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This review examines the mammalian and human literature pertaining to the potential endo-
crine disruptive effects of triclosan (TCS). Dietary exposure to TCS consistently produces a dose-
dependent decrease in serum thyroxine (T4) in rats without any consistent change in TSH or
triiodothyronine (T3). Human studies reveal no evidence that the TCS exposure through personal
care product use affects the thyroid system. TCS binds to both androgen and estrogen recep-
tors in vitro with low affinity and evokes diverse responses (e.g., agonist, antagonist, or none) in
steroid receptor transfected cell-based reporter assays. Two of three studies in rats have failed
to show that TCS exposure suppresses male reproductive function in vivo. Three of four studies
have failed to show that TCS possesses estrogenic (or uterotrophic) activity in rats. However, two
studies reported that, while TCS lacks estrogenic activity, it can amplify the action of estrogen in
vivo.The in vitro, in vivo, and epidemiologic studies reviewed herein show little evidence that TCS
adversely affects gestation or postpartum development of offspring. Furthermore, previously re-
ported toxicity testing in a variety of mammalian species shows little evidence that TCS adversely
affects thyroid function, male and female reproductive function, gestation, or postpartum devel-
opment of offspring. Finally, doses of TCS reported to produce hypothyroxinemia, and occasional
effects on male and female reproduction, gestation, and offspring in animal studies are several
orders of magnitude greater than the estimated exposure levels of TCS in humans. Overall, little
evidence exists that TCS exposure through personal care product use presents a risk of endocrine
disruptive adverse health effects in humans.
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care products since the late 1960s. Among these products are
toothpastes, mouthwashes, deodorant and antibacterial soaps,
antiperspirants and deodorants, cosmetics, and antiseptics with
the primary routes of exposure being oral and dermal. TCS is
also present in a number of other consumer products such trash
bags, clothes, bedding, toys, and kitchen utensils (Rodricks



536 R. J. Witorsch

HO Cl

Cl Cl

Figure 1. Chemical structure of triclosan.

et al. 2010, Witorsch and Thomas 2010). As a result of its
wide exposure through consumer products, TCS is detectible
in nanomolar (nM) concentrations in human body fluids, such
as urine, serum (1-55 nM) (Rodricks et al. 2010, Allmyr et al.
2008, Honkisz et al. 2012), and breast milk (1-120 nM) (Allmyr
et al. 2006a, Dayan 2007). Estimates of daily human intakes of
TCS are divergent depending upon the model employed. Based
upon the urinary TCS concentrations from the National Health
and Nutrition Examination Survey (NHANES) survey of 2003
and 2004 (range: 2.4-3,790 pg/L) (Calafat et al. 2008), mean
daily intakes have been estimated to be 0.2-0.3 ug/kg/day,
whereas daily intakes based upon combined consumer product
use is estimated to be about two orders of magnitude higher
(47-73 pg/kg/day) (Rodricks et al. 2010). The most recent
NHANES survey of 2011-2012 suggests a similar range of
urinary TCS concentrations (1.63-3,830 ug/L) (CDC 2013).

As will be discussed in subsequent sections of this review,
recent laboratory studies have addressed the issue of whether
TCS affects the endocrine system particularly with regard to
thyroid function, male and female reproduction, and postpar-
tum development. Since the early 1990s, the field of endocrine
disruption, that dealing with the interference of the endocrine
system by environmental chemicals, has been gaining consid-
erable attention (Witorsch and Thomas 2010). Because the
endocrine system represents a major mode of communication
within the body via hormones, environmental chemicals can
potentially interfere with reproduction and normal develop-
ment, as well as physiological functions, among these neural
function, metabolism, growth, fluid balance, and cardiovascu-
lar function. Environmental chemicals can interfere with the
endocrine system in a number of ways, such as interacting
with a target cell via hormone receptors, affecting hormone
secretion or clearance, and interfering with feedback relation-
ships that exist in the thyroid, gonadal, and adrenocortical sys-
tems. The aspect of endocrine disruption that has received the
most attention has been the interaction between a xenobiotic
and the estrogen receptor (ER). The promiscuity of the ER is
well known, as it can interact with a diverse array of chemicals
(e.g., polychlorobiphenyls or PCBs, bisphenol A, flavonoids,
alkylphenols, DDT derivatives, and kepone) and evoke an
agonistic and/or antagonistic response in vitro and in vivo.
With rare exception, the interaction between xenoestrogens
and binding pocket of the ER is imperfect, which compromises
the binding affinity of the ligand. As a result, high exposures
to xenoestrogens are usually required to evoke an endocrine
disruptive effect through this pathway (Witorsch 2002). This
promiscuity is shared by receptors for other steroid hormones,
as well (Eick et al. 2012).

Several incidents have sparked interest in endocrine disrup-
tion as a public health issue. Among these is the phenomenon
of “clover disease”, impaired fertility in livestock linked to the
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consumption of grasses containing flavonoids. Other incidents
of endocrine disruption have been the observation of repro-
ductive abnormalities in wildlife that reside in or near bodies
of water polluted with such chemicals as DDT derivatives,
PCBs, and dioxins, and the existence of reproductive abnor-
malities in human infants associated with in utero exposure
to the synthetic estrogen, diethylstilbestrol (Witorsch 2002).
These and other episodes, laboratory reports, and public
pressure led to incorporation of endocrine disruption into the
Food Quality Protection Act and Safe Drinking Water Act in
1996. As a consequence of this legislation, the Environmen-
tal Protection Agency has initiated a two-tiered program, the
Endocrine Disruptor Screening Program (EDSP) to identify
and characterize environmental chemicals as endocrine dis-
ruptors. Tier 1 is a battery of 11 in vitro and in vivo assays
currently in use designed to identify chemicals with estrogen,
androgen, and thyroid hormone agonist/antagonist activities.
Tier 2, which is currently under development, will be a battery
of assays intended to establish a dose-range for adverse effects
of chemicals identified by Tier 1 (Witorsch 2002, Endocrine
Disruptor Screening Program 2013).

Another resource for gaining insight regarding endocrine
disruption is already available in the literature. The purpose of
the current review is to provide an objective and critical analy-
sis of the laboratory data in mammals and humans, as well as
any published epidemiologic data that deals with the relation-
ships between the TCS exposure and endocrine-related end-
points, in the current case the thyroid system, male and female
reproduction, gestation, and postpartum development. The
ultimate goal of this review is to determine whether the expo-
sure to TCS through the use of personal care products poses an
adverse health risk to humans through endocrine disruption.
Some controversy has existed in the appropriate definition of
the term “endocrine disruptor.” In particular, the controversy
pertains to the broadness of this definition, whether the term
applies to substances that interact with the endocrine system,
but do not necessarily produce adverse effects or is restricted
to those substances that produce adverse effects as result of
their endocrine interaction (EFSA 2013). Most national agen-
cies comply with the more restrictive definition proposed by
the World Health Organization (WHO 2002) in which an
endocrine disruptor is defined as “an exogenous substance or
mixture that alters function(s) of the endocrine system and
consequently causes adverse health effects in an intact organ-
ism, or its progeny, or sub(populations)” (EFSA 2013). In the
current assessment of the literature, both the WHO definition
and the existence of endocrine activity per se will be taken into
consideration. In order to arrive at a conclusion as to whether
the TCS exposure through personal care product use poses a
health risk to humans through endocrine disruption, the Hill
criteria of causation served as a guideline for evaluating the
available evidence. Among the most important criteria con-
sidered were strength and consistency of association, dose-de-
pendency, temporality, plausibilty, and coherence (Hill 1965).

Studies considered in this review were those dealing with
the relationship between the exposure to TCS and endocrine-
related endpoints in animals and humans, both in vitro and in
vivo. Scholarly articles evaluated in this review were identi-
fied from a variety of sources. A search was conducted in the
PubMed database using the term “triclosan” cross-referenced
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with the a variety of other search terms, namely “endocrine”,
“endocrine disruptor”, “thyroid”, “male reproduction”, “tes-
tes”, “female reproduction”, “ovary”, and ‘“gestation”. The
search was conducted from January 2009 through April 2013.
Citations were also provided from the sponsor of this study,
Colgate Palmolive Company. Relevant literature was also
available from the work done on a previously published review
article on endocrine disruption and personal care product
constituents (Witorsch and Thomas 2010). Additional citations
were identified as a result of examination of individual studies
as well as from other assessments of the literature (SCCP 2009,

SCCS 2011, Health Canada 2012, Rodricks et al. 2010).

Effects of TCS on thyroid function
In Vitro studies of TCS effects on thyroid function

Three recent in vitro studies have explored the effects of TCS
on the thyroid system. Butt et al. (2011) examined the effect of
TCS on deiodinase (DI) activity in a cell-free system (human
liver microsomes) using thyroxine (T4) as a substrate. A dose-
dependent inhibition of DI activity was observed with an ICy,
of over 300 uM. Hinther et al. (2011) examined the effect of
TCS in the presence or absence of triiodothyronine (T3), on
the expression of thyroid hormone responsive genes using a
mammalian culture system (rat pituitary tumor GH3). TCS
(1-1000 nM) failed to affect gene expression in this system
(with or without T3). Methyl TCS, a major bacterial metabolite
of TCS, inhibited T3-induced expression in rat pituitary GH3
cells but only at higher concentrations (1000 nM). Sankoda
et al. (2011) examined thyroid hormone activity of TCS and
its oxidative products in yeast cells transfected with thyroid
hormone receptors. Oxidative products of TCS were gener-
ated by exposure of an aqueous solution of TCS to UV light.
TCS and its oxidative products were tested for thyroid hor-
mone activity with this yeast-based assay in the presence and
absence of metabolic activation by S9 (rat liver preparation).
In the absence of S9, TCS failed to exhibit activity, whereas in
the presence of S9, TCS and its oxidative products, tetraclo-
san and 2,4 dichlorophenol, exhibited weak thyroid hormone
activity (0.05% or less relative to T3).

In view of the fact that the assay systems employed in the
above studies (i.e., cell free, neoplastic cells, or yeast based)
differ from the in vivo situation and, at best, a weak endocrine-
related activity is observed (i.e., requiring high concentrations
of TCS), these observations are of limited value in determining
whether TCS is an endocrine disruptor in vivo. Furthermore,
as will be evident from the discussion in next section, these
observations have little or no relevance to effects of TCS on
thyroid function observed in vivo in rats.

In Vivo studies: TCS-induced decrease in serum T4 in rats

Based upon the fact that TCS and thyroid hormone are both
halogenated biphenyl ethers, and the existence of some data
suggesting that the former might promote hepatic catabolism
of the latter, Crofton et al. (2007) initiated a series of studies
examining the effect of TCS on thyroid function in rats. These
investigators administered TCS to weanling Long Evans female
rats (27-29 days old) through oral gavage at varying doses (0,
10, 30, 100, 300, and 1000 mg/kg/day; n = 8—16 per dose) for
4 days. Rats were sacrificed the following day by decapita-
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tion. TCS produced a dose-dependent decrease (28-58%) in
serum total T4 between 100 and 1000 mg/kg/day. With the aid
of USEPA dose software, Crofton et al. (2007) estimated the
benchmark dose (BMD) and lower confidence limit (BMDL)
for changes in serum T4 according to the Hill Model fit of
the data. The BMD is a prediction of the dose of TCS that
produces a 20% decrement in serum T4, while the BMDL
predicts the 95% lower confidence interval of this effect. The
BMD and BMDL were estimated at 69.7 mg/kg/day and 35.6
mg/kg/day, respectively. No other indices of thyroid function
(e.g., serum TSH or T3) were measured (Table 1).

A subsequent study from the same research group included
animals from the preceding study, and eight additional animals
per group (Paul et al. 2010a). This study confirmed a TCS-
induced dose-dependent decline in serum total T4 (26-57%)
between TCS doses of 100 and 1000 mg/kg/day (BMD and
BMDL: 99.4 and 65.6 mg/kg/day, respectively). In addition,
a decrease was observed in serum T3 levels of 11 and 25% at
300 and 1000 mg/kg/day of TCS, respectively, and no change
in serum TSH was observed associated with this decrease in
serum thyroid hormone levels (Table 1).

The effect of TCS exposure for periods longer than 4 days
on thyroid function has also been examined. Zorrilla et al.
(2009) administered TCS through oral gavage (0, 3, 30, 100,
200, and 300 mg/kg/day) to weanling Wistar males rats for 31
days, from postnatal day (PND) 23 to 53. Serum T4 decreased
dose dependently from 30 to 300 mg/kg/day of TCS, while
no effect was observed at 3 mg/kg/day. Decrements in T4
were 45-50% at 30 and 100 mg/kg/day and about 80% at 200
and 300 mg/kg/day (BMD and BMDL were estimated to be
14.5 and 7.2 mg/kg/day, respectively). Serum T3 exhibited
an erratic pattern, being significantly increased at 3 mg/kg/
day and significantly decreased at 200 mg/kg/day. In both
cases the deviations from the control level were no more than
+25%. This apparent erratic pattern in serum T3 may have
been attributed to a design artifact in the experiment, because
TCS was administered to two different blocks of animals. One
block involved controls, and doses of 3, 30, and 300 mg/kg/day
of TCS, whereas the second block involved controls and doses
of 100 and 200 mg/kg/day. As in the preceding study, no sig-
nificant changes in serum TSH were observed at any level of
TCS exposure. Histological examination of the thyroid gland
revealed minimal, if any, effects. No changes were observed
in thyroid epithelial cell height at any TCS dose level, while
it was noted that there was a “significant” decrease in thyroid
colloid (described as “depletion”) at the 300 mg/kg/day-dose
level, although no data or images were presented (Table 1).

Stoker et al. (2010) employed two basic EDSP protocols
to explore the effects of TCS on thyroid function in weanling
Wistar female rats, the pubertal assay (21-day treatment) and
the uterotrophic assay (3-day treatment). In the pubertal design,
rats received TCS through oral gavage (0, 9.375, 37.5, 75, or
150 mg/kg/day) from PND 22 to 42. Total serum T4 decreased
dose dependently (by about 40-70%) from doses ranging from
37.5 to 150 mg/kg/day. Free T4 (fT4), the bioavailable com-
ponent, was decreased at 75 and 150 mg/kg/day by 70-80%.
Serum T3 was not measured in this study. No effect of TCS was
observed on serum TSH. With the uterotrophic design, females
were treated through oral gavage with varying doses of TCS (0,
1.18, 2.34, 4.69, 9.375, 18.75, 37.5, and 75 mg/kg/day) from
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Table 1. Effects of TCS on thyroid system hormone levels and related endpoints in rats.

Study Experimental design Results
Crofton et al. Long Evans (LE) females, PND 27 to PND 29, TCS Serum T4 decreased 28 to 58% between 100 and 1000 mg/kg/day
(2007) (0, 10, 30, 100, 300, 1000 mg/kg/day) X 4 days, BMD = 69.7 mg/kg/day
oral gavage. BMDL = 35.6 mg/kg/day
Paul et al. LE females, PND 27 to PND 29, TCS (0, 10, 30, Serum T4 decreased 26 to 57% between 100 and 1000 mg/kg/day
(2010a) 100, 300, 1000 mg/kg/day) X 4 days, oral gavage BMD = 99.4 mg/kg/day

Zorrilla et al.
(2009)

Wistar (W) males, TCS (0, 3, 30, 100, 200,
300 mg/kg/day) PND 23 to PND 53, oral gavage

Stoker et al. W females, TCS (0, 9.375, 37.5, 75, 150 mg/kg/day)

(2010) PND 22 to PND 42, oral gavage (pubertal design)
W females, TCS (0, 1.18, 2.34, 4.69, 9.375, 18.75,
37.5, 75 mg/kg/day) PND 19 to PND 21, oral
gavage (uterotrophic design)
Paul et al. LE adult females, TCS (0, 30, 100, 300 mg/kg/day)
(2010b) GD 6 to PND 21, oral gavage
Paul et al. LE adult females TCS (0, 10, 30, 100,
(2012) 300 mg/kg/day) GD 6 to PND 21, oral gavage

Axelstad et al.
(2013)

W adult females, TCS (0, 75, 150, 300 mg/kg/day)
GD 7 to PND 16, oral gavage

W pups (not treated with TCS in utero), TCS (0,
50, 150 mg/kg/day) from PND 3 to PND 16, oral
administration

W adult females, TCS (0, 1, 10, 50 mg/kg/day)

8 days pre-gestation to PND 21 in drinking water

Rodriguez and
Sanchez (2010)

BMDL = 65.6 mg/kg/day
Serum T3 decreased 11 and 25% at 300 and 1000 mg/kg/day,
respectively
Serum TSH no change (NC)
Serum T4 decreased 45 to 80% between 30 and 300 mg/kg/day
BMD = 14.5 mg/kg/day
BMDL = 7.2 mg/kg/day
Serum T3 no consistent pattern
Serum TSH NC
Thyroid histology minimal effects
Serum T4 decreased 40 to 70% between 37.5 and 150 mg/kg/day
Serum fT4 decreased 70 to 80% between 75 and 150 mg/kg/day
Serum TSH NC
Serum T4 and T4 decreased 20 to 40% between 18.75 and
75 mg/kg/day

Dams:
PND 22, serum T4 decreased 30% at 300 mg/kg/day
BMD = 229 mg/kg/day
BMDL = 104 mg/kg/day
Pups:
PND 4, serum T4 decreased 27% at 300 mg/kg/day
BMD = 113 mg/kg/day
BMDL = 58 mg/kg/day
PND 14 and PND 21, serum T4 NC
Dams:
GD 20, serum T4 decreased 30% at 300 mg/kg/day
BMD = 124 mg/kg/day
BMDL = 25.2 mg/kg/day
Serum T3 and Serum TSH NC
PND 22,serum T4 decreased 15 and 30% at 100 and 300 mg/kg/day,
respectively
BMD = 115 mg/kg/day
BMDL = 62.1 mg/kg/day
Serum T3 and Serum TSH NC
Pups:
GD 20, serum T4 decreased 23 and 28% at 100 and
300 mg/kg/day, respectively
BMD - 95.4 mg/kg/day.
BMDL = 33 mg/kg/day.
PND 4, serum T4 decreased 26% at 300 mg/kg/day
BMD = 150 mg/kg/day
BMDL = 61.8 mg/kg/day
Serum TSH NC
PND 14, 21, serum T4, T3, and TSH NC
Dams:
GD 15, serum T4 decreased 59 to 72% between 75 and 300 mg/kg/day
PND 16, serum T4 decreased 38 to 72% between 75 and
300 mg/kg/day, thyroid weight or histology no effect
Pups:
PND16, serum T4 NC, thyroid weight or histology no effect.
PND 16, serum T4 decreased dose-dependently
(16 and 37%)

Dams:

GD 5 to GD 20, PND 5 to PND 20, serum T4 decreased 20 and 30% at
10 and 50 mg/kg/day, respectively

Serum T3 no consistent pattern, some modest suppression

PND 19 to PND 21 and were sacrificed 6 h after the final dose.
Serum total T4 and fT4 were decreased by about 20-40% at
TCS doses ranging from 18.75 to 75 mg/kg/day (Table 1).

In addition to the preceding studies of TCS effects on
thyroid function of pre-pubertal and developing male and
female rats, several studies have examined the effects of

TCS exposure during gestation and post-partum on thy-
roid function of adult female rats and their offspring. Paul
et al. (2010b) gave varying doses of TCS (0, 30, 100,
and 300 mg/kg/day) through oral gavage to Long Evans
adult female rats from gestational day (GD) 6 to PND 21.
Serum was obtained after decapitation for the measure-
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ment of total T4 in dams at PND 22 and in offspring on
PND 4, 14, and 21. Total T4 decreased by about 30% in
PND 22 dams fed with 300 mg/kg/day TCS. No signifi-
cant decrease in total T4 was observed in dams at other
dose levels (BMD and BMDL estimated at 229 and 104
mg/kg/day, respectively). In pups, the effect on serum T4
was transient and only observed at the 300 mg/kg/day dose
level. On PND 4, serum T4 was decreased by 27% (BMD
and BMDL were 113 and 58 mg/kg/day, respectively) with
no change in serum T4 in pups at PND 14 and PND 21
(Table 1). Paul et al. (2010b) suggest that the transient
nature of the T4 response in offspring (decrease at PND
4 with recovery at later postnatal ages) is unique when it
comes to perinatal maternal exposure to xenobiotics that
disrupt the thyroid system. Maternal exposure of offspring
to other substances, such as polybrominated diphenyl ethers,
polychlorinated biphenyls, and 2,3,7,8-tetrachlorodiben-
zodioxin (TCDD), during gestation and lactation produce
effects on the thyroid system that persist throughout the
exposure period (Paul et al. 2010b). They further suggest
that transiency of the T4 response to TCS in offspring is
due to toxicokinetic and/or toxicodynamic factors, such as
a limitation of maternal transfer of TCS to the pup through
breast milk, a transient residual in utero effect of transpla-
cental exposure to TCS, and/or the development by the
neonate of resistance to TCS effects by the thyroid system
(Paul et al. 2010b).

Paul et al. (2012) extended the preceding study of TCS on
thyroid function in dams and offspring to obtain additional
data, among these the additional time points as well as levels
of serum T3 and TSH. Long Evans adult female rats were
given varying doses of TCS (0, 10, 30, 100, and 300 mg/
kg/day) through oral gavage from GD 6 to PND 21. Serum
and livers were collected from dams at GD 20 and PND 22
and from offspring at GD 20, PND 4, PND 14, and PND
21. In TCS-exposed GD 20 dams, serum T4 decreased 30%
at 300 mg/kg/day (BMD and BMDL estimated at 124 and
25.2 mg/kg/day, respectively). A 15% and 30% decrease in
serum T4 was also observed in PND 22 dams at 100 and 300
mg/kg/day, respectively (BMD and BMDL estimated at 115
and 62.1 mg/kg/day, respectively). In GD 20 fetuses, TCS
exposure reduced serum T4 by 23 and 28% at 100 and 300
mg/kg/day, respectively. The BMD and BMDL for TCS-
induced decrease in serum T4 were estimated to be 95.4
and 33 mg/kg/day, respectively. In PND 4 pups serum T4
decreased 26% at a dose of TCS of 300 mg/kg/day with a
BMD and BMDL of 150 and 61.8 mg/kg/day, respectively.
No TCS-induced change in serum T4 was observed in pups
at PND 14 and PND 21. Overall these data on serum T4
are consistent with the data of the preceding study (Paul
et al. 2010b), with a decline in serum T4 in dams as well as
a transient decline in serum T4 in offspring after exposure
to high doses of TCS. No effect of TCS was observed on
serum T3 in dams at GD 20 and PND 22 or pups at PND
14 or PND 21 (T3 was not measured in GD 20 and PND 4
offspring due to limited volumes of serum). No effect of
TCS exposure was observed on serum TSH levels in GD 20
and PND 22 dams and pups at PND 4, PND 14, and PND
21 (GD 20 fetuses were not examined due to the limited
amount of serum) (Table 1).
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Paul et al. (2012) also measured total TCS (parent and
conjugated) concentrations in serum and liver from control
and TCS-exposed animals. At a dose of 300 mg/kg/day,
total serum TCS concentrations were similar in magnitude
(20-30 pg/ml) for GD 20 dams, PND 22 dams, GD 20 fetuses,
and PND 4 pups, but declined markedly in PND 14 and PND
21 pups (50% and 95%, respectively). Total TCS content in
the liver of these animals exhibited a pattern among dams and
offspring similar to that of total serum TCS, with relatively
high levels in dams and early offspring that declined in older
pups (GD 20 and PND 22 dams > GD 20 fetus and PND 4
pups > PND 14 pups >> PND 22 pups). Paul et al. (2012)
suggest that the pattern of total serum and hepatic levels of
TCS in dams and offspring reflect the route of exposure to
TCS and, as a consequence, determine the pattern of T4 in
dams and offspring. Relatively high concentrations of total
TCS in serum and liver in dams at GD 20 and PND 22 and
GD 20 fetus and PND 4 pups are largely due to TCS received
through gavage to the dams or delivered systemically to the
fetus through the placenta, whereas the progressive decline of
these levels in PND 14 and PND 21 offspring are the result
of reduced and indirect TCS exposure during lactation. The
TCS concentrations in serum and liver, as internal indices
of TCS exposure, exhibit an inverse relationship with serum
T4 concentrations in TCS-treated dams and offspring. Paul
et al. (2012) also report that in TCS-treated dams (300 mg/kg/
day) and offspring most of the TCS were conjugated (90%),
the only exception being in PND 4 neonates where parent
TCS was about 40%, suggestive of a window of retarded
TCS catabolism in pups in the early postnatal period (PND
4). Whether this altered conjugation of TCS at PND 4 con-
tributes to the transient decrease in serum T4 post-partum
remains to be determined.

The effects of TCS in dams and their offspring were also
examined by Axelstad et al. (2013). Wistar dams received
varying doses of TCS (0, 75, 150, and 300 mg/kg/day)
through gavage from GD 7 to PND 16. Total T4 in serum was
measured in dams at GD 15 and PND 16 and in offspring at
PND 16. Serum T4 was decreased in dams dose dependently
by TCS (75-300 mg/kg/day) at both GD 15 (59-72%) and
PND 16 (38-58%). The TCS-induced hypothyroxinemia in
dams observed herein are consistent with previous reports of
TCS-induced hypothyroxinemia in dams (Paul et al. 2010b,
2012), although the response appeared more robust in the
current study. In contrast to these dose-dependent effects of
TCS in dams, no significant effect of TCS was observed on
serum T4 in offspring at PND 16 consistent with observa-
tions of Paul et al. (2010b, 2012). Thyroid weight in PND 16
dams and offspring were unaffected by TCS treatment and no
histopathological effects in thyroid were observed in PND 16
offspring (Table 1).

In a follow-up experiment, dams were not treated with TCS
while post-partum their offspring received TCS orally (0, 50,
and 150 mg/kg/day) from PND 3 to PND 16 at which time
offspring were sacrificed for measurement of total serum T4
(Axelstad et al. 2013). In PND 16 offspring direct oral TCS
exposure produced a dose-dependent decrement in serum T4
(16 to 37%) (Table 1). Taken together, absence of effect in
offspring exposed to TCS indirectly via nursing compared
with the presence of an effect of TCS via direct oral exposure
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supports the concept that TCS exposure through lactation is
inadequate to disrupt the thyroid system in offspring. On the
other hand, the authors acknowledge the possibility of arti-
fact in the direct exposure experiment since all of the controls
came from a single litter (Axelstad et al. 2013).

Rodriguez and Sanchez (2010) examined the effect of vary-
ing doses of oral TCS on thyroid function in adult female rats
prior to, during, and after pregnancy. Adult female Wistar rats
received varying doses of TCS (0, 1, 10, or 50 mg/kg/day)
from 8 days prior to mating, through gestation, to PND 21.
TCS was administered via drinking water in order to mini-
mize the stress that might occur through forced feeding. Blood
was obtained from the tail vein at GD 5, GD 10, GD 15, GD
20, and days 5, 10, 15, and 20 of lactation (PND). While off-
spring were also exposed to TCS, only dams were examined
for thyroid function. TCS exposure decreased serum T4 at 10
and 50 mg/kg/day (20 and 30%, respectively at all time points
examined, namely GD 5, GD 10, GD 15, GD 20, PND 5, PND
10, PND 15, and PND 20. Effects on serum T3 seem uncertain
(Table 1). In fact, there is an apparent misstatement in the text
of the paper regarding effects of TCS on serum T3. The nar-
rative states that “Triclosan significantly increased serum T3
concentrations (Figure 3A).” However, the figure referred to
shows that there are increases in serum T3 in control dams
between GD 15 and PND 5, and TCS-treated rats exhibited
a similar pattern. As revealed in the figure, TCS produced a
modest suppression in T3 (about 10% below controls) at GD
10 (10 and 50 mg/kg/day), GD 15 (1-50 mg/kg/day), GD 20
(1-50 mg/kg/day), PND 5 (1-50), PND 10 (1-50) without
effects on PND 15 or PND 20. These data suggest that the
effect of TCS on serum T4 were more robust and persistent
than they were for serum T3.

In all of the above studies in the rat the consistent find-
ing is a dose-dependent TCS-induced decrease in serum
T4 (hypothyroxinemia) without any change in serum TSH.
When examined, no consistent effect of TCS was observed on
serum T3.

Effects of TCS on hepatic clearance of T4 in rats

Based upon previous studies, among those of Hanioka et al.
(1996) and Jinno et al. (1997), Crofton et al. (2007) speculated
that the decreases in serum T4 associated with TCS treatment
in rats result from increased clearance of the hormone via acti-
vation of Phase I (cytochrome P450) and Phase II (glucuroni-
dation) enzymes in the liver. The link between decreased
serum T4 and increased hormone clearance was tested by Zor-
rilla et al. (2009). As noted previously, Zorrilla et al. (2009)
observed TCS-induced dose-related decreases in serum T4
(45-80%) in Wistar male rats gavaged with TCS (30-300
mg/kg/day) for 31 days (PND 23-53) (Table 1). In this study,
Zorrilla et al. (2009) also measured hepatic enzyme activities in
animals receiving varying doses of TCS (0, 3, 30, and 300 mg/
kg/day). The enzyme activities of interest were ethoxyresoru-
fin-O-deethylase (EROD) and pentoxyresorufin-O-deethylase
(PROD), markers for phase I enzymes (CYP1A1 and CYP2B,
respectively), and uridine diphosphoglucuronosyl transferase
(UGT), the phase II enzyme involved in glucuronidation. Zor-
rilla et al. (2009) observed the following: (1) a 4-fold increase
in PROD at 300 mg/kg/day with no change at other doses of
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TCS tested (3 and 30 mg/kg/day); (2) a decrease in EROD
activity by 40-50% at all doses of TCS; and (3) no statisti-
cally significant change in UGT activity (although mean UGT
activity appeared elevated 2-fold at the 300 mg/kg/day dose)
(Table 2). The authors note that the decrease in EROD activity
is consistent with other reports suggesting that TCS is a com-
petitive inhibitor of the enzyme, while the absence of EROD
activation suggests that TCS is devoid of dioxin contamina-
tion [being incapable of interacting with the aryl hydrocarbon
receptor (AhR)]. Finally, since the changes in hepatic enzyme
activities were not correlated with dose-related changes in
serum T4, the authors could not conclude that there exists evi-
dence of a causal relationship between TCS-induced hepatic
clearance and hypothyroxinemia (Zorrilla et al. 2009).

In the extension of the study by Crofton et al. (2007),
Paul et al. (2010a) also explored the relationship between
hypothyroxinemia and increased hepatic clearance of T4.
As shown in Table 1, Paul et al. (2010a) observed a dose-
dependent decrease in serum total T4 (26-57%) between
TCS doses of 100 and 1000 mg/kg/day in Long Evans wean-
ling female rats gavaged with varying doses of TCS (0, 10,
30,100, 300, and 1000 mg/kg/day) for 4 days. The activities
and gene expression of Phases I and II enzymes and Phase
III transporters were examined in hepatic microsomes from
these animals. A non-dose—dependent decrease (26-32%)
in EROD activity was observed at TCS doses of 30 mg/
kg/day TCS and above. PROD activity was elevated dose-
dependently, 2.5-, 8-, and 9.4-fold at TCS doses of 100, 300,
and 1000 mg/kg/day, respectively, although the increase
at 100 mg/kg/day dose was not statistically significant.
T4-glucuronidation (UGT activity) was increased by 82%
at a TCS dose of 1000 mg/kg/day but was not statistically
significantly elevated at any of the lower doses. Neverthe-
less, the main effect on T4-UGT activity was statistically
significantly related to dose of TCS (Paul et al. 2010a). The
effects of TCS on cytochrome P450 (Cyp), glucuronidation
(Ugt), and sulfonation (Sult) mRNA expression appeared
to be isoform specific. Dose-related increases in mRNA
expression were observed for Cyp2bl/2 (2-fold at 300 mg/
kg/day), Cyp3al/23 (2.5- and 4-fold at 100 and 300 mg/kg/
day, respectively), Ugtlal (1.7- and 2.3-fold, 100 and 300
mg/kg/day, respectively), and Sultlcl (2.5-fold at 100 and
300 mg/kg/day). On the other hand, no change was observed
for Cyplal, Ugtla6, Ugt 2b5, and Sultlbl. Furthermore,
no changes were observed for hepatic transporter mRNA
expression, namely Oatplal (Oatpl), Oatplad. (Oatp2),
Mrp2, or Mdrlb (Paul et al. 2010a; Table 2).

Primarily on the basis of the TCS effects on T4-UGT
activity and the expression of specific Cyp, Ugt, and Sult
isoforms, Paul et al. (2010a) conclude that TCS-induced
hypothyroxinemia was the result of increased hepatic catabo-
lism of T4 due to the upregulation of Phases I and II enzymes,
but not transporters for iodothyronines. The particular mRNA
isoforms of Cyp (e.g., 2b1/2 and 3al/23) and Ugt (Ugtlal)
stimulated by TCS exposure also suggested to Paul et al.
(2010a) the involvement of hepatic constitutive androstane
receptor (CAR) and pregnane X receptor (PXR) xenobiotic
nuclear receptor pathways. According to P