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Abstract
This work tests the mode-of-action (MOA) hypothesis that maternal and developmental triclosan
(TCS) exposure decreases circulating thyroxine (T4) concentrations via up-regulation of hepatic
catabolism and elimination of T4. Time-pregnant Long-Evans rats received TCS po (0–300 mg/
kg/day) from gestational day (GD) 6 through postnatal day (PND) 21. Serum and liver were
collected from dams (GD20, PND22) and offspring (GD20, PND4, PND14, PND21). Serum T4,
triiodothyronine (T3), and thyroid stimulating hormone (TSH) concentrations were measured by
radioimmunoassay. Ethoxy-O-deethylase (EROD), pentoxyresorufin-O-depentylase (PROD) and
uridine diphosphate glucuronyltransferase (UGT) enzyme activities were measured in liver
microsomes. Custom Taqman® qPCR arrays were employed to measure hepatic mRNA
expression of select cytochrome P450s, UGTs, sulfotransferases, transporters, and thyroid-
hormone responsive genes. TCS was quantified by LC/MS/MS in serum and liver. Serum T4
decreased approximately 30% in GD20 dams and fetuses, PND4 pups and PND22 dams (300 mg/
kg/day). Hepatic PROD activity increased 2- to 3-fold in PND4 pups and PND22 dams, and UGT
activity was 1.5-fold higher in PND22 dams only (300 mg/kg/day). Minor up-regulation of Cyp2b
and Cyp3a expression in dams was consistent with hypothesized activation of the constitutive
androstane and/or pregnane X receptor. T4 reductions of 30% for dams and GD20 and PND4
offspring with concomitant increases in PROD (PND4 neonates and PND22 dams) and UGT
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activity (PND22 dams) suggest that up-regulated hepatic catabolism may contribute to TCS–
induced hypothyroxinemia during development. Serum and liver TCS concentrations
demonstrated greater fetal than postnatal internal exposure, consistent with the lack of T4 changes
in PND14 and PND21 offspring. These data support the MOA hypothesis that TCS exposure leads
to hypothyroxinemia via increased hepatic catabolism; however, the minor effects on thyroid
hormone metabolism may reflect the low efficacy of TCS as thyroid hormone disruptor or
highlight the possibility that other MOAs may also contribute to the observed maternal and early
neonatal hypothyroxinemia.
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1. Introduction1

Triclosan (2,4,4′-trichloro-2′-hydroxydiphenylether) (TCS), a ubiquitous environmental
contaminant, decreases thyroid hormones (THs) in rats (Crofton et al. 2007; Paul et al.
2010a, b; Zorrilla et al. 2009). This effect was hypothesized to result from the interaction of
TCS with xenobiotic nuclear receptors, resulting in up-regulation of hepatic catabolism of
THs and subsequently increased biliary excretion (Paul et al. 2010b). Previous work
demonstrated modest maternal and early neonatal thyroxine (T4) decreases following oral
administration to dams (Paul et al. 2010a), which is concerning because decreased maternal
TH during gestation results in neurological deficits in rats (Axelstad et al. 2008; Comer and
Norton 1982; Gilbert et al. 2007; Goldey and Crofton 1998; Iniguez et al. 1992; Morreale de
Escobar et al. 1988), as well as irreversible decreases in neurodevelopment and motor
function in human children (Haddow et al. 1999; Pop et al. 2003; Pop et al. 1999). The
irreversible effects of moderate decreases in maternal T4 during gestation on neurological
function in children makes the determination of whether TCS alters THs during pregnancy,
and the mode-of-action (MOA) for these TH decreases in rats, essential to assess the
potential for TCS-induced hypothyroxinemia in humans.

Measurements of TCS in serum (Allmyr et al. 2008; Allmyr et al. 2006a; Allmyr et al. 2009;
Hovander et al. 2002), breast milk (Adolfsson-Erici et al. 2002; Allmyr et al. 2006b; Dayan
2007), and TCS metabolites in urine (Calafat et al. 2008; Wolff et al. 2007) demonstrate that
humans are exposed to TCS, and highlight the potential for developmental exposure via
maternal TCS exposures. A study of nursing mothers revealed that TCS concentrations in
maternal serum was 0.010 μg/kg to 38 μg/kg plasma weight (Allmyr et al. 2006b); of
particular interest is that the TCS partitioned into serum at a 4-fold higher concentration than
in the breast milk of these volunteers, suggesting that use of maternal serum concentrations
for calculation of the oral dose to infants, in the absence of a milk concentration, would
overestimate infant exposure (Allmyr et al. 2006b). Several studies have confirmed
widespread but low concentrations of TCS in human milk, from low μg/kg – lipid (generally
the limit of detection) up to 2100 μg/kg-lipid, with the majority of samples containing 200
μg/kg-lipid or less (Adolfsson-Erici et al. 2002; Allmyr et al. 2006b; Dayan 2007). Based on
these findings, and the standard volume of milk consumed by infants (Butte et al. 1984;
Butte et al. 2002; EPA 1997), Dayan (2007) estimated the maximum infant exposure to TCS
as approximately 7.4 μg/kg/d. These findings underscore the potential for human
developmental exposure via breast milk.

1Abbreviations: TCS, triclosan; TH, thyroid hormones; T4, thyroxine; T3, triiodothyronine; MOA, mode-of-action; GD, gestational
day; PND, postnatal day.
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Previous work in rats demonstrated that perinatal maternal TCS exposure resulted in
maternal and early neonatal hypothyroxinemia (Paul et al. 2010a). While the mechanism(s)
responsible for the observed hypothyroxinemia during development have not been
determined, we hypothesized that the MOA would be similar to that found in weanling rats
exposed to TCS (Paul et al. 2010b). In weanling female rats, TCS exposure for four days
decreased serum T4 and up-regulated markers hepatic catabolism, including uridine
diphosphate glucuronyltransferase (UGT) activity, and Ugt1a1 and Sult1c1 expression (Paul
et al. 2010b). The UGT 1A subfamily, specifically Ugt1a1 and Ugt1a6, and SULTs 1b1 and
1c, conjugate T4 in rat liver (Kester et al. 2003; Vansell and Klaassen 2002), and increased
activity of these enzymes previously has been demonstrated to correlate with decreased
systemic T4 concentrations in rodents (Barter et al., 1994; Buckley et al., 2009; Cheng et al.,
2005; Guo et al., 2002; Johnson et al., 2002b; Kohn, 2000; Lecureux et al., 2009; Schuur et
al., 1997; Vansell et al., 2002; Vansell et al., 2001; Visser et al., 1993; Wong et al., 2005). In
addition, TCS increased hepatic Cyp2b1 and Cyp3a1 expression, suggestive of a hepatic
nuclear receptor-mediated increase in T4 catabolism (Kretschmer and Baldwin 2005).

The main hypothesis of the current work is that TCS decreases T4 in dams and offspring via
up-regulation of hepatic catabolism, a demonstrated MOA for chemically-induced maternal
and neonatal hypothyroxinemia (Capen 1994; Hood and Klaassen 2000; Miller et al. 2009;
Zhou et al. 2002a). This work also tests the hypothesis that the observed recovery of T4 to
control values in PND14 and PND21 offspring of perinatally exposed dams (Paul et al.
2010b) results from toxicokinetic rather than toxicodynamic differences; i.e., a lack of effect
on T4 in PND14 and PND21 pups is due to reduced exposure resulting from a limited
transfer of TCS via lactation in rats.

2. Materials and Methods
2.1 Animals

Time-pregnant Long-Evans female rats (n=155), approximately 80–90 days of age were
obtained from Charles River Laboratories Inc. (Raleigh, NC) on gestation day (GD) 1
(defined as the day after vaginal plugs were observed), and were allowed five days of
acclimation in an American Association for Accreditation of Laboratory Animal Care
International (AALAC) approved animal facility prior to initiation of treatment on GD6.
Animals were housed individually in plastic hanging cages (45 cm × 24 cm × 20 cm), with
heat sterilized pine shavings bedding (Northeastern Products Corp., Warrenton, NC).
Colony rooms were maintained at 21 ± 2°C with 50 ± 10 % humidity on a photo-period of
12L:12D. Food (Purina Rodent Chow #5001, Barnes Supply Co., Durham, NC) and water
were provided ad libitum. Tap water (Durham, NC water) was filtered through sand, then
activated charcoal, and finally re-chlorinated to 4–5 ppm Cl− before use in the animal
facility. All animal procedures were approved in advance by the Institutional Animal Care
and Use Committee of the National Health and Environmental Effects Research Laboratory
of the US EPA.

Dams were orally exposed via gavage each day between 0800 and 1000 hr, with the
exception of GD21, when chemical was not administered to animals if there were signs of
parturition. Figure 1 illustrates the dosing and tissue collection schedule. On GD21, dams
were checked for the number of pups delivered at 0800, 1000, 1200, and 1500 hrs, and pups
were aged as postnatal day (PND) 0 on the date of birth. All pups born from within a 24 hr
period were considered to be the same age. On PND4, 14, and 21, offspring were counted,
sexed, and group-weighed by sex. Average pup weight by sex was calculated by dividing
the group weight by the number of pups. On PND4, litters were culled to 8 pups per litter,
with the exception that litters comprised of less than 8 pups were not culled. When possible
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the sex ratio was balanced, with 4 male and 4 female pups maintained in each litter. Eye
opening, determined as at least one eye open, was monitored once daily from PND11–17.

The current work includes some serum and liver samples from previous work (Experimental
Block 1, Table 1) that used the same experimental design (Paul et al. 2010a); this previous
short communication reported only reproductive toxicity parameters, body weights, and
serum T4 for the postnatal period from Experimental Block 1. Two experimental blocks
were completed with postnatal tissue collection from pups and dams (Table 1). Total
combined sample numbers for T4 and hepatic microsomal assays were: 21, 12, 22, 22, 18
for 0, 10, 30, 100, and 300 mg/kg/day treatment groups. Due to limited serum volume
particularly for early neonatal time points, TSH was measured in samples from Block 1 only
(n=10 for 0, 30, 100 mg/kg/day and n=8 for 300 mg/kg/day), and T3 was measured in
samples from Block 2 only (n=11 for vehicle control, n=12 for 10, 30, and 100 mg/kg/day,
and n=10 for 300 mg/kg/day). For qPCR experiments, n=6/treatment group using liver tissue
from experimental Block 2. For analytical determination of TCS in sera and liver tissue
samples, n=6/treatment group from experimental Block 2. From experimental Blocks 1 and
2, two dams including one vehicle control and one in the 300 mg/kg/day treatment group,
were never pregnant as determined by examination of the uterus; one dam in the 300 mg/kg/
day group failed to deliver live pups; one other dam in the 300 mg/kg/day group died of
unknown causes; and another was sacrificed early and excluded due to degenerative changes
in one kidney and excessive urination.

Fetal and dam tissues at GD20 were collected from an additional experimental block, Block
3 (n=55, with 11 animals/treatment group). Dams were dosed GD6 through GD19 only. The
GD20 sample size for all measurements is as follows: n=11 for 0, 10, 30, and 100 mg/kg/day
treatment groups, and n=10 for the 300 mg/kg/day treatment group, except for analytical
determinations of TCS in sera and liver tissue samples, which used n=6/treatment group
(Table 1). One dam in the 300 mg/kg/day group was euthanized on GD15 due to morbity
likely caused by abdominal torsion.

2.2 Chemicals and treatment
TCS (CAS#3380-34-5; 98+ % pure) was obtained from Sigma-Aldrich Chemical Company
(St Louis, MO, LOT#06415CD, Cat#524190-10G) and Ciba Grenzach GmbH (Germany,
Lot#60023CL7). Mass spectrometry analysis revealed that the TCS used was greater than
98.2% pure; the sample also contained 0.05% iso-TCS, 0.12% 2,8-dichlorodibenzodioxin,
and 0.1% 2,4,8-trichlorodibenzodioxin, but was free of biologically active dioxin
compounds. The dosing solutions (0, 30, 100, and 300 mg/mL) were prepared in corn oil
(Sigma, Lot#117K0127), sonicated for 30 minutes, and stored in sealed amber vials at room
temperature. Solutions were prepared every 5–7 days. The 300 mg/kg/day dose partially
precipitated within 24 hours and was therefore sonicated daily before use. All doses were
mixed on a stir plate during the dosing period each morning. Dams were semi-randomly
assigned to treatment groups by counter-balancing body weights to obtain equivalent group
bodyweight means. Administered volume was 1.0 ml corn oil/kg body weight; daily body
weights were recorded, and administered volumes were adjusted daily by weight. Prior to
the sacrifice of dams and fetuses on GD20, pups on PND4 (only culled pups), 14 and 21
(one pup per sex per litter), animals were moved to a holding room, dams were weighed and
dosed, pups were weighed, and all animals were acclimated for a minimum of 30 min.
Tissue collection was conducted between 0800 and 1200 hrs in an adjacent room with a
separate air supply. The time of necropsy within the 4-hr period was balanced among dose
groups to control for time-of day effects on thyroxine levels (Dohler et al. 1979; Jordan et al.
1980). Trunk blood was collected from GD20 fetuses, PND4 culled pups, and one male and
one female pup per litter on PND14 and PND21, and each sample was then pooled into one
tube per litter. Blood from dams was collected after decapitation on GD20 and PND22, 24
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hr after the final dose. Blood was collected into serum separator tubes (Beckton Dickinson,
36-6154). Serum was obtained after clotting whole blood for 30 min on ice, followed by
centrifugation at 1278× g at 4°C for 30 min. Serum samples were stored at −80°C until
analysis. Liver was obtained from all offspring and dams, divided into sections, and
immediately frozen in liquid nitrogen and stored at −80°C until analysis.

2.3 Thyroid hormone assays
Serum total T4 and total T3 was measured in duplicate by standard solid-phase Coat-A-
Count radioimmunoassay (RIA) kits (Siemens Medical Solutions Diagnostics, Los Angeles,
CA) for GD20 dams, PND22 dams, and PND4, 14, and 21 offspring. T3 was not measured
for GD20 fetuses nor PND4 neonates due to limited serum volumes and a lack of effect on
any other time point. Serum TSH concentrations were analyzed in duplicates with a double
antibody RIA method (Greenwood et al. 1963) with some modification (Zorrilla et al. 2009).
The TSH radioimmunoassays were performed using materials supplied by the National
Hormone and Peptide Program (Harbor-UCLA Medical Center): iodination preparation (I-9-
TSH); reference preparation (RP-3); and antisera (S-6-TSH). Iodination material was
radiolabeled with 125I (Perkin Elmer, Shelton, CT). Assay variation was assessed using the
multivalent control module (Siemens Medical Solutions Diagnostics, Los Angeles, CA;
Lot021) to measure low, medium, and high total T4, T3, and TSH values before and after
measuring the experimental samples. Intra-assay coefficients of variance for all assays were
below 15%, and the inter-assay coefficients of variance for T4, T3, and TSH were 5.8, 10.8,
and 13.1% for assays conducted over a two year period. Total serum T4 and TSH were
calculated as ng T4/ml serum, and total serum T3 was calculated as ng T3/dL serum.
Spiking of human serum calibration samples (included in RIA kits) and control rat serum
samples with 8 ug/ml (average concentration found in PND4 neonates) confirmed that TCS
itself did not interfere with the assay.

Total serum T4 for GD20 fetuses was measured in duplicate as described elsewhere (Bansal
et al. 2005; Gauger et al. 2004). Briefly, each assay contained: 5 μl of rat serum, 100 μl
barbital buffer (0.11 M barbital pH 8.6, 0.1% w/v 8-anilino-1-napthalene-sulfonic acid
ammonium salt (ANS), 15% bovine γ-globulin Cohn fraction II, 0.1% gelatin), 100 μl anti-
T4 (rabbit, Sigma) diluted to provide a final concentration of 1:21,000, and 100 μl 125I-T4
(diluted to yield a total of 12,000–15,000 cpm; Perkin Elmer/NEN). Triplicate standards
ranging from 2 ng/mL to 64 ng/mL were prepared from T4 (Sigma). Following a 60 min
incubation at 37°C, the tubes were chilled on wet ice for 30 min. Antibody-bound
radiolabeled T4 was precipitated by addition of 300 μl ice-cold polyethylene glycol 8000
(20% w/w; Sigma). Tubes were then centrifuged at 1800 × g for 20 min at 4 °C, and the
supernatant was aspirated and counted on a gamma counter (Packard CobraII). The lower
limit of detection for this method was 2.0 ng/mL.

2.4 Microsome preparation and EROD and PROD assays
Liver microsomal fractions were prepared as described previously (DeVito et al. 1993) and
standardized using total protein (Bio-Rad, Richmond, CA). Hepatic microsomal EROD and
PROD activities were assayed using a method described previously (Paul et al. 2010b). Both
EROD and PROD activity values were calculated as picomoles (pmol) resorufin per
milligram protein per minute. Two positive controls were used to facilitate inter-assay and
mechanistic comparison: pooled microsomes from rats acutely exposed to 10 μg/kg 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) or 300 mg/kg Aroclor (A1254, AccuStandard, New
Haven, CT, Lot 124-191), and pooled microsomes from rats that received 4-day
intraperitoneal exposure to phenobarbital (81 mg/kg/d; Sigma P5178, CAS#57-30-7,
lot105K2614) or 5-pregnen-3 beta-ol-20-one-16 alpha-carbonitrile (PCN) (50 mg/kg; Sigma
P0543, 97%, CAS#1434-54-4, lot#018K1093). The Aroclor/TCDD and PB/PCN pooled
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microsomes were employed to demonstrate prototypical AhR/CAR and CAR/PXR activator
responses in microsomal assays.

2.5 UGT activity assay
UGT activity for T4 was measured by the method of (Beetstra et al. 1991) as modified by
(Zhou et al. 2001). Detergent such as Brijj 56 was not included due to the potential for
increased basal T4 glucuronidation (Craft et al. 2002). Two positive controls were used to
facilitate inter-assay and mechanistic comparison: pooled microsomes from rats acutely
exposed to 10 μg/kg 2,3,7,8-tetrachlorodibenzo-p-dioxin or 300 mg/kg Aroclor, and pooled
microsomes from rats that received 4-day intraperitoneal exposure to phenobarbital (81 mg/
kg/d) or PCN (50 mg/kg) (as described above).

2.6 mRNA preparation and analysis
For each of the six time points included in this study, mRNA was extracted from an n=6/
treatment group, with all treatment groups represented (0, 10, 30, 100, 300 mg/kg/day).
Extraction of mRNA from frozen tissue was performed using Qiagen RNeasy Mini Kits
(Qiagen, Valencia, CA). Approximately 60 mg of frozen tissue was homogenized and split
between two Qiagen QIAShredder columns to assure complete homogenization.
Contaminating DNA was removed on the Qiagen Mini-Kit columns using the Qiagen
DNase kit. RNA content and purity was assessed using a Nanodrop ND-1000
spectrophotometer (NanoDrop Technologies, Inc.; Wilmington, DE) at absorbances of 230,
260, and 280 nm for the duplicate RNA samples. Samples used in experiments were selected
from duplicates based on optimizing the 260/230 and 260/280 ratios to 2.0 (range was 1.80 –
2.14 for 260/230 and 1.95 – 2.11 for 260/280). The average 260/230 ratio for 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 Capacity cDNA Reverse Transcription Kit
with RNase Inhibitor (Applied Biosystems, Foster City, CA), as per the manufacturer
directions. Two micrograms of RNA were added to each 20 μL reverse transcription
reaction.

qPCR gene expression assays were performed using Custom Taqman ® Low Density Arrays
(Applied Biosystems, Foster City, CA; Cat.#: 4309169), which are 384-well microfluidic
cards preloaded with 23 unique gene targets, including four potential endogenous controls,
each performed in duplicate for each sample. Eight samples were loaded per card, in a semi-
random order, where samples for each developmental time point were randomized and then
run as separate cohorts by developmental time point. Following sample loading, plates were
centrifuged at 1200 rpm, 24°C for1 min two times before qPCR on a ABI Prizm 7900HT
(Applied Biosystems).

qPCR data sets were analyzed using a relative quantification method (2−ΔΔCT) to describe
the change in expression of the target experimental gene relative to an endogenous reference
gene (Livak and Schmittgen 2001). Choice of an endogenous reference gene was based on
constant gene expression across all of the dosing groups for each developmental time point
(Dunn and Klaassen 1998; Livak and Schmittgen 2001). The candidate endogenous
reference genes Actb, GAPDH, Rps18, and Rpl13a were run for each sample (Pohjanvirta et
al. 2006). Since there can be differential expression of common endogenous control genes at
different developmental ages, choice of the endogenous control gene was performed by
picking the gene for which the standard deviation from the mean of treatment group
expression values was the smallest, as per the a priori criteria. Rps18 was chosen for GD20
and PND22 dams, GD20 fetuses, and PND21 offspring. Actb was selected for PND4 and
PND14 offspring. However, using Rps18 for all time points did not significantly alter the
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results (data not shown). Choice of the genes included on the low density array was
contingent upon three criteria: involvement of the isoform in TH metabolism and transport
in rats, regulation of the isoform by nuclear receptors AhR, CAR, PXR, and/or PPAR, and
sensitivity to tissue levels of thyroid hormones. A list of the genes and Taqman identifiers
for these is listed in Table 2.

2.7 Analytical measurement of TCS in sera and liver
Serum and liver homogenates were analyzed for TCS content by liquid chromatography-
mass spectrometry (LC/MS/MS) utilizing isotope dilution (Agilent 1200 high performance
liquid chromatography [HPLC] with API 4000 Triple Quadrapole MS), similar to the
method previously reported for measuring parent TCS (Fort et al. 2010). The liver
homogenates were prepared from frozen liver tissue by homogenization of 0.5 g of tissue in
2 mL of diH2O. Ionization was performed with TurboIon spray in negative mode for the
TCS ion, with multiple reaction monitoring detection for parent ion (286.0 amu) and product
ion (35.1 amu). The calibrated range for TCS determination was 1–1000 ng/mL with 13C6-
TCS as an internal standard in blank serum. Serum and liver homogenate were analyzed
undiluted unless preliminary data suggested out-of-range values for TCS.

Parent TCS was measured directly without a hydrolysis step. 100 μL serum or liver
homogenate was spiked with 10 ng 13C6-TCS as internal standard. Acetonitrile (200 μL)
was added to precipitate protein. Samples were vortexed (1 min), briefly centrifuged, and
then analyzed by LC/MS/MS. The limit of detection for parent TCS was 1 ng/mL.

Conjugated and parent TCS, or total TCS, were measured following an enzymatic
hydrolysis step with combined glucuronidase and sulfatase and precipitation with
acetonitrile. Serum or liver homogenate (100 μL) was spiked with 10 ng 13C-TCS and a
glucuronide/sulfate standard tracer. After addition of 50 μL of β-glucuronidase and sulfatase
enzymes (0.2 mg of enzyme total per sample), a 4 hr incubation at 37°C was performed.
Acetonitrile (400 μL) was added to stop the reaction and precipitate the protein. Samples
were vortexed (1 min) and centrifuged. The supernatant containing total TCS was then
analyzed by LC/MS/MS. The limit of detection for total TCS was 5 ng/mL serum or liver
homogenate.

2.8 Data Analysis
Dam bodyweight data for prenatal and postnatal stages were analyzed separately using
repeated measures ANOVAs (SAS 9.1, SAS Institute, Cary, NC), followed by mean contrast
testing with Duncan’s New Multiple Range Test (p<0.05), with dose and animal as
independent variables. All other data were analyzed by ANOVAs, with significant main
effects followed by Duncan’s New Multiple Range Test. Gestation length was defined as the
period from GD0 to the day of birth. The viability index was calculated as the number of
pups alive on PND0 divided by the number alive on PND4 per litter prior to culling. Sex
ratio was calculated as the number of female pups divided by the number of male pups prior
to culling. Eye opening was calculated as mean percent of pups with at least one eye open in
a litter for each treatment. Litter was used as the statistical unit in the analysis of all
endpoints in offspring.

Benchmark dose (BMD) and lower-bound confidence limit (BMDL) estimates were
determined using USEPA Benchmark Dose Software (BMDS Version 2.0beta) as
previously described (Crofton et al. 2007; Zorrilla et al. 2009). The benchmark response
(BMR) (EPA 2000) was set at a 20% decrease in T4, reflecting previous use of this BMR in
the literature.
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3. Results
Gestational maternal exposure to TCS did not affect the number of fetuses [F(4,48)=1.13,
p<0.3549], and there were no effects of treatment on maintenance of pregnancy, as indicated
by the lack of treatment-related difference in the number of implantation sites and fetuses on
GD20 [F(4,48)=1.41, p<0.2452]. Perinatal maternal triclosan exposure did not affect any
reproductive parameters including: gestation length [F(3, 93)=0.05, p<0.8155], litter size
[F(3,93)=0.62, p<0.4314], viability index [F(3,92)=3.55, p=0.0627], or sex ratio
[F(3,92)=2.93, p<0.0901]. Treatment did not elicit effects on the day of eye opening
[F(1,90)=1.51, p<0.2216] (data not shown). Further, no gross terata were observed in any of
the pups, and offspring viability was unaffected by treatment.

No treatment-related clinical signs of toxicity were observed in the dams or offspring at any
time following TCS exposure. There was no main effect of treatment on dam body weight
during gestation [F(4,91)=1.65, p<0.1681]. However, dam body weights for the 300 mg/kg/
day treatment group decreased by approximately 10% throughout the postnatal period
(p<0.05). This observation is supported by a main effect of treatment on the body weight of
dams [F(4,83)=4.80, p<0.0016], though there was no postnatal-day and treatment interaction
[F(80,1660)=1.76, p<0.7005]. There were no effects of treatment on pup body weight, male
or female, at ages PND4, PND14, or PND21 (data not shown). There were no effects of
treatment on dam liver weight [F(4,89)=1.31, p<0.2740] or liver-body weight ratio
[F(4,85)=1.52, p<0.2025].

A main effect of TCS treatment on serum total T4 was observed, with a significant decrease
of 15% for PND22 dams with 100 mg/kg/day of TCS [F(4,85)=12.77, p<0.0001], and 30%
for both the GD20 dams [F(4,48)=3.78, p<0.0095] and the PND22 dams with 300 mg/kg/
day of treatment (Figure 2). The no-observed-effect level (NOEL) for TCS on serum T4 was
100 mg/kg/day for GD20 dams and 30 mg/kg/day for PND22 dams. The BMDs for serum
T4 concentrations were 124 and 115 mg/kg/day with 95% lower confidence limits of 25.2
and 62.1 mg/kg/day for GD20 and PND22 dams, respectively (Table 3). For offspring, there
was a main effect of TCS treatment on serum total T4, except that this effect was limited to
GD20 fetuses and PND4 neonates. Serum total T4 was decreased by 23% and 28% in GD20
fetuses from the 100 and 300 mg/kg/day treatment groups [F(4,48)=2.91, p<0.0312] and by
26% in PND4 pups from the 300 mg/kg/day treatment group [F(4,85)=5.02, p<0.0011]. The
computed BMDs for serum T4 were 95.4 and 150 mg/kg/day with 95% lower confidence
limits of 33.0 and 61.8 mg/kg/day for GD20 fetuses and PND4 neonates, respectively (Table
3). There were no effects of treatment on serum T4 for PND14 [F(4,89)=1.44, p<0.2261] or
PND21 [F(4,89)=1.59, p<0.1831] neonates from any treatment group.

There were no effects of treatment on serum T3 on any dam or offspring timepoint
(Supplementary Information, Part A). Only sera from GD20 dams [F(4,49)=0.82,
p<0.5215], PND22 dams [F(4,51)=2.23, p<0.0783], PND21 pups [F(4,51)=0.37, p<0.8296],
and PND14 pups [F(4,52)=0.52, p<0.7238] were analyzed. Offspring from GD20 and PND4
were not tested due to limited serum volumes. There were no effects on T3 for the GD20 or
PND22 dams, both of which demonstrated T4 reductions.

There were no effects of treatment on serum TSH on any age tested, including GD20 dams
[F(4,49)=0.64, p<0.6382], PND22 dams[F(3,34)=0.27, p<0.8478], PND21 pups
[F(3,34)=0.42, p<0.7406], PND14 pups [F(3,33)=0.52, p<0.6733], or PND4 pups
[F(3,27)=2.01, p<0.1363] from any treatment group (Supplementary Information, Part B).
Serum obtained from GD20 fetuses was not tested due to limited serum volumes.

TCS increased PROD activity in an age-dependent manner for the groups associated with T4
decreases in this study. Increased hepatic microsomal PROD activity was observed for
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PND4 neonates and PND22 dams only (Figure 3). PROD activity increased to 220 ± 38
percent of vehicle control for PND4 pups [F(4,51)=8.19, p<0.0001] and to 309 ± 44 percent
of vehicle control for PND22 dams [F(4,85)=9.55, p<0.0001]. No significant effects were
observed in GD20 dams [F(4,48)=1.89, p<0.1272] despite an effect of TCS on T4 for
animals at this time point. No effects of TCS were observed on PROD activity induction for
PND14 [F(4,85)=2.34, p<0.0616) or PND21 [F(4,85)=1.64, p<0.1705] neonates. PROD
activity was not tested in GD20 as Cyp2b expression is non-detectable at this age
(Borlakoglu et al. 1993). TCS decreased EROD activity for GD20 dams [F(4,48)=9.04,
p<0.0001], PND22 dams [F(4,85)=20.03, p<0.0001], and PND14 neonates [F(4,85)=11.82,
p<0.0001] by approximately 40–50% for the 100 and 300 mg/kg/day treatment groups
(Figure 4). No effects of TCS were seen on EROD activity for PND4 [F(4,51)=0.44,
p<0.7797] or PND21 [F(4,85)=1.34, p<0.2616] neonates, and GD20 fetuses were not tested.
Positive controls (Figure 3) representing prototypical microsomal enzyme inducers have
been included for comparison. Positive control #1 is a pool of microsomes obtained from
animals treated once by gavage with either TCDD (10 μg/kg) or Aroclor 1254 (300 mg/kg);
this pool induced PROD and EROD activities to 946 ± 140 and 11500 ± 1500 percent of
control, respectively. Positive control #2 is a pool of microsomes obtained from animals
treated for four days by intraperitoneal injection with either phenobarbital (81 mg/kg/d) or
PCN (50 mg/kg); this pool induced PROD and EROD activities to 2040 ± 243 and 681 ±
17.5 percent of control, respectively.

Hepatic microsomal UGT-T4 activity was induced by TCS only for PND22 dams
[F(4,84)=3.00, p<0.0228] to approximately 150% of vehicle control with no effect of block
(Figure 4). UGT-T4 activity for GD20 dams [F(4,48)=0.57, p<0.6849] and PND4 neonates
[F(4,49)=0.70, p<0.5954] was not affected by treatment, and UGT-T4 activity was not
measured for ages which did not have a treatment-related effect on T4 (PND14, PND21
neonates) or GD20 fetuses, due to limited tissue. Positive control #1 induced UGT activity
202 ± 19 percent of control, and positive control #2 failed to induce UGT-T4 activity in this
assay (113 ± 7.6 percent of control).

TCS exposure produced minor effects on CYP gene expression, producing few and only
modest significant effects at any time point included in this study (Figure 5). Cyp2b2
expression was increased to 2.81 ± 0.52 and 2.48 ± 0.41 fold-control at 300 mg/kg/d for
GD20 dams [F(4,25)= 4.12, p<0.0107] and PND22 dams[F(4,25)=4.35, p<0.0083],
respectively. Cyp3a1 was induced 2.04 ± 0.27 fold-control for PND22 dams only at 300 mg/
kg/day [F(4,25)=3.55, p<0.0200], and there was also a strong increasing trend for Cyp3a2 in
PND22 dams as well (2.6 fold-control at 300 mg/kg/day, p<0.0529) (data not shown).
Cyp3a9 expression was induced to 1.83 ± 0.14 fold-control for GD20 dams [F(4,25)=4.17,
p<0.0100], and values for Cyp3a9 expression in PND14 and PND21 pups could not be
reported due to low expression. Cyp4a2 was induced in GD20 fetuses to 1.84 ± 0.20 fold-
control [F(4,25)=4.46, p<0.0074].

There were no statistically significant treatment related effects on hepatic gene expression of
Ugt1a1 or Ugt1a6 for any of the developmental time points included in this study (Figure 6).
Hepatic sulfotransferase expression of Sult1b1 was not affected by treatment for any of the
time points included. However, expression of Sult1c3 was induced for PND14 and PND21
neonates to 1.98 ± 0.23 fold-control [F(4,25)=2.86, p<0.0444] and 2.44 ± 0.32 fold-control
[F(4,25=4.81, p<0.0051], respectively. There were no significant changes in gene expression
in GD20 dams, PND22 dams, GD20 fetuses, or PND4 neonates, the groups which
experienced decreased serum T4 at 300 mg/kg/day.

There were no significant dose-dependent effects of TCS treatment on transporter gene
expression for the isoforms chosen: Mct8, Mrp2, and Oatp1a4 (data not shown). Oatp1a4

Paul et al. Page 9

Toxicology. Author manuscript; available in PMC 2013 October 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



basal expression was too low in control GD20 fetuses to be included in our relative
quantitative analysis, and so values for GD20 fetuses are were not calculated.

TCS did not significantly affect the gene expression of any of the TH-responsive genes
measured, i.e. DioI, Me1, and Thsrp (also known as Spot14) at any time point included in
this study (Figure 7).

As no statistically significant effects were observed for TCS exposure and expression of
hepatic transporters or TH-responsive genes, comparison to positive control data was
particularly important (Supplementary Information, Part C). With respect to hepatic
transport, prototypical inducers increased the expression of Mrp2 and Oatp1a4, but produced
no effects on Mct8 expression. Prototypical inducers increased the expression of MeI and
Thrsp, but did not appear to induce or significantly change expression of DioI. Refer to
Supplementary Information for qPCR data from the prototypical inducer set and expanded
results and discussion.

Analytical measurement of total TCS in sera, defined here as the parent TCS and conjugated
TCS, demonstrated similar serum TCS concentrations for GD20 dams, PND22 dams, GD20
fetuses, and PND4 neonates (Figure 8). Total TCS in serum was markedly lower in PND14
and PND21 offspring; PND14 and PND21 neonates had roughly 50% and 5%, respectively,
of the serum concentrations found in dams and younger offspring. TCS was predominantly
found in its conjugated forms in the systemic circulation of rats, with the exception of PND4
neonates, which had markedly increased parent TCS in their sera. This is further illustrated
by examination of the percent parent (Figure 8C) in PND4 neonates, which is consistently
measured as 30–40% of the total TCS found in their circulation. This is in contrast to all of
the other age groups, which all contained approximately 10% parent TCS in their sera.

Measurement of total TCS in liver homogenate illustrated a similar relationship found with
the sera data set. GD20 dams and PND22 dams demonstrated the highest liver
concentrations of total TCS, followed by GD20 fetuses and PND4 neonates with similar
amounts of total TCS present in liver (Figure 8). Total TCS appeared in liver per the
following relationship: GD20 dams ≈ PND22 dams > GD20 fetuses ≈ PND4 neonates >
PND14 neonates ≫ PND21 neonates, indicating that as expected, the animals that were
directly gavaged with TCS, i.e. the dams, had the highest target tissue dose of total TCS.
The relative concentrations of total TCS in liver appear to have been consistent with the
concentration of parent TCS in liver. In contrast to the concentrations of parent TCS in sera,
parent TCS appears to have comprised a larger fraction of the TCS present in the livers of
these animals. For PND21 neonates, which demonstrated the lowest target tissue doses,
nearly all of the TCS was parent (80–100%), with the amount of conjugate present
increasing with the amount of total TCS exposure. For GD20 fetuses, approximately half of
the TCS present in their livers appears to have been parent, except for the vehicle control
group, which appeared to have about 20% parent TCS. However, the amounts of TCS
present in the vehicle control group are close to zero. For all of the other time points,
including GD20 dams, PND22 dams, PND4 neonates, and PND14 neonates, the amount of
parent TCS in the liver was about 70–80%, except for the vehicle group, which again had
trace amounts of TCS that were about 60% parent TCS.

Figure 9 illustrates the amount of total TCS in sera (A) and liver (B) at 300 mg/kg/day, the
dose that elicited T4 effects in GD20 dams and fetuses, PND4 neonates, and PND22 dams.
A decreasing internal exposure in offspring throughout lactation is evident, with an apparent
relationship that is consistent for both sera and liver samples: GD20 fetuses ≈ PND4
neonates > PND14 neonates ≫ PND21 neonates. For total TCS in sera and liver, it appears
that for TCS to induce equivalent hypothyroxinemia in GD20 and PND22 dams, a 30%
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reduction in T4, GD20 dams maintain a higher internal concentration of TCS. Similarly,
GD20 fetuses and PND4 neonates also experienced an approximate 30% decrease in T4 in
the 300 mg/kg/day treatment group, and their sera and liver concentrations appear to be
nearly the same as the two groups of dams.

4. Discussion
This work provides the first report of several key results following developmental TCS
exposure. First, dams, fetuses, and early neonates are susceptible to TCS-induced
hypothyroxinemia, with no effects on T3 or TSH concentrations at any time point. Serum
total T4 concentrations were reduced in GD20 fetuses and PND4 neonates, but recovered to
control values for PND14 and PND21 neonates. This confirms the unique pattern of T4
effects in offspring previously reported (Paul et al. 2010a) and extends the serum T4
findings to late gestation for fetuses and dams. Second, we observed modest increases in
markers of hepatic microsomal enzyme induction that were generally consistent with
moderate decreases in serum T4 and our previously hypothesized MOA. Third, analysis of
serum and liver TCS content revealed that PND14 and PND21 neonates had lower internal
concentrations of TCS, which suggested that toxicokinetics may account for the recovery of
serum T4 to control values in these animals. Overall these data demonstrate that TCS does
not cause the fetal and neonatal rat to experience more exposure or greater effects compared
to the perinatally-exposed dam. The data indicate that in the rat, TCS is a low-potency and
low-efficacy thyroid hormone disruptor. Developmental exposures of up to 300 mg/kg/day
resulted in moderate decreases in T4 and minor up-regulation of hepatic catabolism, which
supports our hypothesis that TCS may increase catabolism and elimination of T4, potentially
as one of several possible MOAs contributing to the observed systemic T4 decreases. The
current work also confirms previous findings of no reproductive toxicity, with no effects of
treatment on gestation length, viability, eye opening, sex ratio, or pup body weights, with
minor decreases in dam bodyweight observed during the postnatal period for the 300 mg/kg/
d group (Paul et al. 2010a).

Perinatal maternal exposure to TCS resulted in mild hypothyroxinemia in GD20 dams and
PND22 dams, as well as in GD20 fetuses and PND4 neonates. The observed
hypothyroxinemia in dams, fetuses, and young offspring demonstrates and confirms the
previous findings of TCS-induced hypothyroxinemia following developmental and juvenile
exposures (Crofton et al. 2007; Paul et al. 2010a, b; Zorrilla et al. 2009). The approximate
30% reductions in T4 observed in dams at GD20 and PND22, and GD20 fetuses and PND4
is consistent with our previous studies in rats (Crofton et al. 2007; Paul et al. 2010a, b).
However, different rat strains, gender, chemical source, and exposure duration may impact
the relative potency and efficacy of TCS exposure and limit the ability to compare studies
across laboratories. A pubertal assay, which employed a 31-day exposure with juvenile male
Wistar rats, demonstrated 50% decreases in serum total T4 with 30–100 mg/kg/day TCS
(Zorrilla et al. 2009), suggesting greater potency in the pubertal Wistar model. Currently
there is no evidence to inform a hypothesis about the differences in potency between the
study in juvenile weanling male Wistar rats and studies in Long-Evans female rats,
particularly pregnant rats, but a plausible hypothesis is that there are strain differences in the
toxicodynamic and/or toxicokinetic effects of TCS.

The unique pattern of effects on serum T4 in offspring in response to maternal TCS
exposure, i.e. T4 was decreased at early postnatal ages and then recovered to control levels
during the second and third week of lactation, confirmed our previous preliminary findings
(Paul et al. 2010a). The lack of effect on T4 concentrations in PND14 and PND21 offspring
during the lactation period generated two hypotheses: (1) TCS elicits a different
toxicodynamic response in perinatally-exposed PND14 and PND21 neonates with no
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subsequent effects on T4 concentrations; and, (2) the toxicokinetics of TCS during lactation
in the rat limit exposure during middle and late lactation. We pursued both of these
hypotheses in this work by assessing hepatic catabolic expression and activity across
developmental stage, and via measurement of internal TCS concentrations in sera and liver
as a surrogate for exposure.

Previous studies on polybrominated diphenyl ethers, polychlorinated biphenyls,
propylthiouracil, and 2,3,7,8-tetrachlorodibenzodioxin (TCDD) have demonstrated that
postnatal thyroid hormones are affected by perinatal (i.e., during gestation and lactation)
maternal xenobiotic exposure during the entirety of the postnatal lactation period (Crofton et
al. 2000; Goldey et al. 1995a; Goldey et al. 1995b; Lau et al. 2003; Morse et al. 1993; York
et al. 2004; Zhou et al. 2002a). In a cross-fostering study, perinatal maternal exposure to
Aroclor 1254 caused extensive hypothyroxinemia in neonates throughout lactation, whereas
exposure confined to the prenatal period only caused marginal hypothyroxinemia that
resolved to control levels by the end of the lactation period (Crofton et al., 2000). This
pattern of effects was consistent with the decreased transfer of PCBs via lactation to
neonates from prenatally-exposed dams (Crofton et al. 2000). Perinatal TCS exposure
demonstrated a similar pattern of T4 effects in offspring, i.e. T4 decreases were observed at
the end of gestation in GD20 fetuses, and in young offspring at PND4, but not for offspring
later in the lactation period (PND14 and PND21), suggesting that TCS exposure to offspring
via dams during gestation may be greater than during lactation.

Using serum and liver concentrations as biomarkers of exposure, analysis of TCS
concentrations demonstrated two key findings: (1) oral perinatal maternal treatment results
in fetal and neonatal exposure; and, (2) neonatal exposure declines as age increases even
though internal dose in dams is similar between gestation and the end of lactation (Figure 8).
The striking finding of the analysis of TCS concentrations in serum and liver is that the
internal exposure appears inversely proportional to the effects on serum T4 concentration, as
demonstrated by juxtaposition of the percent decline in serum T4 with serum and liver
concentrations of TCS (Figure 9). The serum and liver concentrations of TCS in GD20
fetuses and PND4 neonates were similar and correspond to 30% decreases in serum T4,
whereas the serum and liver concentrations for PND14 and PND21 offspring were much
lower, and corresponded to no changes in serum T4. The total TCS dose received via
transplacental exposure appeared to be slightly higher, but the magnitude of the effect on T4
concentrations in GD20 fetuses was still comparable to dams and PND4 neonates, indicating
that GD20 fetuses are similarly or slightly less sensitive to TCS-induced T4 perturbation
than other life-stages exposed in this study.

A secondary finding from analysis of tissue concentrations of TCS is that TCS is found
predominately in a conjugated form in rat serum and liver, as TCS-sulfate and/or TCS-
glucuronide. This is consistent with previous findings in human sera that demonstrated that
65–70% (Sandborgh-Englund et al. 2006) to nearly all (DeSalva et al. 1989) of the TCS in
circulation was conjugated, depending on the exposure and sampling times employed. The
exception to this in the current work was observed in PND4 neonates, where there was
increased parent TCS present in serum compared to other ages (Figure 8). Further
experimentation would be necessary to characterize the potential distribution and metabolic
contributions to this observation, but one explanation may be that PND4 neonates do not
metabolize TCS as rapidly as dams or PND14 or PND21 offspring, as the total TCS
measured in PND4 neonates is still consistent with the total TCS measured in GD20 and
PND22 dams and GD20 fetuses. The possibility that differences in metabolism of TCS
between PND4 neonates and older offspring contribute to the pattern of effects on serum T4
cannot be excluded. The finding that nearly all of the TCS present in the GD20 fetus is
conjugated suggests that either the late gestation age fetal liver can conjugate TCS or that
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the TCS-conjugate is transported across the placenta. There are reports of transplacental
transport of conjugates and limited fetal capacity to conjugate xenobiotics (Tzimas et al.
1995; Wang et al. 1986). However, based on the available data for TCS no conclusions can
be made about the source of the conjugates in fetal serum or liver.

Previous reports on TCS measurements in human plasma allow a comparison of human
internal exposures to the serum concentrations obtained in the present study. The lowest
internal serum concentration of TCS that elicited a statistically significant effect on T4 was
found in PND22 dams, which experienced a 15% decrease in serum T4 with a total serum
TCS concentration of 5120 ng/mL. Allmyr et al. (2009) reported a median total TCS (parent
and conjugate) serum concentration of 54 ng/mL after a 14-day exposure to TCS-containing
toothpaste using a normal dental hygiene routine. This yields a margin of exposure of
approximately 95. Importantly, the entire range of human exposures in the study failed to
result in statistically significant changes in CYP3A4 activity or THs for the study group as a
whole (Allmyr et al. 2009).

An additional major finding of this work is that markers of hepatic catabolism expression
and activity are up-regulated in animals that experienced TCS-induced hypothyroxinemia.
The up-regulation of biomarkers of Phase I and Phase II hepatic metabolism further supports
the MOA that TCS interacts with the constitutive androstane and/or pregnane X receptor,
resulting in subsequent increases in hepatic catabolism of T4 (Paul et al. 2010b). In this
work, indicators of Phase I metabolism were slightly increased in response to TCS
exposures that produced mild hypothyroxinemia. Increased expression of Cyp2b1/2 and
Cyp3a1 is consistent with our previous observations from a short-term exposure, which
demonstrated that a 4-day TCS-exposure resulted in up-regulated expression of both
Cyp2b1/2 and Cyp3a1/23 (Paul et al. 2010b). In addition, PROD activity, a marker of
Cyp2b activity in the rat, was increased 2–3-fold control for PND22 dams and PND4
neonates, consistent with previous reports (Paul et al. 2010b; Zorrilla et al. 2009). The lack
of effect on PROD activity for GD20 dams was unexpected and may be due to a
combination of the mild hypothyroxinemia and their unique metabolic status during
pregnancy; several CYPs including Cyp2b2 protein are known to be decreased in rat liver
during pregnancy and return to pre-pregnancy levels during lactation (He et al. 2005a, b).
No increases in PROD activity were observed for PND14 or PND21 pups. However, these
CYPs are functional at these ages, with assessment of the ontogeny of Cyp2b1/2 activity
demonstrating high activity during the mid- to late-lactation period (de Zwart et al. 2008);
further, PROD is inducible at these postnatal ages as demonstrated by perinatal exposure to
DE-71 (Szabo et al. 2009; Zhou et al. 2002a) Based on analytical measurement of TCS in
the sera and livers of these PND14 and PND21 offspring, we propose that the lack of effect
on PROD activity is consistent with a reduced TCS exposure rather than a toxicodynamic
difference between PND14 and PND21 offspring and PND4 offspring and dams.
Importantly, these markers of Phase I metabolism suggest that triclosan may interact with
one or more nuclear receptors upstream, i.e. CAR and/or PXR, resulting in subsequent
increases in the overlapping set of genes regulated by these receptors, to include UGTs,
SULTs, and transporters known to catabolize or transport THs for excretion (Baldwin and
Roling 2008; Pascussi et al. 2008; Qatanani et al. 2005; Wong et al. 2005). These findings
are also consistent with a previous literature report that TCS activated human PXR in an in
vitro receptor-reporter model (Jacobs et al. 2005).

Concordant with the small observed reduction in serum T4, the observed effects of TCS on
markers of hepatic catabolism were also minor. UGT-T4 activity was induced to 150% of
control in PND22 dams only; failure to observe an increase in UGT-T4 activity in PND4
offspring and GD20 dams may be the result of a failure to greatly perturb UGT-T4 activity,
as the observed T4 decreases were small. Previous reports with the UGT-T4 activity assay
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demonstrated significant increases in UGT activity when T4 concentrations decreased by
40% or more (Craft et al. 2002; Paul et al. 2010b; Zhou et al. 2002b). In the current work,
T4 concentrations, regardless of life-stage, were only decreased 20–30%, and so
measurement of significant changes in UGT-T4 activity is at or below the limit of detection
for this assay; this may explain why a small statistically significant effect was observed in
PND22 dams and not GD20 dams or PND4 neonates, though non-significant increases were
noted in these groups. Failure of TCS to significantly increase the expression of Ugt1a1 and
Sult1c3 is inconsistent with our previously published increases in these isoforms following
non-developmental 4-day exposure to weanling rats (Paul et al. 2010b). Thus it would seem
probable that TCS is a weak activator of Phase II hepatic catabolism, consistent with the
small decreases in circulating T4 concentrations in vivo. Another confounding factor may be
that UGT-T4 activity does not have a clear linear relationship with T4 concentrations (Craft
et al. 2002; Hood and Klaassen 2000; Richardson and Klaassen 2010).

The marginal effects of TCS on UGT-T4 activity and hepatic mRNA were not due to the
methods used. Positive control microsome and mRNA pools from rats treated with TCDD/
Aroclor1254 or rats treated with PB/PCN demonstrated that AhR agonists, namely TCDD
and Aroclor 1254, significantly increased UGT-T4 EROD and PROD activity, as well as
mRNA expression using the PCR arrays. These positive control results clearly demonstrate
the inducibility of hepatic catabolic gene expression using this methodology.

Hepatic gene expression of markers of Phase III hepatic transport activity were also
unchanged by TCS exposure for any time point, in accordance with our previous in vivo
assessment of hepatic transporter expression following a 4-day exposure (Paul et al. 2010b).
Positive controls demonstrated that the low density arrays were capable of detecting
increased hepatic transporter mRNA expression (Supplemental Information, Part C).
Prototypical inducers, TCDD-, Aroclor1254, PB, and PCN all increased Mrp2 mRNA
expression, and PCN, a PXR agonist, also increased the expression of Oatp1a4 mRNA,
consistent with previous reports (Guo et al. 2002; Johnson and Klaassen 2002). These results
with positive control compounds suggest that activation of AhR, CAR, and in particular
PXR, can up-regulate expression of these hepatic transporter targets and be detected using
low density arrays.

Hepatic gene expression of markers of liver-specific TH-responsive genes demonstrated no
effects of TCS treatment. Genes defined as TH-responsive for this work were deiodinase I
(DioI), malic enzyme I (MeI), and Spot14 (Thrsp). Hepatic expression of MeI has been
shown to increase with TH-disrupting chemicals, including perfluorooctanesulfonate
(PFOS) (Chang et al. 2008) and polychlorinated biphenyls (PCBs) (Gauger et al. 2007;
Giera et al. 2011) with concomitant serum T4 decreases. Spot 14 (Thrsp) is transcriptionally
regulated by the thyroid receptor, and PCBs and Aroclor 1254 have been reported to
increase its expression (Giera et al. 2011). Deiodinase I is a peripheral deiodinase primarily
responsible for the hepatic conversion of T4 to T3, and is thought to be transcriptionally
regulated by both CAR (Tien et al. 2007) and the thyroid receptor (Schmutzler et al. 2007);
however, a previous report demonstrated that Aroclor 1254 and PCBs may decrease the
expression of DioI (Giera et al. 2011). We hypothesize that the lack of change in expression
of genes in liver thought to be TH-sensitive was due to the mild hypothyroxinemia observed
with TCS, which likely failed to significantly alter tissue T3 levels.

5. Conclusions
This study confirms previous observations of moderate hypothyroxinemia in dams and
young neonates induced by TCS exposure. This study provides the first report demonstrating
the importance of transplacental exposure and effects on GD20 T4 in dams and offspring.
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Further, this work establishes that exposure conveyed from dams to offspring diminishes
over the lactation period, such that PND14 and PND21 neonatal T4 concentrations return to
control levels, likely due to a lack of significant TCS exposure. This study provides some
evidence that TCS up-regulated hepatic catabolism in GD20 and PND22 dams and PND4
offspring, though the effects were minor, and UGT-T4 activity was increased for PND22
dams only. The minor hypothyroxinemia observed was consistent with the minor effects on
markers of hepatic catabolism, but the lack of consistent expression and activity changes in
markers of hepatic catabolism leaves the possibility that other MOAs also contribute to the
observed hypothyroxinemia. Continuing work will evaluate the putative initiating key event,
interaction with CAR and/or PXR, in both rat and human models, as this is a highly species-
dependent event.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Dosing and tissue collection schedule, from GD6 through PND22. Dams received TCS by
oral gavage daily; no TCS was administered directly to offspring. Serum and liver were
collected prenatally on GD20 from dams and fetuses and postnatally on PND4, PND14, and
PND21 from pups and on PND22 from dams.
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Figure 2.
Percent of control T4. A) GD20 and PND22 Dams, with vehicle control = 23.1 ± 1.3 and
51.8 ± 2.1 ng/mL, respectively. B) GD20 Fetuses and Pups aged PND4, PND14, and
PND21, with vehicle control = 4.15 ± 0.22, 9.70 ± 0.43, 42.8 ± 1.9, 38.2 ± 1.3 ng/mL, by
age, respectively. V=vehicle control; † = significantly different from control and all other
treatment groups; * = significantly different from vehicle control.
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Figure 3.
Percent of control EROD and PROD activity for dams and offspring compared to controls.
A) PROD activity for control microsome pools. The controls are presented as the mean
percent of vehicle control for all of the age groups tested. TCDD+ A1254 is a microsome
pool from rats exposed to a single gavage dose of TCDD (10 μg/kg) or Aroclor 1254 (300
mg/kg); PB+PCN is a microsome pool from rats that received a 4-day intraperitoneal
exposure to phenobarbital (81 mg/kg/d) or PCN (50 mg/kg). B) PROD activity for dams at
GD20 and PND22. C) PROD activity for pups aged PND4, PND14, and PND21. D) EROD
activity for controls. E) EROD activity for dams at GD20 and PND22. F) EROD activity for
pups aged PND4, PND14, and PND21.V=vehicle control; * = significantly different from
vehicle control.
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Figure 4.
Hepatic microsomal UGT-T4 activity. A) Positive controls. TCDD+ A1254 is a microsome
pool from rats exposed to a single gavage dose of TCDD (10 μg/kg) or Aroclor 1254 (300
mg/kg); PB+PCN is a microsome pool from rats that received a 4-day intraperitoneal
exposure to phenobarbital (81 mg/kg/d) or PCN (50 mg/kg). B) PND4 neonates, GD20
dams, and PND22 dams. V=vehicle control; * = significantly different from vehicle control.
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Figure 5.
Hepatic CYP gene expression changes. A,C,E, and G) Dams: GD20 and PND22 dams for
Cyp1a1, Cyp2b2, Cyp3a1/23, Cyp3a2, Cyp3a9, and Cyp4a2. B, D, F, and I) Offspring:
GD20 fetuses, PND4, PND14, and PND21 pups for Cyp1a1, Cyp2b2, Cyp3a1/23, Cyp3a2,
Cyp3a9, and Cyp4a2. V=vehicle control.* = significantly different from vehicle control.
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Figure 6.
Hepatic Phase II gene expression. A,C,E, and G) Dams: GD20 and PND22 dams for
Ugt1a1, Ugt1a6, Sult1b1, Sult1c3. B, D, F, and I) Offspring: GD20 fetuses, PND4, PND14,
and PND21 pups for Ugt1a1, Ugt1a6, Sult1b1, Sult1c3. V=vehicle control.
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Figure 7.
Hepatic TH-responsive gene expression. A and C) Dams: GD20 and PND22 dams for MeI
and Thrsp. B and D) Offspring: GD20 fetuses, PND4, PND14, and PND21 pups for MeI and
Thrsp. V=vehicle control.
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Figure 8.
Mean total, parent, and percent parent TCS content in sera and liver (ng/mL, ± SE). A) Total
TCS in sera, comprised of parent and glucuronide and sulfate conjugates (ng/mL); B) Parent
TCS only in sera (ng/mL); C) Percent parent out of the total TCS in sera; D) Total TCS in
liver, comprised of parent and glucuronide and sulfate conjugates (ng/g); E) Parent TCS
only in liver (ng/g); F) Percent parent out of the total TCS in liver.

Paul et al. Page 27

Toxicology. Author manuscript; available in PMC 2013 October 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 9.
TCS content in sera and liver versus serum T4 concentrations at 300 mg/kg/day. A) TCS
content in sera (ng/mL). B) TCS content in liver (ng/g tissue).
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Table 2

Taqman Gene Expression Assays included in the Taqman Custom Low Density Array. Rps18 was used as the
endogenous control to standardize the gene expression assay results for GD20 and PND22 dams, GD20
fetuses, and PND21 offspring. PND4 and PND14 offspring were standardized to Actb.

Summary of Taqman Gene Expression Assays included in the Taqman Custom Low Density Array

Function category Gene Gene abbreviation Taqman Gene
Expression Assay ID

Nuclear receptors aryl-hydrocarbon receptor AhR Rn00565750_m1

peroxisome proliferator activated receptor alpha Pparα Rn00566193_m1

Phase I metabolism cytochrome P450, family 1, subfamily a, polypeptide 1 Cyp1a1 Rn00487218_m1

cytochrome P450, family 2, subfamily b, polypeptide 2 Cyp2b2 Rn02786833_m1

cytochrome P450, family 3, subfamily a, polypeptide 23/
polypeptide 1

Cyp3a1/3a23 Rn01640761_gH

cytochrome P450, family 3, subfamily a, polypeptide 2 Cyp3a2 Rn01412889_mH

cytochrome P450, family 3, subfamily a, polypeptide 9 Cyp3a9 Rn00595977_m1

cytochrome P450, family 4, subfamily a, polypeptide 2 Cyp4a2 Rn01417066_m1

Phase II metabolism UDP glucuronosyltransferase 1 family, polypeptide A1 Ugt1a1 Rn00754947_m1

UDP glucuronosyltransferase 1 family, polypeptide A6 Ugt1a6 Rn00756113_mH

UDP glycosyltransferase 2 family, polypeptide B Ugt2b Rn02349652_m1

sulfotransferase family, cytosolic, 1B, member 1 Sult1b1 Rn00673872_m1

sulfotransferase family, cytosolic, 1C, member 3 Sult1c3 Rn00581955_m1

Hepatic transport ATP-binding cassette, sub-family C (CFTR/MRP),
member 2

Abcc2/Mrp2 Rn00563231_m1

solute carrier organic anion transporter family, member
1a4

Slco1a4/Oatp1a4 Rn00756233_m1

solute carrier family 16 (monocarboxylic acid
transporters), member 2

Slc16a2/Mct8 Mm00486202_m1

Thyroid hormone-responsive deiodinase, iodothyronine, type I Dio1 Rn00572183_m1

malic enzyme 1 NADP(+)-dependent, cytosolic Me1 Rn00561502_m1

thyroid hormone responsive Thrsp Rn01511034_m1

Candidate endogenous controls ribosomal protein L13A Rpl13a Rn00821946_g1

ribosomal protein S18 Rps18 Rn01428915_g1

glyceraldehyde-3-phosphate dehydrogenase Gapdh Rn99999916_s1

actin, beta Actb Rn00667869_m1
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Table 3

No-observed-effect level (NOEL) and benchmark dose levels for T4 decreases. NOELs are reported as the
mg/kg/day exposure group. BMD = benchmark dose US EPA Benchmark Dose Software (BMDS Version
2.0Beta) was used to determine the BMD and BMDL, with a 95% confidence limit, for the selected BMR =
20% reduction in serum T4.

No-observed-effect level and benchmark dose levels for T4 decreases 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
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