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Abstract

Triclosan (TCS), an antibacterial, has been shown to be an endocrine disruptor in the rat.
Previously, subchronic TCS treatment to female rats was found to advance puberty and potentiate
the effect of ethinyl estradiol (EE) on uterine growth when EE and TCS were co-administered
prior to weaning. In the pubertal study, a decrease in serum thyroxine (T,4) concentrations with no
significant change in serum thyroid-stimulating hormone (TSH) was also observed. The purpose
of the present study was to further characterize the influence of TCS on the reproductive and
thyroid axes of the female rat using a chronic exposure regimen. Female Wistar rats were exposed
by oral gavage to vehicle control, EE (1 pg/kg), or TCS (2.35, 4.69, 9.375 or 37.5 mg/kg) for 8
months and estrous cyclicity monitored. Although a divergent pattern of reproductive senescence
appeared to emerge from 5 to 11 months of age between controls and EE-treated females, no
significant difference in cyclicity was noted between TCS-treated and control females. A higher %
control females displayed persistent diestrus (PD) by the end of the study, whereas animals
administered with positive control (EE) were predominately persistent estrus (PE). Thyroxine
concentration was significantly decreased in TCS-administered 9.375 and 37.5 mg/kg groups, with
no marked effects on TSH levels, thyroid tissue weight, or histology. Results demonstrate that a
long-term exposure to TCS did not significantly alter estrous cyclicity or timing of reproductive
senescence in females but suppressed T, levels at a lower dose than previously observed.
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Introduction

Triclosan (TCS; 2, 4, 4’-trichloro-2”-hydroxydiphenyl ether) is a halogenated phenol that
has been used as an antimicrobial in personal care products since the 1960s. Although a new
ruling by the FDA bans the use of TCS in body washes and soaps, this compound is still
used in other products including cosmetics, kitchenware, toys, and other materials (FDA,
2016). Triclosan (TCS) was detected in human urine, serum, and breast milk, with urine
concentrations ranging from approximately 2 to 4 pg/L according to the National Health and
Nutrition Examination surveys (NHANES) (Calafat et al., 2008; CDC, 2013). One estimate
of the daily intake of TCS was between 50 and 75 ug/kg/day based upon combined
consumer product use (Rodricks et al., 2010). Previous studies demonstrated that TCS
produced a decrease in thyroxine (T,) levels in rodents following acute or subacute oral
exposures at doses of 18 mg/kg and higher in male and female rats (Crofton et al., 2007;
Zorrilla et al., 2009; Stoker et al., 2010).

While several investigators indicated that TCS-induced estrogen receptor (ER) mediated
reporter gene activity and promoted proliferation of human breast cancer (MCF-7) cells
(Gee et al., 2008; Huang et al., 2014), Louis et al. (2013) found that TCS did not markedly
alter ER transcriptional activation (TA) in the T47D-KDBIluc breast cancer cells. However, it
was found that TCS enhanced the estrogen-induced uterine responses (Louis et al., 2013;
Stoker et al., 2010). Because this effect of TCS is not specific to the ER, such potentiation of
the estrogenic response may involve reduced clearance of estradiol by competitive inhibition
of sulfotransferases, which was demonstrated in sheep placental tissue (James et al., 2010).
Other studies also reported a similar enhancement of an estrogenic response or inhibition of
estrogen metabolism in both fish (Lange et al., 2015) and mammals (Wang et al., 2015,
2016; Pollock & Tang, 2014).

A number of studies provided evidence that exposure to estrogens or estrogen-like
compounds disrupt estrous cyclicity in the rat by impairing hypothalamic—pituitary—gonadal
(HPG) axis regulation. Prolonged exposure to estrogens altered ovarian cycling in adult
females resulting in premature reproductive senescence typically identified by persistent
vaginal estrus and polyfollicular or cystic ovaries (Cooper et al., 1984; Brawer et al., 1980,
1993; Felicio et al., 1984; Goldman et al., 2007; Shirwalkar et al., 2007). Estrogen exposure
may erode the neuronal mechanisms controlling the ovulatory surge of luteinizing hormone
(LH) to the extent that the female is no longer capable of achieving ovulation (Cooper et al.,
1984). Although rats and humans differ somewhat in luteal phase and menses, the estrous
cycle of both exhibit similar patterns based on hormone fluctuations and both exhibit erratic
cycles prior to the onset of reproductive quiescence making rodents an acceptable model
(Wu et al., 2005; Wise et al., 2002). Normally, reproductive senescence occurs in the rat by a
change from 4-to 5-day regular cycles to an extension of diestrous days with some %
persistent estrus at approximately 8-10 months of age progressing to complete persistent
diestrus (LeFevre & McClintock, 1988). Our previous investigations demonstrated that two
short-term exposures to TCS (4 or 21 days) in immature female rats enhanced uterine
estrogenic activity and advanced puberty (Stoker et al., 2010; Louis et al., 2013). Therefore,
it was postulated that chronic TCS exposure in the presence of endogenous estrogens may
initiate changes in estrous cyclicity and/or early reproductive senescence. A positive control
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ethinyl estradiol (EE) was also included to identify changes that might occur with elevation
of estrogen concentrations. As mentioned, TCS was also shown to alter serum thyroid
hormones (TH) levels. Thyroid hormones (TH), which include triiodothyronine (T3) and
thyroxine (T4), are essential regulators of numerous physiological processes including
metabolism, neurodevelopment, and cardiac functions. Alterations in TH homeostasis by
chemicals during gestation may lead to adverse health effects, including altered
neurodevelopment (Porterfield & Hendrich, 1993; Brown et al., 2004; Carr & Patifio, 2011,
Zoeller, 2010). Triclosan was found to decrease serum T4 levels following a short 3- to 4-
day exposure and up to 31 days in the rat (Crofton et al., 2007; Zorrilla et al., 2009; Stoker et
al., 2010). In most of these cases, no marked alterations were seen in serum for TSH
concentrations or histopathology of the thyroid gland. To date, no apparent studies have
determined the potential effects of longer term, oral exposure to TCS on thyroid hormone
homeostasis in the rat.

The present study was designed to investigate the influence of chronic TCS exposure on the
HPG and hypothalamic—pituitary—thyroid (HPT) axes in the female rat. Specifically, studies
were undertaken to examine whether extended exposure to TCS might 1) affect estrous
cyclicity in the adult, 2) to alter the age at reproductive senescence, and 3) to disrupt the
regulation of the HPT axis.

Materials and Methods

Animals

One hundred and twenty female Wistar rats were delivered on postnatal day (PND) 60 from
Charles River Laboratories (Raleigh, NC). Animals were housed in polycarbonate cages (2
per cage) with heat-treated pine shavings and housed under controlled conditions (20-24°C;
40-50% humidity) with a 14-hr light/10-hr dark cycles (lights on 0100hr). Animals were fed
Purina Laboratory Rat Chow 5001 and had access to water ad /ibitum. After a week for
acclimation to the 14:10-hr light schedule, estrous cyclicity of all animals was assessed daily
by vaginal lavage and vaginal cytology for three weeks to identify females with regular
cycles. Regular cycles were defined as having one day in proestrus, one or two days in
estrus, and two days in diestrus (Cooper, 1999). Animals with regular cycles were weight-
ranked and assigned to different treatment groups (as indicated below). Following this
randomization, the mean body weight (BW) for all groups was similar. Animals were pair-
housed, and BW and abnormal clinical signs (if any) were recorded daily throughout the
study. All procedures were performed in accordance with the Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC).

Dosing solutions

Animals were assigned to six different treatment groups, which consisted of vehicle control
(corn oil; Sigma, St. Louis, MO), 4 doses of TCS (99.8% pure determined by high-
performance liquid chromatography, Calbiochem-La Jolla, CA #647950) including 2.35,
4.69, 9.375, or 37.5 mg/kg/day (n=15 per group), and 1 pg/kg/day ethinyl estradiol (EE;
[Sigma, St. Louis, MO #4876, >98% purity]) as positive control (n=8) for a total of 83
females. Chemicals were weighed, dissolved in corn oil, and stirred continuously during the
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dose administration period. Dosing solutions were prepared fresh weekly and stored in
amber bottles at room temperature. Animals were weighed and dosed daily by oral gavage
beginning on the first day of vaginal proestrus following PND 110 to synchronize the cycle
day.

Analysis of estrous cyclicity

Estrous cycles were assessed daily between 0800 and 0900 by vaginal lavage for the first 3
months of treatment and collected on alternating two week cycles thereafter. Vaginal
cytology was classified according to the following criteria: (1) diestrous smear containing
mostly leukocytes; (2) proestrous smear containing mostly clumped nucleated vaginal
epithelial cells; and (3) estrous smear with predominately large, irregular shaped, and
cornified epithelial cells. Cycle data were analyzed in monthly segments after treatments
began and classified as having regular (based on the criteria described above) or irregular
cycles by blinded observers. Animals with irregular cycles were further classified as
persistent diestrus (PD) (defined as 4 or more consecutive days in diestrus) or persistent
estrus (PE) (defined as 3 or more consecutive days in estrus). Animals were also assessed
weekly starting at 5 months of age for the presence of mammary tumors by palpitation.
Mammary gland tumors may be indicative of changing hormonal concentrations, including
estrogens and prolactin during reproductive senescence in the rat (Sinha et al., 1973).

Necropsy

After approximately 8 months of daily TCS administration, animals were necropsied
between PND 346 and 349 at 1000-1200 hr. Animals that were still cycling were killed on
the second day of diestrus for consistency. Animals were Killed by decapitation, and trunk
blood was collected, centrifuged at 3000 x g for 30 min and serum collected for subsequent
hormone analyses. Anterior pituitary, uteri, ovaries, adrenal glands (paired), kidneys
(paired), and whole liver were removed and weighed. Anterior pituitaries were immediately
frozen on dry ice and stored at —80°C until further hormone analysis. Uteri, ovaries, and
trachea with attached thyroid lobes were removed, weighed, and stored in 10% buffered
formalin for 24 hr before transferring to 70% ethanol for subsequent histopathological
analysis. The right lobe of the liver was immediately stored in RNAlater storage solution
(Invitrogen, Waltham, MA) and kept at —80°C for subsequent RNA analysis. Animals were
also visually assessed and palpated for evidence of mammary tumors on the day of necropsy.

Uterine histology

One cross section of each fixed uterine horn was taken, embedded in paraffin, sectioned (4-6
um), and stained with hematoxylin and eosin (Experimental Pathology Laboratories, Inc.,
Durham, NC). Sections were examined at 40x magnification with an Olympus BH-2
microscope (Olympus, Center Valley, PA). The luminal epithelial cell height, an indicator
for estrogenicity of xenobiotics (Padilla-Banks et al., 2001), was measured from the
basement membrane to the apical surface and taken at three different locations of each
sample, then averaged for each individual animal using a Moticam 2500 and Motic Images
Plus software (Motic, Richmond, BC). Measurements were based on calibrations in an
ocular micrometer on the microscope. The final sample size for uterine histology was 8 rats
per group.
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Hormone analysis

Frozen pituitaries were suspended in 1 ml 100 mM phosphate buffer (PB)/1% bovine serum
albumin (BSA) solution and sonicated with a VC130PB ultrasonic processor (Sonics &
Materials, Inc. Newtown, CT). The homogenized pituitary was subsequently diluted
1:30,000 in 100mM PB/1% BSA and stored at —80°C until further hormone analysis.

Serum samples from all females were assessed for the levels of estradiol (E2), progesterone
(P4), T3, and total T, with radioimmunoassay (RIA) Coat-a-Count Kits (Siemens
Corporation; Los Angeles, CA) and estrone (E1) using a kit from Beckman Coulter (Brea,
CA) according to manufacturer’s protocol. Serum luteinizing hormone (LH) and TSH were
measured in all females by RIA with reagents supplied by the National Hormone and
Peptide Program through A. F. Parlow as described previously (Goldman et al., 1986).
Pituitary LH was assessed in the same assay. Briefly, purified iodination preparations were
radiolabeled with 1251 (Perkin-Elmer Waltham, MA) using the chloramine-T method of
Greenwood et al. (1963). Each radiolabeled antigen was separated from unreacted iodide by
gel filtration chromatography as described previously (Goldman et al., 1986). Sample serum
and pituitary homogenate (LH only) were diluted to a final volume of 500 pl in 200 mM
phosphate buffer (PB) containing 1% BSA. About 200 ul primary antibody solution (100
mM PB, 50 mM EDTA, 1% BSA, 3% normal rabbit serum with primary antibody diluted
1:100) was added to each sample tubes, which was then vortexed and incubated overnight at
4°C. About 100 pl 1251 radiolabeled antigen was added to each tube, which was then
vortexed and incubated overnight at 4°C. Secondary antibody (goat anti-rabbit gamma
globulin, GARGG, Calbiochem, San Diego, CA) diluted to 120U/ml was added, and the
sample was vortexed and incubated overnight at 4°C. Samples were centrifuged at 1260g for
30 min and the supernatant aspirated. Pelleted sample was counted with a Wizard gamma
counter (Perkin Elmer, MA) and hormone concentrations calculated. The assay sensitivities
of LH and TSH were increased by an overnight incubation of sample and first antibody prior
to the addition of the radiolabeled antigen.

Thyroid histology

Eight randomly selected thyroid glands per treatment group were prepared for histology and
evaluated by Experimental Pathology Laboratories, Inc., Durham, NC. The right and left
thyroid glands were examined for changes in central follicular epithelial height and colloid
area within follicles using a combined 5-point grading scale (1- shortest/smallest; 5-tallest/
largest) as shown in Stoker et al. (2006).

Determination of TCS residues in rat serum

A modified protocol from Ross and Filipov (2006) and Ross et al. (2009) with an Agilent
7890 A Gas Chromatograph equipped with an Agilent 7000 Triple Quadrupole Mass
Spectrometer (GC-MS/MS) was used to determine TCS concentrations in three randomly
selected serum samples from animals in all TCS treatment groups for a total of 15 samples
run in triplicate (Analytical Chemistry Branch Laboratory, Office of Pesticide Programs, US
EPA, Fort Meade, MD). The analytical method was validated for analysis of TCS in serum
at 4 concentration levels including the limit of quantitation (LOQ = 3 ppb) with a standard of
TCS, 99.7%, from Sigma-Aldrich (Buchs, Switzerland). The average recovery % obtained
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from fortified control serum was 105% with a relative standard deviation of 9.4%. The
extraction method was similar to methods previously developed for the analysis of atrazine
in rat tissue (Fraites et al., 2011). The gas chromatograph (GC) was attached to an HP 5ms
ui (30m x 0.25 mm i.d) capillary column run with helium as carrier gas at a flow of 1 ml/
min. The inlet temperature was set at 280°C, and the oven was programmed to run from
110°C for 1 min then raised by 20°C/min to 250°C and held for 7 min. The mass
spectrometer’s quench gas was helium at 2.25 ml/min, and collision gas was nitrogen at 1.5
ml/min. Two precursors to product ion transitions were monitored for TCS in the electron
impact (EI) mode at 70 eV. The ion transitions were as follows . m/z288 to 217.8 at 20V
collision energy and /m/z 288 to 146 at 10V collision energy.

Expression of liver enzyme RNA

Liver samples from all females were homogenized in 500ul TRI Reagent (Sigma, Saint
Louis, MO) with an Ultra-Turrax T-25 (IKA, Wilmington, NC). Total RNA was isolated via
guanidine thiocyanate phenol-chloroform extraction, and concentrations were quantified
with a NanoDrop 1000 (Thermo Fisher Scientific, Wilmington, DE). Samples were diluted
to 100ng/ul, and then, 1 ug RNA was used to produce cDNA with Applied Biosystems
(ABI; Foster City, CA) High Capacity Reverse Transcription Kit according to
manufacturer’s protocols. Using ABI TagMan Gene Expression Assays, ABI TagMan Gene
Expression Master Mix, and ABI 7900HT Fast Real-Time PCR System, the expression of
liver enzymes Cyp2b2 (Rn02786833_m1), Cyp3a23/3al (Rn03062228 m1), Ugtlal
(Rn00754947_m1), Sultlbl (Rn00673872_m1), and Sult 1c1/Sultlc3 (Rn00581955_m1)
were assayed. Fold change of expression was calculated and normalized to B-actin
(Rn00667869_m1) expression. These genes were previously shown to be affected by TCS
treatment (Zorrilla et al., 2009; Paul et al., 2010).

Statistical analysis

Results

Statistical significance for body weights, uterine weights, serum hormone measurements,
and gene expression were analyzed by ANOVA and homogeneity of variance using
Bartlett’s test using GraphPad Prism 4 software (GraphPad Software Inc., San Diego, CA).
When significant effects (p<0.05) were indicated by the ANOVA, Dunnett’s and Tukey’s
multiple comparison post-tests were performed to compare treatment groups. For estrous
cyclicity data, Fisher’s exact test of probability was used to analyze incidence data. Endpoint
measurements were inclusive for all females (Control, N = 14:2.3 mg/kg TCS, N=14; 4.69
mg/kg TCS, N=15; 9.375 mg/kg, N = 13; 37.5 mg/kg TCS, N= 14; EE 1.0 ug/kg, N=8). For
histological analysis of thyroid and uterus, the number included was 8 per group and 3
serum samples from each group were analyzed for TCS residues.

All animals maintained a healthy appearance with no apparent abnormal clinical signs of
toxicity or marked changes in body weight (BW) throughout the course of the study. Four
females were euthanized during the study following confirmed tracheal gavage and
esophageal perforations, and one female was euthanized following the development of a
fluid-filled sebaceous cyst. The EE-treated animals displayed significantly lower BW than

J Toxicol Environ Health A. Author manuscript; available in PMC 2018 June 11.



1duosnuel Joyiny vd3 1duosnuep Joyiny vd3

1duosnue Joyiny vd3

Louis et al.

Page 7

controls beginning at 15 weeks after treatment began, and this change persisted until
termination with a 5% difference from controls (Figure 1). This decreased BW gain in EE
females is consistent with rise in % PE females and in agreement with previous observations
showing an anorexic effect of estrogens in female rats (weight gain at a slower rate than
controls) (Cooper & Linnoila, 1977). The 37.5 mg/kg TCS group exhibited a significant
decrease in mean BW from 30 to 32 weeks of exposure, with other time points
demonstrating no marked difference from controls. In addition, the 2.35 and 9.375 mg/kg
TCS groups showed a significant rise in BW beginning at 26 and 28 weeks of exposure, with
elevation of 2 and 3%, respectively, over control BW on day of necropsy.

Effects on estrous cyclicity

Over the 8 months of daily TCS administration, the % animals cycling regularly declined as
rats aged in all dose groups (Figure 2). These data are presented as number of animals with
regular cycles out of the total number of rats in each group for each month of treatment
(dosing began at approximately 110 days of age). Although there were no significant effects
on estrous cyclicity when comparing % regular cycles with irregular cycles between controls
and treated females in any of the groups, a distinct pattern emerged with the type of irregular
cycles was observed between groups by the end of the study. Upon closer examination of
animals with irregular cycles after 2 months of exposure (approximately 5 months of age),
approximately half of the females in both vehicle control and EE displayed irregular cycles
in PD and the other half in PE (Figure 3a). However, by 11 months of age, 71% of vehicle
control animals were in PD, whereas only 43% of EE-treated animals were in PD.
Conversely, a greater number of EE-treated animals were PE at this age compared with
controls (57 and 9%, respectively; Figure 3b). This distribution was significantly different
between control and EE females at 11 months of age. On the other hand, females in TCS
treatment groups with irregular cycles displayed proportionally more PD than PE after 2
months of treatment (particularly in the 4.69 mg/kg group), but there were no marked
differences compared to control females due to the small number of irregular cyclers in each
group (Figure 3a). However, following 8 months of treatment, there was a distinct shift in
the pattern of the two highest TCS groups (9.375 and 37.5 mg/kg) with more females
displaying PE smears as compared to number of females undergoing PE in the control group
(Figure 3b). This nonsignificant change in irregular cyclicity appeared to be shifting toward
the type of smear observed in the EE-treated females at this time with the lower two groups
of TCS females following a pattern more similar to controls.

Effects on tissue weights and morphology

Mean uterine weight (wet and blotted) was not significantly different between EE- and TCS-
treated females and vehicle controls (included as supplemental data). One uterus from the
TCS 9.375 mg/kg group was omitted from analysis because it was filled with inflammatory
cells and necrotic debris. Mean pituitary, ovary, kidneys, adrenal glands, and whole liver
weight (absolute or relative to BW) were not markedly different between controls and EE or
TCS administered (included in supplemental file). When uteri were examined
morphologically, no marked changes in epithelial cell height were observed between TCS-
treated and control rats. TCS-treated animals categorized as PD showed no significant
alterations in epithelial cell height compared with PD in vehicle- or EE-treated groups (data
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not shown). Animals in PE also displayed no marked differences in epithelial cell height
between treatment and control females.

Effects on reproductive hormones

Mean serum and pituitary hormones were measured in serum collected at the study
termination (approximately 11 months of age) (Figure 4). The levels of P4 were significantly
greater in PD than PE animals for every dose group, with the exception of the 2.3 and 4.69
mg/kg TCS, as only one female in the 2.35 mg/kg and no females in the 4.69 mg/kg group
were PE at 11 months of age (Figure 4a). None of the treated groups were significantly
different from controls for P4. Serum LH levels were not markedly different between PD
and PE females (Figure 4b). A dose-dependent change in P4 or LH was not observed in
either cycle pattern compared to controls. No marked differences were detected between PD
and PE groups for the mean serum E2 and E1 concentrations or between control and treated
groups (Figure 4 ¢ & 4d). However, there was a significant difference between 4.69 and 37.5
mg/kg rat mean for serum E2 levels in the PD group. Further, the anterior pituitary LH
concentrations in TCS-treated animals were not significantly different from controls at
necropsy (data not shown).

TCS residues

There was a dose-dependent increase in amounts of TCS (ppm) residues in serum taken
from TCS-administered females on the last day of exposure. Control, 2.35, 4.69, 9.375, and
37.5 mg/kg groups had levels of 0.01 +/- 0.005, 3.97 +/- 2.24, 9.2 +/-5.31, 30.07 +/

- 17.36, and 38.62 +/- 22.3 ppm, respectively. The serum levels appear to be dose related
and comparable to TCS dose administered. Although 2.35 mg/kg TCS dose is similar to
baseline TCS levels in human plasma, the other doses are approximately 100-fold higher
than concentrations found in human plasma following a variety of exposures of single to
multiple days of exposure using oral mouth wash or toothpaste with 0.3% TCS (Allmyr et
al., 2008, 2009; Sandborgh-Englund et al., 2006).

Influence on thyroid function

Levels of serum T3 and TSH were not markedly affected by TCS treatment (Figure 5a &
5b). Further, relative thyroid gland weight was not significantly different between dose
groups compared to controls (Figure 5¢). The mean serum concentrations of T, were
significantly decreased in females following 8 months of treatment with 9.375 or 37.5 mg/kg
of TCS compared to controls by approximately 17 and 35%, respectively (Figure 5d).
Histopathology of thyroid glands was similar among groups for peripheral and central
follicular height (FH) and colloid volume (CV) (Table 1).

Effects on hepatic enzyme gene expression

There was a dose-dependent 2.2-fold increase in gene expression of Cyp2b2 at 37.5 mg/kg
TCS (Figure 6B to 6E). The other 4 genes, Cyp3a23/3al, Sultlc1/1c3, Sultlbl, and Ugtlal,
were not significantly different from control liver gene expression (Figure 6B to 6E),
although there did appear to be a nonsignificant 1.5-2.3-fold rise in Sultlc1/1c3 expression
at 4.69 and 37.5 mg/kg TCS. However, enzyme levels and activity were not measured to
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confirm that altered gene expression might initiate changes in enzyme activity following
TCS exposure.

Discussion

Previously, Stoker et al. (2010) reported that acute exposures to TCS potentiated estrogenic
effects in the weanling and pubertal female rat. In pubertal female, TCS resulted in an
advancement in puberty and age of first estrus. In the weanling female (prior to the
production of endogenous estrogens), TCS alone did not markedly affect uterine growth
after a 3-day exposure. However, following administration of exogenous E2 in the weanling
study, TCS enhanced the uterotrophic response at doses of 4.69 mg/kg and higher. It was
therefore postulated that chronic TCS exposure might enhance the potency of endogenous
estrogen in the adult female and result in an advancement in reproductive senescence. Data
in this study demonstrated that extended exposures to TCS (ranging from 2.35 to 37.5
mg/kg) in adult rat did not induce significant changes in estrous cyclicity, reproductive
hormone levels, or uterine tissue morphology compared to control females. However, the
two higher TCS doses displayed a trend of increasing numbers in PE after 8 months of
dosing compared to control females, a direction that was observed in the EE group to a more
pronounced and significant extent.

Vehicle control females transitioned from extended days in diestrus and estrus to an almost
complete shift to reproductive senescence in permanent diestrus by 11 months of age. This
agrees with previous rat studies examining shifts in reproductive states advancing into early
reproductive senescence by approximately one year of age (LeFevre & McClintock, 1988),
with variations among many of the rat strains. The EE females shifted from this pattern with
fewer females transitioning into the PD state and more into the PE state at 11 months of age.
The nonsignificant effect on reproductive senescence in TCS females may be partially
attributed to compensatory mechanisms. James et al. (2010) previously showed that TCS is
an inhibitor of E2 sulfonation in sheep placenta, which indicates that shorter exposure to
TCS may enhance the availability of estrogen by decreasing its clearance. The chronic
exposure used here may allow time for acclimation and compensation by hepatic
sulfonation, such that the transient effect of elevated estrogen availability is overcome with
continued exposure. In fact, a difference in serum estradiol or estrone concentrations was not
observed in the terminal serum collected at 11 months of age, demonstrating compensatory
acclimation following such a long exposure period.

It is well known that estrogen is anorexigenic (Brown & Clegg, 2010; Santollo et al., 2010).
An anorexigenic effect was noted in the present study in the EE group, with a significant
reduction in BW beginning at 15 weeks of exposure and persisting throughout the study.
There was a fall in the 37.5 mg/kg TCS group at 30-32 weeks of exposure, but no other time
points were significant and none of the other TCS groups displayed reduced BW following
exposure. However, animals exposed to 2.35 and 9.375 mg/kg TCS demonstrated a
significantly increased mean BW compared to controls by 15 weeks and 26 weeks,
respectively, which persisted until the end of the study. This may be due to more of the TCS-
administered females displaying a PD pattern of cyclicity, which is typically associated with
increased progesterone and elevated growth in the rat (Cooper & Linnoila, 1977), although
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this does not hold true for the 4.69 mg/kg data in this study. Results showed that the levels of
P4 were lower in PE than PD, which might be expected because PE animals were found in
earlier studies to be polyfollicular and anovulatory while PD females typically possess more
corpora lutea for P4 production (Harrison et al., 1987).

In our previous study in weanling and pubertal rats, TCS suppressed the levels of serum T4
following a 3-, 21-, or 31-day oral exposure, with no change in TSH and no marked effect on
thyroid follicular cell height or colloid area. In the present study, chronic TCS exposure (at
doses of 9.375 and 37.5 mg/kg) decreased T4 levels in the adult female rat. Our lowest
observed effect level (LOEL) was 9.375, and a no observed effect level (NOEL) was 4.69
mg/kg. These effect levels are lower than our previous findings in the weanling female rats,
which indicated a NOEL of 9.375 and LOEL of 18.75 mg/kg (Louis et al., 2013; Stoker et
al., 2010). A significant effect was not noted in serum T3 or TSH in the current study, which
agrees with previous observations on TCS (Paul et al., 2010; Zorrilla et al., 2009). Similar to
previous studies, no marked changes in thyroid follicular histopathology (follicular cell
height or colloid area) were found following this chronic exposure. Other chemicals such as
polychlorinated biphenyls, tetrabromobisphenol A (TBBPA), and 3-methylcholanthrene
were also shown to lower T4 levels without effects on subsequent TSH (Hood et al., 1999;
Liu et al., 1995; Cope et al., 2015). The reason for this lack of rebounding TSH is not well
understood, but has been postulated to be due to a lack of induction of T3 glucuronidation
activity in rodents (Barter & Klaassen, 1994; Hood & Klaassen, 2000; Lai et al., 2015).

Several reports attempted to identify the mechanisms underlying the effects of TCS on
serum Ty4. One study reported that TCS increased catabolism and elimination of T, via
enhanced expression of Phase | and Phase 11 hepatic enzymes involved in TH metabolism
(Paul et al., 2010). Specifically, TCS induced increased activity of the hepatic enzymes
involved in TH metabolism, including ethoxyresorufin O-deethylase (EROD), PROD, and
cytochrome P450 2b1/2 (Hanioka et al., 1996; Jinno et al., 1997) but at excessively higher
doses. In addition, iodothyronine sulfotransferase (SULF) activity in hepatic microsomes,
which is an important transporter protein, was found to be inhibited by TCS (Schuur et al.,
1998; Wang et al., 2004). However, in the current study, no marked change in SULT 1bl or
1c3 gene expression was observed.

Interestingly, TCS was also shown to activate pregnane-X receptors (PXR) (Jacobs et al.,
2005), which may increase expression of metabolic enzymes that catabolize and transport
T4, including uridine diphosphoglucuronyl transferases (UGTSs) (Visser et al., 1996; Chen et
al., 2003; Mackenzie et al., 2005; Zhou et al., 2005). The 2.2-fold rise in expression of
Cyp2b2 in the current study agrees with data that suggest that TCS may activate nuclear
receptors, such as CAR (Paul et al., 2013). Previous studies also indicate that TCS elevated
PROD activity in the rat, which would increase Cyp2b2 (Hanioka et al., 1996; Jinno et al.,
1997; Zorrilla et al., 2009), further supporting activation of CAR/PXR in response to TCS.
Paul et al. (2010) found enhanced expression of both Cyp2b2 (2.2-fold) and Cyp3al (4-
fold), at a higher dose (300 mg/kg) than the current study following short-term exposure in
the weanling female rat.
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The serum concentrations associated with TH alterations in the current study are over 100-
fold higher than human TCS plasma concentrations following short-term exposure in
toothpaste or oral rinse (Allmyr et al., 2009; Sandborgh-Englund et al., 2006) and over
1000-fold higher than reported baseline TCS human plasmas levels (Allmyr et al., 2008).
Therefore, such differences in exposure and life stage of such exposures need to be
considered for human relevance derived from this study.

In conclusion, the current study expanded on our earlier findings describing estrogen-
induced uterine responses, advanced puberty, and altered serum TH to help elucidate
whether such effects on the endocrine system might still be observed following chronic
exposure to TCS. The effects of TCS on female reproductive function appear to be minimal
following chronic exposure, as no significant effects were observed when estrous cycles
were compared to controls over the exposure period. However, chronic exposure to TCS did
extend our earlier observations on the influence of this compound on TH concentrations in
the rat, as this extended exposure resulted in a lower NOEL (4.69 mg/kg) and LOEL (9.375
mg/kg) for suppression of serum T4 levels as compared to shorter exposures in the rodent.
Importantly, our data confirmed that no marked changes in TSH, thyroid weight, or
histology alterations occur following chronic exposure, which is similar to the profile
observed following shorter exposures.
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The average weekly body weights from 15 to 35 weeks of exposure to control, triclosan at
concentrations of 2.3, 4.69, 9.375, and 37.5 mg/kg or 1 pug/kg EE. Beginning at 15 weeks of

treatment, the mean BW of the EE group was significantly decreased from controls. In
addition, the 2.35 and 9.375 TCS mg/kg groups were significantly increased above the

control, except for the 28 and 29 weeks in the 9.375 group. The 37.5 mg/kg TCS group had
a significant decrease as compared to controls from week 30 to 32. This significance was p <

0.05 as compared to control mean.
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Percentage of animals in each treatment group with regular cycles during months 1 to 8 of
exposure from 4 to 11 months of age). See methods for description of regular cyclicity. No

significant effect was observed between controls and TCS or EE groups.
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Il Control
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Percentage of animals within each estrous cycle pattern (categorized by Regular, PD or PE)
at A) 5 months and B) 11 months of age in control, TCS or EE females. * significantly
different from control, p < 0.05.
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Serum hormone concentrations of females at 11 months of age categorized by persistent
diestrum (PD) and persistent estrus (PE). A) progesterone (P4), B) luteinizing hormone
(LH), C) estradiol (E2), and D) estrone (E1). Overall, the mean P4 concentrations in the PD
groups were significantly higher than the PE group in each treatment (p < .05). However, the
4.69 mg/kg PE group could not be compared because there were no PE females in that

group.
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Figureb.

Mean serum thyroid hormone levels and mean thyroid weight of control, EE, or TCS. Mean
+/- SEM. * p< 0.05, significantly different from Control mean.

J Toxicol Environ Health A. Author manuscript; available in PMC 2018 June 11.



1duosnuel Joyiny vd3 1duosnue Joyiny vd3

1duosnue Joyiny vd3

Louis et al.

A) Cyp2b2 8) Cyp3a23 ) Sultic1/1c3
3 3 4
@
5 5 5
z b 2
£ s I
D) 4 Sult1b1 E

Fold Change
L&)
Fold Change

Figure®6.
Effect of TCS on relative liver mMRNA expression of A) Cyp2b2, B) Cyp3a23, C) Sult

Page 20

1c11/1c3, D) Sultlbl, and E) Ugtlal in the female rat following a chronic oral exposure.

Data are plotted as the mean (+ SE) fold change (2722C5) from the control.
*significantly different from vehicle control, p < 0.05.
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