29P.

Beetstra, J. B., J. G. van Engelen, P. Karels, kaid der Hoek, M. de Jong, R. Docter, E. P.
Krenning, G. Hennemann, A. Brouwer and T. J. Vig4601). Thyroxine and 3,3',5-
triiodothyronine are glucuronidated in rat liver ¢hfferent uridine diphosphate-
glucuronyltransferaseEndocrinology 128, 741-746.

Berbel, P., M. J. Obregon, J. Bernal, F. EscobbRdg and G. Morreale de Escobar (2007).
lodine supplementation during pregnancy: a puldialth challengelrends Endocrinol
Metab 18, 338-343.

Berbel, P., J. L. Mestre, A. Santamaria, |. PalaZorFranco, M. Graells, A. Gonzalez-Torga
and G. M. de Escobar (2009). Delayed neurobehdwerselopment in children born to
pregnant women with mild hypothyroxinemia during first month of gestation: the
importance of early iodine supplementatidhyroid 19, 511-519.

Berbel, P., D. Navarro, E. Auso, E. Varea, A. EdRguez, J. J. Ballesta, M. Salinas, E.
Flores, C. C. Faura and G. M. de Escobar (2010 Bdate maternal thyroid hormones in
cerebral cortex development: an experimental mimtdiuman prematurityCereb Cortex

20, 1462-1475.

Bernal, J. (2002). Action of thyroid hormone inibca Endocrinol Invest 25, 268-288.

Bernal, J. (2007). Thyroid hormone receptors inrbdevelopment and functiohlat Clin
Pract Endocrinol Metab 3, 249-259.

38



Bhargava, H. N. and P. A. Leonard (1996). Triclosgplications and safetpumerican
journal of infection control 24, 209-218.

Black, J. G., D. Howes and T. Rutherford (1975)ycB&neous absorption and metabolism
of Irgasan DP300Toxicology 3, 33-47.

Boas, M., U. Feldt-Rasmussen, N. E. Skakkebaekand. Main (2006). Environmental
chemicals and thyroid functiofuropean journal of endocrinology / European Federation
of Endocrine Societies 154, 599-611.

Bock, M., J. Lyndall, T. Barber, P. Fuchsman, Eri&ghon and M. Capdevielle (2010).
Probabilistic application of a fugacity model teegict triclosan fate during wastewater
treatmentlntegr Environ Assess Manag 6, 393-404.

Boobis, A. R., J. E. Doe, B. Heinrich-Hirsch, M.Meek, S. Munn, M. Ruchirawat, J.
Schlatter, J. Seed and C. Vickers (2008). IPCSdraonk for analyzing the relevance of a
noncancer mode of action for huma@sitical reviews in toxicology 38, 87-96.

Brucker-Davis, F. (1998). Effects of environmergghthetic chemicals on thyroid function.
Thyroid 8, 827-856.

Buckley, D. B. and C. D. Klaassen (2009). Inductodmouse UDP-glucuronosyltransferase
MRNA expression in liver and intestine by activatof aryl-hydrocarbon receptor,
constitutive androstane receptor, pregnane X recgpéroxisome proliferator-activated
receptor alpha, and nuclear factor erythroid 2tegldactor 2Drug metabolism and

disposition: the biological fate of chemicals 37, 847-856.

Butte, N. F., C. Garza, E. O. Smith and B. L. Nish@984). Human milk intake and growth
in exclusively breast-fed infant3 Pediatr 104, 187-195.

Butte, N. F., M. G. Lopez-Alarcon and C. Garza @0Wutrient adequacy of exclusive
breast feeding for the term infant during the féshonths of life WHO Geneva, 1-49.

Calafat, A. M., X. Ye, L. Y. Wong, J. A. Reidy ahdL. Needham (2008). Urinary
concentrations of triclosan in the U.S. populati@®03-2004Environmental health
perspectives 116, 303-307.

Capen, C. C. (1994). Mechanisms of chemical inpfrihyroid glandProgressin clinical
and biological research 387, 173-191.

Capen, C. C. (1998). Correlation of mechanistia@deid histopathology in the evaluation of
selected toxic endpoints of the endocrine systigxicology letters 102-103, 405-409.

Chalew, T. E. and R. U. Halden (2009). Environmktgosure of Aquatic and Terrestrial
Biota to Triclosan and Triclocarbah Am Water Works Assoc 45, 4-13.

39



Chang, H. C. and D. R. Doerge (2000). Dietary gemsnactivates rat thyroid peroxidase in
vivo without an apparent hypothyroid effe€txicology and applied pharmacology 168,
244-252.

Chen, J., K. C. Ahn, N. A. Gee, S. J. Gee, B. Dnaeck and B. L. Lasley (2007).
Antiandrogenic properties of parabens and othengliecontaining small molecules in
personal care productBoxicology and applied pharmacology 221, 278-284.

Cheng, S. Y. (2003). Thyroid hormone receptor maatin cancerMol Cell Endocrinol
213, 23-30.

Cheng, X., J. Maher, M. Z. Dieter and C. D. Klaasg&005). Regulation of mouse organic
anion-transporting polypeptides (Oatps) in livergogtotypical microsomal enzyme inducers
that activate distinct transcription factor pathadyrug metabolism and disposition: the
biological fate of chemicals 33, 1276-1282.

Chopra, I. J., P. Taing and L. Mikus (1996). Dirdetermination of free triiodothyronine
(T3) in undiluted serum by equilibrium dialysis/ridhmunoassay (RIA)Thyroid 6, 255-
259.

Coogan, M. A, R. E. Edziyie, T. W. La Point andJBVenables (2007). Algal
bioaccumulation of triclocarban, triclosan, and myktriclosan in a North Texas wastewater
treatment plant receiving strea@hemosphere 67, 1911-1918.

Cooper, D. S. (2005). Antithyroid drugehe New England journal of medicine 352, 905-
917.

Craft, E. S., M. J. DeVito and K. M. Crofton (2002 omparative responsiveness of
hypothyroxinemia and hepatic enzyme induction ing-&vans rats versus C57BL/6J mice
exposed to TCDD-like and phenobarbital-like polgehiated biphenyl congenerBoxicol

Sci 68, 372-380.

Crofton, K. M., E. S. Craft, J. M. Hedge, C. GergsnJ. E. Simmons, R. A. Carchman, W.
H. Carter, Jr. and M. J. DeVito (2005a). Thyroidthone-disrupting chemicals: evidence for
dose-dependent additivity or synergidenvironmental health perspectives 113, 1549-1554.

Crofton, K. M. and R. T. Zoeller (2005b). Mode @tian: neurotoxicity induced by thyroid
hormone disruption during development--hearing tessilting from exposure to PHAHS.
Critical reviewsin toxicology 35, 757-769.

Crofton, K. M., K. B. Paul, J. M. Hedge and M. E\iito (2007). Short-term in vivo

exposure to the water contaminant triclosan: Eveddor disruption of thyroxinéznviron
Toxicol Pharmacol 24, 194-197.

40



Crofton, K. M. (2008). Thyroid disrupting chemicamsechanisms and mixtures.
International journal of andrology 31, 209-223.

Cuevas, E., E. Auso, M. Telefont, G. Morreale dedbar, C. Sotelo and P. Berbel (2005).
Transient maternal hypothyroxinemia at onset oficogenesis alters tangential migration of
medial ganglionic eminence-derived neurdag. J Neurosci 22, 541-551.

Darnerud, P. O., S. Lignell, A. Glynn, M. Aune, Fornkvist and M. Stridsberg (2010). POP
levels in breast milk and maternal serum and tlayha@irmone levels in mother-child pairs
from Uppsala, Swedenvironment international 36, 180-187.

Davis, P. J., F. B. Davis and V. Cody (2005). Meamlar receptors mediating thyroid
hormone actionTrends Endocrinol Metab 16, 429-435.

Davis, P. J., J. L. Leonard and F. B. Davis (2008chanisms of nongenomic actions of
thyroid hormoneFront Neuroendocrinol 29, 211-218.

Dayan, A. D. (2007). Risk assessment of triclosagagan((R))] in human breast milkood
Chem Toxicol 45, 125-129.

de Escobar, G. M., S. Ares, P. Berbel, M. J. Olmeggad F. E. del Rey (2008). The changing
role of maternal thyroid hormone in fetal brain di®pment.Semin Perinatol 32, 380-386.

De Groef, B., B. R. Decallonne, S. Van der Geytényl. Darras and R. Bouillon (2006).
Perchlorate versus other environmental sodium/edinporter inhibitors: potential
thyroid-related health effectBuropean journal of endocrinology / European Federation of
Endocrine Societies 155, 17-25.

de Herder, W. W., F. Bonthuis, M. Rutgers, M. Htedt M. P. Hazenberg and T. J. Visser
(1988). Effects of inhibition of type | iodothyrore deiodinase and phenol sulfotransferase
on the biliary clearance of triiodothyronine ingdndocrinology 122, 153-157.

DeSalva, S. J., B. M. Kong and Y. J. Lin (1989)clbsan: a safety profilédmerican
journal of dentistry 2 Spec No, 185-196.

DeVito, M., L. Biegel, A. Brouwer, S. Brown, F. Biker-Davis, A. O. Cheek, R.
Christensen, T. Colborn, P. Cooke, J. Crissmai@ridfton, D. Doerge, E. Gray, P. Hauser,
P. Hurley, M. Kohn, J. Lazar, S. McMaster, M. Mci@leE. McConnell, C. Meier, R. Miller,
J. Tietge and R. Tyl (1999). Screening methods$Hwgioid hormone disruptors.
Environmental health perspectives 107, 407-415.

DiStefano, J. J., 3rd, M. Sternlicht and D. R. i#af1988). Rat enterohepatic circulation and
intestinal distribution of enterally infused thydldnormonesEndocrinology 123, 2526-2539.

EPA, U. S. (1997). Exposure Factors Handbook V&ldd Ingestion FactorelS
Government Printing Office EPA 600/P-002Fb, 14.11-14.15.

41



Fang, J. L., R. L. Stingley, F. A. Beland, W. HarkpD. L. Lumpkins and P. Howard
(2010). Occurrence, efficacy, metabolism, and ibxiaf triclosan.J Environ Sci Health C
Environ Carcinog Ecotoxicol Rev 28, 147-171.

Findlay, K. A., E. Kaptein, T. J. Visser and B. Boell (2000). Characterization of the
uridine diphosphate-glucuronosyltransferase-caitadythyroid hormone glucuronidation in
man.J Clin Endocrinol Metab 85, 2879-2883.

Foran, C. M., E. R. Bennett and W. H. Benson (20D@yelopmental evaluation of a
potential non-steroidal estrogen: triclosktarine environmental research 50, 153-156.

Friesema, E. C., R. Docter, E. P. Moerings, B.g&tieB. Hagenbuch, P. J. Meier, E. P.
Krenning, G. Hennemann and T. J. Visser (1999ntléleation of thyroid hormone
transportersBiochemical and biophysical research communications 254, 497-501.

Friesema, E. C., J. Jansen, C. Milici and T. Js&i£2005). Thyroid hormone transporters.
Vitamins and hormones 70, 137-167.

Galton, V. A. and B. C. Nisula (1972). The enterudttec circulation of thyroxineThe
Journal of endocrinology 54, 187-193.

Gauger, K. J., Y. Kato, K. Haraguchi, H. J. LehmlerW. Robertson, R. Bansal and R. T.
Zoeller (2004). Polychlorinated biphenyls (PCBsgrexhyroid hormone-like effects in the
fetal rat brain but do not bind to thyroid hormareeptorsEnvironmental health
perspectives 112, 516-523.

Gauger, K. J., S. Giera, D. S. Sharlin, R. Bartsalannacone and R. T. Zoeller (2007).
Polychlorinated biphenyls 105 and 118 form thyrdeidimone receptor agonists after
cytochrome P4501A1 activation in rat pituitary Gesls. Environmental health
perspectives 115, 1623-1630.

Gee, R. H., A. Charles, N. Taylor and P. D. Daf2@)8). Oestrogenic and androgenic
activity of triclosan in breast cancer cellAppl Toxicol 28, 78-91.

Gereben, B., A. M. Zavacki, S. Ribich, B. W. Kim,A Huang, W. S. Simonides, A. Zeold
and A. C. Bianco (2008). Cellular and moleculanda$ deiodinase-regulated thyroid
hormone signalingendocr Rev 29, 898-938.

Gittoes, N. and J. A. Franklyn (1995). Drug-Indudéxyroid DisordersDrug Safety 13, 46-
55.

Glinoer, D. (1997). The regulation of thyroid fuioet in pregnancy: pathways of endocrine
adaptation from physiology to patholodsndocr Rev 18, 404-433.

42



Gonzalez-Sancho, J. M., V. Garcia, F. Bonilla and&inoz (2003). Thyroid hormone
receptors/THR genes in human can@ancer Lett 192, 121-132.

Gonzalez, F. J. and Y. M. Shah (2008). PPARalplechanism of species differences and
hepatocarcinogenesis of peroxisome proliferafbosicol ogy 246, 2-8.

Gordin, F. M., M. E. Schultz, R. A. Huber and J.@&ll (2005). Reduction in nosocomial
transmission of drug-resistant bacteria after ohiiction of an alcohol-based handrutfect
Control Hosp Epidemiol 26, 650-653.

Grijota-Matrtinez, C., E. Samarut, T. S. ScanlaniBrte and J. Bernal (2011). In Vivo
Activity of the Thyroid Hormone Receptor {beta}- gfalpha}-Selective Agonists GC-24
and CO23 on Rat Liver, Heart, and Braimdocrinology.

Guillen, J., A. Bernabeu, S. Shapiro and J. Viita[2004). Location and orientation of
Triclosan in phospholipid model membrangst Biophys J 33, 448-453.

Guo, G. L., D. R. Johnson and C. D. Klaassen (20@@tnatal expression and induction by
pregnenolone-16alpha-carbonitrile of the organiomdtransporting polypeptide 2 in rat
liver. Drug metabolism and disposition: the biological fate of chemicals 30, 283-288.

Haas, C. N., J. R. Marie, J. B. Rose and C. P. &@005). Assessment of benefits from use
of antimicrobial hand products: reduction in risrh handling ground bedft J Hyg
Environ Health 208, 461-466.

Haddow, J. E., G. E. Palomaki, W. C. Allan, J. Rllms, G. J. Knight, J. Gagnon, C. E.
O'Heir, M. L. Mitchell, R. J. Hermos, S. E. Waisbhyd. D. Faix and R. Z. Klein (1999).
Maternal thyroid deficiency during pregnancy antdssaguent neuropsychological
development of the childhe New England journal of medicine 341, 549-555.

Hanioka, N., E. Omae, T. Nishimura, H. Jinno, So@ara, R. Yoda and M. Ando (1996).
Interaction of 2,4,4'-trichloro-2'-hydroxydiphemgther with microsomal cytochrome P450-
dependent monooxygenases in rat li@remosphere 33, 265-276.

Hanioka, N., H. Jinno, T. Nishimura and M. Ando 9% Effect of 2,4,4'-trichloro-2'-
hydroxydiphenyl ether on cytochrome P450 enzymebkarrat liver Chemosphere 34, 719-
730.

Heath, R. J. and C. O. Rock (2000). A triclosanstast bacterial enzymeélature 406, 145-
146.

Hedge, J. M., M. J. DeVito and K. M. Crofton (200B) vivo acute exposure to

polychlorinated biphenyls: effects on free andlttdtgroxine in ratsint J Toxicol 28, 382-
391.

43



Hill, R. N., T. M. Crisp, P. M. Hurley, S. L. Rostlal and D. V. Singh (1998). Risk
assessment of thyroid follicular cell tumaEswvironmental health perspectives 106, 447-
457.

Hood, A., R. Hashmi and C. D. Klaassen (1999). &#®f microsomal enzyme inducers on
thyroid-follicular cell proliferation, hyperplasiand hypertrophyToxicology and applied
pharmacology 160, 163-170.

Hood, A. and C. D. Klaassen (2000). Differentideefts of microsomal enzyme inducers on
in vitro thyroxine (T(4)) and triiodothyronine (TY3glucuronidationToxicol Sci 55, 78-84.

Hood, A., M. L. Allen, Y. Liu, J. Liu and C. D. Késsen (2003). Induction of T(4) UDP-GT
activity, serum thyroid stimulating hormone, angrthd follicular cell proliferation in mice
treated with microsomal enzyme inducdrsxicology and applied pharmacology 188, 6-13.

Houtman, C. J., A. M. Van Oostveen, A. Brouwer,Hil.Lamoree and J. Legler (2004).
Identification of estrogenic compounds in fish hing bioassay-directed fractionation.
Environmental science & technology 38, 6415-6423.

Hovander, L., T. Malmberg, M. Athanasiadou, |. Athasiadis, S. Rahm, A. Bergman and E.
K. Wehler (2002). Identification of hydroxylated B@netabolites and other phenolic
halogenated pollutants in human blood plasfmahives of environmental contamination and
toxicology 42, 105-117.

Howdeshell, K. L. (2002). A model of the developrehthe brain as a construct of the
thyroid systemEnvironmental health perspectives 110 Suppl 3, 337-348.

Hurley, P. M. (1998). Mode of carcinogenic actidrpesticides inducing thyroid follicular
cell tumors in rodentg&nvironmental health perspectives 106, 437-445.

Ibarrola, N. and A. Rodriguez-Pena (1997). Hypadidism coordinately and transiently
affects myelin protein gene expression in mosbrain regions during postnatal
developmentBrain Res 752, 285-293.

Iniguez, M. A., L. De Lecea, A. Guadano-FerrazMarte, D. Gerendasy, J. G. Sutcliffe and
J. Bernal (1996). Cell-specific effects of thyrdidrmone on RC3/neurogranin expression in
rat brain.Endocrinology 137, 1032-1041.

Ishibashi, H., N. Matsumura, M. Hirano, M. Matsupki Shiratsuchi, Y. Ishibashi, Y.

Takao and K. Arizono (2004). Effects of triclosamtbe early life stages and reproduction of
medaka Oryzias latipes and induction of hepatiellaitienin.Aquatic toxicol ogy

(Amsterdam, Netherlands) 67, 167-179.

Jacobs, M. N., G. T. Nolan and S. R. Hood (200f#)n&ns, bacteriocides and

organochlorine compounds activate the human pregKameceptor (PXR)Toxicology and
applied pharmacology 209, 123-133.

44



Jansen, J., E. C. Friesema, C. Milici and T. Js&fi2005). Thyroid hormone transporters in
health and diseas&hyroid 15, 757-768.

Jinno, H., N. Hanioka, S. Onodera, T. Nishimura &hdAndo (1997). Irgasan DP 300 (5-
chloro-2-(2,4-dichlorophenoxy)-phenol) induces cyimme P450s and inhibits haem
biosynthesis in rat hepatocytes cultured on Maltrigenobiotica; the fate of foreign
compounds in biological systems 27, 681-692.

Johnson, D. R., S. S. Habeebu and C. D. Klaas€§124). Increase in bile flow and biliary
excretion of glutathione-derived sulthydryls ingdéty drug-metabolizing enzyme inducers is
mediated by multidrug resistance proteif@xicol Sci 66, 16-26.

Johnson, D. R. and C. D. Klaassen (2002b). Regulati rat multidrug resistance protein 2
by classes of prototypical microsomal enzyme indut®at activate distinct transcription
pathwaysToxicol Sci 67, 182-189.

Johnson, E. F., C. N. Palmer, K. J. Griffin andi Hsu (1996). Role of the peroxisome
proliferator-activated receptor in cytochrome P430gene regulatior=ASEB J 10, 1241-
1248.

Johnson, E. F., M. H. Hsu, U. Savas and K. J. @r{#002c). Regulation of P450 4A
expression by peroxisome proliferator activate@péars.Toxicology 181-182, 203-206.

Jones, S. A, L. B. Moore, J. L. Shenk, G. B. Wis@. A. Hamilton, D. D. McKee, N. C.
Tomkinson, E. L. LeCluyse, M. H. Lambert, T. M. Wdn, S. A. Kliewer and J. T. Moore
(2000). The pregnane X receptor: a promiscuoushietio receptor that has diverged during
evolution.Molecular endocrinology (Baltimore, Md 14, 27-39.

Kanda, R., P. Griffin, H. A. James and J. Foth&(giD03). Pharmaceutical and personal care
products in sewage treatment work&nviron Monit 5, 823-830.

Kapoor, R., M. van Hogerlinden, K. Wallis, H. Ghogh Nordstrom, B. Vennstrom and V.
A. Vaidya (2010). Unliganded thyroid hormone rece@lphal impairs adult hippocampal
neurogenesisASEB J 24, 4793-4805.

Kaptein, E., G. A. van Haasteren, E. Linkels, WielGreef and T. J. Visser (1997).
Characterization of iodothyronine sulfotransferastvity in rat liver.Endocrinology 138,
5136-5143.

Kato, Y., H. Suzuki, S. Ikushiro, S. Yamada anddgawa (2005). Decrease in serum
thyroxine level by phenobarbital in rats is notessarily dependent on increase in hepatic
UDP-glucuronosyltransferasBrug metabolism and disposition: the biological fate of
chemicals 33, 1608-1612.

45



Klaassen, C. D. and A. L. Slitt (2005). Regulatadrhepatic transporters by xenobiotic
receptorsCurrent drug metabolism 6, 309-328.

Klaunig, J. E., M. A. Babich, K. P. Baetcke, J.Gbok, J. C. Corton, R. M. David, J. G.
DelLuca, D. Y. Lai, R. H. McKee, J. M. Peters, R.Raberts and P. A. Fenner-Crisp (2003).
PPARalpha agonist-induced rodent tumors: modestaraand human relevanderitical
reviews in toxicology 33, 655-780.

Kohn, M. C. (2000). Effects of TCDD on thyroid hasne homeostasis in the rBug
Chem Toxicol 23, 259-277.

Kohrle, J. (1996). Thyroid hormone deiodinaseselarsoenzyme family acting as gate
keepers to thyroid hormone actidkcta medica Austriaca 23, 17-30.

Kohrle, J. (2002). lodothyronine deiodinadeigthods in enzymology 347, 125-167.

Kolpin, D. W., E. T. Furlong, M. T. Meyer, E. M. Tlhman, S. D. Zaugg, L. B. Barber and
H. T. Buxton (2002). Pharmaceuticals, hormones,ahdr organic wastewater
contaminants in U.S. streams, 1999-2000: a nati@tainnaissanc&nvironmental science
& technology 36, 1202-1211.

Kooistra, L., S. Crawford, A. L. van Baar, E. PoBwers and V. J. Pop (2006). Neonatal
effects of maternal hypothyroxinemia during eanggnancyPediatrics 117, 161-167.

Kretschmer, X. C. and W. S. Baldwin (2005). CAR &XR: xenosensors of endocrine
disruptersZhemico-biological interactions 155, 111-128.

Langdon, K. A., M. S. Warne and R. S. Kookana (30AQuatic hazard assessment for
pharmaceuticals, personal care products, and endedisrupting compounds from
biosolids-amended lanthtegr Environ Assess Manag 6, 663-676.

Lans, M. C., C. Spiertz, A. Brouwer and J. H. KoaniB994). Different competition of
thyroxine binding to transthyretin and thyroxinexhing globulin by hydroxy-PCBs, PCDDs
and PCDFsEur J Pharmacol 270, 129-136.

Lavado-Autric, R., E. Auso, J. V. Garcia-Velasco Atufe Mdel, F. Escobar del Rey, P.
Berbel and G. Morreale de Escobar (2003). Earlyemal hypothyroxinemia alters
histogenesis and cerebral cortex cytoarchitecthitieeoprogenyThe Journal of clinical
investigation 111, 1073-1082.

Lecureux, L., M. Z. Dieter, D. M. Nelson, L. Watsadth. Wong, B. Gemzik, C. D. Klaassen
and L. D. Lehman-McKeeman (2009). Hepatobiliarypdstion of thyroid hormone in
Mrp2-deficient TR- rats: reduced biliary excretiohthyroxine glucuronide does not prevent
xenobiotic-induced hypothyroidisriioxicol Sci 108, 482-491.

46



Levy, C. W, A. Roujeinikova, S. Sedelnikova, PBaker, A. R. Stuitje, A. R. Slabas, D. W.
Rice and J. B. Rafferty (1999). Molecular basi¢rizfosan activity Nature 398, 383-384.

Li, Y., Z. Shan, W. Teng, X. Yu, C. Fan, X. Teng,®&ui0, H. Wang, J. Li, Y. Chen, W.
Wang, M. Chawinga, L. Zhang, L. Yang, Y. Zhao andHlia (2010). Abnormalities of
maternal thyroid function during pregnancy affeetiropsychological development of their
children at 25-30 month€linical endocrinology 72, 825-829.

Lin, Y. J. (2000). Buccal absorption of triclosatiéwing topical mouthrinse application.
American journal of dentistry 13, 215-217.

Liu, J., Y. Liu, R. A. Barter and C. D. Klaassel®9b). Alteration of thyroid homeostasis by
UDP-glucuronosyltransferase inducers in rats: &desponse studyhe Journal of
pharmacology and experimental therapeutics 273, 977-985.

Lopez-Avila, V., Hites R.A. (1980). Organic compaignn industrial wastewater: their
transport into sediment&nvironmental Science and Technology 14.

Loraine, G. A. and M. E. Pettigrove (2006). Seaswagations in concentrations of
pharmaceuticals and personal care products inidgnkater and reclaimed wastewater in
southern CaliforniaEnvironmental science & technology 40, 687-695.

Luo, G., M. Cunningham, S. Kim, T. Burn, J. Lin, Binz, G. Hamilton, C. Rizzo, S. Jolley,
D. Gilbert, A. Downey, D. Mudra, R. Graham, K. GalrJ. Xie, A. Madan, A. Parkinson,
D. Christ, B. Selling, E. LeCluyse and L. S. Ga@i(2). CYP3A4 induction by drugs:
correlation between a pregnane X receptor repgeaee assay and CYP3A4 expression in
human hepatocyteBrug metabolism and disposition: the biological fate of chemicals 30,
795-804.

Lyman, F. L. and T. Furia (1969). Toxicology of& 4'-trichloro-2'-hydroxy-diphenyl ether.
IMS, Industrial medicine and surgery 38, 64-71.

Matsumura, N., H. Ishibashi, M. Hirano, Y. Nagao Watanabe, H. Shiratsuchi, T. Kai, T.
Nishimura, A. Kashiwagi and K. Arizono (2005). Edte of nonylphenol and triclosan on
production of plasma vitellogenin and testosteromale South African clawed frogs
(Xenopus laevis)Biological & pharmaceutical bulletin 28, 1748-1751.

McAvoy, D. C., B. Schatowitz, M. Jacob, A. Hauk and S. Eckhoff (2002). Measurement
of triclosan in wastewater treatment systeBrwironmental toxicology and chemistry /
SETAC 21, 1323-1329.

McMurry, L. M., M. Oethinger and S. B. Levy (1998aYiclosan targets lipid synthesis.
Nature 394, 531-532.

a7



McMurry, L. M., M. Oethinger and S. B. Levy (1998iQverexpression of marA, soxS, or
acrAB produces resistance to triclosan in laboyadmd clinical strains of Escherichia coli.
FEMS microbiology letters 166, 305-309.

Michels, A. W. and G. S. Eisenbarth (2010). Immugat endocrine disorderd Allergy
Clin Immunol 125, S226-237.

Miller, M. D., K. M. Crofton, D. C. Rice and R. Eoeller (2009). Thyroid-disrupting
chemicals: interpreting upstream biomarkers of esbveutcomesEnvironmental health
perspectives 117, 1033-1041.

Moriyama, K., T. Tagami, T. Akamizu, T. Usui, M.if@aN. Kanamoto, Y. Hataya, A.
Shimatsu, H. Kuzuya and K. Nakao (2002). Thyroidhiane action is disrupted by
bisphenol A as an antagoni$tClin Endocrinol Metab 87, 5185-5190.

Morreale de Escobar, G., M. J. Obregon and F. Essaidd Rey (2000). Is
neuropsychological development related to matdmabthyroidism or to maternal
hypothyroxinemiad Clin Endocrinol Metab 85, 3975-3987.

Morreale de Escobar, G., M. J. Obregon and F. Essatdd Rey (2004). Role of thyroid
hormone during early brain developmettropean journal of endocrinology / European
Federation of Endocrine Societies 151 Suppl 3, U25-37.

Morse, D. C., D. Groen, M. Veerman, C. J. van Amgen, H. B. Koeter, A. E. Smits van
Prooije, T. J. Visser, J. H. Koeman and A. Brou(i€93). Interference of polychlorinated
biphenyls in hepatic and brain thyroid hormone feliam in fetal and neonatal rats.
Toxicology and applied pharmacology 122, 27-33.

Moss, T., D. Howes and F. M. Williams (2000). P¢aoieous penetration and dermal
metabolism of triclosan (2,4, 4'-trichloro-2'-hydyaliphenyl ether)Food Chem Toxicol 38,
361-370.

Mottaleb, M. A., S. Usenko, J. G. O'Donnell, ARamirez, B. W. Brooks and C. K.
Chambliss (2009). Gas chromatography-mass spedinpsweening methods for select UV
filters, synthetic musks, alkylphenols, an antiimal agent, and an insect repellent in fish.
Journal of chromatography 1216, 815-823.

Myant, N. B. (1956). Enterohepatic circulation lbytoxine in humansClin i (Lond) 15,
551-555.

Nakada, N., T. Tanishima, H. Shinohara, K. Kiri &hdTlakada (2006). Pharmaceutical

chemicals and endocrine disrupters in municipakeveater in Tokyo and their removal
during activated sludge treatmeWater research 40, 3297-3303.

48



Nishi, I., T. Kawakami and S. Onodera (2008). Monitg of triclosan in the surface water
of the Tone Canal, JapdaBulletin of environmental contamination and toxicology 80, 163-
166.

Omiecinski, C. J., V. H. J.P., G. H. Perdew anil.JPeters (2011). Xenobiotic Metabolism,
Disposition, and Regulation by Receptors: From Bewnical Phenomenon to Predictors of
Major Toxicities. Toxicol Sci 120, S49-75.

Orvos, D. R., D. J. Versteeg, J. Inauen, M. CaplkviA. Rothenstein and V. Cunningham
(2002). Aquatic toxicity of triclosarEnvironmental toxicology and chemistry / SETAC 21,
1338-1349.

Oscarson, M., U. M. Zanger, O. F. Rifki, K. KleM, Eichelbaum and U. A. Meyer (2006).
Transcriptional profiling of genes induced in thests of patients treated with
carbamazepineClin Pharmacol Ther 80, 440-456.

Park, H. Y., J. S. Park, E. Sovcikova, A. KocanlLinderholm, A. Bergman, T. Trnovec and
|. Hertz-Picciotto (2009). Exposure to hydroxylapsaychlorinated biphenyls (OH-PCBS) in
the prenatal period and subsequent neurodevelogmeastern Slovakid&nvironmental
health perspectives 117, 1600-1606.

Paxeus, N. (1996). Organic pollutants in efflueftiarge wastewater treatment plants in
SwedenWater research 30, 1115-1122.

Perencevich, E. N., M. T. Wong and A. D. Harris20 National and regional assessment
of the antibacterial soap market: a step towardrdahing the impact of prevalent
antibacterial soapg&merican journal of infection control 29, 281-283.

Perucca, E., A. Hedges, K. A. Makki, M. Ruprahf-JWilson and A. Richens (1984). A
comparative study of the relative enzyme inducirgpprties of anticonvulsant drugs in
epileptic patientsBr J Clin Pharmacol 18, 401-410.

Pop, V. J., J. L. Kuijpens, A. L. van Baar, G. Vienlk, M. M. van Son, J. J. de Vijlder, T.
Vulsma, W. M. Wiersinga, H. A. Drexhage and H. ladér (1999). Low maternal free
thyroxine concentrations during early pregnancyaasociated with impaired psychomotor
development in infancyClinical endocrinology 50, 149-155.

Pop, V. J., E. P. Brouwers, H. L. Vader, T. Vulsial.. van Baar and J. J. de Vijlder
(2003). Maternal hypothyroxinaemia during earlygmancy and subsequent child
development: a 3-year follow-up studitinical endocrinology 59, 282-288.

Porterfield, S. P. and C. E. Hendrich (1993). Td¢ie of thyroid hormones in prenatal and
neonatal neurological development--current perspestEndocr Rev 14, 94-106.

Ramirez, A. J., R. A. Brain, S. Usenko, M. A. Mdgta J. G. O'Donnell, L. L. Stahl, J. B.
Wathen, B. D. Snyder, J. L. Pitt, P. Perez-Hurtddd,. Dobbins, B. W. Brooks and C. K.

49



Chambliss (2009). Occurrence of pharmaceuticalsgpansbnal care products in fish: results
of a national pilot study in the United StatEavironmental toxicology and chemistry /
SETAC 28, 2587-2597.

Reiss, R., N. Mackay, C. Habig and J. Griffin (2D0%n ecological risk assessment for
triclosan in lotic systems following discharge frovastewater treatment plants in the United
StatesEnvironmental toxicology and chemistry / SETAC 21, 2483-2492.

Rice, D. and S. Barone, Jr. (2000). Critical pesioflvulnerability for the developing
nervous system: evidence from humans and animaglsdshvironmental health
per spectives 108 Suppl 3, 511-533.

Richardson, T. A. and C. D. Klaassen (2010). Disaumpof thyroid hormone homeostasis in
Ugtla-deficient Gunn rats by microsomal enzyme aedsi is not due to enhanced thyroxine
glucuronidationToxicology and applied pharmacology 248, 38-44.

Ritter, J. K., F. K. Kessler, M. T. Thompson, A. Grove, D. J. Auyeung and R. A. Fisher
(1999). Expression and inducibility of the humalirbibin UDP-glucuronosyltransferase
UGT1ALl in liver and cultured primary hepatocyteddence for both genetic and
environmental influencesiepatology 30, 476-484.

Rodricks, J. V., J. A. Swenberg, J. F. Borzell&aRR. Maronpot and A. M. Shipp (2010).
Triclosan: a critical review of the experimentataland development of margins of safety for
consumer product€ritical reviews in toxicology 40, 422-484.

Royland, J. E., J. S. Parker and M. E. Gilbert @08 genomic analysis of subclinical
hypothyroidism in hippocampus and neocortex ofdéeeloping rat brainlournal of
neuroendocrinology 20, 1319-1338.

Saleh, S., R. N. Haddadin, S. Baillie and P. JIi€q[2011). Triclosan - an updatestt Appl
Microbiol 52, 87-95.

Sandborgh-Englund, G., M. Adolfsson-Erici, G. Odhama J. Ekstrand (2006).
Pharmacokinetics of triclosan following oral ingeatin humansJournal of toxicology and
environmental health 69, 1861-1873.

Savuy, L., R. Vranckx, M. Maya and E. A. Nunez (1p&Ythyroxine binding globulin
(TBG)-like protein in the sera of developing andilhdats.Biochemical and biophysical
research communications 148, 1165-1173.

Schmutzler, C., A. Bacinski, I. Gotthardt, K. Huhfe Ambrugger, H. Klammer, C.
Schlecht, C. Hoang-Vu, A. Gruters, W. Wuttke, Hryand J. Kohrle (2007). The
ultraviolet filter benzophenone 2 interferes witle thyroid hormone axis in rats and is a
potent in vitro inhibitor of human recombinant tbigt peroxidaseEndocrinology 148, 2835-
2844.

50



Schussler, G. C. (2000). The thyroxine-binding @ireg. Thyroid 10, 141-149.

Schuur, A. G., F. M. Boekhorst, A. Brouwer and TVisser (1997). Extrathyroidal effects of
2,3,7,8-tetrachlorodibenzo-p-dioxin on thyroid home turnover in male Sprague-Dawley
rats.Endocrinology 138, 3727-3734.

See, N. A. (1996). Review and Evaluation of Phaotayy and Toxicology Data Division of
Dermatologic and Dental Produdisod and Drug Administration HFD-540.

Sharlin, D. S., D. Tighe, M. E. Gilbert and R. Taeller (2008). The balance between
oligodendrocyte and astrocyte production in majbitevmatter tracts is linearly related to
serum total thyroxineEndocrinology 149, 2527-2536.

Sickbert-Bennett, E. E., D. J. Weber, M. F. Gergleague, M. D. Sobsey, G. P. Samsa and
W. A. Rutala (2005). Comparative efficacy of hanygiene agents in the reduction of
bacteria and virusesdmerican journal of infection control 33, 67-77.

Siddiqui, W. H. and H. S. Buttar (1979). Pharmanekics of triclosan in rat after
intravenous and intravaginal administratidournal of environmental pathology and
toxicology 2, 861-871.

Simko, J. and J. Horacek (2007). Carbamazepingiskdf hypothyroidism: a prospective
study.Acta Neurol Scand 116, 317-321.

Singer, H., S. Muller, C. Tixier and L. PillonelQ@2). Triclosan: occurrence and fate of a
widely used biocide in the aquatic environmenidfimeasurements in wastewater treatment
plants, surface waters, and lake sedimefrigironmental science & technology 36, 4998-
5004.

Smirlis, D., R. Muangmoonchai, M. Edwards, I. Rillgls and E. A. Shephard (2001).
Orphan receptor promiscuity in the induction oforytromes p450 by xenobiotickBiol
Chem 276, 12822-12826.

Stoker, T. E., E. K. Gibson and L. M. Zorrilla (Z)1Triclosan exposure modulates
estrogen-dependent responses in the female watdiokicol Sci 117, 45-53.

Tatarazako, N., H. Ishibashi, K. Teshima, K. Kiahd K. Arizono (2004). Effects of
triclosan on various aquatic organismaviron i 11, 133-140.

Timsit, Y. E. and M. Negishi (2007). CAR and PXRetxenobiotic-sensing receptors.
Seroids 72, 231-246.

Tulp, M. T., G. Sundstrom, L. B. Martron and O. Euager (1979). Metabolism of

chlorodiphenyl ethers and Irgasan DP 30éhobiotica; the fate of foreign compoundsin
biological systems 9, 65-77.

51



USEPA (2008). Reregistration Eligibility DecisioorfTriclosan (P. Office of Prevention,
and Toxic Substances, Ed.* Eds.), pp. 1-47.

van den Berg, K. J. (1990). Interaction of chlot@thphenols with thyroxine binding sites of
human transthyretin, albumin and thyroid bindingbgllin. Chemico-biological interactions
76, 63-75.

Vansell, N. R. and C. D. Klaassen (2001). Incredskaly excretion of thyroxine by
microsomal enzyme inducerfBoxicology and applied pharmacology 176, 187-194.

Vansell, N. R. and C. D. Klaassen (2002). Increasat liver UDP-glucuronosyltransferase
MRNA by microsomal enzyme inducers that enhanceitiyirormone glucuronidation.
Drug metabolism and disposition: the biological fate of chemicals 30, 240-246.

Veldhoen, N., R. C. Skirrow, H. Osachoff, H. WigrapD. J. Clapson, M. P. Gunderson, G.
Van Aggelen and C. C. Helbing (2006). The bactdakagent triclosan modulates thyroid
hormone-associated gene expression and disrupEnplms/onic anuran development.
Aguatic toxicology (Amsterdam, Netherlands) 80, 217-227.

Visser, T. J., E. van Overmeeren, D. Fekkes, Rit®a@nd G. Hennemann (1979). Inhibition
of iodothyronine 5'-deiodinase by thioureylenesjdure--activity relationshig=EBS Lett
103, 314-318.

Visser, T. J., M. Rutgers, W. W. de Herder, S.dod and M. P. Hazenberg (1988). Hepatic
metabolism, biliary clearance and enterohepatautation of thyroid hormoneicta medica
Austriaca 15 Suppl 1, 37-39.

Visser, T. J., J. C. van Buuren, M. Rutgers, EelJkman Rooda and W. W. de Herder
(1990). The role of sulfation in thyroid hormonetat®lism.Trends Endocrinol Metab 1,
211-218.

Visser, T. J., E. Kaptein, H. van Toor, J. A. vaaeR K. J. van den Berg, C. T. Joe, J. G. van
Engelen and A. Brouwer (1993). Glucuronidationthgfroid hormone in rat liver: effects of

in vivo treatment with microsomal enzyme inducerd @ vitro assay conditions.
Endocrinology 133, 2177-2186.

Visser, T. J. (1996). Pathways of thyroid hormoretgaholism Acta medica Austriaca 23,
10-16.

Vranckx, R., M. Rouaze, L. Savu, E. A. Nunez, Cadeont and I. L. Flink (1990). The
hepatic biosynthesis of rat thyroxine binding gl (TBG): demonstration, ontogenesis,
and up-regulation in experimental hypothyroidi®rachemical and biophysical research
communications 167, 317-322.

Vranckx, R., M. Rouaze-Romet, L. Savu, P. MechightlMaya and E. A. Nunez (1994).
Regulation of rat thyroxine-binding globulin andrsthyretin: studies in thyroidectomized

52



and hypophysectomized rats given tri-iodothyroranand growth hormoné&he Journal of
endocrinology 142, 77-84.

Wallis, K., S. Dudazy, M. van Hogerlinden, K. Notrdsn, J. Mittag and B. Vennstrom
(2010). The thyroid hormone receptor alphal praeexpressed in embryonic postmitotic
neurons and persists in most adult neurbfaecular endocrinology (Baltimore, Md 24,
1904-1916.

Waltman, E. L., B. J. Venables and W. T. WallerQ@p Triclosan in a north Texas
wastewater treatment plant and the influent andeft of an experimental constructed
wetland.Environmental toxicology and chemistry / SETAC 25, 367-372.

Wang, L. Q. and M. O. James (2006). Inhibition wifatransferases by xenobioticSurrent
drug metabolism 7, 83-104.

Wei, P., J. Zhang, D. H. Dowhan, Y. Han and D. avk (2002). Specific and overlapping
functions of the nuclear hormone receptors CARRXR in xenobiotic responséhe
pharmacogenomics journal 2, 117-126.

Williams, G. R. (2008). Neurodevelopmental and nptysiological actions of thyroid
hormoneJournal of neuroendocrinology 20, 784-794.

Wolff, J. (1998). Perchlorate and the thyroid glaPlobrmacol Rev 50, 89-105.

Wolff, M. S., S. L. Teitelbaum, G. Windham, S. MnRey, J. A. Britton, C. Chelimo, J.
Godbold, F. Biro, L. H. Kushi, C. M. Pfeiffer and M. Calafat (2007). Pilot study of
urinary biomarkers of phytoestrogens, phthalated,phenols in girlsEnvironmental health
perspectives 115, 116-121.

Wong, H., L. D. Lehman-McKeeman, M. F. Grubb, SGdossman, V. M. Bhaskaran, E. G.
Solon, H. S. Shen, R. J. Gerson, B. D. Car, B. ZrabB. Gemzik (2005). Increased
hepatobiliary clearance of unconjugated thyroxieedmines DMP 904-induced alterations
in thyroid hormone homeostasis in ratexicol Sci 84, 232-242.

Xu, C., C. Y. Liand A. N. Kong (2005). Inductiof phase I, Il and Il drug
metabolism/transport by xenobioti@s.ch Pharm Res 28, 249-268.

Yamanaka, H., M. Nakajima, M. Katoh and T. Yokdd@Z). Glucuronidation of thyroxine
in human liver, jejunum, and kidney microsom@sug metabolism and disposition: the
biological fate of chemicals 35, 1642-1648.

Yazdankhah, S. P., A. A. Scheie, E. A. Hoiby, BLiUinestad, E. Heir, T. O. Fotland, K.

Naterstad and H. Kruse (2006). Triclosan and actimhial resistance in bacteria: an
overview.Microbial drug resistance (Larchmont, N.Y 12, 83-90.

53



Yen, P. M. (2001). Physiological and molecular badithyroid hormone actiohysiol Rev
81, 1097-1142.

Zamoner, A., L. Heimfarth, S. Oliveira Loureiro, Royer, F. R. Mena Barreto Silva and R.
Pessoa-Pureur (2008). Nongenomic actions of thgeomiodulate intermediate filament
phosphorylation in cerebral cortex of rateuroscience 156, 640-652.

Zhou, T., D. G. Ross, M. J. DeVito and K. M. Croft(2001). Effects of short-term in vivo
exposure to polybrominated diphenyl ethers on tlyinormones and hepatic enzyme
activities in weanling ratd.oxicol Sci 61, 76-82.

Zhou, T., M. M. Taylor, M. J. DeVito and K. M. Cttoh (2002). Developmental exposure to
brominated diphenyl ethers results in thyroid hanedisruptionToxicol Sci 66, 105-116.

Zoeller, R. T. and K. M. Crofton (2000). Thyroidrhmone action in fetal brain development
and potential for disruption by environmental cheais.Neurotoxicology 21, 935-945.

Zoeller, R. T. and D. C. Rice (2004). Critical etfef perchlorate on neonates is iodide
uptake inhibitionRegul Toxicol Pharmacol 40, 376-377; author reply 378-379.

Zoeller, R. T., R. Bansal and C. Parris (2005)pBenol-A, an environmental contaminant
that acts as a thyroid hormone receptor antagomistro, increases serum thyroxine, and
alters RC3/neurogranin expression in the develomhrain Endocrinology 146, 607-612.

Zoeller, R. T., S. W. Tan and R. W. Tyl (2007a)né&®l background on the hypothalamic-
pituitary-thyroid (HPT) axisCritical reviews in toxicology 37, 11-53.

Zoeller, R. T., R. W. Tyl and S. W. Tan (2007b).re@at and potential rodent screens and
tests for thyroid toxicant€ritical reviews in toxicology 37, 55-95.

Zorrilla, L. M., E. K. Gibson, S. C. Jeffay, K. Mrofton, W. R. Setzer, R. L. Cooper and T.

E. Stoker (2009). The effects of triclosan on ptypand thyroid hormones in male Wistar
rats.Toxicol Sci 107, 56-64.

54



Short-term Exposure to Triclosan Decreases ThysokirVivo via Upregulation of Hepatic
Catabolism in Young Long-Evans Rats

Chapter 2

Katie B. Paul, Joan M. Heddfe Michael J. DeVit Kevin M. Croftort?

'Curriculum in Toxicology, UNC, Chapel Hill, NCZIntegrated Systems Toxicology
Division, National Health and Environmental EffeBssearch Laboratory, ORD, U.S. EPA,
RTP, NC.

*Correspondence: Kevin M. Crofton, Ph.D., Neurotoligy Division, MD-B105-04,
National Health and Environmental Effects Reseaattoratory, U.S. Environmental

Protection Agency, Research Triangle Park, NC 27phane: 919-541-2672; email:
crofton.kevin@epa.gov



1. Abstract

Triclosan (5-chloro-2-(2,4-dichlorophenoxy)phenisla chlorinated phenolic
antibacterial compound found in consumer produbitsitro human pregnane X receptor
(PXR) activation, hepatic Phase | enzyme inductsom decreased vivo total thyroxine
(T4) suggest adverse effects on thyroid hormonedustasis. Current research tested the
hypothesis that triclosan decreases circulatingid4ipregulation of hepatic catabolism and
transport. Weanling female Long-Evans rats recktvielosan (0-1000 mg/kg/day) by
gavage for four days. Whole blood and liver werkkected 24 hrs later. Total serum T4,
triiodothyronine (T3), and thyroid-stimulating hoome (TSH) were measured by
radioimmunoassay. Hepatic microsomal assays meaastiexyresorufin-O-deethylase
(EROD), pentoxyresorufin-O-deethylase (PROD), amndine diphosphate
glucuronyltransferase (UGT) enzyme activities. mifeNA expression of cytochrome P450s
lal, 2b1/2, and3al/23, UGTslal, 1a6, and2b5, sulfotransferasekcl andlbl, and hepatic
transporter®atplal, Oatplad, Mrp2, andMdr1b was measured by quantitative RT-PCR.
Total T4 decreased dose-responsively, down to 43€6rdrol at 1000 mg/kg/day. Total T3
was decreased to 89% and 75% of control at 30888 mg/kg/day. TSH did not change.
Triclosan dose-dependently increased PROD actingtio 900 percent of control at 1000
mg/kg/day. T4-glucuronidation increased nearly @t 1000 mg/kg/dayCyp2b1/2 and
Cyp3al/23 mRNA expression levels were induced 2-fold andld-&t 300 mg/kg/day.
Ugtlal andSultlcl mRNA expression increased 2.2-fold and 2.6-foldCt mg/kg/day.
Transporter mMRNA expression levels were unchangégkse data denote important key
events in the mode-of-action for triclosan-indubggothyroxinemia in rats, and suggest that
this effect may be partially due to upregulatiorhepatic catabolism, but not due to mMRNA

expression changes in the tested hepatic transporte
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2. Introduction

Triclosan is a chlorinated phenolic bacteriocideduas an active ingredient in
personal care products, including soaps, toothpatigs, and clothing (Bhargava & Leonard
1996, Dayan 2007, McClanahan & Bartizek 2002). Rueroad use, environmental fate and
transport, triclosan is an environmental contamirfolpin et al. 2002, Paxeus 1996).
Triclosan contamination of effluents is one of salpotential sources for human exposure,
along with personal care product exposure (SandtbBrgylund et al. 2006, Allmyr et al.
2006).

Triclosan is readily absorbed from the gastroimestract and oral mucosa (Sandborgh-
Englund et al. 2006). Triclosan has been detaotbdman breast milk, at levels ranging
from 0 — 2100 pg/kg-lipid (Adolfsson-Erici et aD@2, Allmyr et al. 2006, Dayan 2007), in
serum (Allmyr et al. 2006, Hovander et al. 20024 as triclosan metabolites in urine
(Calafat et al. 2008, Wolff et al. 2007). Thels¢a demonstrate exposure in humans, and
underscore the importance of using models to assgspotential effects resulting from
human triclosan exposure.

Laboratory studies have documented that triclossnmkts thyroid systems in rats and
frogs. (Crofton et al. 2007, Zorrilla et al. 2008Idhoen et al. 2006)l.n vitro evidence also
suggests that triclosan may be an antagonist (Gale 2008, Ahn et al. 2008) or weak
agonist (Houtman et al. 2004) of the estrogen teceand/or a weak antagonist of the
androgen receptor (Chen et al. 2007).

Adverse effects of triclosan on thyroid hormone [ idmeostasis have been reported in
rats and frogs. Short-term oral triclosan expesasulted in hypothyroxinemia in weanling
rats (Crofton et al. 2007). Stoker and colleageesrted that triclosan decreased T4 without

significantly affecting thyroid stimulating hormoii€SH) following a 31-day oral triclosan
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exposure (Zorrilla et al. 2009). Veldhoeral. (2006) reported increased thyroid receffitor
(TRB) MRNA expression itXenopus laevis XTC-2 cells when co-exposed to T3, and
accelerated hind limb developmentvivo in Rana catesbeina (Veldhoen et al. 2006). The
mode-of-action for thyroid disruption by triclosencurrently undefined.

Thyroid disruption may occur via several mechanismduding disruption of TH
synthesis via inhibition of thyroperoxidase or meliuptake; binding to TH transport
proteins; xenobiotic interactions with the TH ret#pr thyroid stimulating hormone
receptor; upregulation of iodothyronine deiodinasesl increases in TH clearance (Boas et
al. 2006, Crofton 2008, Capen 1994). Evidence ssigghat triclosan may upregulate
hepatic catabolism of THs, a known key event incal@of-action leading to decreased THs
(Crofton 2008, Crofton & Zoeller 2005, Hill et 41998, McClain et al. 1989). The initiating
event in this mode-of-action is the activation ephtic nuclear receptors (Crofton & Zoeller
2005, Hill et al. 1998, McClain 1989, Barter & K&xsn 1994, Hood & Klaassen 2000).
Nuclear receptors PXR and CAR regulate hepatidcéitaand transport activity
(Kretschmer & Baldwin 2005), suggesting that patdreggonism or antagonism of
CAR/PXR results in downstream metabolic changetsatiact serum TH levels. In PXR
reporter assays, triclosan moderately activatedamifXR relative to the prototypical
inducer, rifampicin (Jacobs et al. 2005). Furttec|osan increased Cyp2b1/2 and Cyp3al
protein and enzymatic activity markers of CYP atyiincluding pentoxyresorufin-O-
depentylase (PROD), benzyloxyresorufin-O-debengy(&ROD), and ethoxyresorufin-O-
deethylase (EROD) in hepatocytesitro and in hepatic microsomes vivo (Jinno et al.
1997, Zorrilla et al. 2009, Hanioka et al. 199®yiclosan inhibited diiodothyronine (T2)
sulfotransferases in rat and human hepatocwgteisro, suggesting interference with thyroid

hormone sulfation (Wang & James 2006, Wang etGf142 Available evidence suggests
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activation of hepatic nuclear receptors by triclgsaith subsequent upregulation of hepatic
metabolism, which contributes to the maintenandiwid homeostasis (Capen 1994, Hill
et al. 1998, DeVito et al. 1999).

The current work tested the hypothesis that trashodecreased serum ivivo by
upregulation of hepatic catabolism and altered @sgion of cellular transport proteins. A
four-day exposure weanling rat model was emplogedhis protocol has been used to
characterize thyroid disrupting chemicals (Zhoale2001, Craft et al. 2002, Crofton 2004),
and demonstrate triclosan-induced hypothyroxing@rafton et al. 2007) and hepatic
enzyme induction (Hanioka et al. 1996). Seruml tbda T3, and TSH were measured.
Cytochrome P450 markers of Phase | metabolism am@ab/zed enzymatically and as
MRNA expression levels by quantitative RT-PCR. Ud&Tivity and the expression of UGT
and SULT isoforms were also measured as indicatfoPhase Il catabolic pathways.
Finally, mRNA expression levels of several hepaasporters were measured to determine
the contribution of hepatic transport to the hyesihed mode-of-action for triclosan
disruption of T4.

3. Methods
Animals. Long-Evans female rats (n=120) at 21-23 daygefwere obtained from Charles
River Laboratories Inc. (Raleigh, NC), and werewtd 2-4 days of acclimation in an
American Association for Accreditation of Laborat@nimal Care (AALAC)-approved
animal facility prior to treatment. Animals wereused two per plastic hanging cage (45 cm
X 24 cm x 20 cm), with heat sterilized pine shasibgdding (Northeastern Products Corp.,
Warrenton, NC). Colony rooms were maintained at2Z’C with 50£10 % humidity on a
photo-period of 12L:12D (0600-1800hr). Food (Pariodent Chow #5001,) and water

were providedd libitum. Tap water (Durham, NC water) was filtered thioggnd, then
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activated charcoal, and finally re-chlorinated 16 gpm Cl before use in the animal facility.
All animal procedures were approved in advancehbylnstitutional Animal Care and Use
Committee of the National Health and Environmegtfécts Research Laboratory of the US
EPA.

The current work included hepatic tissue and sesamples from a previous
publication (Crofton et al. 2007) that reportedyostrum T4, body weight, and liver weight
values. The two experimental blocks from the pyasistudy (Crofton et al. 2007) were
combined with the additional block performed in therent study for T4 and hepatic
enzyme assays; this yielded total sample sizes®4 8, 24 , 24, 24, 16 for the vehicle
control, 10, 30, 100, 300, and 1000 mg/kg/day,eesypely. Only samples for the second
block (n=8/treatment group) were used for mRNA gsad; therefore, no tissue from the
1000 mg/kg/day group was used. Only samples fotfiind block were used for T3 and
TSH analyses (n=8/treatment group), so no tissura the 10 mg/kg/day group was used.
Chemicalsand treatment. Triclosan (5-Chloro-2-(2,4-dichloro-phenoxy)pbén
CAS#3380-34-5, LOT#06415CD) was obtained from AldrChemical Company (St Louis,
MO, Cat#524190-10G). Mass spectrometry, emplogezhtlyze the triclosan sample,
revealed: 98.2% triclosan, 0.05% iso-triclosan2@4 2,8,-dichlorodibenzodioxin, and 0.1%
2,4,8-trichlorodibenzodioxin. The dosing solutig¢@s10, 30, 100, 300, and 1000 mg/kg/day)
were prepared in corn oil (Sigma, Lot#117K0127) aadicated for 30 min at room
temperature. The 1000 mg/kg/day dose precipitatédn 24 hrs and was therefore
sonicated daily before use. Dosing volume wasril.Gorn oil/kg body weight. Rats (27-29
days of age) were exposed via gavage for four cutise days. Rats were randomly
assigned to treatment groups to balance body weeathe start of dosing. Body weights

were recorded and dosing volumes adjusted dailydaght. Approximately 24 hrs after the
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final treatment rats were moved into a holding roamighed, and acclimated for a
minimum of 30 min. Trunk blood and liver were emfled between 0900 and 1100 hrs in an
adjacent room with a separate air supply. Blood e@lected into serum separator tubes
(Beckton Dickinson, 36-6154). Serum was obtairfésr @lotting whole blood for 30 min on
ice, followed by centrifugation at 1278x g &CAfor 30 min. Livers were weighed and then
quick frozen in liquid nitrogen. Serum and livangples were stored at -8D until analysis.
Thyroid hormone assays. Serum total T4 and serum total T3 were measureldiplicate by
standard solid-phase Coat-A-Count radioimmunoa@R&y) kits (Siemens Medical
Solutions Diagnostics, Los Angeles, CA). Serum T®Hcentrations were analyzed in
duplicates with a double antibody RIA method (Greeod et al. 1963) with some
modification (Zorrilla et al. 2009). The TSH ragionunoassays were performed using
materials supplied by the National Hormone Bitditary Agency: iodination preparation (I-
9-TSH); reference preparation (RP-3); and anti€@@TSH). lodination material was
radiolabeledvith > (Perkin Elmer, Shelton, CT). Assay variation vaasessed using the
multivalent control module (Siemens Medical Solofidiagnostics, Los Angeles, CA,
Lot021) to measure low, medium, and high total T3,,and TSH values before and after
measuring the experimental samples. Intra- aret-edsay coefficients of varianioe all
assays were below 13%. Total serum T4 and TSl wadculated as ng T4/ml serum, and
total serum T3 was calculated as ng T3/dL serum.

Microsome preparation and EROD and PROD assays. Liver microsomal fractions,
prepared as described previously (DeVito et al3)9®ere standardized using total protein
(Bio-Rad, Richmond, CA). Hepatic microsoneEROD and PROD activities were assayed
usinga fluorometric microplate reader (Spectramax Gedins, Molecular Devices/MDS

Analytical Technologies, Toronto, Canada). EacH wgbolystyrene 96-well plates (Nunc
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ThermoFisherScientific, Rochester, NY) containgdtal of 235 ul, including 50 ul of
substrate (1.5 nM ethoxyresorufin or pentoxyresojub0 pL of diluted microsomes, and
110 pL of 0.05 mM Tris buffer (pH 8.0). Microsom&sre diluted 1:10 for samples and
1:100 for the positive control in order to maintdata points within the linear region of the
standard curve. An aliquot (25 pL) of NADPH wasled to initiate the reaction. The
fluorescence signal was measured every 33 seconflsd min at 37°C after reaction
initiation. The rate of resorufin formation wasie®ited by calculating Vmax/min, using a
resorufin standard curve to extrapolate resorufimcentrations in the reaction. A similar
method was used to measure hepatic microsomal P&@NDty, using pentoxyresorufin as
substrate. BotEROD and PROD values were calculated as picompleslj resorufirper
milligram protein per minute. A positive contrahmprised of pooled microsomes from rats
acutely exposed to 10 pug/kg 2,3,7,8-tetrachloradibg-dioxin or 300 mg/kg Aroclor, was
used to facilitate inter-assay comparison.

UGT activity assay. UGT activity for T4 was measured by the methodBedtstra et al.
1991) as modified by (Zhou et al. 2001). Detergrrmh as Brijj 56 was not included due to
the potential for increased basal T4 glucuronida(ioraft et al. 2002). A positive control
microsome pool, comprised of microsomes from taas teceived a single 10 pg/kg 2,3,7,8-
tetrachlorodibenz@-dioxin dose or a single 300 mg/kg Aroclor 1254ajasas used during
each trial to enable inter-assay comparison.

MRNA preparation and analysis. Approximately 0.2 g of frozen tissue was homogethize
in 2 mL of TRI Reagent (Molecular Research Cer@ancinnati, OH; Cat. No. TR 118).
Total RNA was extracted per the protocol providgdHhe Molecular Research Center
(Chomczynski & Sacchi 1987). RNA extraction wasgassed in duplicate. Protein, nucleic

acid content, and approximate RNA concentrationgwestimated with a DU800 Beckman-
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Coulter Spectrophotometer via measurement of abacebat 260 nm and 280 nm for each
sample. Analysis of RNA integrity was performedhgsan Agilent RNA 6000 Nano Kit and
Bioanalyzer, according to the instructions providedrt Number: G2938-90033). Samples
used in gRT-PCR experiments were selected fromichatps based on optimizing the
260/280 ratio to 2.0 (range =: 2.00 — 2.14). &herage 28s/18s ratio for samples used was
2.2 (range = 1.9-3), and the average assignedritytegting (RIN) was a 9.4 out of 10
(range = 8.2-10).

Gene expression assays were performed using Ta@nare-step RT-PCR Master
Mix Reagent kits (Applied Biosystems, Foster C&A; Cat.#: 4309169), which include
AmpliTaq Gold ® DNA Polymerase, dNTPs including d®JTpassive reference, and
optimized buffer components for both the reveraadcriptase (RT) and DNA polymerase
reactions. Also included is the RT enzyme mix,tadning the MultiScrib& Reverse
Transcriptase and RNase inhibitor. Tagman GenedSgpn Assays (Applied Biosystems)
were used to test the mRNA expression of specditeg involved in hepatic catabolism and
transport (Table 1). Each 20 puL reaction conta®@@ nM of the gene-specific primer and
125 ng of RNA sample, except fOATP1a4 andMDR1b, which contained 400 ng of RNA
per reaction. The 96-well plates were maintairtetP@ during pipetting using a
thermocycler block. Samples were analyzed init@pé using the experimental probe and in
triplicate using the endogenous control gene oh eéte. Samples positions distributed
across the plate based on a semi-random desigmewheh plate contained the same number
of samples from a dose group, but the samples rmedomly selected and assigned to well
positions within the plate. Following sample laagliplates were centrifuged at 1400 rpm,
24°C, for 3 min before being placed in a StratagdrBro3005P QPCR Detection System

(Stratagene, Agilent Technologies, Cedar Creek, TKg thermal profile was as follows:
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reverse transcriptase reaction at 48°C for 45 amnnitial 10 min denaturation period at
95°C, followed by 60 PCR cycles of 15 sec denaturait 94°C, and 1 min annealing and
extension at 60°C.

The amplification efficiencies for all of the genesed in qRT-PCR experiments were
confirmed using pooled, untreated control RNA exted from female rat liver.
Amplification efficiency was calculated accordirmthe equation, Efficiency = (f§™-1) x
100, where m = the slope of the plot of ThresholddRn) vs. Log[RNA concentration]
(Table 2.1) (Applied Biosystems Publication 127 ARXE).

qRT-PCR data sets were analyzed using a relatiagtification method (2“7) to
describe the change in expression of the targetrerpntal gene relative to an endogenous
reference gene (Livak & Schmittgen 2001). Choitcaroendogenous reference gene was
based onconstant gene expression across all db8ieg groups (Dunn & Klaassen 1998),
and tissue-specific amplification efficiency (Liv&kSchmittgen 2001). The endogenous
reference gene, Rpsl18, was selected after detewytine amplification efficiencies of
multiple candidate genes (Pohjanvirta et al. 2008Juding GAPDH B2-microglobulin,
Rps18, and Rpl13a. Choice of genes was contingsort twocriteria: involvement of the
isoform in TH metabolism and transport in ratswad as regulation of the isoform by CAR
and/or PXR
Data analysis. All three study blocks with a combined n=120 wanalyzed using a two-
way analysis of variance (SAS 9.1, SAS InstitutaryCNC), with dose and block as
independent variables, and T4, EROD activity, PRa@Ivity, UGT activity as dependent
variables. Significant treatment effects weredaid by mean contrast testing using
Duncan’s New Multiple Range Test (p<0.05). T4, UGROD, and PROD data were

analyzed as mean percent of control in order tonabrze the data across the three study
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blocks. gRT-PCR data (Block 2 only) were analyasthg a two-way analysis of variance,
with dose and plate number as independent variadhes2**“; as the dependent variable.
T3 and TSH data (Block 3 only) were analyzed using-way analysis of variance, with
dose as the independent variable and hormone aegsndent variable (SAS 9.1, SAS
Institute, Cary, NC).

Benchmark dose (BMD) and lower-bound confidengetl{(BMDL) estimates were
determined using USEPA Benchmark Dose Software (BM@rsion 2.0.0.33) as
previously described (Crofton et al. 2007, Zhoale002, Zhou et al. 2001). BMD
analyses were performed to further define dosetigrd effects that are not discernible
using only information on the statistically sigodint effects found using ANOVA. Use of
BMDs enables estimation of the dose at which aipdeffect, or benchmark response
(BMR) may occur. The BMR was set at a 20% decré&asé4 and T3 data (Crofton et al.
2007, Zorrilla et al. 2009), 50% for increases epétic PROD activity, and 20% for changes
in MRNA expression and UGT activity data (Schlestreil. 2006). These BMRs were
selected based on previous use in the literatuneed to balance the statistical and perceived
biological significance of a change in the measwedpoint, and known mechanistic
relationships (e.g., UGT and T4) (EPA 2000). T were calculated from the model
fits to the data. The BMDL (lower-bound confidericeit) was calculated as the 95% lower
confidence interval.

4. Results

No clinical signs of toxicity were observed in ttas following the 4 days of
triclosan treatment. Effects on liver weight aivet-body weight ratio were consistent with
a previously published four-day triclosan exposuaalel (Crofton et al. 2007). There was a

main effect of doseH(5,105)=2.57, p<0.0309] and study blo€KZ,105)=6.24, p<0.0027]
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on liver weight that resulted in a 12% increaserweight in the 1000 mg/kg/day dose
group. Increases in liver weight, and non-sigaificdecreases in body weight gain of
approximately 10% in the high dose group, weresptéld in the main effect of dod&(},
105)=18.62, p<0.001] and study blod¢K%$, 105)=3.50, p<0.0338] on the liver-body weight
ratio, which resulted in approximately a 13% inseea the liver-body weight ratio for the
1000 mg/kg/day dose group (Table 2.2).

Total serum T4 and total serum T3 both decreaseddimse-responsive manner, with
decreases of 26%, 35%, and 57% relative to coatrb00, 300, and 1000 mg/kg/day for T4,
and decreases of 12% and 25% at 300 and 1000 rdgiktgr T3, respectively (Figure 2.1).
TSH was unchanged. For T4, there was a main effatbse F(5, 105)=37.46, p<0.0001],
but no effect of study block (p<0.05), or doseshydy block interaction (p<0.05). Mean
contrast tests revealed significant T4 decreast#sii00, 300 and 1000 mg/kg/day groups
(p<0.05). There was also a main effect of dose ®rdncentrations [F(4, 35)=12.80,
p<0.0001]; mean contrast tests demonstrated signifidecreases at 300 and 1000
mg/kg/day only (p<0.05). The no-observed effeceldNOEL) for T4 decreases was 30
mg/kg/day, and 100 mg/kg/day for T3 decreasesndJaiBMR equal to a 20% decrease in
thyroid hormones, Hill model fits to the data prtdd BMDs of 99.4 and 606 mg/kg/d, with
95% lower confidence limits of 65.6 and 335 mg/ky/dor T4 and T3 respectively.

EROD activity was depressed by triclosan exposugenon-dose responsive manner
(Figure 2.2a), with a 25-32% decrease for all dgeeips except 10 mg/kg/day. There was a
significant main effect of dosé&(5, 105)=7.34, p<0.0001], but no main effect oidst
block (p<0.05), or dose-by study block interactipr0.05). PROD activity was
significantly elevated in a dose-dependent mara@bj. The 100, 300, and 1000

mg/kg/day groups were increased by 249, 814, aidp8Bcent of control, respectively.
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These conclusions are supported by a main efféctsse [(5,104)=29.95, p<0.0001] and
a dose-by study block interaction [F(7,104)=4.86).0001]. The interaction of study block
and dose was due to a higher baseline activityaokt3 and a slightly greater induction
compared to study blocks 1 and 2. Note that thexesignificant induction of PROD in all
three study blocks. Mean contrast tests reveatgufgiant effects in the 300 and 1000
mg/kg/day group (p<0.05). Using a BMR equivalenatc0% increase in PROD activity, a
Hill model fit to the data predicted a BMD of 70r&y/kg/day, with a 95% lower confidence
limit of 48.6 mg/kg/day. The increased EROD (2Rijand PROD (3.5-fold) activity in the
positive control were consistent with laboratorsgtbrical control data.

Expression levels of hepatic microsomal CYP mRNAendifferentially altered by
triclosan exposure (Figure 2.3). There was noiagant effect of triclosan on relative
MRNA expression o€yplal. Cyp2bl/2 andCyp3al/23increased in a dose-dependent
manner. There were main effects of dose for Ryhb1/2 [F(4,35)=3.30, p<0.0214] and
Cyp3al/23 [F(4, 35)=9.52, p<0.0001]. Mean contrast tests fexgesignificant increases of
Cyp2bl/2 mRNA of 2-fold at 300 mg/kg/day onlZyp3al/23 was significantly increased
2.5- and 4.1-fold in the 100 and 300 mg/kg/day gspuespectively. Using a BMR
equivalent to 20% increase in MRNA expressionBl® and BMDL for Cyp2b2 were
45.3 mg/kg/day and 24.0 mg/kg/day, and the BMD BRIDL for Cyp3al/23 were 62.3 and
7.3 mg/kg/day, respectively. TI@yp2bl/2 expression data was best fit with a linear model,
whereas the Hill model provided the best fit fag @yp3al/23 expression data.

T4-glucuronidation activity increased with triclostreatment (Figure 2.4). There
were main effects of dos€(5,104)=2.38, p<0.0435] and block [F(2,104)=5.2€0.,0070],
but no dose-by study block interaction (p<0.05) akleontrast testing revealed a significant

82% increase at 1000 mg/kg/day. BMDS did noti tlata using linear, Hill, polynomial,
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or exponential models.

Triclosan exposure induced isoform-specific incesas UGT and SULT mRNA
expression (Figure 2.5 and 2.6). There was a nflanteof dose orfgtlal mRNA
expressionf(4, 35)=5.98, p<0.0009], but no significant effeatdJgtlab andUgt2b5.
Mean contrast tests revealed significant 1.7- aBddd increases at 100 and 300
mg/kg/day, respectively. Using a BMR equivalenat®0% increase in mRNA expression,
the BMD and BMDL were 22.7 and 6.4 mg/kg/d, respety. Triclosan increaseflltlcl
MRNA expressionH(4, 35)=6.34, p<0.0006] approximately 2.5-fold e tL00 and 300
mg/kg/day groups (Figure 2.6). The significantmefifect of triclosan osultlbl mRNA
expressionff(4, 34)=4.63, p<0.0043], was caused by small lgriscant decreases at 30
and 100 mg/kg/day (p<0.05). Linear, Hill, polyn@tiand exponential models failed to
significantly fit the mRNA expression data fault1bl andSultlcl.

Triclosan treatment did not significantly alter mRExpression of any of the
measured hepatic transportedstplal (Oatpl), Oatplad (Oatp2), Mrp2, or Mdrlb (Figure
2.7).

5. Discussion

The current work tested the hypothesis that trashodecreased serum T4 via
upregulation of hepatic catabolism and altered @sgion of cellular transport proteins.
Consistent with this hypothesis we report here thelbsan upregulates both mRNA
expression and activity of some Phase | and Il tepazymes. Contradictory to this
hypothesis was the lack of effects on any meaduegdtic cellular transporters.
Furthermore, the pattern of effects on hepatic mMR&NACYP and UGT isoforms suggests
that the initiating event in the mode-of-action fieclosan-induced hypothyroxinemia is

activation of hepatic CAR and PXR receptors.
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Consistent with previous reports, oral exposurgittosan produced
hypothyroxinemia. Dose-responsive T4 decreases baegn observed following both 4-day
(Crofton et al. 2007) and 31-day exposures (Zargll al. 2009). Effective doses that
reduced T4 by 20% in the four-day exposures usdaisnvork (BMD = 99.4 mg/kg/day)
were higher compared to the smaller four-day ads#g set published previously by this
laboratory (BMD=69.7 mg/kg/day) (Crofton et al. Z)0The effective dose that reduced T4
by 20% following a 31-day triclosan exposure (BM45 mg/kg/day) was much lower
(Zorrilla et al. 2009) than the effective dosesha current study, likely due to the differences
in exposure duration, as well as the sex, agestath of rats used. Strain may be a
particularly important uncertainty in directly coarphg studies of thyroid disruption, as
background levels of thyroid hormones and metabebponses may differ between strains
(Lecureux et al. 2009).

T3 and TSH were also assessed to more fully ctearae the impact of triclosan on
circulating thyroid and pituitary hormones. Themases (12-25%) in T3 observed at 300
and 1000 mg/kg/day were consistent with the prevreports that T3 was decreased
approximately 20% after 31-days of 200 mg/kg/datdsan treatment (Zorrilla et al. 2009).
No change in TSH with triclosan treatment is algnsistent with a previous report (Zorrilla
et al. 2009). Other chemicals including polychiated biphenyls and 3-methylcholanthrene
have significantly decreased T4 with no effectSI&id (Hood et al. 1999, Liu et al. 1995);
this phenomenon of decreased T4 without compensa&tiH increase, while not well
understood, has been hypothesized to result frtaokaof induction of T3-glucuronidation
(Barter & Klaassen 1994, Hood & Klaassen 2000).

Triclosan exposure increased enzymatic and mRNAensuof activity and

expression o€yp2bl/2 andCyp3al/23, suggesting that triclosan may activate nuclear
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receptors CAR and/or PXR. Increased PROD actimplies increased Cyp2b1/2 protein.
This is consistent with previous vitro andin vivo observations of triclosan-induced PROD
activity and Cyp2b1/2 protein (Hanioka et al. 199@nioka et al. 1996, Jinno et al. 1997,
Zorrilla et al. 2009). Zorrillet al. also found PROD activity increasesvivo following 31-
day exposures (BMD =14.31 mg/kg/day )(Burke efl@B4), compared to 70.8 mg/kg/day,
obtained in the present study. Relative mRNA esgion ofCyp2b1/2 andCyp3al/23
increased significantly. This suggests that tsalo may be capable of interacting with both
CAR and PXR, consistent with activation of PXRvitro in a human (HuH7 culture)
receptor reporter assay (Jacobs et al. 2005).e@llyr there are no published reports of
triclosan activity toward CAR. However, our obsarans of increased Cyp2b1/2 activity
and expression indicate potential CAR activationef®shi et al. 1999, Qatanani et al. 2005).

EROD activity decreased slightly, and was not desponsive, corresponding well
to the lack of significant changes@yplal mRNA expression; collectively these data imply
that AhR activation is not a key step in this mad@ction. No constitutive expression of
Cyplal protein in rat liver and no induction@jfplal mRNA with triclosan treatment
suggest that these EROD decreases do not refygdtad activity inhibition, but rather the
inhibition of one or more of several CYPs, inclugli@yp2c1l (Burke et al. 1994). Previous
work with rat liver microsomes demonstrated thiatdsan competitively inhibited EROD
induction by 3-methylcholanthrene, a prototypicatmmsomal enzyme inducer of EROD and
Cyplal activities (Hanioka et al. 1996). Howevke, failure of triclosan to induce EROD is
inconsistent with a report of triclosan agonismAbR,; triclosan activated AhR to 40% of the
level of activation of TCDD, and inhibited TCDD attion by 30%, suggesting a

competitive interaction (Ahn et al. 2008).
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Importantly, the lack o€yplal induction demonstrates that the minor dioxin
contaminates found in the triclosan sample usedisstudy, 2,8,-dichlorodibenzodioxin and
2,4,8-trichlorodibenzodioxin, did not induce AhR-tireted effects on Phase | and Phase I
hepatic enzymes. 2,8-dichlorodibenzodioxin is & weeak AhR agonisin vitro, and failed
to induce EROD in vivo (Mason & Safe 1986).

Phase Il glucuronidation and sulfation are upregdldy triclosan treatment,
suggesting triclosan treatment increases hepatmomhfugation. Observations of a two-fold
increase in glucuronidation activity of T4 and 2-fold increase ifJgtlal mRNA
expression suggest small increases in T4-UGT &gtigsult from triclosan exposure.
Increases in glucuronidation result in increasdidryi excretion of conjugated hormone
(Vansell & Klaassen 2002, Vansell & Klaassen 2004 et al. 1995, Barter & Klaassen
1994). Previous work in this laboratory and otheas found that UGT activity may not have
a clear linear relationship with T4 concentratig@saft et al. 2002, Hood & Klaassen 2000).
Another major uncertainty regarding the testing) &T isoforms for mRNA expression
levels is the choice of isoforms to test. This wiasted isoforms responsible for hepatic
conjugation of T4 in rat: Ugtlal and Ugtla6 (Vah&Klaassen 2002), as well as a marker
of T3-glucuronidation, Ugt2b5 (Vansell & KlaassédD2, Richardson et al. 2008). Whereas
MRNA expression ofJgtlal andUgtla6 can be found in the livetjgtla7, which also
conjugates T4, appears to be constitutively expeasainly in the intestine of rats (Shelby
et al. 20032004), and inducible in liver by AhR apts (Metz et al. 2000). Thudgtla7
was excluded from analysis, as an amplificatiorcigficy in the appropriate range could not
be determined for analysis by gRT-PCR. No changegpression were observed for
Ugtla6 or Ugt2b5. In comparing the T4-UGT activity and mRNA expresstata, it

appears likely that the approximately 2-fold in@@&n T4- UGT activity may be attributed
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to increases observedlidgtlal mRNA expression.

While increased activity and expression of UGT asofs supports the overall
hypothesis that triclosan treatment induces glundedgion of TH, these data do not confirm
a particular nuclear receptor pathway, as CAR, P4Rq the glucocorticoid receptor (GR),
all transcriptionally regulate isofortdgtlal (Sugatani et al. 2005)Jgtla6 is more
exclusively controlled by the AhR (Auyeung et &03); the lack of expression change for
Ugtla6 complements the unchanged expressid@ypflal and EROD activity. This is
consistent with the lack of AhR activation by tashn and the lack of an AhR contribution to
the endpoints measured in the current work.

Triclosan exposure increased sulfotransfeBatidcl mRNA expression 2.6-fold,
indicating that increased sulfation and biliary retion of T4 may occur. Sulfation
deactivates T4 and increases its biliary excretiarenhancement of inner ring deiodination
and blockage of outer ring deiodination for reaation (Kester et al. 2003). Triclosan
noncompetitively inhibits then vitro human hepatic microsomal sulfation of 3-
hydroxybenzo(a)pyrene (3-OH-BaP), bisphenol A (BRAhitrophenol, and acetaminophen
with ICso concentrations in the low micromolar concentratiamge; competitive inhibition
of the glucuronidation of 3-OH-BaP, BPA and acetaophen was also observed (Wang et
al. 2004). Thus, triclosan may exert an inhibitacgion on SULT and UGT catabolic
enzymes, affecting the overall activity profileld&Ts and SULT$n vivo. An uncertainty
in our analysis is choice of sulfotransferase®#b; tsulfation of thyroid hormones is
catalyzed primarily by Sultlbl and Sultlcl in thg though the preferred substrate for these
enzymes is actually not the physiologically relevagroid hormone (T3), but rather a T3
metabolite (T2) (Kester et al. 2003). Any future wd this data in extrapolation to potential

human effects is complicated by the sex dependein@atlcl expression in rats (Wong et
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al. 2005), which signals a potentially sexually diphic response to triclosan with respect to
sulfotransferase expression changes. Male-domaagmession ofultlcl reflects sex-
dependent T3 sulfation in rats, which is not kndwoccur in humans (Kaptein et al. 1997).
Our observations report mMRNA expression changésnale rats; however, the major
change noted in sulfotransferases activity fotldsan treatment groups was up-regulation of
ultlcl, which is expressed predominantly in male ratrlike@lney, and intestine; expression
of Sultlbl is equivalent between rat sexes (Kester et al3200

No statistically significant changes were obsemveithe mMRNA expression of hepatic
transporters, includin@atplal, Oatplad, Mrp2, andMdrl. These particular transporters
were chosen for analysis based on their functiao@bity and affinity for iodothyronines
(Wong et al. 2005), as well as several previoesdiure reports of microsomal enzyme
inducer effects on these transporters (Cheng @08b, Kretschmer & Baldwin 2005, Wong
et al. 2005, Klaassen & Slitt 2005, Johnson & Kéaas2002b). These mRNA expression
results suggest that transporter expression chalwest contribute to the observed T4
decreases. However, these results do not exdhededssibility that hepatic transporter
protein activity is altered by triclosan treatmeia receptor-mediated post-translational
modifications (Cherrington et al. 2002). The mREMpression oMrp2 may not be
indicative of than vivo protein expression, as PXR ligands that induce3@ymve been
shown to increase Mrp2 protein without increadutig2 expression (Johnson & Klaassen
2002a). Other PXR ligands, including DMP-904 (Wat@l. 2005), PCN, and
spironolactone (Cheng et al. 2005), and CAR ligandsiding phenobarbital (Cherrington et
al. 2002) have previously demonstrated effectdherrégulation of hepatic transporter
MRNA expression. Further characterization of thpdtic transporter activity of the liver in

response to triclosan treatment will be necessacphclude definitively that transporters are
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or are not involved in triclosan-induced hypothyreemia.

This work suggests that triclosan triclosan upratpd Phase Il glucuronidation and
sulfation, and that this increased catabolism neagtleast partially responsible for the
triclosan-induced hypothyroxinemia observed. Thisansistent with other microsomal
enzyme inducers including phenobarbital, polycimlated biphenyls, pregnenolonesl6
carbonitrile, dioxins, and others (Liu et al. 1998huur et al. 1998). Correlation plots (not
shown) of T4 concentration versus UGT activity, &lgilal andSultlcl expression
revealed significant linear model fit (p<0.05), bpwor R-squared values%0.07-0.18),
suggesting that other mechanisms contribute td #héecreases observed. Triclosan may
exert a direct effect on the thyroid and TH synii@sowever, preliminary data ax vivo
porcine thyroid peroxidase assays indicate no effetriclosan (Dr. Michael Hornung,
personal communication). Other mechanisms thdtamntribute to the observed
hypothyroxinemia, including inhibition of iodide tgke, competition with TH serum binding
proteins and upregulation of deiodinase activipyeinot been assessed.

Extrapolation of the current findings to humanswdtdde tempered by a number of
uncertainties, including the dose range used hevensus estimated human exposures. The
BMDL for a 20% decrease in T4 calculated from tagadoresented is 65.6 mg/kg/day in a 4-
day exposure scenario. This short-term exposudehs intended for use as a tool in
exploring mechanisms of thyroid disruption, andsinet model prolonged daily human
exposure. The target human population of inteckst,to the presence of triclosan in breast
milk and its potential to disrupt thyroid hormor&d subsequent adverse impacts on
neurological development, is the developing neoaatkinfant. Human infant daily oral
exposure is estimated is to be 0.005 mg/kg/day RFSEO08). Thus, comparing our BMDL

to this daily intake yields a margin of exposurapproximately 13,000-fold. Note that this
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does not take into account uncertainty factors usélde extrapolation of data obtained in
rats to human risk; pharmacodynamic and pharmaetkidifferences in triclosan
metabolism between species may greatly impactellagive effects.

The present work confirms the conclusion thatdseh disrupts thyroxine and
triiodothyronine in the rat. Furthermore, the etéeof triclosan on hepatic mRNA and
enzymatic activity point out important key eventone potential mode-of-action of
triclosan-induced hypothyroxinemia in rats, andgasg that CAR/PXR activation, with
subsequent upregulation of hepatic catabolism ohiay be one mechanism that contributes
to the observed hypothyroxinemia. In order to iaverthe ability to extrapolate these
findings to humans, future research should charnaetenterspecies similarities and
differences in these key events.

6. Supplementary Data
Supplemental Data Table (Appendix 1) lists the growean, number of samples per group,
and standard deviation for serum thyroid hormameentrations; EROD, PROD, and UGT
microsomal activities; and the gRT-PCR resultsluiding fold change and ddCt data for
each gene expression assay reported. Raw tegta@din be obtained by contacting the
corresponding author.
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Figure 2.1. Triclosan decreases total serum T4 (A) and T3\{&)) no change in TSH (C),
represented as group mean values (+ SE) perceehafle control (V) for each study cohort.
(V = vehicle control, corn oil; for T4: n = 24 fof, 30, 100, and 300 dose-groups, n = 16 for
1000 dose-group, n = 8 for 10 dose-group; for T@ B8H: n=8 for V, 30, 100, 300, and
1000 dose-groups; * = significantly different frarahicle controls , p>0.05.
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Figure 2.2. Dose-response curves for the effects of a 4-dpgp®xe to triclosan on liver
microsomal EROD activity (A), and PROD activity (Bpata are presented as group mean
(= SE) percent of vehicle control (V) for each resfove study block.(Activity = pmol
resorufin/mg protein/min; V = vehicle control, casit; PC = positive control, single 10
no/kg 2,3,7,8-Tetrachlorodibengedioxin dose and single 300 mg/kg Aroclor dose; 24=
for V, 30, 100, and 300 dose-groups, n = 16 for0l@@se-group, n = 8 for 10 dose-group; *
= significantly different from vehicle control p>h).
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Figure 2.3. Dose-response curves for the effects of a 4-dpgps®xe to triclosan on liver
MRNA expression of CYP isoforms. Data are plotedhe mean (+ SE) fold changé (2
AACt) from control for the genes assay&yplal (A), Cyp2b2 (B), Cyp3al/23 (C). (V =
vehicle control, corn oil; n = 8 per dose-group; significantly different from vehicle
control p>0.05).
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Figure 2.5. Dose-response curves for the effects of a 4-dpgps®xe to triclosan on liver
MRNA expression of UGT isoforms. Data are plodisdhe mean (+ SE) fold changeé (2
AAC) from control for the genes assayefditlal (A), Ugtlaé (B), Ugt2b5 (C). (V = vehicle
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81




3.5

3.0

2.5 4

2.0

1.5

1.0

Fold Change (mean + SE)

0.5

0.0

Sult1b1

\Y

10

30

100

300

Triclosan treatment (mg/kg/day)

Fold Change (mean + SE)

3.5

3.0

2.5

2.0

1.5

1.0 A

0.5

0.0

T

Sult1c1
T

*

T

10

30

T

100

300

Triclosan treatment (mg/kg/day)

Figure 2.6. Dose-response curves for the effects of a 4-dpgp®xe to triclosan on liver
MRNA expression of SULT isoforms. Data are plo#isdhe mean (+ SE) fold change (2

AAC

significantly different from vehicle control , pXih).

82

t) from control for the genes assay&dltlbl (A), Sultlcl (B). (V = vehicle control, corn
oil; n =8 per dose group, with the exception of A for V dose group ddultlbl; * =



3.5 3.5

A Oatplat B Oaipia4
3.0 3.0
& a
h 25 W 25
C c
© [\
@ i ) |
é 2.0 é 2.0
(] (0]
2 15 2 15
5 5
g 1.0 - 5 1.0 -
9 s
0.5 0.5
OO T T T T T 00 T T T T T
\Y 10 30 100 300 \ 10 30 100 300
Triclosan treatment (mg/kg/day) Triclosan treatment (mg/kg/day)
3.5 3.5
C Mdr1b D Mrp2
3.0 § 3.0 §
& 5
+ 2.5 + + 2.5 +
c c
3 3
é 2.0 H é 2.0
(0] (0]
2 15 - 2 15+
(] 3]
5 3}
3" 2] Y—s 5 ¢+
(o] (o)
[N L
0.5 0.5
00 T T T T T 00 T T T T T
\Y 10 30 100 300 \Y 10 30 100 300
Triclosan treatment (mg/kg/day) Triclosan treatment (mg/kg/day)
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Category

Gene

Abbreviation

Slope

R-Squared

Efficiency

Tagman Assay ID

Endogenous
reference

Ribosomal protein
S18

Rps18

-3.2493

0.9494

103.1%

Rn01428915_g1

Phase |
markers

Cytochrome P450,
family 1, subfamily
a, polypeptide 1

Cyplal

-3.6424

0.8690

88.2%

Rn00487218_m1

Cytochrome P450,
family 2, subfamily
b, polypeptide 2

Cyp2b1/2

-3.1757

0.9680

106.4%

Rn02783833_m1

Cytochrome P450,
subfamily 3A,
polypeptide 1

Cyp3al/23

-3.4391

0.9790

95.3%

RN01640761_gH

Phase I
markers

UDP-
glycosyltransferase
1 family,

polypeptide A1

Ugtlal

-3.3699

0.9529

98.0%

Rn00754947_ml

UDP-
glycosyltransferase
1 family,
polypeptide A6

Ugtla6

-3.4287

0.9535

95.7%

Rn00756113_n

nH

UDP-
glucuronosyltransf
erase 2 family,
member 5

Ugt2b5

-3.2953

0.8786

101.1%

Rn01777314_s

Sulfotransferase
family 1B, member
1

Sultlbl

-3.2091

0.9143

104.9%

RN00673872_1

nil

Sulfotransferase
family, cytosolic,
1C, member 1

Sultlcl

-3.2282

0.9747

104.1%

Rn00581955 n

nil

Phase Il
markers

Solute carrier
organic anion
transporter family,
member lal

Oatplal or
Oatpl

-3.3182

1.0016

100.2

RN00755148_m

Solute carrier
organic anion
transporter family,
member la4

Oatpla4 or
Oatp2

-3.0310

1.1376

113.8%

Rn00756233_m

=

ATP-binding
cassette, subfamily
C (CFTR/MRP),
member 2

Mrp2

-3.3033

1.0078

100.8%

Rn00563231_nm

ATP-binding
cassette, subfamily
B (MDR/TAP),

member 1B

Mdrilb

-3.6001

0.8957

89.6%

Rn00561753_m

Table 2.1. Summary of Tagman Gene Expression Assays and Acapilon Efficiencies.
The endogenous reference gene Rps18 was usethdausteze all of the gene expression
assays. The slope presented is the slope valamettfrom a plot of the threshold Ct (dRn)
versus Log(RNA concentration), and R-squared veldlee square of the correlation
coefficient of the line obtained by the plot (Apgai Biosystems Publication 127AP05-03).
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Mean BW gain,

Mean liver weight,

Mean liver-to-BW ratio,

Dose N per % of control + standard %control + standard %control + standard
(mg/kg/d) dose deviation deviation deviation
0 24 100+ 16 100+9.3 100+ 4.9
10 8 102 £12 104 £ 18 105+4.1
30 24 108 + 16 103+ 11 102 +£4.7
100 24 105+ 14 101 +£12 101 +4.7
300 24 105+24 105+ 13 104 £5.2
1000 16 92 + 20 112 + ¥2 113+4.9

Table 2.2. Doses, group sizes, and block-controlled body lateggin, liver weight, and
liver-to-body-weight ratio with standard deviatiealues. Significant increases of nearly
12% and 13% occur in the 1000 mg/kg/day dose gfoulver weight and liver-to-body-
weight ratio, respectively (* = significantly diffent from vehicle control by ANOVA,

p>0.05).
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1. Abstract

Disruption of maternal thyroid hormones during Fetavelopment may result in
irreversible neurological consequences in offspriiige current work tested the hypothesis
that perinatal triclosan exposure of dams decrethsesxine in dams and offspring prior to
weaning. Pregnant Long-Evans rats received tiaclds/ oral gavage (0-300 mg/kg/day) in
corn oil from gestational day (GD) 6 through posahday (PND) 21. Serum was obtained
from pups on PND4, 14, and 21, and from dams onZNI5erum T4 was reduced 31% in
dams on PND22. In pups, a unique pattern of hypo#inemia was observed; serum T4
decreased 27% in PND4 pups with no significant cedo observed on PND14 or PND21.
Comparable reductions of approximately 30% in sefdnat 300 mg/kg/day for dams and
PND4 neonates and a lack of effect at PND14 and ANdiggest that toxicokinetic or
toxicodynamic factors may have contributed to aiced exposure or a reduced toxicological
response during the lactation period.

2. Introduction

Proper regulation of thyroid hormones is criticattie development and maturation of
the nervous system in many vertebrates, includiaghmals. Haddowt al. demonstrated
that low maternal serum T4 during gestation coteelavith 4-10 point IQ deficits in children
(Haddowet al., 1999). The adverse impact of subclinical T4 emi@ation decreases during
human development is unequivocal (Kooigral., 2006; Popet al., 2003; Poyet al., 1999).
The correlation between maternal and neonatal hypatinemia and neuronal development
is also well established in the rat, making it pprapriate model of developmental TH
insufficiency (Howdeshell, 2002; Millest al., 2009; Riceet al., 2000; Zoelleet al., 2000).

Hypothyroxinemia during critical periods of neurgdlpment has been shown to result in
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permanent effects, including sensory and motorcdsf{fAnderson, 2008; Croftcat al .,

2005; Morreale de Escobetral., 2004). While the precise mechanistic cascadsreints

that lead from decreased serum hormone levelsversel neurodevelopmental outcomes is
not yet known, measurement of circulating T4 in dand offspring serves as a qualitative
predictor of neurodevelopmental deficits (Crofta@04; Miller et al., 2009).

Triclosan is a bacteriostatic agent used in a tsaagecommercial personal care products.
Widespread use and environmental transport hat® leesl detection as contaminant in
surface water and wastewater treatment plant efffuat ng/L concentrations (Chaleial .,
2009; Kandat al., 2003; Kolpinet al., 2002; Lorainest al., 2006; McAvoyet al., 2002;
Waltmanet al., 2006), in wildlife samples including fish (Adatfsn-Ericiet al., 2002;
Balmeret al., 2004; Houtmamt al., 2004), and also in human tissues including setume,
and milk (Adolfsson-Erici et al., 2002; Allmw al., 2006; Allmyret al., 2008; Calafaét al.,
2008; Hovandeet al., 2002; Wolffet al., 2007). Triclosan is an endocrine disruptor,
reported to exert weak estrogenic effects on feousfish (Foraret al., 2000; Ishibashet
al., 2004; Matsumurat al., 2005; Rautt al., 2009), and to disrupt thyroid-mediated
development in frogs (Veldhoeanal., 2006) . Recent research using juvenile and weanl
rat exposure models has demonstrated that triclesaosure decreases thyroid hormone
concentrations in mammalian models (Crofébal., 2007; Paukt al., 2010; Zorrillaet al.,
2009). The endocrinological effects of triclosap@sure during rat development are
currently unknown. The finding that triclosan i®gent in human milk at concentrations up
to 2100 pg/kg-lipid (Dayan, 2007) has raised comckere to the documented relationship
between thyroid disruption during development arelversible adverse neurological

outcomes in children.
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Susceptibility to triclosan-induced hypothyroxinanmnay differ between life stages due
to potential differences in the toxicodynamic aoxi¢okinetic responses to triclosan during
pregnancy and development. The current study waigded to test the hypothesis that
perinatal triclosan exposure will alter circulatithyroid hormone levels in pups during early
postnatal development and in dams at the concluditactation. As only dams received
triclosan directly, this study models the exposafreuman mothers during gestation and
nursing, and the potential combiniedutero and nursing exposures to offspring.

3. Methods
Animals. Time-pregnant Long-Evans female rats (n=40), axprately 80-90 days of age,
were obtained from Charles River Laboratories (Raleigh, NC) on gestation day (GD) 1
(defined as the day after vaginal plugs were olexhnand were allowed five days of
acclimation in an American Association for Accreditn of Laboratory Animal Care
International (AALAC) approved animal facility pri¢o initiation of treatment on GD6.
Animals were housed individually in plastic hangoages (45 cm x 24 cm x 20 cm), with
heat sterilized pine shavings bedding (Northead®eoducts Corp., Warrenton, NC). Colony
rooms were maintained at 212°C with 50 = 10 % humidity on a photo-period of 12L:12D.
Food (Purina Rodent Chow #5001, Barnes Supply @arham, NC) and water were
providedad libitum. Tap water (Durham, NC water) was filtered thiosgnd, then
activated charcoal, and finally re-chlorinated 16 gpm Cl before use in the animal facility.
All animal procedures were approved in advancehbylnstitutional Animal Care and Use
Committee of the National Health and Environmegiff¢cts Research Laboratory of the US

EPA.
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Dams (n=10/treatment for 0, 30, 100, 300 mg/kghdegtment groups) were orally
exposed via gavage each day between 0800 and 10@fiththe exception of GD21, when
chemical was not administered to animals if theeeewsigns of parturition. On GD21, dams
were checked for the number of pups delivered @008000, 1200, and 1500 hrs, and pups
were aged as postnatal day (PND) 0 on the datetbf Bl pups born from within a 24 hr
period were considered to be the same age. On PND4&nd 21, offspring were counted,
sexed, and group-weighed by sex. Average pup Wwbigkex was calculated by dividing the
group weight by the number of pups. On PND4,rktigere culled to 8 pups per litter, with
the exception that litters comprised of fewer tBgsups were not culled. Eye opening,
determined as at least one eye open, was moniborazldaily from PND11-17.
Chemicalsand treatment. Triclosan (5-chloro-2-(2,4-dichloro-phenoxy)pbén
(CAS#3380-34-5; 98+ % pure) was obtained from Sigdtich Chemical Company (St
Louis, MO, LOT#06415CD, Cat#524190-10G) and Cibar@ach GmbH (Germany,
Lot#60023CL7). Mass spectrometry analysis revetidatithe triclosan used was greater
than 98.2% pure triclosan; the sample also condan@5% iso-triclosan, 0.12% 2,8-
dichlorodibenzodioxin, and 0.1% 2,4,8-trichlorochzedioxin, but was free of biologically-
active dioxin compounds. The dosing solutions3(®,100, and 300 mg/mL) were prepared
in corn oil (Sigma, Lot#117K0127), sonicated forBhutes, and stored in amber vials at
room temperature. Solutions were prepared evétylays. The 300 mg/kg/day dose
partially precipitated within 24 hours and was #fere sonicated daily before use. All doses
were mixed on a stir plate during the dosing pedadh morning. Dams were randomly
assigned to treatment groups by counter-balanalyg lveights. Administered volume was

1.0 ml corn oil/kg body weight; body weights weeearded daily, and administered volumes
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were adjusted daily by weight. Prior to the sacefof pups on PND4 (only culled pups), 14
and 21 (one pup per sex per litter), animals weseed to a holding room, dams were
weighed and dosed, pups were weighed, and all &inee acclimated for a minimum of
30 min. Tissue collection was conducted betwed®G@d 1200 hrs in an adjacent room
with a separate air supply. The time of necropgliovthe 4-hr period was balanced among
dose groups to control for time-of day effects loyroxine levels (Dohleet al., 1979; Jordan
et al., 1980). Trunk blood was collected from one malé ane female pup per litter and
pooled into one tube. Blood from dams was colketeer decapitation on PND22, 24 hr
after the final dose. Blood was collected intaugeiseparator tubes (Beckton Dickinson, 36-
6154). Serum was obtained after clotting wholetltor 30 min on ice, followed by
centrifugation at 1278x g at@ for 30 min. Serum samples were stored atC8intil

analysis.

Thyroxineassay. Serum total T4 was measured in duplicate by stahsolid-phase Coat-
A-Count radioimmunoassay (RIA) kits (Siemens Meb®alutions Diagnostics, Los
Angeles, CA). Assay variation was assessed ubmgiultivalent control module (Siemens
Medical Solutions Diagnostics, Los Angeles, CAjrteasure low, medium, and high total
T4 values before and after measuring the experamheamples. The intra-assay CV ranged
from 4 to 5%. The inter-assay CV for three sepagiatays conducted over a one year period
was 4.9%. Total serum T4 was calculated as ngnL4&kerum.

Data analysis. Dam bodyweight data (total n=38, one dam inhilgl dose group died of
unknown causes and one dam failed to deliver liyespfor prenatal and postnatal stages
were analyzed separately using repeated measur@y/ABI(SAS 9.1, SAS Institute, Cary,

NC), followed by mean contrast testing with DunsaNew Multiple Range Test (p<0.05),
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with dose and animal as independent variables.othkr data were analyzed by ANOVAs,
with significant main effects followed by DuncamMNew Multiple Range Test. Gestation
length was defined as the period from GDO to theaddirth. The viability index was
calculated as the number of pups alive on PND@duoviby the number alive on PND4 per
litter prior to culling. Sex ratio was calculatasl the number of female pups divided by the
number of male pups. Eye opening was calculatedess percent of pups with at least one
eye open in a litter for each treatment.

Benchmark dose (BMD) and lower-bound confidenggtl{[BMDL) estimates were
determined using USEPA Benchmark Dose Software (BMf@rsion 2.0beta) as previously
described (Crofton et al., 2007; Zhetal., 2001; Zhotet al., 2002). The benchmark
response (BMR) (EPA, 2000) was set at a 20% deeieakyroxine, reflecting previous use
of this BMR in the literature (Crofton et al., 2Q@aul et al., 2010; Zhou et al., 2001; Zhou
et al., 2002; Zorrilla et al., 2009). The BMD waaculated from a model fit to the data. The
BMDL (lower-bound confidence limit) was calculatasl the 95% lower confidence interval.

4. Results

Perinatal maternal triclosan exposure did not &f@y reproductive parameters (Table
3.1), including: gestation lengtk(3,35) = 0.00, p<0.9998], litter sizE([3,35)=0.48,
p<0.6949], viability index[f(3,34)=0, p=1], or sex ratid-[3,34)=0.76, p<0.5228].
Treatment did not elicit effects on the day of epening F(3,33)=0.09, p<0.9650] (Table
1). Further, no gross terata were observed inochtlye pups, and viability was unaffected by
treatment.

No clinical signs of toxicity were observed in tth@ms or pups during the 36 days of

triclosan treatment. There was a 7-10% decreaBedg weight observed for dams in the
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300 mg/kg/day treatment group from GD14 through GBat was not statistically different
from control; there was no main effect of treatméi{8,34)=2.56, p<0.0715], nor was there
an interaction of prenatal-day and treatmé&i@2,63)=1.05, p<0.4264). Dam body weights
decreased by approximately 10% throughout the ptatperiod (Figure 3.1). This
observation is supported by a main effect of treginon the body weight of dams
[F(3,32)=4.63, p<0.0084] and no treatment by postmtainteraction ff(60,40)=0.86,
p<0.7005] Mean contrast testing demonstrated a significdfegrdnce between the control
and 300 mg/kg/day treatment (p<0.09here were no effects of treatment on pup body
weight, male or female, at ages PND4, PND14, or PN{@ata not shown).

Serum total T4 decreased 31% on PND22 in damstierdith 300 mg/kg/day
(Figure 3.2) F(3,34)=4.36, p<0.0105] (see Supplemental Data t#ppendix 2, for group
statistics). The no-observed effect level (NOEL)tfalosan and T4 was 100 mg/kg/day.
Although several BMD models fit the data, a secdegree polynomial model had the
lowest residual values and predicted a BMD of 228kigyday, with a 95% lower confidence
limit of 104 mg/kg/d (Table 2.2).

Maternal exposure to triclosan reduced serum fitah neonates. This effect was
restricted to pups on PND4, when there was a 27&gdse in the 300 mg/kg/day group
relative to controlsk(3,31)=3.57, p<0.0252]. There were no effectgiofdsan on pup
serum T4 concentrations at PND14 or PND21; pups twthe 300 mg/kg/day dam
treatment group had only non-significant decreasds! of 16% and 8% at PND14 and
PND21, respectively. The NOEL for triclosan dos¢h® dam and T4 in PND4 pups was 100
mg/kg/day. A second degree polynomial model fithi® data predicts a BMD of 113

mg/kg/day, with a 95% lower confidence limit of B&)/kg/day (Table 1). Although several
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BMD models fit the data appropriately, the secoadrde polynomial model yielded the
lowest scaled residuals.

5. Discussion

Perinatal maternal exposure to triclosan resultddypothyroxinemia in dams and young
neonates. The magnitude of the observed hypothyeoxa is consistent with previous
reports of decreased serum T4 in juvenile and viegnats (Crofton et al., 2007; Paul et al.,
2010; Zorrilla et al., 2009). Importantly, T4 deases were only observed in dams and PND4
offspring with no effects observed in pups on PNDBL#LND21, indicating a unique pattern
of postnatal hypothyroxinemia. The highest doseicibsan decreased dam body weights
during the postnatal lactation period, but did aidect any of the other reproductive
endpoints including pup survival, sex ratio, eyemipg, or pup body weights.

Thyroxine reduction in both dams and PND4 neondéasonstrates that both pups,
during early postnatal development, and dams aeegpdible to triclosan-induced
hypothyroxinemia. Oral maternal triclosan expoqunauced equivalent effects in dams at
PND22 and neonates at PND4. Decreases of apprteting®% in serum T4 at 300
mg/kg/day in dams and developmentally exposed riesrae consistent with the serum T4
changes and potency reported for weanling ratsviatig a 4-day triclosan exposure
(Crofton et al., 2007; Paul et al., 2010). Expesuof juvenile rats to triclosan for thirty-one
days demonstrated a greater potency, with sigmifigalecreased T4 found at 30 mg/kg/day
(Zorrilla et al., 2009). The discrepancy betweawmest studies is likely due to differences in a
number of experimental variables, including: insehexposure duration, juvenile

developmental stage, gender, and rat strain.
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Perinatal maternal triclosan exposure resulteceorehsed circulating serum T4 that was
observed on PND4, but not observed on PND14 or ANBRyure 2.2). The lack of
significant changes in serum total T4 during therlatages of lactation, at PND14 and
PND21, was unexpected. A number of previous ssudinea variety of chemicals, including
polybrominated diphenyl ethers, polychlorinatedneipyls, and 2,3,7,8-
tetrachlorodibenzodioxin (TCDD), have demonstrated postnatal thyroid hormones are
usually affected by perinatal (i.e., gestational kEctation) maternal xenobiotic exposure
during the entirety of the postnatal lactation periCroftonet al., 2000; Goldeyet al., 1995;
Morseet al., 1993; Zhou et al., 2001; Zhou et al., 2002)this study, the observed
thyroxine decrease in pups on PND4, followed byvecy to controls levels by PND21, is a
unique pattern of effects for perinatal materngdasure to thyroid disrupting xenobiotics.
Toxicokinetic and/or toxicodynamic factors may aaabfor this observed postnatal pattern.
The toxicokinetic distribution of triclosan may linmaternal transfer via milk, and thus
exposure may diminish with increasing postnatal age effect of triclosan on PND4 pups
could have resulted from transplacental exposutediosan. Previous work with Aroclor
1254 (Crofton et al., 2000), a commercial mixturéighly lipophilic PCBs, demonstrated
that maternal prenatal-only exposure produced dasipattern of effects on postnatal T4
levels in pups, i.e., a larger effect on PND4,da#d by a return to control values by
PND21. While triclosan is known to be present imiam milk (Adolfsson-Erici et al., 2002;
Allmyr et al., 2006; Dayan, 2007), there are nolhied data on the toxicokinetic
distribution of triclosan in rats. Further workrequired to address the hypothesis that pups
receive less triclosan via lactation compared sm@htal transfer to the fetus. Alternatively,

triclosan may not produce an equivalent toxicodyicagffect in neonates. This presupposes
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that the hypothyroxinemia found in PND4 pups is thuthe persistence of prenatal effects of
triclosan that dissipate with increasing postnatgd. This hypothesis further suggests that
triclosan does not up-regulate key hepatic cataboé&chanisms, i.e., glucuronidation or
sulfation of thyroid hormones, responsible for thgirdisruption in weanling rats (Paul et al.,
2010). While there are no published data on tfecef of triclosan on early postnatal
catabolic enzymes, data from a number of otheliesuaf xenobiotics clearly demonstrate
the inducibilty of hepatic microsomal enzymes ipgualuring the lactation period (Lucier

al., 1979; Morse et al., 1993; Zhou et al., 2002)stifg this hypothesis will require
measurement of hepatic Phase | and Il enzymesonates following developmental
exposures.

This study provides the first report of triclosanthiced hypothyroxinemia following
perinatal developmental exposure. The observethaias pattern of hypothyroxinemia in
pups was unique in that the early postnatal effextsvered to control levels by the end of
weaning. This pattern suggests that toxicokinetatdrs may have affected maternal
disposition of triclosan into milk and thereby ltedl lactation exposure to pups, or that the
triclosan may not have triggered the same toxicagyn effects in offspring during the
lactation period as in exposed weanlings or daihfese data demonstrate that the maternal
exposure to triclosan impacts thyroid hormonesradudevelopment in the rat. The relevance
of these findings for humans and wildlife is tengzeby both the relatively high doses used
and possible species-specific metabolic and kingbcesses. Future research should
characterize the dose of triclosan received by ldpugy rats from placental and lactation
exposure, as well as the hepatic catabolic resgarfsgeveloping neonates to triclosan in

order to explain the lack of effects of triclosdnader postnatal ages.
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Figure 3.1. Dam body weight during the gestational and lactapieriods. There is a
statistically significant decrease of approximatedyo in the body weight of dams
throughout the postnatal period for the 300 mg/kipsgle group. [n = 10, 10, 9, 8 for 0, 30,
100 and 300 mg/kg/day, respectively; * = signifittamain effect of treatment for postnatal
ages, and group mean differences between vehidl@@mh mg/kg/d, p>0.05.]
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Figure 3.2. Percent of control serum total T4 for: A) Dams &)dPups, by age and oral
maternal dose (meanSE). [For Dams and PND21, n = 10, 10, 9, 8 for the 0,280 and
300 mg/kg/day, respectively; For PND14, n = 1Q,8,38 for the 0, 30, 100 and 300
mg/kg/day, respectively; For PND4, n =9, 9, &8the 0, 30, 100 and 300 mg/kg/day,
respectively; * = significantly different from vithe control by ANOVA, p>0.05. Raw T4
values in ng/mL (mean £ SE) for the 0 mg/kg/d a@@ Bg/kg/d groups, respectively, were:
49.6 + 2.2 and 34.1 £ 3.7 for PND22 Dams; 9.63.49@nd 7.08 + 0.64 for PND4 pups;
48.4 + 2.2 40.6 + 2.3 for PND14 pups; and 38.9Gt¢hd 36.0 £ 1.8 for PND21 pups.
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Dose Gestation | Sex Litter Size | Viability % Eye Opening (PND)

_ 13 14 15 16
(mg/kg/day) | Length Ratio (PND 0) Index
0 21.1+01 | 1.21+0.25 12.8+0.71 100.0+00 0#6€0.0 | 24.0+7.2| 91.7+3.7 100=0.
30 21.1+£01| 1.62+044 11.8+0.72 100.0+£0.0.0#6€00.0 | 25.3+£7.1| 91.7+6.9 100=zxO0.
100 21.1+01| 1.09+0.1 115+1.1fy 100.0+x0.0.0+x0.0 | 24.1+£8.4| 98.1+1.8 100 £ 0.
300 21.1+01| 1.11+012 111+144 100.0x0.0.0x0.0 | 21.7+£8.1| 97.9%2.1 100 £ 0.

90T

Table 3.1. Gestation length, gender ratio, litter size, vidypnd eye opening (meanSE). None of the parameters shown
were significantly changed by triclosan treatme@gestation Length is reported in days; Gender Ratibe number of
females divided by the number of males; Litter Siz€NDO includes only live born pups; Viabilitydiex is the littersize at

PND4 divided by the live born pups at PNDO mulgpliby 100%; % Eye Opening is the percent of pugsah litter with at
least one eye open.



Age NOEL BMD BMDL
Dam 100 229 104
PND4 100 113 58

Table3.2. NOEL and BMD dose levels for T4 effects by age (ggday+ SE). US EPA
Benchmark Dose Software (BMDS Version 2.0Beta) wsed to determine the BMD and
BMDL, with a 95% confidence limit, for the selectBWIR = 20% reduction in serum T4.
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1. Abstract

Perinatal triclosan (TCS) exposure decreases serat@nal and early neonatal
thyroxine (T4) in the rat, but the mode-of-actidmdA) for these effects, and the potential
for these effects during gestation in addition ¢stpatally, is unknown. This work test the
hypothesis that TCS decreases T4 via activatigdhepregnane X and/or constitutive
androstane receptors (PXR, CAR), resulting in uptaion of hepatic catabolism of T4,
and subsequent declines in circulating T4 anddotbyronine (T3). Time-pregnant Long-
Evans rats received TCS po (0-300 mg/kg/day) frestagional day (GD) 6 through weaning
on postnatal day (PND) 21. Serum and liver werkectdd from dams on GD20 and PND22,
and from offspring on GD20, PND4, PND14, and PND&&rum T4, T3, and thyroid
stimulating hormone (TSH) concentrations were mesgshy radioimmunoassay. Ethoxy-
O-deethylase (EROD), pentoxyresorufin-O-deethy(&&0D) and uridine diphosphate
glucuronyltransferase (UGT) enzyme activities waeasured in liver microsomes. Custom
low density Tagman gPCR arrays were used to measpatic mRNA expression of select
cytochrome P450s, UGTSs, sulfotransferases, tratesigpand thyroid-hormone responsive
genes at all developmental time points. Parentcangugated TCS were quantified by
LC/MS-MS in serum and whole liver homogenate atlallelopmental time points. Serum
T4 decreased 30% in GD20 dams and fetuses, PNDtgngpPND22 dams at 300
mg/kg/day. Hepatic PROD activity increased 3-fioldPND22 dams and PND4 pups, and
UGT activity was 1.5-fold higher in PND22 dams @03ng/kg/day. Only minor gene
expression changes were found with TCS exposun¢gias primarily on up-regulated
expression o€yp2b andCyp3a isoforms in dams. Reductions of 30% in T4 for dand

GD20 and PND4 offspring with concomitant increaseBROD and UGT activity suggest
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TCS may reduce T4 during development by a simil@Avto weanlings. Increased
expression o€yp2b2 andCyp3a isoforms in dams is consistent with our hypothésas
TCS activates CAR and/or PXR to perhaps transongtly up-regulate glucuronidation or
sulfation of thyroid hormonas vivo. Analytical measurements of TCS in sera and liver
demonstrated that transplacental exposure ocauilghat it is a more important route of
exposure that lactation in rats, with PND14 and RMNiats demonstrating lower internal
exposures. This decreased exposure is consistitntha lack of any thyroid hormone
changes at these ages. Overall the data suggésiptiegulated hepatic catabolism,
particularly in dams, contributes to the observedamal and early neonatal
hypothyroxinemia.

2. Introduction

Triclosan (2,4,4'-trichloro-2’-hydroxyphenylethadgcreases thyroid hormones (THS)

in rats (Croftoret al., 2007; Pauét al., 2010a; Pautt al., 2010b; Zorrillaet al., 2009). This
effect was hypothesized to result from the inteosicdf TCS with xenobiotic nuclear
receptors, resulting in up-regulation of hepati@balism of THs and subsequent increased
biliary excretion (Paul et al., 2010b). Previouskvdemonstrated modest maternal and early
neonatal thyroxine (T4) decreases following orahamistration to dams (Paul et al., 2010b),
which is concerning because decreased maternaé3iits in neurological deficits in rats
(Gilbertet al., 2000; Goldeyet al., 1998; Goldet al., 1995), as well as irreversible
decreases in neurodevelopment and motor functibimimman children (Haddoet al., 1999;
Popet al., 2003; Poget al., 1999; Vermiglioet al., 2004). Therefore it is important to

determine whether TCS alters fetal THs, and cherizet the mode-of-action (MOA) for
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these TH decreases in rats in order to asses®téstial for TCS-induced hypothyroxinemia
in humans.

Maternal T4 concentration serves as a qualitatrediptor of the neurological
outcomes for offspring in rats and humans. Thesg@mphysiological mechanism for this
relationship begins with decreased maternal T4ltiag in decrease in the availability of
free T4 to the fetus, leading to a decrease irieta brain concentrations of T3, which is
necessary to activate thyroid receptors (TRs)riordcriptional regulation of the expression
of genes involved in neurodevelopmental processgsding myelination, neuronal and glial
cell differentiation and migration during and pragay and the early postnatal period
(Bernal, 2007; Williams, 2008; Zoellet al., 2004; Zoelleet al., 2007). Supporting
evidence for this observation comes from decadepiolemiological data that demonstrate a
relationship between maternal hypothyroxinemiarythe first trimester and early second
trimester, typically defined as T4 below the 5-Hdqgentile, and decreased performance on
psychomotor tests that evaluate mental abilitysg@nd fine motor skill coordination, and
socialization of their children at 3 weeks (Koaasdt al., 2006), 10-30 months (Berbetlal.,
2009; Henrich&t al., 2010; Liet al., 2010; Pop et al., 1999) and at 1-2 years (Pah et
2003). Maternal hypothyroidism and concomitant higgmoxinemia during the early second
trimester also corresponded to 4-10 point 1Q defici children at 8 years of age (Haddow et
al., 1999). Taken together these data suppoxtrttieal role of maternal T4 during human
development, and that the impacts of early gestatimaternal hypothyroxinemia are
lasting. Studies with rats also demonstrate dioglship between maternal
hypothyroxinemia and altered neurodevelopmentalamues in offspring, including changes

in the cellular composition of several brain regioexpression of critical genes, and aberrant
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neurobehavior. Maternal hypothyroidism and hypoikinemia change the cellular
structure and maturation of the cortex and hippqua{Berbekt al., 2010; Gilbert, 2004;
Lavado-Autricet al., 2003; Sharliret al., 2008). Maternal hypothyroxinemia during
gestation, in the absence of hypothyroidism ordltyhormone effects in offspring, altered
cortical neuron migration in white matter tractayhado-Autric et al., 2003). Although fetal
T4 production is active during the final week okgion, maternal T4 supplements the fetal
T4 supply to prevent altered cell migration in toetex and hippocampus and decreased
learning capacity (Berbel et al., 2010). Gene eggion changes in the cortex related to
cellular development and synaptic function, anthenhippocampus related to myelination
and calcium signaling, were altered with 1 ppm phibpouracil administered perinatally to
rats, which resulted in maternal T4 and neonatdD(®4) T4 deficits of 32% and 51%,
respectively, with no T3 or TSH effects (Roylasidl., 2008). These examples demonstrate
that maternal, fetal, and neonatal hypothyroxinedsaupt neurodevelopment, though the
degree of hypothyroxinemia necessary to elicit esktv@eurodevelopmental effects has not
been well characterized.

Measurements of TCS in serum (Allmgtral., 2008; Alimyret al., 2006b; Allmyret al.,
2009; Hovandeet al., 2002), breast milk (Adolfsson-Erietf al., 2002; Alimyret al., 2006a;
Dayan, 2007), and TCS metabolites in urine (Caletfal., 2008; Wolff et al., 2007)
demonstrate that humans are exposed to TCS, ahlighigthe potential for developmental
exposure via maternal TCS exposures. A study dimg mothers revealed that TCS
concentrations in the serum of these mothers wWH(g/g to 38 ng/g fresh weight (Allmyr
et al., 2006a); of particular interest is that &S partitioned into serum at a much greater

rate than into breast milk of these volunteersgssting that the oral dose to infants would
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be more limited than the internal serum concermnstof the mothers (Allmyr et al., 2006a).
For these mothers, TCS was detected in the womerhati been exposed to personal care
products containing TCS at much higher concentnattban mothers who had not been
exposed to these types of products (Allmyr et26lQ6a). However, since TCS was present
in all mothers regardless of intentional persomaégroduct exposure, this indicates that
multiple sources of exposure contribute to thel tbGS exposure of the human population.
The range of TCS detected in the breast milk ofhtle¢hers in this study, both control and
exposed, was less than 0.018 ng/g-lipid to 0.9§-hgid (Allmyr et al., 2006a). In another
study of five breast milk samples from Sweden, T8868centrations ranged from less than 20
Ho/kg-lipid to 300 pg/kg-lipid (Adolfsson-Erici at., 2002). A study of 62 breast milk
samples from milk donation banks in California diekas demonstrated a range of TCS
concentrations from below the limit of detectior2ttD0 pg/kg-lipid, with the majority of
samples containing 200 pg/kg-lipid or less (DayiQ)7). Based on these findings, and the
standard volume of milk consumed by infants (Bettal., 1984; Butteet al., 2002; EPA,
1997), Dayan used a conservative, high estimaleeafst milk TCS concentration (1742
pa/kg-lipid) to estimate the maximum infant expaste TCS as approximately 7.4 pug/kg/d.
These findings underscore the potential for hunmarelbpmental exposure via breast milk,
when the potential impact of TH disruption may bestrdeleterious.

Previous work demonstrated that perinatal TCS aexgo®sulted in maternal and
early neonatal hypothyroxinemia (Paul et al., 2Q;1@4&ile the mechanism(s) responsible for
the observed hypothyroxinemia during developmewue ot been determined, we
hypothesized that the MOA would be similar to #oaind in weanling rats exposed to TCS

(Paul et al., 2010b). In a short-term exposure mwith young adult rats, TCS decreased T4
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and up-regulated markers hepatic catabolism, imetudridine diphosphate
glucuronyltransferase (UGT) activity, abigtlal andSultlcl expression (Paul et al.,
2010Db), in addition to increas€yp2b andCyp3al expression, suggestive of hepatic
nuclear receptor-mediated pathway. The main hygswlof this work is that TCS decreases
T4 in dams and offspring via up-regulation of hepeatabolism, a demonstrated MOA for
chemically-induced maternal and neonatal hypothyexia (Zhouwet al., 2002; Zoelleet

al., 2005). This work also tests the hypothesis tifagisplacental exposure supplies a higher
dose to fetuses than lactation exposure providesdoates, suggesting that the observed
recovery of T4 to control values in PND14 and PND#&pring (Paul et al., 2010a) stems
from toxicokinetic rather than toxicodynamic diigices between progeny exposed through

development.

3. Methods
Animals. Time-pregnant Long-Evans female rats (n=155), adprately 80-90 days of age,
were obtained from Charles River Laboratories (Raleigh, NC) on gestation day (GD) 1
(defined as the day after vaginal plugs were oleshnand were allowed five days of
acclimation in an American Association for Accreditn of Laboratory Animal Care
International (AALAC) approved animal facility prito initiation of treatment on GD6.
Animals were housed individually in plastic hangoages (45 cm x 24 cm x 20 cm), with
heat sterilized pine shavings bedding (Northead®eoalucts Corp., Warrenton, NC). Colony
rooms were maintained at 212°C with 50 = 10 % humidity on a photo-period of 12L:12D.
Food (Purina Rodent Chow #5001, Barnes Supply@arham, NC) and water were

providedad libitum. Tap water (Durham, NC water) was filtered thiosgnd, then
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activated charcoal, and finally re-chlorinated 16 gpm Cl before use in the animal facility.
All animal procedures were approved in advancehbylnstitutional Animal Care and Use
Committee of the National Health and Environmegtfécts Research Laboratory of the US
EPA.

Dams were orally exposed via gavage each day keet@@00 and 1000 hr, with the
exception of GD21, animals chemical was not adritengsl to animals if there were signs of
parturition. Figure 4.1 illustrates the dosing éisdue collection schedule. On GD21, dams
were checked for the number of pups delivered @008000, 1200, and 1500 hrs, and pups
were aged as postnatal day (PND) 0 on the datetbf Bl pups born from within a 24 hr
period were considered to be the same age. On PND4&nd 21, offspring were counted,
sexed, and group-weighed by sex. Average pup Wwbigkex was calculated by dividing the
group weight by the number of pups. On PND4,rkttigere culled to 8 pups per litter, with
the exception that litters comprised of less thaui8s were not culled. Eye opening,
determined as at least one eye open, was moniborazldaily from PND11-17.

The current work included some serum and livergasifrom previous work (Paul et
al., 2010a) that reported only reproductive toyigiarameters, body weights, and serum T4
for the postnatal period. Two experimental bloalkese completed with postnatal tissue
collection from pups and dams (Table 4.1). Totehbined sample numbers for T4 and
hepatic microsomal assays were: 21, 12, 22, 2#%r@, 10, 30, 100, and 300 mg/kg/day
treatment groups. Due to limited serum volumeipaldry for early neonatal time points,
TSH was measured in samples from Block 1 only (nfei®, 30, 100 mg/kg/day and n=8
for 300 mg/kg/day), and T3 was measured in sanfpdes Block 2 only (n=11 for vehicle

control, n=12 for 10, 30, and 100 mg/kg/day, andhfor 300 mg/kg/day). For gPCR
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experiments, n=6/treatment group using liver tissam experimental Block 2. For
analytical determination of TCS in sera and livesie samples, n=6/treatment group from
experimental Block 2. From experimental Blocksntl &, two dams including one vehicle
control and one in the 300 mg/kg/day treatment gyatere never pregnant; one dam in the
300 mg/kg/day group failed to deliver live pupseather dam in the 300 mg/kg/day group
died of unknown causes; and another was sacri@egly and excluded due to degenerative
changes in one kidney and excessive urination.

An additional experimental block, Block 3 (n=55thkvi1 animals/treatment group),
was performed to collect fetal and dam tissues2@ Dams were dosed GD6 through
GD19 only. The GD20 sample size for all measurémsnas follows: n=11 for 0, 10, 30,
and 100 mg/kg/day treatment groups, and n=10 800 mg/kg/day treatment group,
except for analytical determinations of TCS in samd liver tissue samples, which used
n=6/treatment group (Table 4.1). One dam in tH&r8@/kg/day group was hyperventilating
and hyperactive, and the clinical veterinarian apirwas that the animal may have suffered

abdominal torsion; this dam was sacrificed earlYcin 5.

Chemicalsand treatment. Triclosan (5-chloro-2-(2,4-dichloro-phenoxy)pbén
(CAS#3380-34-5; 98+ % pure) was obtained from Sigdtaich Chemical Company (St
Louis, MO, LOT#06415CD, Cat#524190-10G) and Cibar@ach GmbH (Germany,
Lot#60023CL7). Mass spectrometry analysis revetidatithe triclosan used was greater
than 98.2% pure; the sample also contained 0.06%idosan, 0.12% 2,8-
dichlorodibenzodioxin, and 0.1% 2,4,8-trichlorochzedioxin, but was free of biologically

active dioxin compounds. The dosing solutions (0,190, and 300 mg/mL) were prepared
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in corn oil (Sigma, Lot#117K0127), sonicated forBhutes, and stored in amber vials at
room temperature. Solutions were prepared evétylays. The 300 mg/kg/day dose
partially precipitated within 24 hours and was #fere sonicated daily before use. All doses
were mixed on a stir plate during the dosing pedadh morning. Dams were semi-randomly
assigned to treatment groups by counter-balanalyg lveights. Administered volume was
1.0 ml corn oil/kg body weight; daily body weightgre recorded, and administered volumes
were adjusted daily by weight. Prior to the saceifof dams and fetuses on GD20, pups on
PND4 (only culled pups), 14 and 21 (one pup perseitter), animals were moved to a
holding room, dams were weighed and dosed, pups weighed, and all animals were
acclimated for a minimum of 30 min. Tissue collectwas conducted between 0800 and
1200 hrs in an adjacent room with a separate aplgu The time of necropsy within the 4-

hr period was balanced among dose groups to cdotrtme-of day effects on thyroxine
levels (Dohleret al., 1979; Jordasmet al., 1980). Trunk blood was collected from one male
and one female pup per litter and pooled into abe.t Blood from dams was collected after
decapitation on PND22, 24 hr after the final doB&od was collected into serum separator
tubes (Beckton Dickinson, 36-6154). Serum wasinbthafter clotting whole blood for 30
min on ice, followed by centrifugation at 1278xtgiaC for 30 min. Serum samples were
stored at -80C until analysis. Liver was obtained from all gifsng and dams, divided into
sections, and immediately frozen in liquid nitrogerd stored at -8C until analysis.

Thyroid hormone assays. Serum total T4 and total T3 was measured in dagiby

standard solid-phase Coat-A-Count radioimmunoa@Ry) kits (Siemens Medical

Solutions Diagnostics, Los Angeles, CA). T3 wasmeasured for GD20 fetuses nor PND4

neonates due to limited serum volumes and a laeffe€t on any other time point. Serum
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TSH concentrations were analyzedluplicates with a double antibody RIA method
(Greenwoodkt al., 1963) with some modification (Zorrilla et al.,@®). The TSH
radioimmunoassays were performed usiraerials supplied by the National Hormone and
Pituitary Agency: iodination preparation (I-9-TSHgference preparation (RP-3); and
antisergS-6-TSH). lodination material was radiolabeldth **1 (Perkin Elmer, Shelton,
CT). Assay variation was assessed using the nalgtiv control module (Siemens Medical
Solutions Diagnostics, Los Angeles, CA; Lot021)rteasure low, medium, and high total
T4, T3, and TSH values before and after measuhiagkperimental samples. Intra-assay
coefficients of variancr all assays ranged were below 15%, and the-agsay
coefficients of variance for T4, T3, and TSH wer&,3.0.8, and 13.1% for assays conducted
over a two year period. Total serum T4 and TSkevealculated as ng T4/ml serum, and
total serum T3 was calculated as ng T3/dL serum.

Total serum T4 for GD20 fetuses was measured ificaip by a different
radioimmunoassay method as described elsewherasdBaial., 2005; Gaugeet al., 2004).
Briefly, each assay containedpbof rat serum, 10Ql barbital buffer (0.11 M barbital pH
8.6, 0.1% w/v 8-anilino-1-napthalene-sulfonic aardmonium salt (ANS), 15% bovine
globulin Cohn fraction II, 0.1% gelatin), 1@Danti-T4 (rabbit, Sigma) diluted to provide a
final concentration of 1:21,000, and 100'*1-T4 (diluted to yield a total of 12,000-15,000
cpm; Perkin EImer/NEN). Triplicate standards rawggirom 4 ng/mL to 256 ng/mL were
prepared from T4 (Sigma). Following a 30 min indutraat 37°C, the tubes were chilled on
wet ice for 30 min. Antibody-bound radiolabeled Wds precipitated by addition of 3Q0

ice-cold polyethylene glycol 8000 (20% w/w; Sigmajbes were then centrifuged at 1800 x
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g for 20 min at 4 °C, and the supernatant was aspirand counted on a gamma counter
(Packard Cobrall). The lower limit of detection this method was 2.0 ng/mL.
Microsome preparation and EROD and PROD assays. Liver microsomal fractions were
prepared as described previously (De\é@tal., 1993) and standardized using total protein
(Bio-Rad, Richmond, CA). Hepatic microsoneEROD and PROD activities were assayed
usinga fluorometric microplate reader (Spectramax Gedins, Molecular Devices/MDS
Analytical Technologies, Toronto, Canada). EacH wgbolystyrene 96-well plates (Nunc
ThermoFisherScientific, Rochester, NY) containgdtal of 235 ul, including 50 ul of
substrate (1.5 nM ethoxyresorufin or pentoxyresojub0 pL of diluted microsomes, and
110 pL of 0.05 mM Tris buffer (pH 8.0). Microsom&sre diluted 1:10 for samples and
1:100 for the positive control in order to maintdata points within the linear region of the
standard curve. An aliquot (25 uL) of NADPH wasled to initiate the reaction. The
fluorescence signal was measured every 33 seconflsd min at 37°C after reaction
initiation. The rate of resorufin formation wasie®ited by calculating Vmax/min, using a
resorufin standard curve to extrapolate resorufimcentrations in the reaction. A similar
method was used to measure hepatic microsomal P&@NDty, using pentoxyresorufin as
substrate. BotEROD and PROD values were calculated as picompleslj resorufirper
milligram protein per minute. Two positive consalere used to facilitate inter-assay and
mechanistic comparison: pooled microsomes fromaeaiely exposed to 10 pg/kg 2,3,7,8-
tetrachlorodibenz@-dioxin or 300 mg/kg Aroclor, and pooled microsonfresn rats that
received 4-day intraperitoneal exposure to phermiah (81 mg/kg/d) or PCN (50 mg/kg).
UGT activity assay. UGT activity for T4 was measured by the methodBdd{tstreet al .,

1991) as modified by (Zhost al., 2001). Detergent such as Brijj 56 was not inetlidue to
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the potential for increased basal T4 glucuronide(ioraftet al., 2002). Two positive
controls were used to facilitate inter-assay andhasistic comparison: pooled microsomes
from rats acutely exposed to 10 pug/kg 2,3,7,8-tbtcaodibenzge-dioxin or 300 mg/kg
Aroclor, and pooled microsomes from rats that nesei 4-day intraperitoneal exposure to
phenobarbital (81 mg/kg/d) or PCN (50 mg/kg).
MRNA preparation and analysis. For each of the six time points included in thisdst the
n=6/treatment group, with all treatment groups espnted (0, 10, 30, 100, 300 mg/kg/day).
Extraction of mMRNA from frozen tissue was performesihg Qiagen RNeasy Mini Kits
(Qiagen, Valencia, CA). Approximately 60 mg offem tissue was homogenized and split
between two Qiagen QIAShredder columns to assurplaie homogenization. RNA
extraction was processed in duplicate for each tapgy the directions. Contaminating
DNA was removed on the Qiagen Mini-Kit columns gsthe Qiagen DNase kit. RNA
content and purity was assessed using a Nanodrep(OD spectrophotometer (NanoDrop
Technologies, Inc.; Wilmington, DE) at absorbana®e230, 260, and 280 nm for the
duplicate RNA samples. Samples used in experimeaits selected from duplicates based
on optimizing the 260/230 and 260/280 ratios to(Paige was 1.80 — 2.14 for 260/230 and
1.95 - 2.11 for 260/280). The average 260/280 far samples used was 2.02, and the
average 260/280 ratio for samples used was 2.06.

RNA was converted to cDNA using the High CapacDN& Reverse Transcription
Kit with RNase Inhibitor (Applied Biosystems, Fos@ity, CA), as per the manufacturer
directions. Two micrograms of RNA were added tche20 pLL reverse transcription

reaction.
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gPCR gene expression assays were performed usstgr@Tagman ® Low Density
Arrays (Applied Biosystems, Foster City, CA; Ca#09169), which are 384-well
microfluidic cards preloaded with 23 unique gengéts, including several potential
endogenous controls, each performed in duplicatedoh sample. Eight samples were
loaded per card, in a semi-random order, where Esnfigr each developmental time point
were randomized and then run as separate cohotiméyoint. Following sample loading,
plates were centrifuged at 1200 rpm, 24°C, twicelfmin before being run on a ABI Prizm
7900HT (Applied Biosystems) .

qPCR data sets were analyzed using a relative ifjgatibn method (27) to
describe the change in expression of the targetrerpntal gene relative to an endogenous
reference gene (Livad#t al., 2001). Choice of an endogenous reference geadased on
constant gene expression across all of the dosoupg for each developmental time point
(Dunnet al., 1998; Livak et al., 2001). The candidate endogsneference genes Actb,
GAPDH, Rps18, and Rpl13a were run for each saniu@jénvirtaet al., 2006). Since there
can be differential expression of common endogeroungol genes at different
developmental ages, choice of the endogenous ¢gane was performed by picking the
gene for which the standard deviation from the nudaneatment group expression values
was the smallest, as per theriori criteria. Rps18 was chosen for GD20 and PND22sjjam
GD20 fetuses, and PND21 offspring. Actb was setetdr PND4 and PND14 offspring.
However, using Rps18 for all time points did ngngiicantly alter the results (data not
shown). Choice of the genes included on the lomsilig array was contingent upon three
criteria: involvement of the isoform in TH metalssh and transport in rats, regulation of the

isoform by nuclear receptors AhR, CAR, PXR, antfBAR, and sensitivity to tissue levels
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of thyroid hormones. A list of the genes and Taqgndentifiers for these is listed in Table
4.2.
Analytical measurement of TCSin seraand liver. Serum was obtained from animals iver
homogenate were made by homogenizing 0.5 g ofeiss@ mL of diHO. TCS content in
these tissues was analyzed by liquid chromatogramdss spectrometry (LC-MS) utilizing
isotope dilution (Agilent 1200 high performanceulid) chromatography [HPLC] with API
4000 Triple Quadrapole MS), similar to the methoelvpusly reported for measuring parent
TCS (Fortet al., 2010). The mass spectrometry turbolon sprayutiased in negative mode
for the negative TCS ion, with multiple reactionmitoring detection for parent ion (286.0
amu) and product ion (35.1 amu). The calibratededor TCS determination was 1-1000
ng/mL with*Cs-TCS as an internal standard in blank serum. Semniver homogenate
were analyzed undiluted unless preliminary dataysstgd out-of-range values for TCS.
Parent TCS was measured in samples that conta@@ep 1 serum or liver
homogenate and a 10 Hifs-TCS spike. Acetonitrile (200 pL) was added tocipitate
protein. Samples were vortexed (1 min), brieflgtcdéuged, and then analyzed by LC/MS.
The limit of detection for parent TCS was 1 ng/malonjugated and parent TCS, or total
TCS, were measured following an enzymatic hydrslgsep with combined glucuronidase
and sulfatase and precipitation with acetonitri=rum or liver homogenate (100 pL) was
spiked with 10 ng 13C-TCS and a glucuronide/sukté@dard tracer. After addition of 50
ML of B-glucuronidase and sulfatase enzymes (0.2 mg gfne@zotal per sample), a 4 hr
incubation at 37°C was performed. AcetonitrileQ4(.) was added to stop the reaction and

precipitate the protein. Samples were vortexeahi(f) and centrifuged. The supernatant
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containing total TCS was then analyzed by LC/MShe limit of detection for total TCS

was 5 ng/mL serum or liver homogenate.

Data Analysis. Dam bodyweight data for prenatal and postnasges were analyzed
separately using repeated measures ANOVAs (SASSAS, Institute, Cary, NC), followed
by mean contrast testing with Duncan’s New MultiBienge Test (p<0.05), with dose and
animal as independent variables. All other dateeve@alyzed by ANOVAs, with significant
main effects followed by Duncan’s New Multiple Rangest. Gestation length was defined
as the period from GDO to the day of birth. Thability index was calculated as the number
of pups alive on PNDO divided by the number alimeRIND4 per litter prior to culling. Sex
ratio was calculated as the number of female pupdetl by the number of male pups. Eye
opening was calculated as mean percent of pupsatldast one eye open in a litter for each
treatment.

Benchmark dose (BMD) and lower-bound confidenggtl{(BMDL) estimates were
determined using USEPA Benchmark Dose Software (BM@rsion 2.0beta) as previously
described (Crofton et al., 2007; Zhou et al., 2001gu et al., 2002; Zorrilla et al., 2009).
The benchmark response (BMR) (EPA, 2000) was se8fb6 decrease in thyroxine,
reflecting previous use of this BMR in the litenaCrofton and Zhou refs. The BMD was
calculated from a model fit to the data. The BMDdwer-bound confidence limit) was
calculated as the 95% lower confidence interval.

4. Results
Gestational maternal exposure to TCS did not affechumber of fetuse&({4,48)=1.13,
p<0.3549], and there were no effects of treatmannhaintenance of pregnancy, as indicated

by the lack of treatment-related difference inlnenber of implantation sites and fetuses on
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GD20 [F(4,48)=1.41, p<0.2452]. Perinatal maternal trialoexposure did not affect any
reproductive parameters including: gestation lefig{B, 93)=0.05, p<0.8155], litter size
[F(3,93)=0.62, p<0.4314], viability inde¥(3,92)=3.55, p=0.0627], or sex ratio
[F(3,92)=2.93, p<0.0901]. Treatment did not elicfeets on the day of eye opening
[F(1,90)=1.51, p<0.2216] (data not shown). Furthergross terrata were observed in any
of the pups, and offspring viability was unaffectsdtreatment.

No treatment-related clinical signs of toxicitymebserved in the dams or offspring
during the either the 19 or 36 day course of T@8ttnent. There was no main effect of
treatment on dam body weight during gestatief@[91)=1.65, p<0.1681]. However, dam
body weights for the 300 mg/kg/day treatment grdepreased by approximately 10%
throughout the postnatal period (p<0.0%his observation is supported by a main effect of
treatment on the body weight of dank%4,83)=4.80, p<0.0016], though there was no
postnatal-day and treatment interactiB(80,1660)=1.76, p<0.7005]There were no effects
of treatment on pup body weight, male or femalegas PND4, PND14, or PND21 (data not
shown). There were no effects of treatment on bilaen weight [F(4,89)=1.31, p<0.2740]
or liver-body weight ratioff(4,85)=1.52, p<0.2025].

A main effect of TCS treatment on serum total T4 whserved, with a significant
decrease of 15% for PND22 dams with 100 mg/kg/dayGs [F(4,85)=12.77, p<0.0001],
and 30% for both the GD20 danty4,48)=3.78, p<0.0095] and the PND22 dams with 300
mg/kg/day of treatment (Figure 4.2). The no-obsdreffect level (NOEL) for TCS and T4
was 100 mg/kg/day for GD20 dams and 30 mg/kg/dafPiD22 dams. The BMDs for
serum T4 concentrations were 124 and 115 mg/kghady95% lower confidence limits of

25.2 and 62.1 mg/kg/day for GD20 and PND22 danspeaetively (Table 4.3). For
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offspring, there was a main effect of TCS treatnmmserum total T4, except that this effect
was limited to GD20 fetuses and PND4 neonatesurséntal T4 was decreased by 25% and
29% in fetuses from the 100 and 300 mg/kg/dayrmeat group fF(4,48)=2.91, p<0.0312]

and by 26% in PND4 pups from the 300 mg/kg/dayttneat group [F(4,85)=5.02,

p<0.0011]. The computed BMDs for serum T4 werd @Hd 150 mg/kg/day with 95%

lower confidence limits of 33.0 and 61.8 mg/kg/daryGD20 fetuses and PND4 neonates,
respectively (Table 4.3). There were no effectgedtment on serum T4 for PND14
[F(4,89)=1.44, p<0.2261] or PND2E(#,89)=1.59, p<0.1831] neonates from any treatment
group.

There were no effects of treatment on serum T3nyrdam or offspring timepoint
(data not shown; see Appendix 4). Only sera frab2GdamsF(4,49)=0.82, p<0.5215],
PND22 damsH(4,51)=2.23, p<0.0783], PND21 pupgg4,51)=0.37, p<0.8296], and PND14
pups F(4,52)=0.52, p<0.7238] were analyzed. OffsprimapfrGD20 and PND4 were not
tested due to limited serum volumes. There wereffeaxts on T3 for the GD20 or PND22
dams, both of which demonstrated T4 reductions.

There were no effects of treatment on serum TSHmynage tested, including GD20
dams [F(4,49)=0.64, p<0.6382], PND22 dar¢3,34)=0.27, p<0.8478], PND21 pups
[F(3,34)=0.42, p<0.7406], PND14 pupgy3,33)=0.52, p<0.6733], or PND4 pups
[F(3,27)=2.01, p<0.1363] from any treatment grougyié 4.3). Serum obtained from
GD20 fetuses was not tested due to limited seruomves and a lack of effect on TSH for
GD20 dams, PND22 dams, and PND4 neonates, whictletitbnstrate effects on T4.

TCS increased PROD activity in an age-dependennarahat mostly reflected the

ages associated with T4 decreases in this stuigreased hepatic microsomal PROD
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activity was observed for PND4 neonates and PNR22sdonly (Figure 4.4). PROD
activity increased to 220 + 38 percent of vehidatcol for PND4 pupsH(4,51)=8.19,
p<0.0001] and to 309 * 44 percent of vehicle cdritoPND22 damsH(4,85)=9.55,
p<0.0001]. No significant effects were observe®D20 damsf(4,48)=1.89, p<0.1272]
despite an effect of TCS on T4 for animals at tine point. No effects of TCS were
observed on PROD activity induction for PNDH4,85)=2.34, p<0.0616) or PND21
[F(4,85)=1.64, p<0.1705] neonates, and GD20 fetusee not tested, as Cyp2b activity
surges at parturition in rats (Borlakoglal., 1993), and we were unable to measure any
activity using our assay. TCS decreased ERODiactr GD20 damsH(4,48)=9.04,
p<0.0001], PND22 dam$-(4,85)=20.03, p<0.0001], and PND14 neonak€d,B85)=11.82,
p<0.0001] by approximately 40-50% for the 100 a@f Bhg/kg/day treatment groups
(Figure 4.4). No effects of TCS were seen on ER©vity for PND4 F(4,51)=0.44,

p<0.7797] or PND21H(4,85)=1.34, p<0.2616] neonates, and GD20 fetusses not tested.

Hepatic microsomal UGT-T4 activity was inducedT®yS only for PND22 dams
[F(4,84)=3.00, p<0.0228] to approximately 150% ofigkhcontrol with no effect of block
(Figure 4.5). UGT-T4 activity for GD20 dam5(§,48)=0.57, p<0.6849] and PND4
neonatesH(4,49)=0.70, p<0.5954] was not affected by treatimemd UGT-T4 activity was
not measured for ages which did not have a tredtnedated effect on T4 (PND14, PND21
neonates) or GD20 fetuses, due to limited tisf@sitive controls representing prototypical
microsomal enzyme inducers have been includeddimparison. Positive control 1 is a pool
of microsomes obtained from animals treated oncgdwage with either TCDD (10 pg/kg)
or Aroclor 1254 (300 mg/kg); this pool induced U@dGtivity 202 + 19 percent of control.

Positive control 2 is a pool of microsomes obtaifrech animals treated for four days by
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intraperitoneal injection with either phenobarb{@&l mg/kg/d) or PCN (50 mg/kg); this pool
failed to induce UGT-T4 activity in this assay (14.3.6 percent of control).

TCS treatment had minor effects on CYP gene exjmessroducing few and only
modest significant effects at any time point in@ddn this study (Figure 4.6 Cyp2b2
expression was increased to 2.8141 + 0.5223 anéb 2.4 0.4061 fold-control at 300
mg/kg/d for GD20 damdH(4,25)= 4.12, p<0.0104nd PND22 damsj(4,25)=4.35,
p<0.0083], respectively.Cyp3al was induced 2.0390 + 0.2745 fold-control for PND22
dams only at 300 mg/kg/dai@,25)=3.55, p<0.0200], and there was also a strong
increasing trend fo€Cyp3a2 in PND22 dams as well (2.6 fold-control at 300 nggday,
p<0.0529) (data not showrQyp3a9 expression was induced to 1.8286 + 0.1378 foldrobn
for GD20 damsH(4,25)=4.17, p<0.0100], and values €yp3a9 expression in PND14 and
PND21 pups could not be reported due to low exprsLypd4a2 was induced in GD20
fetuses to 1.8398 + 0.2044 fold-contrb(4,25)=4.46, p<0.0074]. Any TCS effects on
hepatic CYP expression appear to be isoform- arebdagendent; no single CYP was
uniformly changed by TCS treatment in all age gsouw/ith no effects of TCS on T4
concentrations at PND14 and PND21, little to ne@&fbn hepatic gene expression was
anticipated. Overall the data suggest that TC&gplated expression &fyp2b in adult
dams, with some increas€yp3a expression, though for different isoforms in thegirant
versus the nursing dam.

There were no statistically significant treatmeziated effects on hepatic gene
expression otgtlal or Ugtla6 for any of the developmental time points includethis
study (Figure 4.7). Although GD20 fetuses appeatemonstrate increaseigjtlal

expression (1.88 = 0.56), variability in the datayents a statistically significant effect at

131



300 mg/kg/dayf(4,25)=0.95, p<0.4537]. Hepatic sulfotransferagaression ofultlbl

was not affected by treatment for any of the timm{s included. However, expression of
Sultlc3 was induced for PND14 and PND21 neonates to 1 @23 fold-control
[F(4,25)=2.86, p<0.0444] and 2.44 + 0.32 fold-confFg},25=4.81, p<0.0051],
respectively. There were no significant changegeime expression in GD20 dams, PND22
dams, GD20 fetuses, or PND4 neonates, the groujh whkperienced decreased serum T4
at 300 mg/kg/day.

There were no significant dose-dependent effdct<CS treatment on transporter
gene expression for the isoforms chogdat8, Mrp2, andOatplad (data not shown; refer to
Figure 4.10).0Oatplad basal expression was too low in GD20 fetuses tadladed in our
relative quantitative analysis, and so values fD2G fetuses are were not calculated. No
effects onMct8 expression were noted for any of the positive aisteither . All of the
prototypical inducers appeared to increlsse2 expression (Figure 4.9Mrp2 was induced
t0 1.90 £ 0.41, 2.54 £ 0.11, 3.57 £ 0.39, 2.06@60and 2.11 £ 0.21 fold-control by TCDD,
Aroclor 1254, PCN, PB, and pooled TCDD and Arod@ab4, indicating that the strongest
induction was by the prototypical PXR agonist, PGDhly PCN capable of noticeable
Oatpla4 induction (4.82 £ 0.34 fold-control).

TCS did not affect the gene expression of TH-resprengenes, which we defined as
Diol, Mel, andThsrp (also known a§pot14) at any time point included in this study (Figure
4.8). Thoughrhrsp expression appears increased for PND14 pups angiky/day (3.65 *
2.45 fold-control), there was extensive variabilitythe data set preventing a significant

effect.
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For comparison, the positive control set produdezhges in gene expression for
Mel: 11.94 +1.73, 14.80 £ 0.74, 5.47 £ 0.54, 6.5951112.73 + 1.24 fold-control for
TCDD, Aroclor 1254, PCN, PB, and a pool of TCDD &rdclor 1254, respectively (Figure
4.9). Expression ofhrsp was also altered by treatment with these protoatprducers, but
the magnitudes of the changes were more modestDlI @ibclor 1254, and pooled TCDD
and Aroclor 1254 inducethrsp expression to 1.90 + 0.30, 1.66 + 0.16, and 1.622 fold-
control, whereas PCN and PB seemed to have na ¢if&8 + 0.17 and 1.03 = 0.17 fold-
control, respectively).

Clearly there were few effects of TCS exposure @palic gene expression of the
target genes chosen; the main effects were on dpmression ofCyp2b andCyp3a isoforms.

A visualization of all of the data for the targeings and animal ages is provided in Figure
4.10.

Analytical measurement of total TCS in sera, dsfihere as the parent TCS and the
glucuronide and sulfate conjugates, demonstrai@d@D20 dams had the most total TCS
in their serum, followed closely by GD20 fetused &ND4 neonates (Figure 4.11). Total
TCS appeared in serum per the following relatioms@D20 dams > GD20 fetuses > PND4
neonates > PND22 dams > PND14 neonates >> PND2fate=o The concentration of
parent TCS in sera suggested that TCS is predothyrfannd as conjugate in the systemic
circulation of rats, with the exception of PND4 nates, which had markedly increased
parent TCS in their sera. This is further illusttchby examination of the percent parent
(Figure 11C) in PND4 neonates, which is consisyemiééasured as 30-40% of the total TCS
found in their circulation. In contrast all of tbéher time points included appear to have

approximately 0-10% parent TCS in their sera.
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Measurement of total TCS in liver homogenate sstgggea similar relationship to the
sera data set; GD20 dams had the highest conagentddttotal TCS in their livers, followed
closely by PND22 dams, GD20 fetuses, and PND4 riesrfgigure 4.11). Total TCS
appeared in liver per the following relationshid2d dams > PND22 dams > GD20 fetuses
> PND4 neonates > PND14 neonates >> PND21 neomatiisating that as expected, the
animals that were directly gavaged with TCS, he.dams, had the highest target tissue dose
of total TCS. The relative concentrations of tat@lS in liver appear to have been consistent
with the concentration of parent TCS in liver. cmtrast to the concentrations of parent TCS
in sera, parent TCS appears to have comprisederlaaction of the TCS present in the
livers of these animals. For PND21 neonates, wherhonstrated the lowest target tissue
doses, nearly all of the TCS was parent (80-100¢th, the amount of conjugate present
increasing with the amount of total TCS exposurer GD20 fetuses, which demonstrated
greater concentrations of total TCS exposure, apmately half of the TCS present in their
livers appears to have been parent, except forghele control group, which appeared to
have about 20% parent TCS. However, the amounf€6&f present in the vehicle control
group are close to zero. For all of the other tpomts, including GD20 dams, PND22
dams, PND4 neonates, and PND14 neonates, the awiquertent TCS in the liver was
about 70-80%, except for the vehicle group, whighia had trace amounts of TCS that were
about 60% parent TCS.

Figure 4.12 illustrates the amount of total TCSena (A) and liver (B) at 300
mg/kg/day, the dose that elicited T4 effects in G@2Ams and fetuses, PND4 neonates, and
PND22 dams. A decreasing internal exposure irpafig throughout lactation is evident,

with an apparent relationship that is consistenbfith sera and liver samples: GD20 fetuses

134



> PND4 neonates > PND14 neonates >> PND21 neonbktedotal TCS in sera and liver, it
appears that for TCS to induce equivalent hypotkigamia in GD20 and PND22 dams, a
30% reduction in T4, GD20 dams maintain a hightsrimal concentration of TCS.
Similarly, GD20 fetuses and PND4 neonates alsorexpeed an approximate 30% decrease
in T4 in the 300 mg/kg/day treatment group, andr thera and liver concentrations appear to
be nearly the same as the two groups of dams.

5. Discussion

This work confirms preliminary findings and provgithe first report of several key
results following developmental TCS exposure. tFdams, fetuses, and young neonates are
susceptible to TCS-induced hypothyroxinemia, comfig previous observations (Paul et al.,
2010a), with no effects on T3 or TSH concentratiahany time point. Serum total T4
concentrations were reduced in GD20 fetuses anddRMDnates, but recovered to control
values for PND14 and PND21 neonates, representimgoaie pattern of T4 effects in
offspring. Second, we observed modest increasemrkers of hepatic microsomal enzyme
induction that were consistent with moderate desgg@n serum T4 and our previously
hypothesized MOA. Finally, analysis of serum amdrl TCS content revealed that PND14
and PND21 neonates had lower internal concentrmdid CS, which suggested that
toxicokinetics may account for the recovery of sef4 to control values in these animals.
As a whole the data indicate that TCS is a low-poyeand low-efficacy thyroid hormone
disruptor; developmental exposures of up to 30kgiday resulted in moderate decreases in
T4 and a minor up-regulation of hepatic catabolmsmich supports our hypothesis that TCS
may increase catabolism and elimination of T4, piddély contributing to the observed

systemic T4 decreases.
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Gestational and perinatal maternal exposure to lES&lted in mild hypothyroxinemia in
GD20 dams and PND22 dams, as well as in GD20 fetase¢ PND4 neonates. The
approximate 30% reductions in T4 observed for thesegroups is consistent with previous
studies in rats (Crofton et al., 2007; Paul et20110a; Paul et al., 2010b). However, this is in
contrast to one recent report, which demonstrafed6 decreases in maternal T4 with 50
mg/kg/d TCS administered via drinking water to \&igtats from 8 days prior to mating
through lactation (Rodriguez et al., 2010); thigdgtalso demonstrated serum T3 decreases
of 15-20% at 50 mg/kg/d that were not observedhenpresent work with doses up to 300
mg/kg/d. The current work also confirms previouslings of no reproductive toxicity, with
no effects of treatment on gestation length, vighieye opening, sex ratio, or pup body
weights, with minor decreases in dam bodyweigheoled during the postnatal period for
the 300 mg/kg/d group (Paul et al., 2010a).

The observed hypothyroxinemia in dams, fetusesyandg offspring demonstrate and
confirm the previous findings of TCS-induced hypatxinemia following developmental
and juvenile exposures (Crofton et al., 2007; eaal., 2010a; Paul et al., 2010b; Zorrilla et
al., 2009). These data also confirmed the re@gurt of a unique pattern of effects on
offspring during the postnatal period: a decreaskdi at an early age (PND4) followed by a
return to control T4 concentrations at PND14 andBRN(Paul et al., 2010a). Oral exposure
to the dams produced similar decreases of appra&iyna0% in the dams at GD20 and
PND22, and GD20 fetuses and PND4. This is congistgh our previous observations of
30% decreases in serum total T4 following perinaxglosure (Paul et al., 2010a). An
additional study, though not a developmental expgaf the effects of TCS on serum T4 in

Long-Evans weanling females exposed for 4 day<a8 &lso demonstrated 30% decreases
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with 300 mg/kg/day TCS (Crofton et al., 2007; Petuhl., 2010b). However, different rat
strains, gender, chemical source, and exposurgicluraay impact the relative potency and
efficacy of TCS exposure and limit the ability tongpare studies. Another non-
developmental exposure study that employed a 3lerpgsure with juvenile male Wistar
rats demonstrated 50% decreases in serum totaith48@100 mg/kg/day TCS (Zorrilla et
al., 2009), suggesting greater potency in their@hoQurrently there is no evidence to
inform a hypothesis about the differences in pogdretween the study in juvenile weanling
male Wistar rats and studies in Long-Evans fenattg particularly pregnant rats, but a
plausible theory might be that these animals detnatesboth toxicodynamic and
toxicokinetic differences in response to TCS expesu

The unique pattern of the T4 in offspring in resp®to maternal TCS exposure during
the postnatal period was surprising and confirm@dooevious preliminary findings (Paul et
al., 2010a). The lack of effect on T4 concentration PND14 and PND21 offspring during
the lactation period incited further questions:dags TCS elicit a different toxicodynamic
response in perinatally-exposed PND14 and PND2hates with no subsequent effects on
T4 concentrations; or (2) what is the relative deseived by all of the offspring, and do
PND14 and PND21 neonates receive as much TCS ab @&ses and PND4 neonates?
This work tested the hypothesis that PND14 and PINiEbnates were not receiving the
same level of exposure to TCS as GD20 fetuses Bittheonates. Previous studies on
polybrominated diphenyl ethers, polychlorinatedneipyls, propylthiouracil, and 2,3,7,8-
tetrachlorodibenzodioxin (TCDD) have demonstrated postnatal thyroid hormones are
usually affected by perinatal (i.e., gestational kctation) maternal xenobiotic exposure

during the entirety of the postnatal lactation periCroftonet al., 2000; Gilberet al., 2006;
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Goldey et al., 1995; Kodavardi al., 2010; Morseet al., 1993; Royland et al., 2008; Sharlin
et al., 2006; Zhou et al., 2001; Zhou et al., 2002).vienes studies with rats exposed from
27-29 days of age demonstrated effects on T4 amrdases in markers of hepatic catabolism
(Paul et al., 2010b), and microsomal enzymes, ¢ioctuCYPs and UGTSs, are known to be
inducible in PND14 and PND21 neonates (Zhou ef@D?2), so differences in the ontogeny
of hepatic enzymes seemed an unlikely explanatibleasured TCS content in the sera and
liver of the dams demonstrate similar serum anerlooncentrations of both the parent and
total TCS at GD20 and PND22. However, TCS conegiotrs in fetal and neonatal serum
and liver depend on the age of the animal. Pamedttotal TCS concentrations decreased in
PND14 and PND21 offspring when compared to GD20stet and PND4 pups (Figure
4.12), and suggest that a lack of effect on TANDP4 and PND21 are due to the much
lower exposures PND14 and PND21. Internal serutigar concentrations of TCS was
measured as a surrogate for exposure in offspsmtfie exact transplacental and oral
lactation exposures are not described, and theangbalifferent absorption rates by
developmental life stage is unknown. The GD20desudemonstrated the highest
concentration of total TCS in offspring, which wagse to the internal concentration for
GD20 and PND22 dams. The finding that nearly alhe TCS present in the GD20 fetus
was TCS-conjugate is consistent with previous rsparsheep that demonstrated fetal
capacity to glucuronidate and sulfate acetaminopbeinan inability to clear the conjugates
or hydrolyze the conjugates back to parent (Weira., 1986). The total TCS dose received
via transplacental exposure appeared to be théegtehut the magnitude of the effect on T4
concentrations in GD20 fetuses was still comparthitams and PND4 neonates, indicating

that GD20 fetuses may be less or similarly serestiivT4 perturbation than other life stages
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exposed in this study. The lowest internal seroncentration of TCS that elicited a
statistically significant effect on T4 was foundRIND22 dams, which experienced a 15%
decrease in serum T4 with approximately 5120 ngtotdl TCS measured in their sera.
Comparing this with the highest known reported hamplasma concentration of total TCS,
303 ng/mL, reported by Allmyr et al. after conduagtia 14-day exposure to TCS-containing
toothpaste using a normal dental hygiene routitngy et al., 2009), yields a ~17-fold
difference in exposures. Importantly, the indivatlbuman exposure that produced a serum
concentration of 303.4 ng/mL resulted in only gldliincrease in a serum marker of
CYP3A4 activity and no changes in serum free T4hwo statistically significant changes
in CYP3A4 activity or THs for the study group awhole (Allmyr et al., 2009). Based on a
comparison of the data presented in this work aedmork of Allmyr et al., at a minimum it
can be ascertained that humans are not 17-times sasceptible to TCS-induced
hypothyroxinemia than rats.

Indicators of Phase | metabolism were slightly @ased in response to TCS exposures
that produced mild hypothyroxinemia; PROD activitgreases were observed in PND4
offspring and GD20 and PND22 dams, &wb2b andCyp3a isoform-specific expression
increases were observed in dams, consistent withation of the constitutive androstane
receptor or pregnane X receptor. Increased hepatiosomal PROD activity was
consistent with increased hepatic catabolism, thdahg observed effects were minor. TCS-
induced increases in PROD activity, indicative @p2b activity in the rat, were fairly
consistent with observed reductions in T4, and wereordant with previously reported
PROD activity and/or Cyp2b1/2 protein increasebtwing in vivo non-developmental TCS

exposures in rats (Haniokal., 1997; Paul et al., 2010b; Zorrilla et al., 20@ayin vitro
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TCS exposures in rat microsomes and hepatocytesdkieet al., 1996; Jinncet al., 1997).
PROD activity was increased 2-3-fold control for22 dams and PND4 neonates; GD20
dams also demonstrated T4 deficits, but no sigmiti@ffects on PROD activity were
observed. PROD activity was not measured in G@RsEs due to limited tissue and low
CYP activity (de Zwartt al., 2008). The lack of effect on PROD activity foD@& dams
may be due to their unique metabolic status dysmegnancy; several CYPs including
Cyp2b2 protein are known to be decreased in rat uring pregnancy and return to pre-
pregnancy levels during lactation (leteal., 2005b; Heet al., 2005a). Further evidence
suggests that Cyp2b1/2 may be less susceptibleteip induction or gene expression
increases resulting from PB or PCN treatment dupregnancy, while other Phase |
enzymes such as Cyp3al remain inducible (Bjial., 2005a; Ejiriet al., 2005b). No
increases in PROD activity were observed for PNDIBND21 pups. However, these
CYPs are functional at these ages, with assessshémt ontogeny of Cyp2b1/2 activity
demonstrating high activity during the mid- to Kdetation period (de Zwart et al., 2008);
further, PROD is inducible at these postnatal @gedemonstrated by perinatal exposure to
DE-71 (Szabat al., 2009; Zhou et al., 2002). Based on analyticaasneement of TCS in
the sera and livers of these PND14 and PND21 offgpwe propose that the lack of effect
on PROD activity is consistent with a reduced TQBosure rather than a toxicodynamic
difference between PND14 and PND21 offspring an®®Nffspring and damsCyp2b2
expression was increased approximately 2.5- td8dontrol in GD20 and PND22 dams.
Cyp3al was induced 2-fold for PND22 dams only, whilgp3a9 expression was induced to
approximately 2-fold for GD20 dams only. Theseef$ are consistent with our previous

observations from a short-term exposure, which destnated that a 4-day TCS-exposure
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resulted in up-regulated expression of bBYP2b2 andCyp3al/23 (Paul et al., 2010b).
Increased PROD activity in PND4 offspring and daamg] increased expression@fp2b
andCyp3a isoforms in dams, suggests that TCS may activaie @nd/or PXR, which also
regulate the expression of key Phase Il catabakgmes and hepatic transporters that
maintain euthyroid status (Kretschngtal., 2005). Activation of these receptors could
initate transcriptional up-regulation of UGTs andLS's, thereby supporting our hypothesis
that TCS-induced hypothyroxinemiavivo may at least partially result from up-regulated
hepatic catabolism of THs.

However, the observed effects of TCS on markersephtic catabolism were minor.
UGT-T4 activity was only increased in PND22 danm] the gene expression fdgtlal,
Ugtla6, Sultlbl, andSultlc3 were unchanged for all time points. UGT-T4 atyivincreased
nearly 50% for PND22 dams only, with no effectSGIS exposure on UGT-T4 activity for
PND4 offspring or GD20 dams (UGT-T4 activity wad nzeasured in GD20 fetuses). This
small increase in UGT-T4 activity was consisterthvthe moderate increases observed in
UGT-T4 activity in rat hepatic microsomes followingn-developmental 4-day (Paul et al.,
2010b) and 31-day exposures (Zorrilla et al., 2008¢reased glucuronidation of T4 is
thought to result in increased biliary excretiorcohjugated hormone (Bartetral., 1994;

Liu et al., 1995; Vanselét al., 2002; Vanselét al., 2001). PND4 neonates did demonstrate
decreased serum T4 concentrations, but no deteathbhges in UGT-T4 activity, but basal
hepatic UGT-T4 activity may not reach adult levedsil mid-lactation or PND15 (de Zwart

et al., 2008). Previous work in our lab has dertratesd UGT-T4 activity was inducible with
perinatal DE-71 exposure in PND4 offspring and GOafhs (Zhou et al., 2002). Failure to

observe an increase in UGT-T4 activity in PND4 pifiisg and GD20 dams may just be the
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result of a failure to greatly perturb UGT-T4 adfyyas T4 changes were moderate. Another
confounding factor may be that UGT-T4 activity does have a clear linear relationship
with T4 concentrations (Craft et al., 2002; Hab@l., 2000; Richardsost al., 2010). To
demonstrate that our UGT-T4 assay was functionalutiized two positive control
microsome pools from rats treated with TCDD/Arot&@B4, and rats treated with PB/PCN.
TCDD and Aroclorl254 are aryl hydrocarbon receffdiR) and AhR/CAR activators,

while PB can activate CAR and PXR, and PCN is amas for PXR. While regulation of
Ugtlal is thought to depend on multiple receptoctuding CAR, PXR, and the
glucocorticoid receptor (GR) (Sugatahil., 2005), Ugtla6 is transcriptionally regulated by
AhR (Auyeunget al., 2003). The UGT-T4 assay is non-specific andudes Ugtlal, 1a6,
and la7 activities; our control data suggest the#R Activators, namely TCDD and Aroclor
1254, more successfully increase UGT-T4 activitthis assay, versus CAR/PXR activators,
PB and PCN, which failed to increase UGT-T4 agtiviBased on CYP induction, and a
report of TCS activation of the human PXR, we hiagsize that TCS is a CAR/PXR-type
activator that may not produce significant UGT-TAiaty increases in this assay. Failure of
TCS to significantly increase the expressiotJgtlal andSultlc3 is inconsistent with our
previously published increases in these isoforrfievietng non-developmental 4-day
exposure to weanling rats (Paul et al., 2010b)usTihwould seem probable that TCS is a
weak activator of Phase Il hepatic catabolism fimctand that other MOAs may contribute
to the moderate hypothyroxinemia observed. Veiion that the negative results for
changes in gene expression for UGT and SULT isadom@re not due to inability to
successfully run the low density arrays was accahetl using control mMRNA from TCDD-,

Aroclorl254-, PB-, and PCN-treated livers, derifiein the same livers from which
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microsomal pools were made, was also examinedwylénsity gPCR array (Figure 10, B).
Only PCN appeared to increddglal expression, while AhR activator TCDD and mixed
AhR/CAR activator Aroclor 1254 inducédigtla6 expression.Sultlbl was most highly
increased by TCDD, Aroclorl254, and PCN, suggestm@hR/PXR transcriptional
regulation for this geneSult1c3 expression was best increased by AhR activato3O0rénd
Aroclorl254. Though no dose-response informatsoaviailable due to the use of a single
dose for each compound, these results clearly dsirade the inducibility of gene expression
using these low density arrays.

Hepatic gene expression of markers of Phase llatepansport activity were also
unchanged by TCS exposure for any time point, aoatance with our previoua vivo
assessment of hepatic transporter expression flolgpav4-day exposure (Paul et al., 2010b).
It was important to verify that that the low degpsatrays were executed correctly in the
absence of any effect for any hepatic transpomeatotypical nuclear receptor activators are
known to increase the mRNA expression and proteirtent of key hepatic transporters that
function in the uptake and biliary elimination dfi$, including uptake transporters Oatplal
and Oatpla4 and canalicular transporters Mdrl arp2 NFriesemat al., 1999). The well-
known CAR activator, PB, has been shown to incré@sexpression and protein content of
canalicular transporters Mdrl and Mrp2 in rats bachan hepatocytes (Jigoetlal., 2006;
Johnsoret al., 2002). Prototypical PXR agonist PCN has been shtovincrease Oatpla4
MRNA in mouse liver (Cheng al., 2005) and Mrp2 protein expression in rat livehidson
et al., 2002), and another PXR agonist, dexametigg$® also known to increase hepatic
transporter expression and function of Oatpla4 Mrp® (Turncliffet al., 2004). To

demonstrate that increases in hepatic transpoifRAnexpression were possible with
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prototypical inducers, mRNA from TCDD-, Aroclor125#B-, and PCN-treated livers,
derived from the same livers from which microsop@bls were made, was also examined
by low density gPCR array. Though no dose-respagiaéonships can be established since
single treatment groups by chemical were emploR€\, the PXR agonist, appeared to
increase the expression Mrp2 by the largest mavgth,moderate increases observed with
all of the inducers. PCN was the only control coomud to induce Oatpla4 expression.
These results with positive control compounds ssgtet activation of AhR, CAR, and in
particular PXR, can up-regulated expression ofahagyets.

Hepatic gene expression of markers of liver-spedifi-responsive genes demonstrated
no effects of TCS treatment, suggesting that T@Sdt change the T3 concentrations at the
target tissue. Genes defined as TH-responsivihi®mwork are deiodinase D{ol), malic
enzyme | Mel), and Spotl4Thrsp). Hepatic expression dfel has been shown to increase
with TH-disrupting chemicals, including perfluordganesulfonate (PFOS) (Chadal .,

2008) and polychlorinated biphenyls (PCBs) (Gawyal., 2007) with concomitant serum
T4 decreases. Spot 14/Thrsp protein is thougheteegulated by CAR (Breuker et al 2010).
Again the lack of effects with TCS exposure reqiiverification that these assays were
successful. The expressionbl andThrsp seemed unaffected by any of the controls
employed, buMel expression was induced greatly by AhR activat@®D and Aroclor
1254, with good demonstrated increases with PBPEEN of a slightly decreased magnitude.

Together these data indicate that TCS is capahbialdfy decreasing serum T4
concentrations in dams, fetuses, and young neqratdghat transplacental exposure
provides more TCS to the progeny than lactatiorosupe. Further, minor increases in

markers of Phase | and Phase Il catabolism sutjiggsTCS may activate hepatic nuclear
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receptors, e.g. CAR and/or PXR, to transcriptignafi-regulate metabolism of THs to result
in hypothyroxinemia.

6. Conclusion

This study confirmed previous observations of mateehypothyroxinemia in dams and
young neonates induced by TCS exposure. This gitaded the first report
demonstrating the importance of transplacental exygand effects on GD20 T4 in dams
and offspring, and established that exposure cad/&pm dams to offspring diminishes
over the lactation period, such that PND14 and PNBD&bnatal T4 concentrations return to
control levels, likely due to a lack of TCS expasufFurther, this study provides some
evidence that TCS up-regulated hepatic catabols@D20 and PND22 dams and PND4
offspring, though the effects were minor. The mieffects on CYP and UGT activity and
expression are consistent with previous findinga ghort-term exposure model that suggest
that TCS activates CAR and/or PXR resulting in dstnegam up-regulation of hepatic
catabolism of thyroid hormones. The relatively arieffects on Phase | and Phase Il
metabolism are in keeping with the mild hypothyretia induced as a result of treatment.
Further research should characterize the humavamete of this work; in particular, the
proposed MOA should be evaluated in a human maetlse maternal hypothyroxinemia,
however minor, indicates a potential hazard for Ganmeurodevelopment. Specifically, the
putative initiating key event, interaction with CAdRd/or PXR, is a highly species-
dependent event and should be evaluated with huetaptors.
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Figure 4.6. Hepatic CYP gene expression changes. A,C,E,ardla@)s: GD20 and PND22
dams for Cyplal, Cyp2b2, Cyp3al/23, Cyp3a2, Cyp@ad® Cypd4a2. B, D, F, and I)
Offspring: GD20 fetuses, PND4 , PND14, and PND2aspior Cyplal, Cyp2b2,
Cyp3al/23, Cyp3a2, Cyp3a9, and Cypda2. V=vehiahktrob* = significantly different from

vehicle control.
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Figure4.7. Hepatic Phase Il gene expression. A,C,E,and&@n® GD20 and PND22 dams
for Ugtlal, Ugtla6, Sultlbl, Sultlc3. B, D, F, n@ffspring: GD20 fetuses, PND4 ,
PND14, and PND21 pups for Ugtlal, Ugtla6, Sult8Budtlc3. V=vehicle control.
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Figure 4.8. Hepatic TH-responsive gene expression. A and@n® GD20 and PND22
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Figure 4.9. Positive controls (Phase I, Phase I, Phasend, BH-sensitive). A) Phase |
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Experimental Time T4 T3 TSH EROD/PROD gPCR Analytical
Block Points UGT-T4 measur ement
1 Offspring: | n =21, 12, Not n=10, 10, | n=21, 12, 22,| Not Not measured
PND4, 14,| 22, 22, 18 | measured | 10, 8 for 0, | 22, 18 for O, measured
21; Dams: | for 0, 10, 30, 100, 10, 30, 100,
PND22 30, 100, 300 300 mg/kg/d
300 mg/kg/d
2 mg/kg/d n=11, 12, Not n=6/ n=6/
12,12, 10 | measured treatment | treatment
for 0, 10, group group
30, 100,
300
mg/kg/d
3 Fetuses | n=11,11, 11, 11, 10 for O, 10, 30, 100, 300 mklk n==6/ n==6/
and Dams: treatment | treatment
GD20 group group

Table 4.1. Experimental blocks and n for each parameter nmedsuExperimental Blocks 1
and 2 included postnatal time points and experiai@ibck 3 included a single prenatal

time point.
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Table 4.2. Tagman Gene Expression Assays included in the &adqbustom Low Density

Array. Rpsl18 was used as the endogenous contstdbalardize the gene expression assay
results for GD20 and PND22 dams, GD20 fetusesPatid21 offspring. PND4 and PND14
offspring were standardized to Actb.

Summary of Tagman Gene Expression Assaysincluded in the Tagman Custom L ow Density Array

sion

Function Gene Gene abbreviation Tagman Gene Expres
category Assay ID
Nuclear receptors aryl-hydrocarbon receptor AhR G750 m1
peroxisome proliferator activated Ppan Rn00566193_m1
receptor alpha
Phase | cytochrome P450, family 1, Cyplal Rn00487218_m1
metabolism subfamily a, polypeptide 1
cytochrome P450, family 2, Cyp2b2 Rn02786833_m1
subfamily b, polypeptide 2
cytochrome P450, family 3, Cyp3al/3a23 Rn01640761 gH
subfamily a, polypeptide
23/polypeptide 1
cytochrome P450, family 3, Cyp3a2 Rn01412889 mH
subfamily a, polypeptide 2
cytochrome P450, family 3, Cyp3a9 Rn00595977_m1
subfamily a, polypeptide 9
cytochrome P450, family 4, Cyp4a2 Rn01417066_m1
subfamily a, polypeptide 2
Phase I UDP glucuronosyltransferase 1 | Ugtlal Rn00754947_m1
metabolism family, polypeptide Al
UDP glucuronosyltransferase 1 | Ugtla6 Rn00756113 _mH
family, polypeptide A6
UDP glycosyltransferase 2 Ugt2b Rn02349652_m1
family, polypeptide B
sulfotransferase family, cytosolig, Sultlbl Rn00673872_m1
1B, member 1
sulfotransferase family, cytosolig, Sult1c3 Rn00581955 m1
1C, member 3
Hepatic transport  ATP-binding cassette, sub-famiAbcc2/Mrp2 Rn00563231_m1
C (CFTR/MRP), member 2
solute carrier organic anion Slcola4/Oatplad Rn00756233_m1
transporter family, member 1a4
solute carrier family 16 Slcl6a2/Mct8 MmO00486202_m1
(monocarboxylic acid
transporters), member 2
Thyroid deiodinase, iodothyronine, type Diol Rn00572188 m
hormone- malic enzyme 1 NADP(+)- Mel Rn00561502_m1
responsive dependent, cytosolic
thyroid hormone responsive Thrsp Rn01511034_m1
Candidate ribosomal protein L13A Rpl13a Rn00821946_g1
endogenous ribosomal protein S18 Rps18 Rn01428915 g1
controls glyceraldehyde-3-phosphate Gapdh Rn99999916_s1
dehydrogenase
actin, beta Actb Rn00667869 m1l
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No-observed-effect level and benchmark dose levelsfor T4
decr eases by age

Age NOEL BMD BMDL
GD20 Dams 100 124 25.2
PND22 Dams 30 115 62.1
GD20 Fetuses 100 95.4 33.0
PND4 Pups 100 150 61.8

Table 4.3. No-observed-effect level (NOEL) and benchmark desels for T4 decreases.
NOELSs are reported as the mg/kg/day exposure gr&MpD = benchmark dose US EPA
Benchmark Dose Software (BMDS Version 2.0Beta) wsed to determine the BMD and
BMDL, with a 95% confidence limit, for the selectBWIR = 20% reduction in serum T4.
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1. Abstract
Triclosan (2,4,4’-trichloro-2’-hydroxyphenylethgf)CS) is a chlorinated biphenyl

antibacterial found in numerous personal care wtgland through use and disposal, in
human sera, milk, and urine, and in surface watérglosan (TCS) decreases serum
thyroxine (T4) in the rat. Previous research lo&si$ed on then vivo mode-of-action
(MOA) of TCS-induced hypothyroxinemia observedatst results suggested that TCS up-
regulates hepatic catabolism of thyroid hormones.ilting in increased clearance of thyroid
hormones. Key biomarkers of Cyp2b2, Cyp3al, Ugtadilcl, and glucuronidation of T4
were up-regulated. The expression of these Phaseé Phase Il enzymes is regulated by
nuclear receptors including the constitutive antos receptor (CAR) and pregnane-X
receptor (PXR), but evolutionary divergence of thesceptors has made activation of these
receptors a species-dependent event, indicatingdabsibility that downstream up-regulation
of hepatic catabolism may also be a species-depérgient. To test the hypothesis that
TCS may activate xenobiotic nuclear receptors it lbats and humans, and that the
increased biomarkers of hepatic catabolism andedsed thyroid hormones observed in rats
may be possible in humans, cell-based nuclear tecegporter assays were employed to
indirectly measure the ability of TCS to activaterran (hPXR) and rat PXR (rPXR), all
three biologically-active splice variants of hun@AR (hCAR), and rat CAR (rCAR).
Additional data was also collected on mouse CAR ARTand PXR (mPXR) for
comparison. TCS moderately activated human PXpbth full-length and chimeric
receptor-reporter assays by approximately 2-fiel@vehicle control at about 10 uM ;
strongly activated hCAR2 (19.8 + 4.9-fold vehictantrol 30 uM TCS); and, was a moderate

agonist of hCAR3 (2.63 + 0.75-fold vehicle cont8@ uM TCS). In addition, TCS acted as
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an inverse agonist of hCARL(EC50 = 19.8 uM). T@&i&d to activate rPXR in both
receptor-reporter models, and instead acted asd@shoverse agonist of rtCAR (EC50 =
3.50 uM TCS). TCS failed to activate mouse PXR waas an inverse agonist of mouse
CAR, which reflected the data for the rat receptoiese data suggest that TCS may be
capable of interacting with rat CAR, activating mamCAR and PXR in order to potentially
up-regulate hepatic catabolism in both specieshoigh TCs activated different nuclear
receptors between species, activation of nucleapters in both species is likely to result in
up-regulation of hepatic catabolism. This is cetesit within vivo observations in the rat.
Overall these data support the conclusion that @$ have similar adverse effects in all
three species assuming doses are high enoughvatadiepatic xenobiotic receptors.
2. Introduction

Triclosan (2,4,4'-trichloro-2’-hydroxyphenylethatgcreases thyroxine (T4) in
juvenile rats (Croftoret al., 2007; Paukt al., 2010b; Zorrillaet al., 2009) as well as
maternal, fetal, and early neonatal thyroxine fwittg developmental exposures (Peiil .,
2010a). Decreased maternal T4 during gestatiatsleairreversible decreases in
neurodevelopment and motor function in humans (ldadd al., 1999; Poget al., 2003; Pop
et al., 1999; Vermigliocet al., 2004), and neurological deficits and alterationthe cellular
organization of the brain in rats (Auebal., 2004; Gilberet al., 2000; Gilbertt al., 2006;
Goldeyet al., 1998; Goldeyet al., 1995; Lavado-Autriet al., 2003; Opazet al., 2008).
Although the general mechanisms for thyroid hormmaéntenance and biology are
conserved across species (Yen, 2001; Zoetlal., 2007), interspecies-differences can

present a major uncertainty when using salelivo animal data for human health risk
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assessment. Determination of a proposed MOA inerables parallel hypotheses to be
investigated for plausibility in humans usimgvitro models (Boobi%t al., 2008).
Thyroid-disrupting chemicals may act via one or enof several proposed MOAs,
including by inhibition of iodine uptake or enzyntagynthesis of thyroid hormones in the
thyroid gland; by inhibition of peripheral deiodtren of T4 to triiodothyronine (T3); by
displacement of thyroid hormones from serum binglirgieins in the systemic circulation;
and by up-regulation of hepatic catabolism andspant of thyroid hormones, resulting in
increased, disproportionate excretion of thyroidhianes (Boast al., 2006; Capen, 1994;
Crofton, 2008; Milleret al., 2009). The hypothyroxinemia induced by TCS exip@$n rats
as been hypothesized to be the result of up-ragalaf hepatic catabolism of thyroid
hormones.In vitro treatment of rat hepatocytes resulted in incre&sg®b and Cyp3al
protein and enzymatic activity increases in markésytochrome P450 activity including
pentoxyresorufin-O-depentylase (PROD), benzyloxymaiin-O-debentylase (BROD), and
ethoxyresorufin-O-deethylase (EROD) (Jireb@l., 1997). In vivo triclosan treatment of rats
also induced hepatic Cyp2b, Cyp3a, and Cyp4a prated PROD and BROD activity
(Haniokaet al., 1997). Evidence of Phase | inductiorvitro andin vivo, in addition tan
vitro pregnane X receptor (PXR) activation by TCS (Jaebhl., 2005), suggest that TCS
activates nuclear receptors, in particular the ttutive androstane receptor (CAR) and/or
PXR, as indicated by inductive effects on the chtome P450s primarily regulated by these
receptors, Cyp2b and Cyp3a respectively (Goodavah., 2001; Maglichet al., 2002; Moore
et al., 2002). Our previous work with TCS in a four-dagposure to young adult rats
demonstrated that TCS up-regulated cytochrome R#SRA expression and activity and

Phase Il hepatic catabolism; specifically, hepatRNA expression levels @yp2b2,
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Cyp3al/23, Ugtlal, andSultlcl, as well as hepatic microsomal uridine diphosphate
glucuronyltransferase (UGT) activity and pentoxgresin-O-deethylase (PROD) activity,
were induced by triclosan treatment (Paul et 81L0b). These effects are consistent with
other microsomal enzyme inducers that are thougtetrease thyroid hormones at least
partially via up-regulation of hepatic catabolisBa(teret al., 1994; Cheret al., 2003; Hood
et al., 2003; Vanselkt al., 2002; Vanselet al., 2001). In aggregate the data suggest that
TCS may activate CAR and/or PXR in the rat, and RXRumans.

CAR and PXR function at the nexus of exogenousemithgenous biology,
regulating expression of cytochrome P450s, UDPglutyltransferases (UGTS),
sulfotransferases (SULTS), and drug transportemsdont metabolic responses to
xenobiotics (Goodwin et al., 2001; Getoal., 2003; Lehmanet al., 1998; Maglich et al.,
2002; Moore et al., 2002; Wei al., 2002; Zhowet al., 2005), but also to regulate hepatic
energy metabolism (Konrat al., 2008; Maglichet al., 2009; Maglichet al., 2003; Maglich
et al., 2004), detoxify and excrete bilirubin, and prevemlestatic injury by increasing
elimination of bile acids (Guo et al., 2003; Stangphiret al., 2001; Zhangt al., 2004). Upon
activation by xenobiotics, CAR and PXR heterodimenvith the retinoid-X receptor
(RXRa), recruit co-activators and/or release co-repmsssmd bind to promoter response
elements to transcriptionally regulate an overlag@et of genes necessary for maintenance
of euthyroid status (Kretschmetral., 2005), as well as elimination of xenobiotics and
endogenous energy and lipid metabolism. Generalg Bnd CAR are the primary
regulators of Cyp3a and Cyp2b domains (Wetrg., 2003c), respectively, though the
precise isoform is species-dependent and ther@nsiaderable cross-talk between receptors

due to competition for an overlapping set of praenoésponse elements (Faucettal.,
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2006; Goodwin et al., 2001; Istrageal., 2010; Smirliset al., 2001; Wei et al., 2002).
Activation of human PXR (hPXR) results in transtiopal induction of CYP3A4 (Jones
al., 2000), as well as other Phase | and Il hepatitdmsformation enzymes, i.e.
glucuronyltransferases and sulfotransferases #tabolize thyroid hormones as part of
thyroid hormone homeostasis (Capen, 1994; De&titd., 1999; Schuuet al., 1997; Wang
et al., 2006), and Phase lll transporters, including niganion transporting peptides and
multidrug resistance proteins (Buekal., 2005; Geiclet al., 2001; Kretschmer et al., 2005),
which are known to mediate hepatic uptake and searef thyroid hormones (Jansenal .,
2005). Similarly, activation of human CAR resutigranscriptional up-regulation of
CYP2B6 (Maglich et al., 2002; Sueyoshal., 1999; Wangt al., 2004; Wangt al.,
2003a), as well as UGT1AL, SULT2A1, and hepatiogparters including multi-drug
resistance associated proteins MRP2 and MRP3 anahdiiti-drug resistance protein MDR1
(Urquhartet al., 2007). Murine knockout models have demonstrtadCAR and PXR are
necessary for the downstream effects of compourasding phenobarbital (Qatani et al
2005) and PCN (Chen et al., 2003; Cheng., 2006), respectively, on glucuronidation and
thyroid hormone elimination. Increased expressind activity of the Ugtla family of
glucuronyltransferases that conjugate thyroid horvesoBarter et al., 1994; Lat al., 1995)
is well established for microsomal enzyme indutieas activate CAR and PXR (Bucklet
al., 2009). Activation of CAR and/or PXR is the putatinitiating key event that may result
in up-regulation of metabolic enzymes that catat@oéind transport T4, potentially
decreasing serum concentrations of T4 via metabaliover.

Activation of CAR and PXR by xenobiotics is excewgglly species-dependent. Two

contributing factors, among myriad potential biotzd differences in the activation of these
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receptors, to this species-dependent activatian(fy¢he divergence of the ligand-binding
domains of the receptors across species; andiff@)eshtial expression of splice variants of
these receptors by species. PXR ligand-bindingaiiesnLBDs) have diverged considerably
through evolution, such that the LBD of rat and s®@®XR 75-77% homologous to the LBD
of human CAR (Jones et al., 2000; Moore et al.2200he DNA-binding domains (DBDs)
remain highly conserved with over 95% homology l@swmurine and human PXRs (Iyer
al., 2006; Jones et al., 2000; Timattal., 2007). The variation in the LBD across species
poses a major uncertainty for extrapolating frontimamodels to humans. A significant
difference between murine CAR and human CAR is/dr&tion in the transcriptome: rat
CAR and mouse CAR have only one known functionitsariant each, and hCAR has
three active splice variants. These three splicants of human CAR include hCARL1 or
wildtype, hCAR2, and hCAR3 (Auerbaehal., 2003; Jinnaet al., 2004; Savkuet al., 2003)
comprising the transcriptome for hCAR. The hCARitiant compromises the majority of
hCAR expression in the liver. Recent reports sagtieat hCAR2 may comprise up to 30%
of the transcriptome, and further that hnCAR2 an&RG together may comprise up to 50%
of the transcriptome and possess the majority@fifand-binding activity demonstrated by
the transcriptome (DeKeysetral., 2009; Rosst al., 2010; Savkur et al., 2003). All three
hCAR SVs bind response elements from promotersy@?2ZB6 and CYP3A4 (Auerbact

al., 2007; Auerbaclet al., 2005). The reference form hCAR1 constitutivedfiates the
PBREM and XREM response elements in the CYP2B6GI#@3A4 promoter regions,
unlike hCAR2 and hCAR3, which appear to be highdghd-dependent for nuclear
translocation (DeKeyser et al., 2009). In contra€tAR?2 is ligand-dependent and hCARS3 is

somewhat ligand-dependent for activation due taharacid insertions in the ligand-binding
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domain (Auerbach et al., 2007; Auerbach et al. 3200hus, there is certainly the potential

for different hCAR splice variants to bind agoniafigh varying affinity, or different
agonists/activators altogether. The result ofitkerplay of these three SVs in response to an
agonist or activator remains unclear from nucleaeptor-reporter assays, and requires
analysis of the downstream metabolic responsesmfBpy hepatocytes or whole animals

that contain the entire hCAR transcriptome. Dutheoclearly different roles for the three
human CAR SVs, it is difficult to compare rat anduse CAR to human CAR. Together the
differences between murine CAR and PXR and humaR @Ad PXR necessitate assessment
of receptors across species to determine if a atarsiich as TCS can activate receptors in
both murine and human models.

There are numerous examples of species-dependest@an of CAR and PXR by
xenobiotics that are also known to perturb thyfwdmones. The compounds 6-(4-
chlorophenyl)imidazo[2,1-b][1,3]thiazole-5-carbahyee-O-(3,4-dichlorobenzyl)oxime
(CITCO), carbamazepine, efavirenz, and nevirapre&kaown to preferentially activate
human CAR and not mouse nor rat CAR (Cheing., 2006; Faucettet al., 2007; Mooreet
al., 2000). Conversely,1,4-bis[2-(3,5-dichloropyriolyy)]benzene (TCPOBOP) is a known
murine CAR activator (Buckley et al., 2009; Maglehal., 2009; Tzameét al., 2000).
Rifampicin, perhaps the most recognized for itciEseselectivity, and hyperforin of St.
John’s Wort, selectively activate human PXR (Jaeted., 2000; LeCluyse, 2001; Lehmann
et al., 1998; Sinet al., 2007; Watkins et al., 2003), and pregnenolone-ddbonitrile
(PCN) is generally recognized as a selective muaganist of PXR (Cheng et al., 2006;
Chenget al., 2005; Gucet al., 2002a; Guet al., 2002b; Sinz et al., 2007). However, there

are also chemicals that can activate both humamamghe receptors, including TO-901317
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for PXR (Mitroet al., 2007) and DEHP (DeKeyser et al., 2009; ezl ., 2010)
aphenobarbital for CAR (Mutoét al., 2009; Qatanaret al., 2005a; Sueyoslat al., 2001;
Yuehet al., 2005). It is important to underscore that indeed hCAR transcriptional
activity may be divided into two categories: diragbnists and indirect activators of CAR.
Treatment with phenobarbital, an indirect activadb€AR, results in protein kinase C-
mediated dephosphorylation of threonine 38 of hCHRh subsequent translocation and
transcriptional activity (Mutolet al., 2009), and the ligand-independent reference form
hCARL1 has been reported to be responsive to phdntddgJinno et al., 2004).
Phenobarbital presents a prime example of thecdiffr in comparing human and rodent
receptors: if mouse and rat only have one CAR splariant each, how does this splice
variant potentially function through the ligand-dedent and ligand-independent
mechanisms suggested by the activity of human Q#iResvariants? There is a
demonstrable need to examine a chemical like T€&aspecies to determine if the

receptor-regulated downstream biology observeterrat is plausible for humans.

The present work tested the hypothesis thatrthevo effects of TCS in rats on
hepatic catabolism and thyroid hormones were medlily interaction with rat PXR and/or
rat CAR, and, further, that TCS could also activatenan PXR and/or CAR in order to
mediate a similar cascade of hepatic catabolictevarhumans. Two distinct types of
receptor-reporter assays were employed to teshyipisthesis. First, cell-based full-length
receptor reporter assays (Puracyp, Inc.) were wsddtermine if TCS is an agonist for
hPXR and rPXR and to measure induction of CYP3Aviygtin vitro. Second, chimeric
receptor constructs, with the native DNA-bindingrdon replaced by the yeast transcription

factor Gal4 (INDIGO BioSciences), were used to detee if TCS could interact with the
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three splice variants of human CAR (hCAR1, hCAR2AR3) and rCAR, and to confirm
our original findings with the full-length hPXR @amPXR cell lines. Additionally, these
chimeric receptor reporter assays were used tyzaa#he potential interaction for TCS with
MCAR and mPXR. Collectively these data addressjamuncertainty regarding the
potential interspecies response to TCS at the nalaletevel of interaction with species-
divergent nuclear receptors, and the capacity €@® To initiate a proposed MOA for TCS-
induced hypothyroxinemia in humans.

3. Methods

a. Chemicalsand treatment. Rifampicin £97%) and dexamethasored{%) were
obtained from Sigma (St. Louis, MO) and triclosaB9%) was a gift from BASF/Ciba
Specialty Chemicals. Dimethyl sulfoxide (DMSO)dRia,>99.7%) was the vehicle solvent
for all chemicals used. Chemicals were administéned6-well plates of cells using a
BioMek 2000 (Beckman Coulter; Brea, CA), which robally transferred 327 nanoliters of
chemical solution to each treated well.

b. Full-length receptor reporter assays (Puracyp, Inc.). A HepG2 cell line (DPX2)
with a stable transfection of the full length huniBXR and PXR response elements within
the CYP3A4 promoter was obtained from Puracyp, (Garlsbad, CA). A FAO cell line
(RPXR) containing the full length rat PXR and PX@ponse elements within the CYP3A4
promoter was also obtained from Puracyp, Inc. €ad, CA). Construction and subsequent
validation of these stably-transfected cell linas been reported previously (Raucy et al
2002, 2003, Yueh et al 2007). The cells were maiathper the company’s directions for a
maximum of 30 days in culture (10-12 passageshsoire optimal activity in luciferase

induction assays. For experimental analysis afduase induction, cells were harvested
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from 10 cm dishes at 50-70% confluency, and reaeéu 96-well plates (2 x f@ells/well
and 1 x 16 cells/well in 165 pL of media for the DPX2 and RRXells, respectively), and
allowed to recover overnight. Each chemical cotreg¢ion was tested in technical triplicates
on three separate occasions for n=3; each of tke geparate experiments was performed
using cells from the same lot, but a consecutiViepassage. Identical plates of treated cells
were performed in parallel for separate assessaidatiferase induction and cytotoxicity.
TCS exposure concentrations ranged from 0.387 tb |9®1; rifampicin exposure
concentrations ranged from 0.0968 to 24.8 uM; dadamethasone exposure concentrations
ranged from 0.387 to 99.1 uM. Using the moleculaight of TCS (289.54 g/mol), tha
vitro TCS concentration range can be expressed as @PB7% mg/L. Then vivo doses
used in Chapters 2, 3, and 4 of this dissertatiorkyl0 to 1000 mg/kg/day, can similarly be
converted to 34 to 3400 pmol/kg/day. Following cleahtreatment, cells were exposed for
24 hr prior to measurement of luciferase inductfon PXR or CYP3A activity) and
cytotoxicity. For the time-course experiments|<elere incubated for 6, 12, 24 or 48 hr
before analysis of luciferase induction and cytatitx. Luciferase induction was measured
using BrightGlo luciferase detection reagent (Prgaydadison, WI) and cytotoxicity was
measured using CellTiterGlo (Promega; Madison, Vlignal detection of luciferase for
both the induction and cytotoxicity assays wasqgrened with a FLUOstar Optima BMG
plate reader (BMG LabTech, Offenburg, Germany).

c. CYP3A activity assaysin Puracyp receptor-reporter cell lines. CYP3A
activity was measured in RPXR and DPX2 cells follayva 24 hr incubation with the test
chemicals. The P450-G CYP3A4 assay with luciferin-IPA (Promega; Madistvl) was

conducted per the manufacturer’s directions. Briehedia from well of a 96-well plate was
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aspirated and replaced with 30 uL of diluted (1@dQciferin-IPA reagent. The plate was
then incubated at 37°C for 30 min before additibB®uL of the reconstituted luciferase
detection reagent. The plate was allowed to dayaiie to room termperature for 20 min
before signal detection of luciferase activity watlirLUOstar Optima BMG plate reader
(BMG LabTech, Offenburg, Germany).

d. Chimericreceptor-reporter assays (INDIGO Biosciences). HEK293T
fibroblasts were
transiently transfected with a chimeric receptarstouct where the DNA-binding domain for
the receptors has been replaced with a GAL4 eleoraer regulatory control of the SV40
promoter. Cells were co-transfected with a repgtasmid containing the fusion of the
UAS GAL4 DNA response element to the firefly lucdse gene along with a transfection
efficiency control vector containing a renilla lteriase reporter element (pRL-luciferase;
Promega; Madison, WI) used to determine viabl@sfiected cell fraction. Use and
validation of these cell lines has been previousported (Tieret al., 2006; Vanden Heuvel
et al., 2006). The luciferase-based reporter assays eogr@ucted using the Luciferase dual
reporter assay kit (Promega; Madison, WI) and amd&geniosPro luminescent plate reader
(Research Triangle Park, NC).

e. Dataanalysis.

i. Puracyp cell lines. All results obtained for PXR activation and CYP3A4
induction were in relative luminescence units (RLO)p correct for differences in cell
viability following chemical exposure, the RLU wdwided by the corresponding RLU for
cell viability, as measured in a parallel platéhisiratio was then converted to a percent of

DMSO vehicle control for the time-course data antP@A4 activation data, and to a percent
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of maximal positive control response for PXR adiva at 24 hr. These computations were
performed with SAS 9.2 (SAS Institute; Cary, N®our parameter logistic models were
used to determine EC50s for positive control datagi6 to 10 concentrations of each
chemical (SigmaPlot 11.0, GmbH, Germany).

ii. INDIGO cdll lines. All results obtained for receptor activation welsoan RLU,
which were corrected by Renilla luciferase unit ttlepresented cell viability. The
RLU/renilla luciferase ratio was converted to ageet of DMSO vehicle control (SAS 9.2,
SAS Institute; Cary, NC). Due to the limited numbédata points for many of the
chemicals tested, data were analyzed by ANOVA=terdhine effects significantly different
from the DMSO vehicle control, with significant maeffects of treatment followed by
Duncan’s new multiple range test. For those chalniwhere a full dose-response curve
could be achieved, with a minimum and maximum,ua ftarameter logistic model was used
to determine EC50s (SigmaPlot 11.0, GmbH, Germany).

4. Results

a. Full-length hPXR and rPXR reporter assays

Rifampicin (RIF) activated the full-length hPXR Witmaximal efficacy at 24.8 uM at all
time points tested; activation was best detectédl @nd 48 hr of chemical exposure, and
produced 1671 + 91.4 and 3722 = 597 percent ofclelebntrol RLU, respectively (Figure
5.1A). The EC50s for RIF at 24 and 48 hr were ®:@/7060 and 1.20 + 0.086 puM,
respectively (Figure 5.1A). TCS activated the-faligth hPXR with maximal efficacy at
24.8 uM with the best detection at 24 and 48 hiclwproduced 1165 + 158 and 2199 * 352
percent of vehicle control RLU, respectively (Fig&.1B). The dose-response curve for

TCS activation of hPXR is truncated at 24.8 uM ttueverwhelming cytotoxicity in DPX-2
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cells at 49.5 uM and above. Therefore, an EC5@gusiHill model cannot be computed
because a maximal efficacy cannot be achieved witbensiderable cytotoxicity, and
subsequent analysis of TCS-induced activation @fuh-length hPXR is reported as a
percent of maximal RIF response. Following a 2#&éatment period, TCS activated the
full-length hPXR by 12.3% + 1.2, 25.3% % 1.3, arfd46 + 7.8 of the maximal RIF
response at 6.2, 12.4, and 24.8 uM TCS, where thennal efficacy of RIF was 100% *
2.48 at 12.4 uM in DPX-2 cells (Figure 5.3A). n& a maximum efficacy could not be
obtained with TCS exposure due to cytotoxicitypagh comparison of the estimated TCS
concentration (20 uM) that corresponds to the RII50 concentration (1 pM) demonstrates
an approximate 20-fold difference in potency infillelength hPXR assay between TCS
and RIF.

Dexamethasone (DEX) activated full-length rPXR witaximal efficacy at 49.5 uM at
all time points tested, and again detection wasratat 24 and 48 hr of chemical exposure
(Figure 5.2A). The EC50s for DEX at 24 and 48 lerev3.21 £ 0.22 and 3.93 £ 0.42 pM,
respectively (Figure 5.2A). TCS failed to activéie full-length rPXR at any dose in the
RPXR cells. The TCS dose-response curve was treches 12.4 uM as fewer than 50% of
RPXR cells were viable at higher concentrationgiffé 2B). Following a 24 hr incubation,
DEX achieved maximal efficacy at 49.5 uM (100.6%.%) in RPXR cells (Figure 5.3B).
No relative TCS potency can be reported due takadd TCS activity in this full-length
rPXR reporter assay.

CYP3A4 induction by RIF and TCS in DPX-2 cells mmed the PXR activation
response observed with the full-length hPXR moBg&yre 5.4A). Maximal efficacy was

obtained once again with 12.4 uM RIF to produceféect that was 866 + 44 percent of
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DMSO vehicle control (Figure 5.4A). Exposure todland 24.8 uM TCS produced a
response of 178 £ 5.4 and 288 + 16 percent of DM&I@cle control, respectively (Figure
5.4A). A relative potency estimate between theaxmate RIF EC30 (0.9 uM) and the
corresponding TCS concentration that induced theesaYP3A4 activity (24.8 uM)
illustrates about a 30-fold potency difference kdw RIF and TCS for CYP3A4 activity
induction. Maximal CYP3A4 induction in RPXR cellawobtained with 49.5 uM DEX,
which produced a response that 2023 + 296 perdddi&SO vehicle control (Figure 5.4B).
TCS did not induce CYP3A4 in the RPXR cell modehmy concentration (Figure 5.4B).
Increasing the length of TCS exposure duratiomdittappear to affect the resultant
cytotoxicity response of DPX-2 and RPXR cells (dad&dshown; see Appendix 5 for
cytotoxicity data over time). With 12.4 uM TCSeth was a decrease of 10-20% in DPX-2
cell viability at all of the time-points tested. iWW24.8 uM TCS, there was a decrease of
approximately 50% in DPX-2 cell viability at all die time-points tested. At 49.5 uM TCS,
approximately 10% of cells were still viable; thai, TCS dose-response curves in DPX-2
are truncated at 24.8 uM. In comparison, RPXRwability was decreased by
approximately 10%, 15-25%, 30-45%, 70-75%, and 1@60%10. 6.20, 12.4, 24.8, and 49.5
UM, respectively. TCS initiates cytotoxicity at 6.@M in the RPXR cells, a dose tolerated
well by DPX-2 cells, and which elicited an appro=i® 200% of control PXR activation
response. This comparison highlights a narrow esnbetween loss of cell viability and
activation of hPXR in DPX-2 cells. The concenwatthat produced the maximal hPXR

activation in DPX-2 cells, 24.8 uM, results in 7897 cell death in RPXR cells.
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b. Chimericreceptor reporter assays

There was modest cytotoxicity demonstrated by 4@%-loss in cell viability with TCS
at the maximum concentration of 30 uM TCS in theKR&3T fibroblast cell lines with the
chimeric receptor reporters. As the same cellwas used for all of the chimeric receptor
reporters, the moderate cytotoxic effects were isterst assay to assay.

TCS significantly activated the chimeric hPXR repoby 2.41 + 0.28, 2.84 + 0.30, and
5.67 = 0.035-fold vehicle control at 10, 20, and3@ TCS F(5,11)=39.00, p<0.0001]
(Figure 5.5A). The positive control for the chineenPXR reporter assay was the known
hPXR agonist TO-901317, which activated hPXR up.&1 + 0.13-fold vehicle control at
0.4 uM TO-901317H(5,15)=139.09, p<0.0001] (Figure 5.5A). A compan®f the
potency between TO-901317 and TCS, i.e. the TCS8eardmation that corresponds to the
visually estimated EC50 for TO-901317, demonstrates

TCS failed to activate the chimeric mPXR reportearay concentratiorH(6,17)=1.45,
p<0.2549] (Figure 5.5B). TO-901317 activated theneric mPXR reporter 1.67 + 0.13-fold
vehicle control at 2 uM TO-90131F(5,15)=3.48, p<0.0274] (Figure 5.5B).

TCS demonstrated splice-variant dependent acsvitiethe chimeric hCAR reporter
assays (Figure 5.6). TCS decreased the activatib@AR1 to a minimum of 0.28 + 0.092-
fold vehicle control at 30 uM TCS, with an EC501&.8 uM (Figure 5.6A). The positive
controls clotrimazole (CTZ) and di-(2-ethylhexyljphlate (DEHP) decreased activation of
hCAR1, with EC50s of 6.33 and 8.48 uM for CTZ arigHP, respectively (Figure 5.6A).
The control CITCO did not have activity at hCARIgle 5.6B).

For hCAR2, a ligand-dependent splice variant, BC®d as a strong agonist of the

chimeric receptor (Figure 5.6C5(6, 14)=13.40, p<0.0001]. TCS activated hCAR2 324

187



+0.53, 5.19 + 0.95, and 19.8 £ 4.9-fold vehiclatrol at 10, 20, and 30 uM TCS.
Previously, DEHP activated hCAR2 greater than 8-fa@hicle control in receptor-reporter
assays in HepG2 cells (DeKeyser et al., 2009). @djpeared to increase activation of
hCAR2, but these results were not dose-dependentegnesented a two to three-fold
vehicle increase for all concentrations. No e8aftCITCO or PB exposure were observed
on hCAR2 activation.

For hCAR3, TCS, CITCO, DEHP, and phenobarbital)(BBdemonstrated
activation of the chimeric receptor (Figure 6D-H)CS activated hCAR3 by 3.28 + 0.41 and
4.14 + 1.2-fold vehicle control at 20 and 30 uM T[E$5,13)=3.83, p<0.0202] (Figure 6D).
DEHP activated hCARS3 up to 3.20 + 0.61-fold vehmbatrol [F(3,8)=5.74, p<0.0215] at 10
1M DEHP and PB activated hCAR3 up to 3.38 + 0.3#l-6mntrol [F(3,8)=5.66, p<0.0223].
CITCO, the most potent and efficacious agonisiyatdd hCAR3 by 22.6 £ 0.67 and 66.2 £
6.4-fold vehicle control at 0.5 and 5 uM CITCO,pestively [F(3,8)=87.84, p<0.0001]
(Figure 6E).

TCS decreased the activation the chimeric rCARm@AR. For rCAR, TCS
decreased the activation 40-50% of vehicle comtrdl0-30 uM TCS concentrations, with an
EC50 of 3.50 uM TCSH(6,14)=20.81, p<0.0001] (Figure 5.7A). The corarcdCPOBOP
and CTZ also decreased the activation of the chem€AR (Figure 5.7A); TCPOBOP
decreased rCAR activation to 0.70 £+ 0.033-fold gkehcontrol at 10 uM TCPOBOP
[F(4,10)=20.37, p<0.0001] with an EC50 of 8.56 uM TIBOP, and CTZ decreased rCAR
activation to 0.40 + 0.036-fold control at 12.5 M Z [F(5,12)=117.09, p<0.0001] with an
EC50 of 4.80 uM CTZ. For mCAR, TCS decreased ttieation of the chimeric receptor

0.16 to 0.44-fold control for 10-30 uM TC8E(p,14)=7.41, p<0.0010] (EC50 computation
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failed). PB also decreased the activation of thiemeric mCAR, by 0.43 to 0.76-fold vehicle
control for all PB concentrations (0.1 — 100 u¥{4,10)=8.37, p<0.0031] (EC50
computation failed). Conversely, TCPOBOP and C'Efaragonists of the chimeric mCAR,
and activated the receptor up to 6.39 £ 0.20 a2d 8.0.33-fold vehicle control for 10 uM
TCPOBOP F(4,10)=186.50, p<0.0001] and 12.5 uM CTH,12)=201.80, p<0.0001],
respectively.

5. Discussion

The current work tested the hypothesis that TCBates rodent and human CAR and/or
PXR, to potentially initiate an up-regulation ofgagic catabolism across multiple species.
Consistent with this hypothesis, TCS activated hufER and had activity at multiple
human CAR splice variants. TCS was an agonishtffR in both full-length and chimeric
receptor reporter assays; and agonist for hCAR2gamist of hCARS3; and, an inverse
agonist for the constitutively activated hCAR1. S @Giled to activate full-length rPXR and
chimeric mPXR; rather, TCS decreased the activaifdoth rCAR and mCAR suggesting
that TCS is an inverse agonist of the murine CAdep#ors, similar to the activity of TCS at
hCAR1. The data obtained suggest that TCS is ¢apgiven a high enough concentration,
of up-regulating hepatic catabolism in humans,udirlg cytochrome P450, glucuronidation
and sulfation activity. Intriguingly, these datalicate that TCS may be able to activate CAR
in rats and both CAR and PXR in humans, and ieiteat up-regulation of hepatic
catabolism, though perhaps by an initial nucleaepsor interaction that is species-
dependent.

The positive controls RIF and DEX activated hPXK &@XR in full-length receptor

model cell lines, respectively, with EC50 valueattare consistent with previous reports
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utilizing these commercially-available cell linesirfzet al., 2007; Yuelet al., 2005). TO-
901317, the positive control for human and mPXRlusdehe chimeric receptor reporter
assays, also obtained similar activation of theseptors to previously reported findings
(Mitro et al., 2007). CITCO, CTZ, DEHP, PB, andHGBOP activities for the human, rat,
and mouse chimeric CARs were also consistent wekipus literature reports (Buckley et
al., 2009; Chang et al., 2006; Dekeysieal., 2011; DeKeyser et al., 2009; Faucette et al.,
2007; Maglich et al., 2009; Moore et al., 2000; btuet al., 2009; Qatanaetial., 2005b;
Sueyoshi et al., 2001; Yueh et al., 2005).

TCS activated hPXR in both the full-length and chiiio receptor reporter assays,
indicating that TCS may interact with hPXR to meglidownstream transcriptional up-
regulation of Phase I-Phase Ill metabolic enzymdauimans. TCS was a moderate agonist
in both models of hPXR and also increased CYP3A#iacin the full-length receptor
reporter cell lines at 10 to 30 uM TCS. Theseltsesuonfirm a previous report using a
luciferase-based human PXR reporter assay in hin@patoma cells that demonstrated
moderatean vitro activation of PXR by triclosan, as 10 uM triclogameduced 46% of the
response of 1AM of the prototypical inducer rifampicin (Jacobsaét 2005). This lent
support to the hypothesis that the up-regulatioRladse I-1I biology observead vivo in the
rat is mediated via PXR in a human model. In astfrwe were unable to demonstrate
activation of rPXR in either the full-length recepteporter model of the chimeric receptor
reporter model, in direct opposition to our hypaikepreviously publisheieh vivo data that
demonstrated increas@yp3al expression (Paul et al., 2010b), and increase®@&lyp
protein content (Hanioka et al., 1997). Howevels possible that the effects observed on

Cyp3a inin vivo rodent studies could be the result of CAR actoratn the rat.
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TCS demonstrated an interesting pattern of effectsCAR that were splice variant-
dependent, and suggest that TCS may also intelHth@AR to potentially up-regulate
hepatic catabolism downstream in humans. TCS dseckactivation of hCAR1, was a
potent agonist of nCAR2, and was a moderate agohls€ARS3 in the chimeric receptor
reporter assays. The effect of TCS on hCARL1 amtimas consistent with activity as an
inverse agonist of CAR (Baldwigt al., 2008; Cheret al., 2010). Despite seemingly
opposed receptor activities, inverse agonism of RCAnd agonism of hCAR3 is consistent
with other compounds including CITCO and PB (Ckeal., 2010). The unique properties
of the three known active splice variants of hCARate a hypothetical scenario: TCS
decreases the high, ligand-independent constitattigity of hCAR1 and increases the
ligand-dependent activity of hCAR2 and hCAR3, whinglve much lower constitutive
activation (Auerbach et al., 2007; Chetral., 2010). This could result in an increased
translocation of activated CAR complex to the nuslef the cell and transcriptional up-
regulation of hCAR target genes such as CYP2B6stMtriking was the observation that
TCS is a potent agonist for hCAR2, a highly selectigand-dependent splice variant of
hCAR (Auerbactet al., 2007), with only one other known agonist, DEHRKRYseret al .,
2009). These data suggest that both hPXR and h@&Rrboth be involved in mediating
transcriptional responses to TCS exposure.

The results of the rCAR and mCAR assays were airtol the activity displayed by TCS
toward hCAR1, with TCS appearing to act as an s&agonist. Though initially appearing
counter to our hypothesis, this activity is miriegy PB in this model: phenobarbital is an
inverse agonist of rCAR, despite well-defined etfean Cyp2b expression that are known to

be dependent upon CAR function (Qataretral., 2005b; Smirlis et al., 2001; Sueyoshi et
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al., 1999). This conundrum may also stem fromcthraplex biology of the rodent CAR; if
rCAR and mCAR act like hCAR1 and express high dariste activation, then it may be
difficult to detect and identify ligands/activatdig the receptom vitro (Baldwin et al.,

2008) Although we were unable to demonstrate activatioroPXR by TCS in either the
chimeric or full-length receptor reporter model§ appeared to follow the pattern of PB
action, displaying inverse agonism in the rat amdise CAR assays. The finding that TCS
activated hPXR and not rPXR was consistent witlviptes reports that demonstrate that PB
moderately activated hPXR (Festyal., 2010; Luoet al., 2002) but not rPXR in receptor
reporter assays (Fery et al., 2010; Sinal., 2007). Based on the similar response of TCS to
known microsomal enzyme inducers PB, TCPOBOP, and i@ the rCAR assay, we
propose that TCS initiates an up-regulation of hegatabolism via indirect activation of
rCAR in rats.

The data herein suggest several alternative hypeth@éue to the unexpected lack of
activation of rPXR. First, that only rCAR is respible for transcriptional up-regulation of
the downstream effects observed in ratgivo; second, that the methodology employed is
inadequate to model the potential interaction oEMath rat nuclear receptons vivo; or,
third, that other nuclear receptors or factorsddition to or instead of rCAR and rPXR,
contribute to the downstream biology obseruedvo in the rat. While rCAR may be the
primary driver of the downstream biology obseruedlivo in the rat, it is not clear if TCS-
induced activation of human PXR and CAR has a greate in producing downstream up-
regulation of hepatic catabolism. Further, th@satro receptor reporter models do not
necessarily take into account potential interastiatth other receptors and/or

coactivators/corepressors that may be importantitiating the total biological response to
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TCS; these interactions are presently an unknowiabla in this model. Potential
involvement of the glucocorticoid receptor (GR) Ihaen ignored in the current approach;
the GR is known to regulate the expression andahiily of CAR, PXR, and RXR in
human hepatocytes (Pascugsal., 2003; Pascusst al., 2001; Wanget al., 2003b). Hepatic
nuclear factor 4a (HNFa), another orphan nuclezep®®r, may be a critical co-regulator of
Cyp3a activation via binding toas promoter element in conjunction with PXR or CAR
binding (Joveet al., 2009; Tironaet al., 2003) in human hepatocyte models. This hypothesis
introduces the possibility that the importance @fregulatory transcription factors vary in
importance by species. TCS may also affect cosgicii recruitment; an interesting example
in the literature is guggulsterone, which when dmmistered to PXR-null mice with
TCPOBOP, a potent mouse CAR agonist, produced dsedeexpression of Cyp2b10; a
current hypothesis for this action if that guggesiene preferentially recruits the co-activator
SRC-1 to PXR and displaces SRC-1 from mouse CARdEtial., 2005; Pascusst al.,
2008). The complexity of nuclear receptor anddcaiption factor interactions clearly
emphasizes that a lack of agonism in the rPXR adsay not eliminate the possibility of
rPXR involvement in mediating tha vivo response to TCS. Determination of the
cumulative result of potential activation of muldghuman receptors, e.g. up-regulation of
markers of Phase | and Phase Il metabolism, neéatsssuse of a primary hepatocyte model.

6. Conclusions

The human nuclear receptor data presented in thentwork demonstrate that TCS is
capable of activating hPXR, hCAR2, and hCAR3. Eheseptors are known to be involved
in the transcriptional regulation of Phase [, iddll xenobiotic metabolizing enzymes and

hepatic transporters that help maintain thyroichimme homeostasis. TCS acts as an inverse
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agonist in the rCAR and mCAR reporter assays, stggethat then vivo effects of TCS
may be due to CAR activation in the rat in a marsimilar to PB. Based on these nuclear
receptor actions, the hazard of TCS-induced hypottaigemia, as observed vivo in the rat,
seems plausible in a human model. These resdlisaite that up-regulation of important
Phase | markers and Phase Il metabolizing enzynagsoctur in both humans and rats, but
perhaps with species-dependent bias toward theauctceptor most involved: both CAR
and PXR may be important for mediating downstreasponses in humans, and CAR may

be more important for the rat.
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Figure5.1. hPXRactivation in DPX2 cells at 6, 12, 24, and 48 hcloémical exposure.
A. RIF induction over a 48 hr period with concetitras spanning 0.0968 to 24.8 uM.
B. TCS induction over a 48 hr period with concatitms spanning 0.387 to 24.8 uM.
Using the molecular weight of TCS (289.54 g/mdigin vitro TCS concentration range
(0.387 to 24.8 uM) can be expressed as 0.112 &migiL. Thein vivo doses used in
Chapters 2, 3, and 4 of this dissertation workialD000 mg/kg/day, can similarly be
converted to 34 to 3400 pmol/kg/day.
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Figure5.2. rPXR activation in RPXR cells at 6, 12, 24, @&dnhr of chemical exposure.
A. DEX induction over a 48 hr period with concetitas spanning 0.387 to 99.1 uM.
B. TCS induction over a 48 hr period with concatitns spanning 0.387 to 12.4 uM.
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Figure5.3. Comparative activation of full-length PXR for humand rat. A. RIF and TCS
activated hPXR. B. DEX activated rPXR, while Tta8ed to activate at any dose.
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Figure5.4. Comparative CYP3A4 activation for human and rat in the full-length
receptor reporter cell lines. A. RIF and TCS induced CYP3A4 activity in DPX-2lse B.
DEX induced CYP3A4, and TCS did not produce angaff

197



L6T

T} w

) n

+H 8 H 25

e TCS hPXR e mPXR

1} ® o

.§, —— TO-901317 é

P 6 - P 2.0

s =

= =2

@ o

w4 g 1.5 4

d o

= =

Q o

(] @

= 2

5 s

2 o1 2 05

T E —e— TCS

N

= = —O— T0-901317

5 A S B

g '2 T T T g 00 T T T T T T T

s 5 N oS 3 o e N0 e
Concentration (M) Concentration (uM)
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Figure5.6. Activation of the chimeric hCAR by splice variath and B. TCS, CTZ, and DEHP
were inverse agonists of hCAR1, while CITCO anddpBeared to have no activity at the receptor.
C. TCS demonstrated significant and strong agowshCAR2; CTZ demonstrated moderately
increased activation of hCAR2 that was not dosesddent; DEHP, CITCO, and PB failed to
activate hCAR2. D and E. TCS, DEHP, and PB werpdemate agonists of hCAR3, while CITCO
demonstrated potent and efficacious agonism.
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Figure5.7. Activation of chimeric rat and mouse CAR. TCS, CTZ, and TCPOBOP
demonstrated inverse agonism toward rCAR, whiledBBonstrated no activity. B and C. CTZ
and TCPOBOP were agonists of mCAR, whereas TC$8ndemonstrated inverse agonism of
MCAR.
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The current work characterized a mode-of-actio®@@ for triclosan- (TCS) induced
decreases in thyroid hormones (THS) in rats, andsitigated the human relevance of this
MOA. TCS is an active anti-bacterial agent foumé@ ivariety of personal care products and
medical topical disinfectants. In the last decaaalytical chemistry advances identified a
set of emerging contaminants of concern, whichuidet TCS (reference on emerging
contaminants). Detection of TCS by a USGS teasuiface waters across the United States
demonstrated that TCS was one of the most ubigglitaletected contaminants, found at
over 50% of the sites above the limit of detectitough at low concentrations in the parts
per trillion range on average (50 ng/L) (Kol@tnal., 2002). Though systemically toxic to
algae, macroinvertebrates, and fish, an understigrafihow the combined environmental
and hygienic exposure to TCS could impact the hutharoid hormone (TH) homeostasis
had not been evaluated. Limited evidence fronlitbeature suggested that TCS might be a
candidate thyroid hormone disruptor: TCS incredkedate of triiodothyronine- (T3)
mediated anuran metamorphosis (Veldhetead., 2006), moderately activated the human
pregnane X receptor (PXR) in amvitro receptor reporter assay (Jacebal., 2005),
increased protein expression and activity in prinmat hepatocytes (Jinreb al., 1997) as
well as rat hepatic microsomes prepared followmgvo exposures (Hanioket al., 1997),
and inhibited sulfotransferasesvitro (Wanget al., 2004; Wangt al., 2006). A clear data
gap and subsequent hypothesis was identified b@asétese published results: TCS alters
TH regulation, and in mammals does so via intevactith nuclear receptors, resulting in
increased hepatic Phase Il metabolism and transpbits research tested the hypothesis that
TCS decreases thyroid hormonesivo via activation of nuclear receptors that regulayg
hepatic enzymatic regulators of TH homeostasisesion of this work to a developmental

exposure model addressed the capacity for TH dismupy TCS during neurodevelopment.
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Finally, using the hypothesized MOA, the initiatikgy event and biomarkers of hepatic
catabolism were assessed for plausibility usingpamativein vitro models for rats and
humans.

Chapter 2 of this work demonstrated that short€CS exposure decreased
thyroxine (T4) and T3 in a dose-dependent maniiée no observable adverse effect level
(NOAEL) for T4 was 30 mg/kg/day, and the greatdfgtat observed as an approximate 55%
decrease in T4 with 1000 mg/kg/day TCS. Effect38®nvere minimal, with 12% and 25%
decreases at 100 and 300 mg/kg/day, respectivelst lkely these were only significant
changes due to the large N used in this study. nfdgnitude of these changes versus the
dose administered indicates that TCS is a low pytémyroid hormone disruptor when
compared to other xenobiotics. Similar 4-day expes with other compounds have yielded
greater depletion of thyroid hormones. Commerixitures of polybrominated diphenyl
ethers (PBDEs) DE-71 and DE-79 decreased T4 byn80@% respectively, and T3 by 25-
30%, with no effects on TSH, following 4-day expesiof 300 mg/kg/day (Zhaat al .,

2001). The NOAEL for these PBDE-mediated effecés & mg/kg/day, as T4 was decreased
20-30% even with 10 mg/kg/day (Zhou et al., 20@1idicating that PBDESs disrupt TH
homeostasis with higher potency than TCS. Sinyilggblychlorinated biphenyls (PCBs) are
more potent and more efficacious than TCS; diokae-PCBs, e.g. PCB126 which interacts
with the aryl hydrocarbon receptor (AhR) to mediddevnstream extrathyroidal effects,
decreased T4 by 50% in a rat at 30-100 pg/kg/day phenobarbital-like PCBs, e.g.

PCB153 thought to interact with the constitutiveli@stane receptor (CAR), decreased T4
by 70-80% with 90-300 mg/kg/day in a rat when exgabfor four consecutive days. Thus

the consistent finding that TCS decreased T4 byaqmately 30% at doses as high as 300

mg/kg/day demonstrates that TCS appears to bevedialess efficacious and less potent
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than many environmental thyroid disruptors sucRBBEs and PCBs. Minor decreases in
T3 and a lack of consistent, dose-dependent eftecisSH are consistent with other thyroid
disrupting chemicals, including 3MC, Aroclor 12%%d phenobarbital (PB) (Hoatlal.,
1999; Liuet al., 1995; Vanselét al., 2001). One area of uncertainty in the studyhgfdid
disruption is the correlation, or lack of corretetj between T4 disruption, T3 disruption, and
TSH increases; for instance, though Aroclor 125¢aisable of potent disruption of T4, it
does not increase TSH (Hood et al., 1999; Liu etl@95; Vanselét al., 2001). A
predominant theory is that activation of negateedback to produce TSH increases in
response to T4 decreases requires concomitanasesen T3 glucuronidation, and that
variability among hepatic microsomal enzyme indsgertheir ability to increase
glucuronidation of T4 as well as T3 underlies theability in TSH response (Hoaat al .,
2000; Richardsost al., 2010a).

Similar to many other environmental chemicals andys (Brucker-Davis, 1998), the
current body ofn vivo work presented in Chapters 2 and 4 suggests (h&tekposure
decreases Tih vivo via up-regulation of hepatic catabolism. This ¢tyyesized MOA
begins with activation of nuclear receptors, inahgdcthe constitutive androstane receptor
and/or pregnane-X receptor (CAR and/or PXR), atidi@d by a transcriptional up-
regulation of hepatic microsomal enzymes respoagdr decreasing the serum half-life of
T4 (e.g. glucuronyltransferases, sulfotransferamad hepatic transport proteins). Chapter 2
provides data to suggest that it is plausible tiiatMOA at least partially accounts for the
systemic T4 decreases observed in rats followihglay TCS exposure. Both hepatic
microsomal activity and quantitative RT-PCR demmatst isoform-specific increases in
Phase | metabolic markers of upstream nuclear tecaptivation; pentoxy-o-resorufin

deethylase activity, a marker for Cyp2b activitythe rat, ancCyp2b1/2 andCyp3al/23
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expression, were increased, suggesting that CARPBaRXR were activated by TCS
exposure. Hepatic microsomal T4-glucuronidatiotivdag was increased nearly two-fold at
1000 mg/kg/day only, and gRT-PCR demonstrated midihcreased expression dftlal

at 100-300 mg/kg/day and nearly three-fold incrdaseression oBultlcl, suggesting that
sulfotransferase activity may also have contribwtethcreased catabolism of thyroid
hormonesn vivo. The potential contribution of nuclear receptaehated changes in

hepatic transport expression was also evaluatedjRTU-PCR revealed no significant
changes despite known regulation of key transpoligrCAR and PXR. Follow-up studies
of in vitro functional activity of hepatic transport in sandlscultured rat hepatocytes,
presented in Appendix 6, confirmed a lack of siigaifit effect on hepatic transporter protein
function and expression following TCS exposure ll€@tively, the data suggest that
increased T4 glucuronidation and subsequent erarétilowing short-term TCS exposure,
initiated by activation of hepatic nuclear receptos plausible in the rat. This follows the
MOA pattern for several known and well-charactatiteyroid disrupting chemicals, such as
PB, PCN, Aroclor 1254 and single PCB congeners, 38 PBDEs. In particular it is
important to examine these prototypical induceith nespect to their known receptor targets.
In the rat, PB is known to activate CAR; PCN adigPXR; Aroclor 1254 is a mixed
inducer containing PCB congeners that activate Ah&or CAR; 3MC is an AhR agonist;
and PBDEs activate CAR and/or PXR. The data ptedan Chapter 2 does not delineate
the specific nuclear receptor interaction becaussiderable cross-talk between CAR and
PXR could enable either receptor to increase tipeession of Cyp2b and Cyp3a activity and
expression. However, TCS appears to act uponithimarmones in a manner more
consistent with CAR activator PB, i.e. moderateet§ on T4, minimal effects on T3, and no

significant effects on TSH with increases in Cyg23a markers and T4 glucuronidation
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activity following short-term administration. Thglu the data and comparison to known
thyroid-disrupting chemicals illustrates the pldigly of this MOA following short-term
exposure in a rat model, a necessary caveat iF#hglucuronidation may not completely
account for the T4 decreases observed. In fagtjquis reports of the correlation between
T4 glucuronidation activity and T4 decreases fordP PCN indicated that other events
may contribute to the observed TH deceases (#adb, 2005; Liu et al., 1995; Richardson
et al., 2010b).

Evaluation of this plausible MOA, derived from aoghterm exposure model, in a
developmental model was a critical component &f Wrk because subclinical maternal
hypothyroxinemia results in critically delay newgical and behavioral functions and
manifests permanently as decreased cognitive fumati both rat (Axelstaet al., 2008;
Goldeyet al., 1998; Lavado-Autriet al., 2003; Opazet al., 2008), and human offspring
(Berbelet al., 2009; Haddovet al., 1999; Henrichst al., 2010; Kooistraet al., 2006; Liet
al., 2010; Poret al., 2003; Popet al., 1999). Thus the developing fetus and neonate
represent a susceptible population of concern kbdiBruption. For the work detailed in
Chapters 3 and 4, perinatal exposure of dams fiany gestation through the end of
lactation modeled the potential transplacentallaathtional exposures to offspring; these
routes of exposure likely occur in humans, as T@Sheen measured in human plasma
(Adolfsson-Ericiet al., 2002; Allmyret al., 2008; Allmyret al., 2006b) and breast milk
(Adolfsson-Erici et al., 2002; Alimyet al., 2006a; Dayan, 2007). This work tested the
hypothesis that TCS decreases thyroid hormoneshamdhis disruption proceeds through
increased hepatic catabolism of thyroid hormongsyith the short-term exposure model.
The results presented in Chapters 3 and 4 revesd Key findings: (1) TCS moderately

decreased T4 in dams, fetuses, and early neomates)o effects on thyroid hormones in
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pups during mid- to late-lactation (Paatial., 2010b); (2) Transplacental exposure occurs,
and lactation exposure alone produced more limiteinal exposures to neonates as they
approached weaning; and, (3) markers of up-regilila¢patic catabolism were increased in
dams, suggesting that TCS-induced hypothyroxinerang the fetal and early neonatal
period was at least partially due to the previoinslgothesized MOA.

The observation that T4 was moderately decreas@do for dams at gestational day
20 (GD20) and postnatal day 22 (PND22), GD20 fetuaed PND4 neonates was consistent
with the decreases observed in T4 following a 4-@gyosure (Paut al., 2010a). There
were no perinatal effects on T3 or TSH for damBND14 and PND21 offspring. Serum T4
for dams, fetuses, and PND4 neonates was decrbgsgaproximately 30% for the 300
mg/kg/day exposure group; this finding is particiylanteresting because on GD20, dams
had received TCS for 14 days, and on PND22, damhsdweived TCS for 36 days, yet the
magnitude of the effect at 300 mg/kg/day was coatenair with the effect for 300 mg/kg/day
following a 4-day exposure. This could be dueh®short half-life for TCS, estimated to be
9-18 hr for oral administration in the rat (persoc@mmunication, James Plautz, Ciba
Specialty Chemicals) (Bladdt al., 1975; Siddiquet al., 1979). This is similar to the 10-24
hr oral half-life reported in humans (Rodriaitsal., 2010; Sandborgh-Engluretial., 2006).
Thus, following a 4-day exposure, animals may heslgeved steady-state kinetics for TCS,
such that a 15-day or 36-day exposure would reffecsame internal concentrations of TCS.

The data from Chapters 3 and 4 demonstrated a epigtiern of perinatal TCS
exposure on the serum T4 concentrations of pupaglthre lactation period, i.e. the serum
T4 concentrations of pups recovered to controllielsg the end of weaning. This pattern
suggests that toxicokinetic factors may have aéchaternal disposition of triclosan into

milk and thereby limited lactation exposure to pupsthat the triclosan may not have
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triggered the same toxicodynamic effects in ofisprluring the lactation period as in
exposed weanlings or dams. The work in Chaptestéd the hypothesis that the recovery of
serum T4 to control levels at PND14 and PND21 femfng was due to decreased exposure
of these pups. As the fetuses and offspring aedgived TCS via maternal compartments,
the similar magnitude of decrease in T4 warrantdldw-up analysis of internal TCS
exposures to these animals. A lack of TCS-inddwmgxbthyroxinemia on PND14 and
PND21 in the offspring makes the effects of peah@CS exposure distinct from other
known developmental TH disruptors, including potyininated diphenyl ethers (PBDES),
polychlorinated biphenyls (PCBs), propylthiourg&ru), and 2,3,7,8-
tetrachlorodibenzodioxin (TCDD), which when admiered to dams are known to decrease
offspring T4 during the entire postnatal lactatpariod, typically with the most pronounced
effects on offspring T4 on PND14 (Croftenal., 2000; Gilbertt al., 2006; Goldey et al.,
1995; Kodavantet al., 2010; Morseet al., 1993; Royland et al., 2008; Sharéimal., 2006;
Zhou et al., 2001; Zhou et al., 2002). Markerbgpatic Phase | and Phase Il catabolic
activity are known to be inducible at PND4, 14, 2idZhou et al., 2001; Zhou et al., 2002),
suggesting that a differential toxicodynamic regmhy postnatal age was likely not
responsible for the variable T4 response. Basdti®fack of effect during these later
postnatal offspring ages, a toxicokinetic hypoth@gas proposed: PND14 and PND21
neonates recover to vehicle control concentratofrserum T4 because their exposure via
lactation is limited.

To evaluate the hypothesis that PND14 and PND&ins&4 concentrations were
unaffected due to limited lactation exposure, paf€s and parent plus glucuronidated and
sulfated TCS were measured in sera and liver honaige from all of six of the

developmental time points by high performance tigghromatography coupled with tandem
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mass spectrometry. The results illustrate thatsdexperienced the highest internal total
TCS concentrations in both sera and liver, withdbiecentrations slightly higher for GD20
dams, followed closely by GD20 fetuses and then PN&onates. A pronounced decrease
in total TCS was observed for PND14 and even moifersPND21, indicating that exposure
to neonates was decreasing over the lactationgefibis supported our hypothesis that the
recovery of T4 to control concentrations in PNDhd & ND21 neonates corresponded to
decreased exposure through lactation. Furthesettata suggest that GD20 fetuses and
PND4 neonates are ndisproportionately susceptible to TCS-induced ligpmxinemia;
similar internal concentrations of TCS producediegjent T4 reductions in dams, fetuses,
and early offspring, such that fetuses and offgpda not appear to be more sensitive to
exposure. A potential follow-up to this work woudd to test TCS concentrations in the milk
of dams, to understand the oral dose being adraredto pups, since this was not
characterized. TCS has previously been measuregnman breast milk (Adolfsson-Eriet

al., 2002; Allmyret al., 2006a; Dayan, 2007). Following oral ingestiom @fS, a
predominant exposure route (Sandborgh-Englund,e2@06), the concentration of TCS in
plasma was greater than that of breast milk byctofaof four, possibly due to the relative
chemical acidity of the matrices versus the prationastate of TCS (TCS has a pKa of 7.9,
serum pH = 7.5, and breast milk pH = 6.5) (Allmyak, 2006a). The contribution of other
factors that would affect the diffusion of TCS asdhe mammary membrane, including
active transport of TCS into the milk or bindingTd€S to serum proteins, is unknown for
humans and for rats. Potential interspecies diffees in transport of TCS or TCS
conjugates into the milk compartment are still anartainty in the extrapolation of the rat
data to potential human risk; e.qg., if rats pamitiTCS into milk at a greater rate than

humans, the risk of human neonatal exposure iedudiminished.
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Following investigation of the pattern of serum 8ffects versus internal exposures,
the hypothesized MOA for TCS-induced hypothyroxinemas evaluated for plausibility
following development exposure. Analysis of the M@ the developmental model
importantly informs whether or not TCS-induced hypooxinemia could proceed through
this MOA during the critical brain development wavd, and gives a series of events to
evaluate in later in a human model for plausihilityepatic microsomal activity assays were
used to test up-regulation of markers of Phasel IRitase Il activity. Quantitative PCR
arrays were employed to evaluate Phase | expreasiammarker of upstream nuclear
receptor activation, expression of Phase Il gluesytiransferase and sulfotransferase
isoforms, expression of Phase Il hepatic trangpsytexpression of deiodinase |, and
markers of tissue changes in T3 (malic enzyme 1$mut14). TCS exposure increased
PROD activity for PND22 dams and PND4 neonates,arig T4 glucuronidation activity
for PND22 dams, at 300 mg/kg/day. The gPCR ardaysonstrated that expression of
Cyp2b2 andCyp3al/23 was increased by TCS exposure in both sets of d&towever,
there were no statistically significant effects &my other expression endpoints. The limited
findings are still consistent with activation of ®Aand/or PXR, and potential up-regulation
of hepatic catabolism, indicating that it is pldusithat TCS activates nuclear receptors to
result in increased hepatic catabolism of thyradiones with subsequent decreases in
serum T4 concentrations. The data further confirat the doses of TCS used in this study,
while high (maximum of 300 mg/kg/day), do not sigrantly perturb tissue concentrations
of T3 that would be necessary to elicit more deiets results during animal development,
likely due to the low potency and efficacy of TCS.

Although TCS appears to decrease serum T4 witlplowncy and efficacy, and

perhaps without changing tissue levels of T3, teminination of human relevance of the
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proposed MOA is still critical because (1) TCS myoone of the potential thyroid disrupting
chemicals that individuals are exposed to; (2)éhative sensitivity of humans and rats to
this specific MOA is unknown; and, (3) initiatiof the hypothesized MOA is highly
species-dependent, as activation of nuclear rerebes upon interaction of a chemical
with species-divergent ligand-binding domains (dmal., 2000; Kretschmest al., 2005;
LeCluyse, 2001; Timskt al., 2007). The proposed initiating key event in higpothesized

rat MOA presented an easily measured target aonafigple species. The hypothesis tested
in Chapter 5 was that TCS activates human and¥Bt&hd CAR resulting in potential up-
regulation of hepatic catabolism of thyroid hormeraed decreased serum T4
concentrations. Species-specifioiitro receptor reporter assays were employed to make an
interspecies comparison. First, a full-length peoereporter assays was used to demonstrate
activation of human and rat PXR (Puracyp, Incgcd@d, a set of chimeric receptor-reporter
assays was utilized to test ligand-binding onlyredrCAR and PXR, all three human CAR
splice variants and human PXR, and mouse CAR aritl ™DIGO Biosciences). The
results demonstrated an interesting pattern thedtesiged preconceived notions of the
involvement of rat PXR. A previous report of aetion of human PXR by TCS (Jacobs et
al., 2005), and agreement with our findings of ageiated markers of Cyp3a in the rat (Paul
et al., 2010a), motivated the theory that rat PXd& wmvolved in mediating the downstream
effects of TCSnvivo. Both the full-length and chimeric receptor répoassays confirmed
that TCS is a moderate activator of human PXR. éle& TCS was not a rat PXR agonist
in either receptor-reporter assay. IntriguinglSappeared to be an inverse agonist for rat
CAR, similar to the response of PB and CITCO adassCAR. The similarities for the
pattern of effects between TCS and PB was impoftariiCAR as well, and the results for

the hCAR splice variants were extremely surprisifiie present work demonstrated that
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TCS was (1) an inverse agonist for hCAR1, the ctutistely-active, ligand-independent
splice variant (Auerbac#t al., 2005; Cheret al., 2010; Savkuet al., 2003); (2) a potent
agonist for hCARZ2, the ligand-dependent spliceardgrwith only one other known agonist
(Auerbachet al., 2007; DeKeyseet al., 2009); and, (3) an agonist for hCARS3, a largely
ligand-dependent splice variant (Auerbach et 8052 Chen et al., 2010). Finally, our
finding that TCS activated hPXR and not rPXR wasststent with previous reports that
demonstrate that PB is known to moderately actikatean PXR in receptor reporter assays
(Feryet al., 2010; Luocet al., 2002) with no activating effect on rat PXR ineptor reporter
assays (Fery et al., 2010; Setal., 2007).

First, it is important to underscore that this gattof effects for TCS and the three
human CAR splice variants is the same as the pdtiePB, suggesting that TCS may be
PB-like in its activation of CAR for both the humand the rat. Second, the activation of
hCAR2 by TCS was indeed striking and unexpecteal date, only DEHP has been
identified as an agonist of hCAR2 (DeKeyseal., 2009); the previously reporter maximal
activation of hCAR?2 in a receptor-reporter assag @+old vehicle control at 10 uM
(DeKeyser et al., 2009), whereas in the chimewepeor reporter assays employed here,
TCS activated hCAR2 4-, 5-, and 20-fold DMSO vehicbntrol at 10, 20, and 30 M,
respectively. What is truly novel about the aggtegeceptor activation findings is the
potential for different receptors to mediate theealownstream effects in two different
species. Thus, Chapter 5 is the first report o§T@eraction with rCAR and hCAR splice
variants and a lack of activation of rat PXR, andfems a previous report of hPXR
activation by TCS.

The collection of studies included here demonssréhtat TCS induced a PB-like

responsen vivo for thyroid hormones and markers of hepatic cdtsimg andin vitro at the
222



nuclear receptor level. But what is a PB-like msge?1n vivo PB exposure is known to up-
regulate Cyp2b activity and expression (Honkakeskl., 1998a; Honkakoslet al., 1998b;
Sueyoshet al., 2001) as well as Cyp3al (Lecuresbal., 2009); increase hepatic
microsomal glucuronidation activity in rats towdrd and T4 elimination (Hood et al., 2003;
Hood et al., 2000; Lecureux et al., 2009; Liu et B995; Qatanaret al., 2005); and decrease
T4 consistently with minor decreases on T3 (Baataf., 1994; Capen, 1994; Lecureux et
al., 2009). PB effects on TSH are not as condistath reports of little to no effect on TSH
concentrations (Lecuretet al., 2009; Vansell et al., 2001), though some smalidases (50-
100%) have been observed (Liu et al., 1995) (N®TdJ-induced increases in TSH range
from 4- to 5-fold control (O'Connast al., 2002)). In vitro rat hepatocyte models have
confirmed these actions, and provided further stupo PB activation of CAR; recentlyn
vitro human models have demonstrated that PB activafi@AR proceeds via an indirect
mechanism that does not involve ligand binding,rathier results in protein kinase C-
mediated dephosphorylation of threonine 38 of hCARh subsequent translocation to the
nucleus and transcriptional regulatory activity @tuet al., 2009). In vitro PB exposures in
human hepatocytes and cell lines have further dstretted activation of CYP2B6 by CAR
in response to PB (Maglicd al., 2003; Sueyostet al., 1999; Wanget al., 2003) and
potential cross-talk between promoter elementslengp@AR-mediated induction of CYP3A
(Faucetteet al., 2006; Faucettet al., 2007). As PB is prescribed as an anti-epileptig,is
one of the few thyroid disrupting chemicals thas baen studied in humans and has
demonstrated that the hypothesized MOA is plausiBIB decreased thyroid hormones in
humangn vivo (Curranet al., 1991) and increased expression and activity of U&L in
human hepatocytes (Rittetral., 1999). The PB-like response exhibited by TCSliesghat

if the correct dose were achieved, TCS could i@tasimilar cascade of events in humans.
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Overall the data presented herein suggest thi@ation of nuclear receptors leading
to increased hepatic catabolism of thyroid horma@reksystemic decreases in T4 is
plausible for the rat, following short-term and dpmental exposures. The initiating key
event, perhaps with a species-dependent biasdarnublear receptor involved, occurs in an
invitro human model. Further, the pattern of effects ndegsefor TCS and rat and human
nuclear receptors suggested a PB-like response?Rnsl one of the only chemicals for
which the hypothesized MOA has actually been oleeimr humans. An obvious remaining
guestion is: based on the dose-response obsertied rat, is it possible that TCS-induced
hypothyroxinemia would occur in humans? While M®A for TCS-induced
hypothyroxinemia is plausible in humans, few daaadibing human exposure are available
to compare to rats.

In a 14-day study of 12 adults, the participantsenasked to brush their teeth for 3
min with 2 cm of Colgate Total ® toothpaste each dantaining 0.3% TCS (Allmyet al.,
2009). Measurement of TCS in the sera of thesenedus demonstrated that the median
serum concentration was 54 ng/g (assuming a hutaamp density of 1.025 ng/mL, this
would be 55 ng/mL), with the maximum measured secanctentration of 303 ng/mL.
Importantly, the volunteers in the human study epeed no effects on a marker of
CYP3A4 activity and no change in serum free T4 eor@ations (Allmyret al., 2009). The
minimum serum concentration that elicited a sigaifit effect on T4 in rats was 5120 ng/mL
in PND22 dams, which corresponded to a statisyicadjnificant 15% decrease in serum T4.
Comparison of this value with the highest meastmadan serum concentration yields a 17-
fold margin of exposure. The lowest average serantentration in rats that elicited a 30%
decrease in T4, 19,000 ng/mL in PND22 dams, woidhilya 60-fold margin of exposure.

Comparisons of serum TCS concentrations and loaesgrvable effect levels for T4
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decreases in rats to a human study that describeffects of TCS exposure on a marker of
CYP3A4 activity of serum free T4 concentrations maknclusions difficult. The only
conclusion that can therefore be derived from¢bisparison is that humans are not 17-fold
or 60-fold more sensitive than rats to TCS expas@a@sed on a comparison of serum
concentrations of TCS across species, it appeditelynthat TCS exposure alone would
cause hypothyroxinemia in humans.

Several uncertainties remain for the thyroid-dusing activity of TCS specifically,
nuclear receptor-mediated thyroid hormone homeisstaisd the function of TCS in the
milieu of thyroid-disrupting chemicals to which thepulation is exposed. This dissertation
research has only addressed one potential MOA@S8-ihduced hypothyroxinemia. The
contribution of other potential MOAs has not bessessed, and a poor correlation between
UGT activity increases and T4 decreasedvo may suggest the involvement of other
MOASs or perhaps just other catabolic activities fadly considered here such as
sulfotransferase activity. Future work would bguieed to understand the relative
contribution of TCS activation of hCAR splice varia and hPXR; i.e., in a primary human
hepatocyte, what is the overall resulting outcorfnth® potential interactions of TCS with
multiple receptor types? Since hCAR?2 is only 3(%he transcriptome (Auerbach et al.,
2007), with hCAR1 comprising the majority of CARwtiscripts in hepatocytes, does TCS
activation of hCAR2 result in strong downstreamreagulation of CAR transcriptional
targets? If TCS is a non-specific activator offbbPXR and hCAR, then to which receptor
does TCS have the greatest affinity?

Furtherin vivo work with animals orn vitro work with nuclear receptor targets might
help address the question of how TCS might cortigibw the thyroid-disrupting activity of a

mixture of chemicals. Since TCS is a low poteroydid hormone disruptor, and exposure
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concentrations in humans are low, is TCS a relegamtponent of the mixture to which
humans are exposed? Clearly the most salient fetperiment is exposure of human
hepatocytes to demonstrate the impact of TCS expasumarkers of Phase | and Phase I
metabolism in a more relevant human model.

A further consideration for extension of this wagkhe use of nuclear receptor
reporters assays to screen for other toxicantsTi® that disrupt TH homeostasis via
interaction with nuclear receptors and subsequesmegulation in hepatic catabolism and
elimination of THs. The use of PXR reporter assaysund commonly in the literature,
generally as a means for identifying compounds et lead to adverse drug interactions
centered on CYP3A4-mediated metabolism (Fery eR@lL0O; Luo et al., 2002; Shukéaal .,
2009; Shuklat al., 2011; Yuelet al., 2005), but the use of these assays as screaning f
potential thyrotoxicants is growing (Creusbal., 2010; Lemairet al., 2004; Rotroffet al.,
2010). To this end, following characterizationl@S alone in full-length PXR receptor-
reporter assays, the method was extended to comgideonmental water samples
containing a complex and uncharacterized mixtureoafipounds (Appendix 7). This
extended work underscores that comparatiwetro nuclear receptor reporter models may be
used to evaluate the MOA for one compound, or tduate an environmental mixture for its
potential thyroid-disupting activity via an MOA silar to the one proposed for TCS.
Increasing use of nuclear receptor reporter agsaygxreening for thyroid-disrupting
chemicals necessitates a greater understandimg ofidlecular events involved in nuclear
receptor activation and nuclear receptor trandongt regulation of downstream
metabolism, e.g. co-activator/co-repressor recrentimthe involvement of multiple receptors
and/or response elements, the contributions ofipheilsplice variants to downstream

transcriptional changes, etc. Further researthisnarea using prototypical TH disruptors
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may provide additional insight into molecular ewgetiitat may uniquely distinguish
subclasses of compounds that interact with nucksaaptors to increase hepatic catabolism
and elimination of THSs.

In summary, this research provides important figdifor understanding the mode-of-
action (MOA) for TCS-induced hypothyroxinemia irig@and provides initial support for the
plausibility of this mode-of-action in a human mbdBisruption of thyroid hormones by
TCS and characterization of a MOA for these thytmdmone changes following short-term
and developmental exposures were previously untegofThe data presented within provide
a critical metric for comparing exposures in radgs to human exposures. Importantly, the
initiating molecular key event of the proposed M@ATCS-induced hypothyroxinemia was
evaluated to demonstrate that nuclear receptataictiens with TCS occur in both rat and

human models.
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1. Abstract

Triclosan (5-chloro-2-(2,4-dichlorophenoxy)phenisla chlorinated phenolic
antibacterial compound found as an active ingrédiremany personal care and household
products. The structural similarity of triclosantbyroid hormones and recent studies
demonstrating activation of the human pregnanecépr (PXR) and inhibition of
diiodothyronine () sulfotransferases, have raised concerns aboetseleffects on thyroid
homeostasis. The current research tested the registthat triclosan alters circulating
concentrations of thyroxine. The hypothesis wateteasing a four-day oral triclosan
exposure (0-1000 mg/kg/day) in weanling female LBugns rats, followed by
measurement of circulating levels of serum totgidkine (T;). Dose-dependent decreases
in total T, were observed. The benchmark-dose (BMD) and Itvwend on the BMD
(BMDL) for the effects on Twere 69.7 and 35.6 mg/kg/day, respectively. Thiesa
demonstrate that triclosan disrupts thyroid hormiooieostasis in rats.

2. Introduction

Triclosan is a chlorinated phenolic antibacter@hpound used as an active
ingredient in many personal care and householdystsdBhargavat al., 1996; Dayan,
2007). The bactericidal activity of triclosan rasutom inhibition of the enoyl-acyl carrier
protein reductase (ENR) of gram-negative and grasitipe bacteria, thereby preventing
bacterial lipid biosynthesis(Heathal., 2000; Levyet al., 1999; McMurryet al., 1998). The
ubiquitous usage in consumer products has leddespread environmental contamination
evidenced by detection of triclosan in wastewati#uent in the US, UK, Japan, and other
countries (Kandat al., 2003; Lorainest al., 2006; Nakadat al., 2006). Triclosan has been

found in fish exposed to wastewater treatment péhients (Adolfsson-Eriogt al., 2002),
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in human breast milk samples (Adolfsson-Erici et2002; Dayan, 2007), and in urine
samples from young girls (Wolét al., 2007).

The structural similarity to thyroid hormones (THsgure 1) and evidence for human
exposures have increased concern about possibbermel disrupting effects of triclosan
(Veldhoenet al., 2006). Foran et al. (2000) studied the poters#iogenic effects of
triclosan inOryzas latipes (medaka) and concluded that it is not estrogenitniay be a
weak androgen. Vitellogenin induction, a biomarkerendocrine activity, has been found in
medaka an&enpous laevis (clawed frog) and was attributed to weak estrageantivity of a
triclosan metabolite (Ishibaséi al., 2004). There is also evidence that triclosan diagupt
thyroid mediated development. ExposurdRaha catesbeiana (North American bullfrog) to
triclosan resulted in accelerated thyroid hormosagethdent metamorphosis and decreased
expression of thyroid receptor beta mRNA (Veldheeal., 2006). Triclosan also affects a
number of biochemical processes important for tidyhmrmone homeostasis. Triclosan
induces hepatic EROD and PROD activity, and cytoctas P450 2B1/2 (Haniolaal.,
1996; Jinncet al., 1997). Inhibition of iodothyronine sulfotransése activity was
demonstrated in both rat and human hepatic micresqf®chuuet al., 1998; Wangt al.,
2004). Furthermore, triclosan activates pregnameeéptor(PXR)-mediated transcription in
transient transfection studies with human PXR luaan hepatoma cell line (Jacabsl .,
2005). PXR activation leads to increases in Phasé Il hepatic biotransformation
enzymes, including glucuronidases that cataboligeotd hormones (THs) (You, 2004).
These enzymes are important in maintaining eutdymormone concentrations (Capen,
1994; DeVitoet al., 1999; Hillet al., 1998). Developmental disruption of circulatingsr

concentrations leads to adverse outcomes inclualteged neurodevelopment (Koibuehi
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al., 2006; Mitchellet al., 2004; Morreale de Escoberal., 2004; Zoellekt al., 2000).
Currently it is unknown whether triclosan affecisglating concentrations of thyroid
hormones.

The present work tested the hypothesisithatvo triclosan exposure alters
circulating levels of thyroxine (T4). T4 has bedtrown to be a sensitive biomarker for
disruption of thyroid homeostasis in rats (DeVitak, 1999). A four-day exposure to rats
was employed as this protocol has been previowssy to detect thyroid disrupting
chemicals (Crafét al., 2002; Crofton, 2004; Zhoet al., 2001). In addition, triclosan up-
regulated rat hepatic microsomal enzymes afteuaday exposure (Hanioka et al., 1996).

3. Materials and Methods
Animals. Long-Evans female rats at 21-23 days of age wetaned from Charles River
Laboratories Inc. (Raleigh, NC). These 80 ratsavetlowed 2-4 days of acclimation in an
American Association for Accreditation of Laborat@nimal Care (AALAC)-approved
animal facility prior to treatment. Animals wereused two per standard plastic hanging
cage (45 cm x 24 cm x 20 cm), with heat sterilipete shavings bedding (Northeastern
Products Corp., Warrenburg, NY). Colony rooms wagéntained at 21+2ZC with 50+10%
humidity on a photo-period of 12L:12D (0600 — 1800 Food (Purina Rodent Chow
#5001, Barnes Supply Co., Durham, NC) and tap wagee providedad libitum. All animal
procedures were approved in advance by the Instiait Animal Care and Use Committee
of the National Health and Environmental Effects&ch Laboratory of the US EPA.
Chemicals. Triclosan (5-Chloro-2-(2,4-dichloro-phenoxy)ph&ri®.6%, CAS#3380-34-5,
Lot#06415CD) was obtained from Aldrich Chemical Gxamy (St Louis, Mo., Cat#524190-

10G). The dosing solutions at concentrations df0),30, 100, 300 and 1000mg/kg/day were
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prepared by mixing triclosan with corn oil and sating for 30 min at room temperature.
The 1000 mg/kg/day dose precipitated within 12 timstefore, it was sonicated daily before
use. Dosing volume was 1.0 ml corn oil/kg body weigRats at 27-29 days of age were
exposed via oral gavage for four consecutive day4§ for all groups except 10 and 1000
mg/kg/day where n=8/group). All dosing was condddbetween 0900 and 1000 hrs. Young
female rats were chosen to be consistent with puswvork in our lab using the short-term
dosing model (Craft et al., 2002; Crofton, 2004pd et al., 2001). Rats were randomly
assigned to treatment groups by counter-balanay lveights. Body weights were
recorded and dosing volumes adjusted daily. Apprately 24 hours after the final
treatment rats (0900 — 1100 hrs) were moved iftolding room. Prior to termination, rats
were weighed, acclimated for 30 min, and then tdkemseparate room with a separate air
supply and killed by decapitation. Trunk blood wafiected, after decapitation, into serum
separator tubes (Becton Dickinson, 36-6154). Sewmasiobtained after clotting whole blood
for 30 min on ice, followed by centrifugation at7BX g at 4C for 30 min and stored at
-80° C until analysis. Livers were weighed, quick ozn liquid nitrogen and stored at
-80° C for future analyses.

Thyroxine assay. Serum total T4 was measured in duplicate by stahsolid-phase Coat-A
Count radioimmunoassay (RIA) kits (Siemens Med#&alutions Diagnostics, formerly
Diagnostic Products Corporation, Los Angeles, Chlra-assay coefficient of variation for
the triclosan data was 6.51%. The inter-assayficaaft-of-variance for six separate assays
over a one year period of time was 7.68%.

Data analysis. All data were analyzed as ng T4/ml serum. Tham(e&SE) for the control

group is listed in the figure legend. Statistsiginificance was tested with a one-way
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ANOVA followed by Duncan’s Multiple Range Test, Wwiacceptable significance level set
at p> 0.05. All data are represented as mean S for 0, 30, 100, and 300 mg/kg/day
doses and n=8 for 10 mg/kg/day and 1000mg/kg/dagslo No-observed-effects-levels
(NOELSs) were defined as the lowest dose withougaificant effect.

Benchmark dose (BMD) and lower-bound confidengetl{[BMDL) estimates were
determined for alterations in serum thyroxine coricgions using USEPA Benchmark Dose
Software (BMDS Version 1.40d). The Hill model wa®sen to fit these continuous data

according to the following equations:

(e max® Xn)

Y0 = &=

where y is the response; x is the doggiseéhe estimated background response leyghds

the maximal increase or decrease from backgrourgthe EB0; n is the shape parameter.
The benchmark response was set at a 20% decre@geancentration (Zhou et al., 2001).
The BMDs were calculated from the Hill model fitsthe data. The BMDL (lower-bound
confidence limit) was calculated as the 95% lowarficlence interval.

4. Results and Discussion

No clinical signs of toxicity were observed in ayimals following the 4-day oral
triclosan exposure. No treatment-related effentbady weight gain were found [F(5, 74)
=0.40, p >0.8443], Body weight gains were betwe@mard 28 g for all treatments. There
was a significant increase in liver weight [F(574.23, p>0.002] of 15% in the 1000 mg/kg

group (Table 1). No other treatments were diffetkan control.

241



Serum thyroxine concentrations were reduced ins& dependent manner (Figure 2).
Serum T4 was decreased 28, 34 and 53% followiragrrent with 100, 300, and 1000
mg/kg/day triclosan, respectively. This showsgmsicant main effect of treatment [F(5,
74)=18.32, p>0.0001]. The NOEL for triclosan w@sn3g/kg/day. The goodness-of-fit p-
value for the Hill model was 0.2232. The BMD w& ®mg/kg/day and the BMDL was
35.6 mg/kg/day.

These data clearly demonstrate for the first tina triclosan decreases circulating
concentrations of Jin rats. The mechanisms by which triclosan redssgum 7 are
presently unknown, however, previous research siggeore than one possible mechanism.
Evidence that PXR is activated by triclosan (Jaczils., 2005) suggests that decreasesin T
may result from increases in the sulfonation ocgtonidation activity (Visser, 1996) via
PXR-linked genes (Kretschmetral., 2005). This hypothesis is consistent with tiselo-
induced up-regulation of P450 2B isozymes (Hanietkal., 1996; Jinno et al., 1997).
Activation of PXR is known to result in inductioh @/tochrome P450s and uridine
diphosphoglucuronyl transferases (UGTs). UGTsadamily of isozymes, some of which
glucuronidate THs, with subsequent excretion offtHeglucuronide into the bile (Chet
al., 2003; Mackenziet al., 2005; Zhotet al., 2005). This is not consistent with a report that
triclosan is a weak inhibitor of acetaminophen bigpphenol A glucuronidation (Wang et al.,
2004). However, morphine glucuronidation was nt#@éd, suggesting an isoform-specific
inhibition (Wang et al., 2004). PXR activation ledso been shown to regulate hepatic
transporters (Klaassamnal., 2005). These transporters can increase influk, aito the
liver, and efflux of free and glucuronidategd ifito the bile (Friesemet al., 2005). A

combination of mechanisms may explain changes inevils, specifically the dose-
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dependent decrease in dbserved in this study. Future research on saoshould
characterize its effects on thyroid homeostasisthadelevance of these findings to humans.
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Figure A1l.1. The structures of triclosan and thyroxine. Bdtlemicals are halogenated
biphenyl ethers.
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Figure A1.2. Short-term oral exposure to triclosan decreaseahs total T4
concentrations. Data are expressed as group nadaesV+SE), V = corn oil vehicle
only control. Absolute T4 group mean value for tatrol group (0 mg/kg/day
triclosan) is 41.8+ 2.2 ng total T4/ml serum. [*&iigcantly different from the respective
control (p < 0.05); n=16 for all groups except Hal 4000 mg/kg/day where n=8/group]
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Liver-Body

Triclosan Dose N Body Weight Gain’, Liver Weight, g Weight Ratio®
(mg/kg) g (meantSE) (mean+SE) (mean+SE)

0 (vehicle) 16 26.6 +0.73 4.85+0.18 0.050 00®
10 8 26.1 £1.05 4.46 +0.26 0.053 +0.000
30 16 28.5+£0.99 4.97 £0.23 0.051 +0.000
100 16 26.7+1.18 4.75 +£0.25 0.050 £ 0.00C
300 16 27.2+2.01 5.04 £0.26 0.052 + 0.00C
1000 8 28.0+1.31 6.26 + 0.14* 0.056 + 0.000

Notes 2 Weight gain between Day 1 and Day 5.

® Absolute liver weight divided by absolute body weig
* Significantly different from vehicle control grgup<0.05

Table A-1. Doses, group sizes, body weights, and liver wsigh
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Appendix 2: Supplemental Data Table for Chapter 2

Serum assays. Thyroxine (T4) data

Standard deviation

Dose Mean (ng (SD) for ng T4/mL
Endpoint | (mg/kg/d) N per dose T4/mL serum) serum
T4 0 24 44.97 9.31
T4 10 8 41.41 9.46
T4 30 24 40.99 7.32
T4 100 24 33.24 7.35
T4 300 24 29.06 5.35
T4 1000 16 19.33 5.39
Serum assays. Triiodothyronine (T3) data
Standard deviation
Dose Mean (ng T3/dL | (SD) for ng T3/dL
Endpoint | (mg/kg/d) N per dose serum) serum
T3 0 8 107.45 11.73
T3 30 8 108.84 8.93
T3 100 8 98.61 5.96
T3 300 8 95.31 9.46
T3 1000 8 81.14 6.84
Serum assays. Thyroid-stimulating hor mone (TSH) data
Standard deviation
Dose Mean (ng (SD) for ng TSH/mL
Endpoint | (mg/kg/d) N per dose TSH/mL serum) | serum
TSH 0 8 2.48 0.78
TSH 30 8 1.94 0.64
TSH 100 8 3.08 0.80
TSH 300 8 2.70 1.48
TSH 1000 8 3.12 1.87
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Appendix 3: Supplemental Datafor Chapter 3

Thyroxine (T4) n and mean + SE for each age and des

Offspring Dams

PND4 PND14 PND21 PND22
Dose n Mean SE n Mean SE n Mean SE n Mean SE
(mg/kg/day)
V 9 9.63 0.49 10 48.4 2.2 10 38.9 2.0 10 49.6 2.2
30 9 9.12 0.66 10 471 2.5 10 38.9 1.3 10 454 3.7
100 8 7.87 0.63 8 42.0 2.0 8 38.8 24 8 45.8 24
300 8 7.08 0.64 8 40.6 2.3 8 36.0 1.8 8 34.1 3.7




Appendix 4: Supplemental Data for Chapter 4

Triiodothyronine (T 3) Concentrationsin Dams and Offspring Following Perinatal TCS

Exposure
140
_ 130 4
»
o 120 1
S 110
o |
-
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S 70- —@— GD20 Dam
o —O— PND22 Dam
60 4 —w— PND21 Pup
—— PND14 Pup
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Triclosan (mg/kg/d)

Percent of control serum T3 for dams and PND14RND21 Offspring. GD20 and PND22
Dams had vehicle control values = 85.3 = 3.1 and Z®.8 ng/dL, respectively. PND14 and
PND21 pups had vehicle control values = 80.7 +2d 6.1 + 3.5 ng/dL, respectively.
V=vehicle control.
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Appendix 5: Supplementary Data for Chapter 5

Time-course of Triclosan-Induced Cytotoxicity in DPX-2 and RPXR Receptor
Reporter Cell Lines
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Cytotoxicity of chemical treatmentsat 6, 12, 24, and 48 hr of chemical exposure. A. Effects of
DEX on RPXR cdll viability. B. Effectsof TCSon RPXR cdll viability. C. Effects of RIF on DPX-
2 cell viability. D. Effectsof TCSon DPX-2 cell viability.
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1. Abstract

Triclosan [5-chloro-2-(2,4-dichlorophenoxy)phen®)S)] decreased serum thyroxine
(T4) in rats and upregulated Phase | and Il hepaéitabolism in rats in our previous work.
The role of hepatic transporters in the mode abadbr TCS-induced hypothyroxinemia has
not been evaluated. This work tested the hypothkatsTCS decreases T4 via activation of
the pregnane X and constitutive androstane recefffofR and CAR) resulting in up-
regulation of thyroid hormone transport. Rat saictiveultured hepatocytes (SCH) were
treated with TCS (0-30uM; non-cytotoxic as deterdiby lactate dehydrogenase activity)
for 10 min or 48 hr prior to measuring uptake anidty clearance (G) of estradiol-1p-
glucuronide (E217G; Oatp/Mrp2 probe) and digoximtffla4/Mdrl probe) using B-
CLEAR® technology. Minor (<20%) effects on E217G celbamulation, but no significant
differences in E217G glwere observed. TCS did not alter digoxin cellewcalation, but
decreased digoxin €in a dose-dependent manner (48% at 30 uM TCS), THOS may
modestly inhibit Mdr1l-mediated biliary excretiormokein content for Cyp3al, Oatplal,
Oatpla4, Mdrl, Mrp2, Mrp3, and Mrp4 in SCH was ased by immunoblotting. TCS
increased Cyp3al at all doses; Oatplad and Mripravere slightly increased. These data
suggest that while TCS may interact with CAR andRR¥ up-regulate hepatic catabolism
and decrease circulating T4 concentrationgvo, TCS has minimal effects on the
expression and function of hepatic transportersaated with transport of thyroid hormone
an anin vitro model.

2. Introduction

Triclosan (2,4,4'-trichloro-2’-hydroxyphenylethgf) CS) is a chlorinated phenolic

bacteriostat found as an active ingredient in m@ermgonal care products, and as a surface

water contaminant (ng/L) (Kolpiet al., 2002). Initial work addressed the data gap: ISEC
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mammalian thyroid hormone disruptor? TCS treatnreat4-day short-term assay produced
dose-dependent decreases in thyroxine (T4) in wepfdmale Long Evans rats (Croften
al., 2007). In order to assess the potential hazeségpto human health by TCS, a mode-of-
action hypothesis was developed usimgivo rat models. To test the hypothesized mode-of-
action that TCS decreases T4 via activation optlegnane X and constitutive androstane
receptors (PXR, CAR) via subsequent up-regulatidmepatic catabolism and transport of
thyroid hormone, weanling female Long-Evans rateireed TCS po (0-1000 mg/kg/day) for
4 days. Pentoxyresorufin-O-deethylase (PROD) arttingr diphosphate
glucuronyltransferase (UGT) enzyme activities waeasured in liver microsomes. gRT-
PCR was used to measure mRNA expression of cytowhi4504al, 2b2, and3a, UGTs
lal, 1a6, an@®b5, sulfotransferasekcl and1bl, and hepatic transporte@atplal andlad4,
Mrp2, andMdr1b. PROD activity increased ~800 percent and T4-gluaigiation increased
2-fold at 1000 mg/kg/dayCyp2b2, Cyp3a, Ugtlal, andSultlcl mRNA expression levels
were induced 2-fold, 4-fold, 2.2-fold, and 2.6-f@td300 mg/kg/day, respectiveliNo
changes were observed in mRNA levels for any hepatnsporters. The current data only
support the hypothesis that TCS up-regulates Plhagpatic catabolism of thyroid hormone
to produce hypothyroxinemia vivo. Though the mRNA expression results do not suggest
that changes in transporter expression contrilutlee observed T4 decreases, these results
do not exclude the possibility that hepatic tramsgygorotein expression and activity may be
altered by TCS treatment via receptor mediated-frasslational modifications (Johnsen
al., 2002b).

IncreasedCyp3al/23 expression anih vitro receptor reporter assays (Jacetod., 2005)
suggest that TCS activates PXR, perhaps alteripgesegion and/or activity of PXR-

regulatedOatplad (Kretschmetet al., 2005). It is important to measure protein acyiot
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transporters, as PXR ligands that induce Cyp3ain@agase Mrp2 protein without
increasingMrp2 expression (Johnson & Klaassen 2002). Due touhetional overlap
between PXR and CAR (Fauce#teal., 2006), it is also possible that TCS activates GAR
increase expression Gfyp3al/23. CAR modulates expression and function of Mrp2p8Jr
and Mrp4 canalicular transporters (Cherringgbal., 2002; Johnsost al., 2002a; Johnson et
al., 2002b; Klaassest al., 2005). TCS may interact with CAR and/or PXR, ape
regulated markers of hepatic catabolismivo, thus defining a major area of uncertainty in
the proposed MOA for TCS-induced hypothyroxinentig potential contribution of up-
regulated hepatic transport.

The objective of the current work was to determiveecontribution of functional
Phase Il hepatic transport to TCS-induced hypatkiyremia in rat hepatocytes to uncover
potential effects of TCS on hepatic transporteas tould not be evaluated with gRT-PCR
alone. Sandwich-cultured rat hepatocytes (SCRH) were tsedamine hepatic uptake
activity of organic anion transporting polypeptid€atps) and efflux activity of multidrug
resistance/resistance-associated proteins (Mdrgp2Mollowing TCS exposure. Two
hypotheses were tested: the protein expressiomaendty of the uptake transporters
Oatplal and 1a4 are increased by TCS treatmentpestdin expression and cannalicular
transport function of the efflux transporters Marid Mrp2 are increased by TCS treatment.
Uptake and biliary clearance were assessed in senawltured rat hepatocytes (SCRH) by
assessing the accumulation of two substrates destta/p-glucuronide and digoxin, to
probe the functional activity of Oatplal/la4 ang®jrand Oatplad and Mdrl, respectively
(Liu et al., 1999; Marioret al., 2011; Swiftet al., 2010; Turncliffet al., 2006; Wolfet al.,

2008).
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3. Methods

A. Materials

Collagenase (Type 1, class 1) was obtained fromtifayton Biochemicals (Lakewood,
NJ). Dulbecco’s modified Eagle’s medium (DMEM, negmol red), insulin, MEM non-
essential amino acids solution (100x), L-glutampenicillin G-streptomycin solution were
purchased from Invitrogen (Carlsbad, CA). Fetalibexserum, sodium taurocholate,
digoxin, Triton X-100, dexamethasone, methanol, k$abalanced salts solution (HBSS)
modified with (H-1387) or without (H-4891) calciuchloride, bovine serum albumin (BSA)
were obtained from Sigma-Aldrich (St. Louis, MOJoBoat" collagen | plates, Matrigel
basement membrane matrix, and 11 Sinsulin/transferrin/selenium) culture supplement
were purchased from BD Biosciences Discovery LabvwBedford, MA). fH]- estradiol-
17B-glucuronide (40 Ci/mmol, >97% purity) antH]-digoxin (40 Ci/mmol, >97% purity)
were obtained from PerkinElmer Life and Analyti€aiiences (Boston, MA). Bio-Safe'l
liquid scintillation cocktail was obtained from Resch Products International (Mt. Prospect,
IL). Bicinchoninic acid (BCA) protein assay reageahd BSA for the protein assay standard
were purchased from Pierce Chemical Co. (Thermerfiiéic, Rockford, IL).

B. Source of rat hepatocytes

Hepatocytes were obtained from male Wistar rat®«3@5 g) from Charles River
Laboratories, Inc. (Raleigh, NC). Animals colompms were maintained at 212°C with
50 = 10 % humidity on a photo-period of 12L:12D. Faow water were provideatl
libitum prior to surgical extraction of cells. All animalocedures were compliant with the
guidelines of the University of North Carolina atd@pel Hill Institutional Animal Care and

Use Committee.
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C. Isolation andn Vitro Culture of Primary Rat Hepatocytes

Hepatocytes were isolated from male Wistar rat.@%* 287.4 g) by collagenase
perfusion (LeCluyset al., 1996). Cell viability was determined by trypamdlexclusion to
be> 91.5%. Hepatocytes were seeded at a density6f410 cells per well in 6-well
BioCoaf" plates in DMEM supplemented with 2 mM L-glutamidép (v/v) MEM non-
essential amino acids, 100 units penicillin G sodmalL, 100ug streptomycin sulfate/mL, 1
uM dexamethasone, 5% (v/v) fetal bovine serum, @M insulin (Day O in culture), and
cultured in a humidified incubator (95%,3% CQ) at 37°C. Hepatocytes were allowed a
2 hr incubation time for attachment before media aspirated to remove unattached and
nonviable cells and replaced with fresh media. Awwdour hours after seeding (Day 1),
hepatocytes were overlaid with Matrigehasement membrane matrix (0.25 mg/mL) in 2
mL/well cold, serum-free DMEM containing 2 mM L-g&umine, 1% (v/v) MEM non-
essential amino acids, 100 units penicillin G spdmlL, 100ug streptomycin sulfate/mL,
0.1uM dexamethasone, and 1% (v/v) [Tqnote the absence of fetal bovine serum). The
culture medium was changed every 24 hr until up&deriments or protein collection were
performed on Day 4 in culture.

D. Chemical Treatment

Most of the experiments utilized a 48 hr pretreatthperiod to allow enough time for a
nuclear receptor-mediated up-regulation of hegeditsporter function. For dexamethasone
(DEX) only, treatment began on Day 1 in culture andcluded on Day 3 in culture to allow
for a 24 hr wash-out period prior to uptake expents. Triclosan (TCS) and phenobarbital
(PB) treatments were from Day 2 to Day 4. Startndgday 2 in culture, SCRH were

pretreated with TCS or PB via addition of these pounds to the media applied to replenish
259



the SCRH. TCS and DEX were dissolved in DMSO atkstoncentrations of: 100 mM.
Phenobarbital is a sodium salt and was preparadtatck concentration of 200 mM in
media. The chemical stock solutions were then tsgenerate volumes of warmed media
at concentrations of 10-100 uM that were appliethéeoSCRH.

E. Cytotoxicity Experiments

To determine the cytotoxicity of TCS for differemtposure durations, a time-course
experiment was completed with TCS at 1, 10, andi@0 For the 72 hr timecourse, SCRH
were treated with TCS in the media starting on Day culture, 4 hrs after being overlaid
with Matrigel. At each subsequent 24 interval, Day 2, Day 3, and Day4, cytotoxicity was
assessed by lactate dehydrogenase (LDH) activsyya®Roche Applied Science, Mannheim,
Germany). A 2% Triton-X stock, diluted with medveas used as the cytotoxicity control
(100% cell death), while media from untreated weflSCRH was used as the negative
control. For the 48 hr, 24 hr, and 2 hr timecosy3&CS treatment began on Day 2, Day 3,
and Day 4. The LDH assay was run according taitextions of the manufacturer; briefly,
2 uL aliquots of media from treated SCRH wells waded to 100 pL of mixed LDH
reagents in a 96 well plate. The plate was ined&ir 25 min at room temperature in the
dark before being read on a warmed spectrophotan#ite reader at 492 nm. Data were

standardized to the Triton-X control per the foliogvequation:

(Average Abs,q, — Average Negative Control Abs,q,

100 =P t cell death
Average Triton — X Abs,q, ) * ercent cell aea

F. Uptake Experiments
The method for determining the uptake and sulestratumulation of substrates in
SCRH was performed as previously described étal., 1999; Marioret al., 2011,

Turncliff et al., 2004; Wolfet al., 2008). All treatments were performed in techhica
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duplicates in three separate experiments. In sugpyrhapatocytes were washed twice with 2
mL warm Hanks’ balanced salts solution (HBSS) tiattained C& or C&*-free HBSS, and
subsequently incubated with 2 mL of the same bdffief0 min at 37°C. Incubation of the
SCRH with C&'-free HBSS results in a loss of the tight junctioesessary to maintain bile
canalicular networks enabling examination of theuatulation of substrate in cells alone.
Conversely incubation with the €acontaining HBSS maintained tight junctions andkiyl
networks, allowing for assessment of substrateraatation in cells and bile. The buffer was
removed, and the cells were incubated for 10 mB7Va€ with 1.5 mL of {H]-Estradiol-1P-
glucuronide (E217G) (M) or [*H]-digoxin (10pM) C&*-containing HBSS. The SCRH
were rinsed vigorously three times with 2 mL icédcB& *-containing HBSS after
incubation with the tritiated substrate. For rimsf [’H]-digoxin-treated SCRH, 10M non-
radiolabeled digoxin was added to the rinsing buffiereduce nonspecific binding as
described previously (Annaestal., 2001). E217G- and digoxin-treated hepatocyta® we
lysed with 1 mL 0.5% (v/v) Triton X-100 in phospbkéatuffered saline by placing plates on
an orbital shaker for a minimum of 20 min at ro@mperature. The samples were analyzed
by liquid scintillation spectroscopy in a PackarttCarb scintillation counter (PerkinElmer
Life and Analytical Sciences). A sample was alsereed and kept at -20°C for protein
determination.

G. Total Protein Measurements

The uptake experiment data were normalized to tbeim concentration in each well
(lysed with Triton X-100) and determined in duptealiquots using BCA protein assay
reagents as instructed by the manufacturer (P@nesnical). BSA was used as a standard

(0.2 = 1 mg/mL).

261



H. Imunoblotting for protein content

Parallel experiments were run to collect total profrom SCRH treated with TCS, DEX,
and PB. Instead of performing uptake experimentBay 4, SCRH were incubated with
400 pL lysis buffer (Complete Protease Inhibitb(Roche Diagnostics), 1 mM EDTA, 1%
SDS) and scraped off of the plates. These sann@es then briefly sonicated and
centrifuged at 900 rpm for 5 min at room tempematufotal protein measurements were
performed on these lysates. Samples were prepargel electrophoresis such that a 30 pL
sample applied to each well contained 50 pug ofgmpt0% 0.5 M DTT, 7.5 uL of Laemmli
Sample Buffer, and Lysis Buffer. Samples wereestat -20°C until use.

Target proteins were resolved by electrophoresis NUPAGE 4-12% Bis-Tris Gels
(Invitrogen; Carlsbad, CA), followed by transferR&DF membrane prior to
immunoblotting. The following antibodies were usedimmunoblotting: Oatplal and
Oatpla4d (Chemicon/Millipore); Mdrl (Santa Cruz Biclinology, Inc.); Mrp3 was a
generous gift to the Brouwer laboratory from Dr.igfu Sugiyama; Mrp4 and Mrp2 (Alexis
Biochemicals); Cyp3al (Xenotech, Inc.); Beta-afinuse as a loading control (Sigma-
Aldrich). Immunoblot detection was performed watiemiluminescence reagents

(SuperSignal/West Dura; Pierce Chemical, Rockftird,

|. Data Analysis
The BEI (%) and unbound intrinsic biliary clearargcgrinsic Chiiary, mL/min/kg) were

calculated using B-CLEARtechnology (Qualyst, Inc., Raleigh, NC; (Liu et 4999):

BE — (Accumulationceys+pite — Accumulationgeys) « 100
Accumulationceys+pite
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where substrate accumulation in the cell plus dopartments was determined in
hepatocytes preincubated in buffer containing'Cand the accumulation of substrate in cells
alone was determined in hepatocytes preincubatéd®@e -free buffer. Biliary clearance
was given by:

Accumulationceysypite — Accumulationcgys
Clbiliary = AUC,oa;
medaia

where AUG,egiarepresents the area under the substrate concemttiabe curve, determined
by multiplying the incubation time (10 min) by thencentration of substrate used (1 uM).
Intrinsic Chiiary Values were converted to mL/min/kg based on 20@rotgin/g of liver and
40 g liver/kg of rat body weight (Seglen, 1976).

For uptake experiments, main effects of chemreatiment were determined by one-
way ANOVASs (SAS 9.1, SAS Institute, Cary, NC), folfed by a mean contrast testing with
Duncan’s New Multiple Range Test with a significarlevel of p<0.05 with chemical
concentration as the independent variable.

4. Resultsand Discussion

A. LDH assay and TCS cytotoxicity

LDH activity assays were conducted to determinecthietoxicity of TCS and the non-
cytotoxic concentrations that could be used foaketstudies in the SCRH. The greatest
cytotoxicity was observed with 100 uM TCS, espdégiahen SCRH were exposed starting
on Day 1 of culture (Figure A6.1). The exposureadagm employed in uptake experiments,
i.e. exposure for 48 hours beginning on Day 2 iituce, demonstrated that 100 uM TCS
would have resulted in about 40% cell death. @ABO uM TCS were used in subsequent

experiments.
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B. Immunoblotting for protein content

Preliminary results from two sets of Western bkiggest that TCS did not greatly affect
the protein expression of hepatic transportersepkesentative set of blots is shown in
Figure A6.2, with densitometry average values preskin Table A6.1. Densitometry
identified small (20%) increases in Mrp2 expressaad 10-50% increases in Oatpla4
expression, though these changes did not appé&ar dose-dependent. Treatment with DEX
produced the most striking, dose-dependent chahge$) and 100 uM, DEX increased
Mrp2 to 158 and 223 percent of control, Mdrl to 32d 141 percent of control, and for 100
KM only DEX increased Mdrl to 124 percent of cohtiake TCS, PB at the doses used
had only limited, if any, effects on the expressabmepatic transporters. For PB at 30 and
100 uM, PB increased Mrp2 expression by about 20epé. It seems likely that changes of
20% or less in protein content, detected by demstoy, may not be reflective of significant
changes.

Cyp3al protein content was also assessed to deraiengtat TCS entered the cells and
behaved similarly to ousx vivo observations, and to demonstrate that DEX and PB
functioned correctly in the SCRH. DEX induced selolependent increase in protein
content; at 10 and 100 uM, DEX increased Cyp3aterdiio 252 and 300 percent of
control. PB also increased Cyp3al, though leswatiaally, to 154 and 168 percent of
control. TCS also had a moderate effect on CygBatein expression; though not dose-
dependent, TCS increased Cyp3al content by abee®@%Ofor all of the doses tested. This
was a key finding because it demonstrated that &i@@&ed the cells, induced Cyp3al
indicative of PXR and/or CAR activation, and behdgemilarlyin vitro andin vivo, as

Cyp3al mRNA expression was increasiedvivo.
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C. Uptake experiments with E217G

Substrate accumulation for E217G was evaluatedalthee specificity of E217G for
Oatp uptake transporters and Mrp2, a canalicudaasfrorter. This tested the hypothesis that
pretreatment with TCS increased the functionalvégtof the Oatps and/or Mrp2, resulting
in an increase in uptake and/or biliary excretismeeasured by E217G disposition. The
Oatp uptake transporters and Mrp2 are known toba\ved in thyroid hormone uptake
(Friesemaet al., 2005; Jansed al., 2005) and thyroid hormone conjugate excretion
(Lecureuxet al., 2009; Wonget al., 2005), respectively.

The cellular disposition of E217G was observedieihg 10 min of TCS pretreatment
and 48 hr min of TCS pretreatment (Figure A6.3)thdugh significant effects of treatment
were observed for both pretreatment paradigmsetatscts were minimal and most likely
not biologically significant. After 10 min of 1 pMCS pretreatment, E217G accumulation
in cells increased approximately 20%, associatéd avdecrease in BEI and,CHowever,
this effect did not appear to be dose-dependerdc@smulation in either the cells or
cells+bile compartment was not increased 30 uM TEG830 uM TCS, there was actually a
decrease in the accumulation in cells+bile. Thestent trend with increasing TCS
concentration was a decrease in BEI angl €liggesting that TCS treatment modestly
decreased biliary elimination of E217G. A simipattern was observed following 48 hr of
TCS pretreatment, suggesting that incubation tirdendt impact the results. In fact,
analysis using a two-way ANOVA with pretreatmemeiand dose as the independent
variables demonstrated no effect of time on thaltes The observation that TCS slightly
decreased E217G disposition in this model is cauntthe original hypothesis that TCS
would interact with nuclear receptors to transooipdlly and/or post-translationally up-

regulate transport function; but, the observedotffare extremely mild. Further, the
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observation of decreased elimination of E217G naaplifuscated by competition with TCS-
glucuronide. TCS is efficiently glucuronidatedvivo by rats, so TCS-G may compete with
the labeled E217G substrate for disposition by MrpBother confounding variable may be
the off-target affinity of E217G for Mrp3, which wtd result in disposition of E217G into
the media compartment, which was not tested.

Due to the minor effects observed with TCS, bo#t the effects were minor and that the
effects suggested an impairment of clearance r#tlheran increase, prototypical receptor
activators known to increase hepatic transportprassion were tested in the same
paradigm. DEX and PB 48 hr pretreatments were eyepl to observe the potential effects
on E217G disposition. Previously, DEX has been shtmwp-regulate the protein content
for Oatplad and Mrp2 in sandwich-cultured hepatesyTurncliff et al., 2004), and PB has
been shown to up-regulate Mrp3 and competitivetyiih Mrp2 function by its glucuronide
metabolites (Chandrmt al., 2005). For PB at 30 and 100 uM, E217G accunuriatias
decreased in both cells + bile and cells compartsneBimilarly for DEX at 10 and 100 puM,
accumulation of E217G was decreased in both comeaits in a dose-dependent manner.
However, there were no apparent effects on BEllpfdata not shown). Though
perplexing, this data suggests that increased Mnp&ion may be reflected in an apparent
decrease in uptake, as substrate was likely extnete the media. TCS did not appear to
function like DEX and PB in culture. A mechanistixplanation is largely speculative.
DEX is a model agonist for rat PXR, and PB is a el@dtivator for rat CAR. Previous
work suggests that TCS interacts with one or mbtbese receptors to up-regulate Phase |
and Il metabolism. However, TCS may not be asmiaieefficacious of an activator of

CAR and/or PXR.
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D. Uptake experiments with digoxin

Substrate accumulation of digoxin was evaluatedb®e it is a probe substrate for
Oatplad and Mdrl. As with the uptake experimemt&£R17G, digoxin disposition was
assessed following pretreatment with TCS for 4@Hgure A6.5) to allow for potential
nuclear receptor-mediated transcriptional and/st-pr@nslational up-regulation of hepatic
transport proteins. Again, the effects were niokisiy. There was a significant decrease of
about 50% in the accumulation in the bile companinier 30 uM TCS (computed as the
difference between the cells + bile and cells catmpents and not measured directly). A
significant 48% decrease ingaas noted for 30 uM TCS, suggesting that TCS #ligh
inhibited Mdr1-mediated biliary excretion. A dease in biliary excretion activity would not
support the hypothesis that increased hepaticgoahactivity led to increased rates of
thyroid hormone eliminatiom vivo.

5. Conclusions

The data presented suggest that changes in hépaisport do not significantly
contribute to the observed TCS-induced hypothyrexia observeth vivo. Though
exceedingly small increases in the cellular accatmu of E217G appeared statistically
significant, it seems unlikely that these corresptmimportant biological changes in the
context of chemicals that have inhibited hepatabjlitransport, such as bosentan and
troglitazone, by much greater magnitudes (&ed., 2010a; Leest al., 2010b; Marioret al.,
2007; Wolfet al., 2010). The 50% decreased observed yfaldigoxin following TCS
exposure is discordant with the hypothesis that €@8d increase biliary elimination of
substrates like thyroid hormones. However, thezeevgeveral limitations to interpreting
these observations. First, this assay is typicllycessfully employed to detect inhibitors of

hepatic transport that might cause cholestatiayrijuvivo (Swift et al., 2010). For TCS, we
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were trying to observe the opposite effect: an atidn of hepatic transport and biliary
elimination that would suggest increased biliafgn@ation of thyroid hormones and thyroid
hormone conjugates in vivo. Thus, we had limitegegience to draw upon in trying to
optimize the assay for our reverse purpose. Thefdam positive controls known to be
prototypical CAR and PXR agonists that increaseatiegatabolism and hepatic transport
was difficult to interpret. DEX and PB both seemedignificantly decrease the uptake and
elimination of the E217G substrate. DEX is knownupregulate Oatplad and Mrp2 protein
expression (Turncliff et al., 2004), so this resudis counter to our expectation that both
uptake and elimination would increase. A potertiglothesis may be that both DEX and
PB also increased the expression of Mrp3, whichsbase affinity for the E217G substrate,
and these inducers may have been causing increatesdf substrate displacement back into
the buffer, which was not tested for substrate eatrations. Perhaps collection and analysis
of the buffer from uptake experiments would prowviaortant information about how these
prototypical receptor activators control hepatansport. A final limitation may have been
the choice of substrates. It may have been mateuictive to have used-labeled

thyroxine, as this is the compound of interestmih vivo system. Then the relative
displacement of labeled thyroxine could have begret] through the system following TCS
pretreatment. If greater effects had been obsearvptbtein content with Western blots, this
may have been an interesting follow-up study wi@ST A more potent receptor agonist and
known thyroid hormone disruptor, such as PCN, mpybtluce a more pronounced result.
Further investigation of how nuclear receptor agtsiunction in this model might be an
interesting future experiment to understand howpaumnds that activate nuclear receptors

might change the functional activity of hepatimsporters.
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This work demonstrates a lack of effect of TCS epdtic transport protein content and
function. The only statistically significant eftscsuggest that TCS decreased biliary
clearance of probe substrates, which is the oppdsiection of activity expected if TCS
were to up-regulated hepatic transport functiovivo to increase biliary elimination of
thyroid hormones. Therefore, there is no evidenciggest that modulation of hepatic
transport function significantly contributes to gi@posed mode-of-action for TCS-induced
hypothyroxinemian vivo. The key findings of this work were two-fold: TGl not appear
to affect hepatic transport, and TCS increased €ym8otein content in an vitro model of
rat liver. Despite a lack of effects on hepatansport, TCS increased a biomarker
associated with nuclear receptor activation initmigtro model and alsn vivo,
demonstrating concordance across models.
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Figure A6.1. LDH activity assay data for TCS at 72, 48, 24, Arid exposures.
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Relative Western Blot Densitometry
(percent of untreated control)

Chemical UM| Mrp2| Mrp3| Mrp4 Mdrl Oatpl Oatp2 Cyp3al
DEX 10 158 77 83 101 92 127 252
DEX 100 223 73 97 124 81 141 300
PB 30 117 86 105 81 89 102 154
PB 100 123 81 109 84 108 103 168
Control 1 0 90 82 100 92 117 119 119
TCS 1 97 90 92 91 134 109 164
TCS 10 107 85 87 101 98 154 147
TCS 30 119 86 92 84 89 119 150
Control 2 0| 110 118 100 108 83 81 81
Average Control 0 100, 100| 100 100 100 100 100

Table A6.1. Relative densitometry for immunoblots (shown igufe A6.1).
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Appendix 7:
Reconstituted Freeze-Dried Wastewater Effluentsvatd the Human Pregnane-X Receptor
in Receptor Reporter Assays in DPX-2 cells

Initial consideration of three different freezeedk effluent samples (Marc Mills,
Shoji Nakayama, U.S. EPA) demonstrated remarkaP}Rhactivation activity. Freeze-
dried effluents were collected at wastewater treatnplant outflow at two different
wastewater treatment plants (Cincinnati, OH), ptoodilution of the effluent into surface
water. The samples were then freeze-dried, asdstmple was solubilized in media for use
in receptor-reporter assays. The original consitubf this effluent is denoted as “1X,” with
all other concentrations based on this benchmBxamination of these three effluents was
performed in duplicate on three separate occagiot®). The hPXR activation in the
receptor-reporter assay by 1X effluent is 3- tmlstthe vehicle control. This represents a
significant avenue for continued research, inclgdirrther characterization of environmental
samples withn vitro receptor reporter assays, but also in charactenzaf what
environmental contaminants might be contributingRPactivity, like TCS and other known

pharmacological agents that are hPXR agonists.
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Figure A7.1. Three freeze-dried wastewater treatment plahtesft samples activated hPXR.
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