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Abstract

Triclosan (TCS) is an antimicrobial used so ubiquitously that 75% of the U.S.A. population is
likely exposed to this compound via consumer goods and personal care products. In September
2016, TCS was banned from soap products following the risk assessment by the U.S.A. Food and
Drug Administration (FDA). However, TCS still remains, at high concentrations, in other personal
care products such as toothpaste, mouthwash, hand sanitizer, and surgical soaps. Triclosan is
readily absorbed into human skin and oral mucosa and found in various human tissues and fluids.
The aim of this review was to describe TCS exposure routes and levels as well as metabolism and
transformation processes. The burgeoning literature on human health effects associated with TCS
exposure, such as reproductive problems was also summarized.

Introduction

Since the invention of antimicrobial chemicals in the mid 1900’s, their incorporation into a
multitude of consumer products has significantly increased. Most of these chemicals are
added to consumer products in the absence of a fully encompassed toxicological profile.
Triclosan (TCS) is an antimicrobial that, since its original use in hospital settings in 1972,
has been incorporated into a variety of consumer products including soaps, hand sanitizers,
toothpaste, and mouthwash. In 1977, TCS production (covered by the United States Toxic
Substances Control Act) was between 0.5 and 1 million pounds per year (Fang et al. 2010).
This production increased to 1 to 10 million pounds in 1998 (Fang et al. 2010, FDA 2013).
Estimated global production of TCS in 2011 was 14 million pounds, which decreased to
10.5 million pounds in 2015. Between 1999 and 2000, 75% of 178 liquid soaps sampled
contained TCS and 30% of over 300 samples of bar soaps contained TCS (Perencevich et al
2001). In the late 2000’s (2008-2010), TCS as an active ingredient was found in 93% of
liquid, gel, or foam soaps (FDA 2013). Consumer products containing antimicrobial active
ingredients totaled $886 million in total sales (FDA 2013). TCS-containing products at
concentrations ranging from 3.5 to 17 mM were sold at the rate of 278 million 16 0z units
between September 2008 and 2009, resulting in annual consumption of 132 million liters
(FDA 2013).

Interestingly, TCS-containing soap products were not found to provide any additional skin-
sanitizing benefits compared to soap not containing TCS (Kim et al. 2015). In addition, TCS
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was found to produce bacterial resistance via target site modification which decreased the
inhibitory effect of this chemical. Bacteria in the environment may also become TCS
resistant following environmentally relevant exposure levels (Drury et al. 2013, Nietch et al.
2013). Bacteria in the microbiome might be altered due to TCS. TCS exposure might also
result in bacterial resistance to other antimicrobials (Braoudaki and Hilton 2004,
Chuanchuen et al. 2001). Increased TCS resistance is also associated with an elevation in
resistance to multiple other antibiotics in clinical settings (Chen et al. 2009, Suller and
Russell 2000). Narrowe et al (2015) demonstrated in fathead minnows that low nanomolar
doses of TCS changed the fish microbiome which recovered after removal of TCS. However,
Lawrence et al (2015) using rotating annular reactors to cultivate river biofilms found no
recovery after removal of TCS. Recently, in zebrafish, Tal (2017) noted that TCS did not
reduce the overall number of microbes but decreases the variety of microbial species.
Originally, it was postulated that TCS-mediated inhibition of fatty acid synthase (Levy et al.
1999) did not occur in humans, which was later found to be incorrect (Liu et al. 2002). The
fatty acid synthase enzyme enoyl-acyl carrier protein reductase (Fabl) is target site for
bacterial TCS (Levy et al. 1999), and mutations in this gene lead to resistance mechanisms
(Brenwald and Fraise 2003, Yu et al 2010, Ciusa et al. 2012).

In September 2016, TCS was banned by the FDA in soap products (liquid, gel, foam, bar);
however, TCS still remains allowed in toothpaste, hand sanitizer, and mouthwash (Kux
2016). The European Union (EU) banned TCS from all human hygiene biocidal products
starting January 2017 (Juncker 2016). TCS is widely utilized in toothpaste as this agent
helps fight gingivitis (Riley and Lamont 2013; Al Habashneh et al 2017; Muller et al. 2006).
Colgate Total toothpaste, containing 10 mM TCS, was the number two leading toothpaste in
sales in 2016 (Statista 2016b), with an 11.8% increase in sales from 2015 to 2016 (Statista
2016a). TCS also remains in use in hand sanitizer products within the health care field,
postulated to be beneficial due to hand sanitizers” enhancement of hand washing compliance
(Jones et al. 2000). Based upon these statistics, consumers are clearly being exposed to TCS
at high concentrations. However, TCS effects on human and environmental health are still
currently under debate. Our aim was to provide an overview of recently published
epidemiological studies on TCS human health effects. Data are also presented on
comparisons of TCS levels in tissues which are relevant because TCS-containing products
are typically utilized by consumers by direct application to human tissues. This review
summarizes the literature on TCS exposure levels in humans and animals, TCS metabolism,
occurrence of TCS, its breakdown products, and the health effects of this chemical.

Triclosan Exposure Levels in Humans

TCS exposure likely occurs primarily via consumer products that contain TCS.
Environmental exposure may also occur through water and/or animal/food products
contaminated with TCS. Measurable levels of TCS are present in milk and blood of nursing
mothers (Allmyr et al. 2006) and human urine (Calafat et al. 2008). TCS was detected in
75% of the U.S. population between 2003 and 2004 with urine concentrations ranging from
7.9nM - 13.1uM (Calafat et al. 2008). A 2014 study in Quebec City identified TCS in 44 of
the 46 human urine samples (Provencher et al. 2014). A recent study in China showed that
80% of 209 participants tested displayed detectable levels of TCS in their urine (Yin et al.
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2016). In Queensland, Australia, Heffernan et al (2015) conducted between 2012 and 2013
and found that TCS was detected in all 2,400 urine samples with concentrations ranging
from 0.08 — 0.71 pM.

In many of these investigations, females tended to exhibit higher TCS concentrations than
males, and the age group with the highest TCS concentrations tended to be in the 20’s (Yin
et al. 2016; Heffernan et al. 2015). Weiss et al (2015)in Canada noted TCS in 87% of urine
samples from 80 healthy pregnant women. Between 2007 and 2009, a study of expecting
mothers in New York found TCS in 100% of the 181 samples and TCS in cord blood from
the neonate in 51% of the samples (Pycke et al. 2014). These results indicate that consumers
around the world are exposed to TCS, and TCS is readily absorbed into the body.

Body burdens of TCS differ greatly depending upon the (1) site being measured such as
skin, blood or urine, (2) concentration of exposure, and (3) type of exposure. After use of
mouth rinses or dentifrices that contain TCS, plasma levels of TCS increase rapidly
(Sandborgh-Englund et al. 2006; Lin 2000; Bagley and Lin 2000; DeSalva et al 1989). Upon
swallowing approximately 1 tablespoon of a mouthwash containing TCS which is analogous
to an accidental ingestion of mouthwash, subject plasma TCS levels reached approximately
1 uM within 1 to 3 hr (Sandborgh-Englund et al. 2006). Oral exposure, via 15 ml mouth
rinse used for 30 sec containing 0.03% (1 mM) TCS twice daily resulted in total mean
plasma levels of 0.26-0.33 uM (Lin 2000). Studies demonstrated that retention of TCS in
the oral mucosa is 4-13% when using a mouth rinse containing 0.03% (1 mM) TCS (Lin
2000) and 25% when brushing teeth with 0.2% (7 mM) TCS-containing toothpaste (Gilbert
1987). Today, some orally applied consumer products contain 0.3% (10 mM) TCS, possibly
leading to even higher oral retention. Kanetoshi (1992) estimated that tissue levels, after
dermal application of TCS, are between 14-67% of the applied TCS dose while human skin
TCS concentrations might reach the millimolar levels (Queckenberg et al. 2010; Moss et al
2000).

The above studies demonstrated absorption and retention of TCS following dermal and oral
absorption and retention, while other studies reviewed below illustrate the ability of TCS to
disrupt biological processes. However, no apparent review article to our knowledge to date
has directly compared levels of TCS within body tissues following topical application with
antimicrobial cell/tissue levels (reported in the same units) that were found to lead to adverse
effects. Most /n vivo and epidemiological studies did not report TCS concentrations in the
tissue after exposure. Epidemiological studies demonstrated that exposure to TCS may exert
adverse health outcomes by presenting correlations between elevated TCS concentrations in
urine or blood and detrimental effects. These studies measured TCS concentrations in body
fluids rather than in directly-exposed tissues. Presumably, it is not the TCS concentration in
urine that is attributed to the toxicity within tissues which manifests as organismal health
effects but, rather, it is particular TCS doses within the affected tissues that are responsible
for the adverse physiological outcomes. It is noteworthy that the urine concentration is an
indirect indicator of TCS levels in the tissue. The TCS concentrations detected within
exposed tissue samples which may be expressed as moles of TCS/mg tissue protein may be
more relevant for toxicological comparisons than TCS levels present in human fluids
because products like toothpaste, mouthwash, soaps, and sanitizers come into direct contact
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with skin and oral mucosa for min-long exposures of approximatelyl0 mM TCS (Moss et al
2000; Lin 2000; Gilbert et al 1987; Sandborgh-Englund et al. 2006), and up to 25% of the
applied TCS is quickly absorbed (Lin 2000; Gilbert 1987).

In order to conduct this comparison, initially data was used from a study that utilized human
skin biopsies exposed to triclosan for one hr (Moss et al 2000). The skin biopsies were of
height 230 um and surface area 6.4 x 107 pum?—thus, 1.5 x 101° pm3 in volume. Assuming a
typical mammalian cell radius of 7.5 um (Barrandon and Green 1985), the volume of a
single cell would be 4/3*r*r3 = 1766 pm3. Thus, dividing total test tissue volume of 1.5 x
1010 by individual cell volume of 1766 ums3 results in the finding of approximately 8.3
million human skin cells per test patch. The skin tissue was exposed to 7 pl 64.5 mM TCS,
and 3% of the applied dose of parent TCS compound was absorbed and remained in the
parent form (not metabolized) in the skin after a one hr exposure (Moss et al 2000); this
would be equivalent to approximately 2 mM (0.03*64.5 mM) exposure fully absorbed into
the cells. The exposure had been provided via a 7 pl aliquot of TCS applied to the skin
patch, such that (7 x 1076 L)*(2 mmol/L) = 1.4 x 1078 mol of TCS were absorbed into the
skin patch. Since the patch contained about 8.3x10% human skin cells, 1.4 x 1078 mol of
TCS/(8.3x10% cells) = 1.7 x 10715 mol TCS/cell. Thus, each cell was exposed to 1.7 x 10715
mol TCS. A cell is 20% protein (by mass), and an average cell mass is 3.5 x 1078 mg
(Lodish et al 2000). Multiplying this quantity (1.7 x 107> mol TCS/cell) by (1 mg cell/0.2
mg protein) and also by (cell/3.5x107% mg), results in the finding that 2.4 nmol of TCS/mg
protein was absorbed into these skin patches. Next, extrapolating down to a 10 mM TCS
exposure (which is more likely found in consumer products, compared to 64.5 mM), it was
estimated 10/64.5*2.4 nmol TCS/mg protein = approximately 0.4 nmol TCS/ mg protein.
Therefore, from Moss et al (2000) data TCS tissue exposure levels from an antimicrobial-
containing consumer product is approximately 0.4 nmol TCS/ mg tissue protein.

Manevski et al (2015) exposed human skin explants to 10 uM TCS dissolved in aqueous
buffer for one hr and found that 72% of the absorbed TCS remained in the explant as the
parent TCS compound, while 28% was metabolized--glucuronidated or sulfated. It was
determined that 0.064 nmol of non-metabolized TCS was absorbed into and remained in
these skin explants at the end of a one hr exposure per mg human protein within the explant
(Manevski et al. 2015). These concentrations were determined based on the activity of TCS
metabolite production and the percent of TCS still in parent form in the skin. Subsequently,
extrapolating up to a 10 mM TCS (which is more likely found compared to 10 pM, in TCS-
containing products), it was estimated 10 mM/10 uM*0.064 nmol TCSC/mg protein = 64
nmol TCS/mg protein. Therefore, roughly 64 nmol TCS/mg protein would be expected to
be present in human skin following a one-hr application of a typical TCS product. Thus,
these exposure investigations led us to conclude that following exposure to a typical TCS-
containing product (10 mM TCS) for one hr, tissue concentrations might range between 0.4
to 64 nmol TCS/mg tissue protein.

Exposure of cells in culture to media containing 10 uM TCS produced adverse cellular
effects, including mitochondrial uncoupling, in multiple cell types, within 1 hr (or less) of
exposure (Weatherly et al. 2013; 2016; Palmer et al. 2012). In order to compare the 0.4-64
nmol/mg value to /in vitro cellular studies of TCS effects, one needs to consider the 200 ul 10
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UM TCS that is commonly utilized in an aqueous buffer for 100,000 cells. Multiplying this
volume by concentration, dividing by 100,000 cells, and assuming 10% absorption (Lin
2000; Gilbert et al 1987; Moss et al 2000) yields 2 x 107> mol TCS per cell, within a one hr
treatment period. Multiplying this result by the factors noted above, (1 mg cell/0.2 mg
protein) and (cell/3.5x107% mg), yields approximately 2.8 nmol of TCSis absorbed per mg
of mammalian protein within the cells. Thus, approximately 2.8 nmol TCS exposure/mg
cellular protein induced mitotoxicity in rat basophilic leukemia (RBL) mast cells (Weatherly
et al. 2016). Specifically using primary human keratinocytes, a significant decrease was
noted in mitochondrial ATP production due to an exposure of 3 uM TCS (Weatherly et al.
2016), which corresponds to approximately 0.8 nmol/mg protein. These levels may be
overestimates of the amount of TCS that permeates cells because absorption may be less
than 10% of the total amount since 200 pl is a large volume compared to the volume of
100,000 cells. Further, organic solvents were not employed to dissolve TCS, which might
further suppress the level of absorption into cells. Similar results were found by Newton et al
(2005) using direct measurement of TCS absorbed into isolated rat liver mitochondria,
where 2.5 nmol of TCS/mg of protein was shown to produce mitochondrial uncoupling.
Escarrone et al (2016) detected TCS at 0.49 nmol TCS/mg of protein in fish brain again
demonstrating tissue antimicrobial concentrations at levels known to produce adverse
effects. Thus, data show that 0.8-2.8 nmol TCS/mg protein doses within cells/tissues induce
adverse effects, and these concentrations lie within the 0.4—-64 nmol TCS/mg tissue protein
levels that result from human dermal exposure to TCS-containing products (Table 1).
Evidence thus indicates that human exposure to TCS through consumer products is
sufficient to produce adverse effects in cell types such as keratinocytes and oral mucosal
cells that are directly exposed to consumer products.

Overall, TCS was detected in humans globally in an assortment of tissue samples such as
blood, urine, and variety of different tissue types. TCS was also retained in the body with a
half-life of 21 hr showing that even a brief use of a TCS containing consumer product may
result in a prolonged exposure of multiple hr. Due to TCS ability to penetrate and remain in
tissues, the tissue antimicrobial concentration is sufficiently high to induce harmful effects to
humans.

Metabolism

Absorption

TCS may be absorbed and reach systemic circulation through the mucous membrane of the
oral cavity (Lin 2000), by dermal exposure through the skin (Chedgzoy et al 2002; Moss et
al 2000), and, after oral exposure, through the gastrointestinal tract (GIT) (Sandborgh-
Englund et al. 2006; Lin 2000; Bagley and Lin 2000). Triclosan is readily absorbed through
the skin due to its lipophilic properties (Moss et al 2000). TCS is absorbed through dermally
in guinea pig (Black et al 1975), mouse (Kanetoshi et al. 1992), rat, and human skin (Moss
et al 2000). Absorption of TCS into human skin might occur in the millimolar range with the
current level of TCS found in consumer products (Queckenberg et al. 2010). When 1.6 mg
TCS is applied directly to the mouse skin, TCS is readily absorbed with peak concentrations
occurring between 12 and 18 hr after exposure (Kanetoshi 1992). Moss et al (2000) showed
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that TCS penetrates through rat skin more quickly than human skin /n vitro indicating that
antimicrobial exposure to the skin is more prolonged in human than rats. Moss et al (2000)
also noted that around 12% of TCS dose is present in human skin /n vitro after 24 hr, and
26% of the dose was detected in the stratum corneum in rats /n vivo. Triclosan may also
undergo buccal absorption, leading to oral and plaque retention and TCS metabolite
detection in plasma (Lin 2000). TCS is also absorbed via the GIT after oral exposure
reaching a peak concentration in plasma after 1 to 3 hr (Sandborgh-Englund et al. 2006).

Human samples that underwent TCS exposure to consumer products were collected and
analyzed during 2002 and Geens et al ( 2012) found that liver was the organ with the highest
TCS concentration. Adipose tissue had the next highest concentration, followed by the brain
with the lowest TCS concentration. Upon TCS application to skin of mice, this compound
was detected in all 15 tissues tested 12 hr post application with the highest amounts in gall
bladder, bladder, and skin application-site and lowest levels in the testes, thymus, and brain
(Fang et al. 2016). In male rats, TCS does not accumulate in the prostate but high levels
were present in the epididymis (Lan et al. 2015). In mice undergoing percutaneous
absorption, the gall bladder and liver exhibited highest accumulations with 402 and 10.5
ug/g tissue, respectively (Kanetoshi 1992).

Metabolism of a chemical occurs via phase | or phase 1l; phase | renders the parent
compound more polar and increases reactivity for phase Il metabolism. Phase Il involves
conjugation of the chemical with a polar molecule to enhance water solubility.
Glucuronidation and sulfonation are involved in phase Il reactions where xenobiotics are
conjugated with glucuronic acid and sulfate, which elevates their molecular weight and
makes the metabolites less active. This process also detoxifies and produces more polar
metabolites. TCS undergoes both phase | and Il metabolism. TCS undergoes phase |
hydroxylation metabolism (Wu et al 2010) and the major phase Il pathways for TCS
metabolism are glucuronidation and sulfonation (Wu et al 2010; James et al 2012).
Glucuronic acid and sulfate are each added to hydroxyl group of TCS (Wu et al. 2016),
thereby destroying the proton ionophore nature of TCS and adding a highly charged/polar
moiety onto TCS. In a study with 46 participants, both TCS-sulfate and TCS-glucuronide
were detected in urine samples (Provencher et al. 2014). The main metabolite found was
TCS-glucuronide (Provencher et al. 2014). Lin (2000) in human participants showed after 21
days of using an oral rinse containing 4.5 mg TCS, the mean plasma concentration for TCS-
glucuronide was 220-300 pM and for TCS-sulfate was 0.028-0.062 pM. In human HepG2
cells, TCS-glucuronide and TCS-sulfate were detected with a corresponding decrease of
parent TCS (Wu et al. 2016). A decrease in TCS cytotoxicity with an rise in glucuronidation
and sulfonation metabolism of TCS was reported (Wu et al. 2016). Wang et al (2004)
demonstrated that the TCS concentration affects the main route of metabolism. In human
liver fractions, following exposure to 1-5 pM TCS for 30 min both TCS-sulfate and TCS-
glucuronide were produced equally. However, following dosages above 20 pM TCS,
glucuronidation predominated while dosages below 1 uM led to sulfonation (Wang et al
2004).
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The liver is the main source of TCS metabolism; however a small amount of TCS was
metabolized in skin. When TCS is applied to human skin, TCS-sulfate is the only metabolite
in the skin up to 8 hr after application, and both TCS-sulfate and TCS-glucuronide are
present at 24 hr post application (Moss et al 2000). Interestingly, 24 hr after exposure only
approximately3% of the TCS dose was detected as the TCS metabolites in the skin while
approximately 12.5% the dose was present as the parent compound and the remaining TCS
distributed elsewhere throughout the body (Moss et al 2000). Approximately 3.5% of the
TCS dose was metabolized to TCS-glucuronide and passes through the skin by 24 hr after
treatment (Moss et al 2000). At all time points tested, unchanged TCS was the predominate
form found in skin at greater levels than any of its metabolites (Moss et al 2000). When TCS
was applied dermally to mice, all tissues tested contained the parent TCS compound as the
highest detected chemical 12 hr post application (Fang et al. 2016). In contrast, plasma
contained only a small amount of TCS parent compound (Fang et al. 2016). TCS-sulfate and
TCS-glucuronide metabolites were also present in these tissues but to a lesser extent than
parent compound with TCS-sulfate being the major metabolite detected (Fang et al. 2016).
The product 2,4-dichlorophenol was also a major metabolite found at the application site,
plasma, liver, kidneys, and feces (Fang et al. 2016).

TCS may also undergo metabolism by cytochrome P450 (CYP). In human HepG2-derived
cell lines, 7 CYP isoforms were able to metabolize TCS. These include CYP12A, CYP2B6,
CYP2C19, CYP2D6, CYP1B1, CYP2C18, and CYP1ALl (Wu et al. 2016). Metabolism via
CYP was also shown to diminish TCS cytotoxicity (Wu et al. 2016). In rats, TCS increased
the activities of P450-dependent monooxygenases (Kanetoshi et al. 1992) and induced
CYP2B subfamily isoforms (Hanioka et al. 1997). All tested doses of TCS (0.2, 0.4, and 0.8
mmol/kg) induced 7-benzyloxyresorufin O-debenzylase and 7-pentoxyresorufin O-
depentylase activity (CYP2B1-dependent enzymes mediated by 2B1) (Hanioka et al. 1997).
TCS also elevated protein levels of CYP2B in rat liver microsomes (Hanioka et al. 1997). In
human cells, CYPs may catalyze the cleavage of the diphenyl ether bond of TCS, leading to
the formation of three metabolites: 4-chlorocatechol, 5’-hydroxytriclosan and 2,4-
dichlorophenol (Wu et al. 2016). The two metabolites, 2,4-dichlorophenol and 4-
chlorocatechol, were found to be less toxic than TCS (5’-hydroxytriclosan was not further
assessed for toxicity) (Wu et al. 2016). Tulp et a/.(1979) showed that after oral
administration in rats, TCS was excreted in feces and urine unchanged but also underwent
both aromatic hydroxylation and cleavage of the ether bond of TCS which produced mono-
hydroxylated TCS, 2,4-dichlorophenol, and 4-chlorocatechol in the urine and feces.

Triclosan main route of elimination in humans is via the urine, and fecal elimination is the
secondary route (Sandborgh-Englund et al. 2006; Bagley and Lin 2000; DeSalva et al 1989).
The antimicrobial is excreted primarily via its conjugates (Bagley and Lin 2000; Moss et al
2000; DeSalva et al 1989; Black et al 1975). Following oral exposure, urinary excretion
increases in humans within 24 hr. During the first 4 days after exposure, between 24 and
83% of the consumed TCS is excreted, and after 8 days excretion approaches baseline levels
(Sandborgh-Englund et al. 2006). The half-life of TCS after oral exposure was found to be
21 hr (Sandborgh-Englund et al. 2006). After topical exposure in rats, 12% of the
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antimicrobial dose was excreted via feces and 1% via urine (Moss et al 2000). Siddiqui
(1979) reported a rapid transfer of TCS from blood to tissues and that the compound did not
sequester into long-term storage compartments, like fat, in the body (Lin 2000; Bagley and
Lin 2000; DeSalva et al 1989).

TCS as a metabolic inhibitor

TCS is a selective inhibitor of the phase Il enzymes during glucuronidation and sulfonation
of phenolic xenobiotics (Wang et al 2004). TCS inhibits the sulfonation and glucuronidation
of p-nitrophenol, acetaminophen, and 3-hydroxybenzo(a)pyrene (3-OH-BaP) at uM
concentrations (Wang et al 2004). Of chemicals tested, the most sensitive compound to TCS
sulfonation inhibition was 3-OH-BaP with an 1Csq (inhibitor concentration) of 2.87 uM, and
the least sensitive was acetaminophen with an 1Csq of 17.8 pM (Wang et al 2004). TCS was
less effective at glucuronidation inhibition with 1Csq values for TCS using 3-OH-BaP and
acetaminophen as substrates being 4.55 and 297 uM, respectively (Wang et al 2004). The
mode of TCS inhibition for sulfonation is postulated to be non-competitive while
glucuronidation inhibition is competitive (Wang et al 2004).

Triclosan Exposure Levels in Animals

TCS was also detected in the environment and animals. TCS was present in fish samples
from rivers in Germany (Rudel et al. 2013) with mean concentrations in fish muscle tissue
ranging from 4.6 to 18.6 ng/g (lipid weight); showing that TCS accumulates in fish tissue
(Rudel et al. 2013). Investigators in the U.S. found 25 ng/g (wet weight) TCS in salmon
tissue (Yeh et al. 2017, Meador et al. 2016). TCS was also detected in earthworms exposed
to biosolid (treated sludge from sewage treatment plants) application for 4 years at
concentrations from 15.7-51.4 ng/g (dry weight) (Macherius et al. 2014). Dolphins from
both South Carolina and Florida exhibited levels of TCS in plasma (Fair et al. 2009). In
South Carolina, 4 of the 13 samples with detectable levels of TCS noted a mean
concentration of 0.18 ng/g (wet weight) and dolphins in Florida presented detectable levels
in 3 of the 13 samples with a mean concentration of 0.072 ng/g (wet weight) (Fair et al.
2009). Environmental concentrations are discussed below in the “Occurrence” sub-section.

TCS exposure was also shown to produce a variety of adverse ecotoxicological effects on
multiple species. TCS decreased the rate of population increase in zooplankton at
concentrations above 3.5 nM and modulated hatching rate from 0.35 nM to 0.7 uM TCS
(Zhang et al 2016). In earthworms, the compound induced a reduction in juvenile counts,
generated DNA strand breaks, and increased heat shock protein (hsp) 70 gene expression
(Lin et al. 2014). Sheepshead minnows displayed a delay in both hatching time development
and altered thyroid hormone levels following TCS treatment (Schnitzler et al. 2016). TCS
induced immunosuppression in clams at low nanomolar concentrations via disruption of
hemocytes and induction of DNA fragmentation (Matozzo et al 2012). TCS also produced a
change in bioenergetic state in mussels exhibited as a decrease in animal activity via
movement but an elevation in protein level detoxification markers (Goodchild et al 2016). At
concentrations between 0.2 and 0.5 pM antimicrobial, histological alterations in liver and
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genes involved in lipid metabolism and detoxification were noted in toad tadpoles (Chai et
al. 2017).

Occurrence of Triclosan and Triclosan-methyl

Bodies of Water

Triclosan has been detected in multiple bodies of water around the world. In a study
sampling 139 streams in 20 states in the US between 1999 and 2000, TCS was found in
57.6% of the streams sampled (Kolpin et al. 2002). A 41 mile long stream in Indiana showed
a similar frequency with TCS detection in 57% of samples taken along the entire stream
(mean concentration 0.24 nM, maximal level 0.8 nM) (Bernot et al 2013). This antimicrobial
was present at the highest mean concentration of the 17 sampled compounds and at the
second highest maximal quantity after acetaminophen (Bernot et al 2013). In a river in
Washington, DC, TCS was detected with an average amount of 0.08 nM and maximal
concentration of 0.35 nM (Shala and Foster 2010). In Switzerland Lindstrom et al (2002)
reported TCS detection in lakes and river samples at concentrations up to 0.48 nM, with
lower levels found in the summer probably due to increased photolysis. TCS-methyl, if
present at all, was found at lower quantities up to 0.03 nM (Lindstrom et al. 2002), possibly
because TCS-methyl is less water-soluble than TCS. The antimicrobial was not detected in
water from a mountain lake or in “fossil” groundwater in Switzerland (Lindstrom et al.
2002). In Germany Bester (2005) found 0.01-0.03 nM TCS in surface water. TCS was
detected at concentrations up to 0.26 nM in Australian rivers (Ying and Kookana 2007). The
antimicrobial was present in higher concentrations in rivers in China ranging from 0.09 to
1.7 nM (Zhao et al. 2010). The half-life of TCS in surface freshwater was estimated to be 11
days (Bester 2005). TCS was also reported to be present in freshwater sediment at
concentrations from 800-53,000 pg/kg (Singer et al. 2002).

Wastewater Treatment Plants

Due to triclosan use in such a wide array of products and subsequent disposal via residential
drains, this agent undergoes treatment at waste water treatment plants (WWTP). In a
conventional WWTP, half of TCS accumulates in the sludge while the remainder is
transformed to products such as mTCS (Heidler and Halden 2007). In Ohio, WWTP influent
TCS concentrations ranged from 13.1-57.3 nM (McAvoy et al. 2002). The final effluent
levels ranged from 0.7-9.3 nM (McAvoy et al. 2002). In Switzerland, TCS was found at
concentrations between 2.1-4.5 nM in the influents to a WWTP, while the corresponding
effluents contained TCS concentrations of 0.4-2.2 nM (Lindstrom et al. 2002). Triclosan-
methyl was detected at levels of < 0.014 nM in the influent (Lindstrom et al. 2002) but was
present in higher amounts in the effluent, up to 0.4 nM (Lindstrom et al. 2002), indicating
that this antimicrobial is transformed to mTCS during WWTP treatment. In Germany, Bester
(2005) noted TCS concentrations in WWTP effluent to range from 1 to 2 nM and mTCS
levels were up to 0.07 nM. In Australia, TCS was detected in all 19 WWTP effluent samples
(Ying and Kookana 2007). The TCS influent concentrations ranged from 2 to 3 nM but
decreased to 0.21 to 0.55 nM in the effluent (Ying and Kookana 2007). In a WWTP in the
US, Heidler and Halden (2007) reported TCS levels in biosolids averaged 30,000 pg/kg (dry
weight). However, other investigators found lower TCS concentrations in biosolids with an
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average of 5,880 pg/kg (dry weight) (Davis et al 2012) and approximately 8,000 ug/kg (dry
weight) (McAvoy et al. 2002).

The application of biosolids is a common farming practice and, therefore, a potential source
of environmental exposure to TCS and mTCS. Factors that might influence the fate of
organic chemicals in soil include soil temperature, moisture content, soil texture, and pH
(Butler et al. 2012). TCS-methyl is the predominant transformation product of TCS found in
soil (Al-Rajab et al. 2009; Wu et al 2009; Butler et al. 2012). In an experiment to measure
the degradation and translocation of TCS in three different soil types including loamy sand,
sandy clay loam, and clay following sludge incorporation, Butler et al (2012) found that
antimicrobial concentrations decrease slowly until the summer months where dissipation
increased, further supporting the fact that of TCS undergoes photodegradation. The fall in
TCS levels occurred in parallel with a rise in mTCS, suggesting the reduction of TCS was
due to biotransformation of TCS to mTCS. Evidence indicated that mTCS is the most
significant metabolite in agricultural soils receiving sludge as fertilizer (Butler et al. 2012).
Ying et al (2007) TCS noted a half-life of 18 days when the compound was added directly to
soil and incubated under aerobic conditions. In soil, TCS was degraded by microbial
processes under aerobic conditions but, under anaerobic conditions, resistance to
biodegradation was observed (Ying et al 2007). Wu et al (2009) demonstrated that TCS
displayed a strong affinity to both silt clay and sandy loam soils and that degradation of TCS
was faster in silt clay soil compared to sandy loam soil. Increasing the soil pH from 4 to 8
enabled TCS to dissociate, leading to chemical protonation decreasing from 100 to 39% and
diminishing antimicrobial sorption to soil. Based upon a first-order kinetic model, it was
estimated the half-life of TCS ranged between 20 and 58 days. Wu et al (2009) indicated that
under normal field conditions TCS might be even more stable due to the possibility of
anaerobic conditions. Biosolid application containing 10,900 ng/g (dry weight) TCS still
contained detectable antimicrobial concentrations 4 years later but at lower concentrations
(2.5 ng/g dry weight) (Macherius et al. 2014). Triclosan-methyl was also detected 4 years
after application at 9.1 ng/g dry weight (Macherius et al. 2014).

Triclosan and Triclosan-methyl Uptake into Plants from Soil

Treated wastewater is increasingly becoming a source of water for agricultural irrigation,
specifically in arid regions (Kinney et al. 2006, Navon et al. 2011). However, personal care
products, including TCS and mTCS, are present in the effluent from these treatment plants.
Wau et al (2013) found that TCS was detected in both roots of common vegetables (lettuce,
spinach, cucumber, and pepper) that were grown for 21 days in a solution containing
personal care products. The compound accumulated to a higher degree in roots of lettuce
and spinach than in those of cucumber or pepper (Wu et al. 2013). Mathews et al (2014))
showed TCS accumulation in roots and shoots of 11 food crops with higher concentrations
found in roots. Here, the highest concentrations in the roots were present in pepper,
cucumber, and onion, and the highest translocation factor from root to shoot was noted in
asparagus, cabbage, and broccoli. Based upon these data, the highest exposure from crops
were pepper, cabbage, and onion with an estimated mean exposure (to the whole population)
of 35.2, 76.1, and 320.9 ng TCS/kg/day respectively. Macherius et al. (2012) found that
when carrot cell culture was exposed to 3.5 UM TCS, dissolved in culture medium, after the
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first two hr treatment a maximal amount of 17.2 ug TCS in cell material suspended in 20 ml
was reached. After 5 days exposure, TCS levels decreased to a final amount of 1.3 ug in cell
material suspended in 20 ml, 8 metabolites were detected in cell extracts, and 6 found in
culture medium. Macherius et al. (2012) confirmed that these metabolites were also present
in whole plants by exposing potted carrot plants to TCS. TCS-methyl was also rapidly taken
up into the cells from the medium but, in contrast to TCS, the concentrations remained
relatively constant over 5 day treatment. Data indicate that mTCS cannot be metabolized in
the carrot cell due to lack of a phenolic group. Macherius et al. (2012) suggested that it is
important to not disregard metabolites on plant uptake of TCS when examining the potential
harm of human exposure of antimicrobial agent through food and plant.

Triclosan Breakdown Products

Triclosan may be degraded via both biotic and abiotic transformation. Triclosan-methyl
(mTCS) is a degradation product of TCS and generated through biodegradation. TCS-methyl
is produced in the environment under aerobic conditions (Al-Rajab et al. 2009; Lindstrom et
al. 2002; Butler et al. 2012; Chen et al. 2011) and is formed by O-methylation, which occurs
when a methyl group is attached to the hydroxyl group on the TCS molecule. This process is
known to occur via Rhodococcus, Acinetobacter, and Mycobacterium in other
chlorophenolic compounds (Allard et al 1987; Haggblom et al 1988). Triclosan-methyl was
reported to be present in treated WWTP effluent (Bester 2003), river water (Coogan et al.
2007; Lindstrom et al. 2002), and soil (Butler et al. 2012). In addition, degradation of TCS
to mTCS occurs via WWTP (Lozano et al. 2013). WWTP limit the extent of total TCS
removal by transforming the parent compound to mTCS which is more resistant to
photolysis (Balmer et al. 2004; Lindstrom et al. 2002). Biotic transformation of TCS also
produced 2,4-dichlorophenol (Mulla et al. 2016; Kim et al. 2011; Gangadharan et al. 2012;
Lee and Chu 2013), 4-chlorophenol (Kim et al. 2011), 2-chlorohydroquinone (Mulla et al.
2016; Lee and Chu 2013), catechol (Gangadharan et al. 2012), and hydroquinone, (Mulla et
al. 2016) depending upon the microbes present. Mulla et al. (2016) found the optimal
biotransformation conditions to be at pH of 7 and 30°C.

Due to environmental transformation of TCS to mTCS, multiple species are exposed to the
metabolite. Triclosan-methyl is more lipophilic than TCS and exhibits a higher
bioaccumulation potential in aquatic organisms (Balmer et al. 2004, Rudel et al. 2013,
Macherius et al. 2014). TCS-methyl was detected in fish samples from rivers in Germany
(Rudel et al. 2013) with mean levels in fish muscle tissue ranging from 70.8 to 378 ng/g
(lipid weight). Rudel et al (2013) showed that mTCS concentrations were higher than TCS
indicating that mTCS accumulated in fish tissue more readily than TCS. TCS-methyl
concentrations were also present in earthworms exposed to biosolid application for 4 years
at 25.9 to 113.7 ng/g (dry weight) (Macherius et al. 2014). These observations reaffim that
mTCS bioaccumulated more readily than TCS.

Due to the lack of a hydroxyl group, mTCS does not possess antimicrobial properties
(Clayborn et al 2011). Triclosan-methyl was found to be less toxic than equal TCS
concentrations in a variety of cell types (Gaume et al. 2012, Sadowski et al. 2014), but is
more persistent in the environment (Latch et al. 2003, Lozano et al. 2013). Bioaccumulation
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of mTCS was noted in fish (Balmer et al. 2004; Rudel et al. 2013), in algae (Coogan et al.
2007), turtles (Basile et al. 2011), and snails (Coogan and La Point 2008). Interestingly, the
sample site for the turtle study was not subject to WWTP effluent, such that the exposure
route is not known (Basile et al. 2011). Few apparent studies exist on mTCS effects on
animals and humans.

In abalone hemocytes, 4 UM mTCS induced cytotoxicity following a 24 hr treatment; no
marked toxicity was found in gill cells (Gaume et al. 2012). In 144 hpf zebrafish, 3.3 pM
mTCS induced tail and yolk-sac abnormalities along with muscular involuntary contractions
(Macedo et al 2017). Sea urchin larval length was also decreased following 3.3 nM mTCS
exposure (Macedo et al 2017). In tadpoles, thyroid hormone receptor B (TRP) MRNA level
was increased following 10 nM mTCS and TH-repressed Rana larval keratin type | (RLKI)
mRNA levels were elevated following 1 nM mTCS (Hinther et al. 2011). In the rat pituitary
cell line GH3, 1,000 nM mTCS reduced growth hormone mRNA levels, 100 nM mTCS
decreased prolactin and 1 nM mTCS increased heat shock protein (Hsp) 70 mRNA (Hinther
et al. 2011). These data indicate that mTCS induced hormone disruption and enhanced stress
responses. However, these results were questioned due to concerns regarding validation of
the assay (DeLeo et al. 2011).

Even fewer human studies exist for mTCS. In human liver carcinoma cells (HepG2), long
term administration of low nanomolar TCS and mTCS induced changes in gene expression
via effects on methylation status (Zeng et al. 2016). Interestingly, mTCS and TCS seemed to
exert opposite effects on methylation of p16 tumor suppressor gene, an effectnot seen in
higher micromolar TCS concentrations (Zeng et al. 2016). Triclosan-methyl also undergoes
hydrophaobic interactions with human serum albumin (HSA), leading to spontaneous binding
and conformation changes to HSA (Lv et al. 2013).

TCS undergoes photodegradation rapidly at pH 8 while mTCS does not (Lindstrom et al.
2002). Lindstrom et al (2002) noted that TCS dissociate effects on photolysis rate were due
to a shift in its UV absorbance spectrum. When TCS was not dissociated, there was little
absorbance at wavelengths above 300 nm, indicating there is little overlap with the spectrum
of tropospheric sunlight. However, dissociated TCS absorbs strongly at wavelengths
between 300 and 320 nm (Lindstrom et al. 2002). Based on this characteristic, evidence
indicated that TCS underwent photolysis faster in the dissociated than in non-dissociated
state. Latch et al. (2003) also suggested that the ionized form of TCS was the photoreactive
species, while the protonated form of TCS and mTCS were photostable. This photostability
of mTCS may also indicate that mTCS is more environmentally persistent than TCS
(Coogan et al. 2007; Latch et al. 2003; Lozano et al. 2013).

Due to abiotic photodegradation of the dissociated form of TCS, there are multiple
additional breakdown products of TCS, including dioxins. Rapid abiotic photodegradation of
TCS at high pH results in conversion to 2,8-dichlorodibenzo-p-dioxin (DCDD) (Lores et al.
2005). Photodegradation conditions for TCS were optimal at basic pH with a ferric ion
concentration of 2 mg/L in the presence of no humic acid, leads to degradation half-life of
5.4 hr for 7 uM TCS under these most favorable conditions (Martinez-Zapata et al 2013).
Qiao et al (2014) reported that the half-life of 3.5 uM TCS at pH 7 using sunlight as the light
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source was 2.55 hr. Aranami and Readman (2007) showed that 33 pM TCS in pure water
with an initial pH of 7 exhibited a photodegradation half-life of longer than 8 days. The TCS
half-life was shorter in fresh water (taken from an estuary) compared to pure water (around 8
days) and the shortest in sea water (around 4 days). The decreased half-life in fresh water
may be due to the presence of microbes, since TCS is known to undergo biodegradation.
After 3 days of light exposure, DCDD was detected in both fresh and sea water, while
negligible amounts were found in pure water and in the dark controls (Aranami and
Readman 2007). Approximately 1% of TCS was found to be photodegraded to DCDD.
Conversions of TCS to DCDD vary based upon pH and light wavelength, but range from 1-
12%, suggesting that DCDD is a significant by-product of TCS but not the predominant one
(Latch et al. 2003). Photodegradation of TCS was also observed in surface water (Tixier et
al. 2002, Latch et al. 2003). Latch et al (2003) confirmed the environmental significance of
lab findings by using Mississippi River water with TCS added and irradiated with UV light
to simulate sunlight exposure. These results were comparable to those found using sterile lab
buffer conditions, suggesting that TCS likely is converted to DCDD in surface water under
sunlight irradiation. Under sterile buffer conditions, TCS underwent photodegradation to
2,7/2,8-dibenzodichloro-p-dioxin (2,7/2,8-DCDD) at pH 7 (not at pH 5-6) (Mezcua et al.
2004). TCS underwent photodegradation to 2,7/2,8-DCDD more quickly when dissolved in
wastewater compared to sterile water (Mezcua et al. 2004) indicating that biotic degradation
of TCS might enhance dioxin production under UV light. Investigators demonstrated that
2,7-DCDD produced morphological and functional changes /n vitro in human bronchial
epithelial cells (Willey et al. 1984) and altered glucose transport activity in human granulosa
cells (Enan et al. 1996).

Abiotic transformation of TCS also generates chlorophenols, which are a major class of by-
products of TCS undergoing chemical treatments (Bedoux et al. 2012). TCS may be
degraded when exposed to chlorine, into 4,5 dichloro-2-(2,4-dichlorophenoxy)phenol (4-Cl-
TCS), 5,6 dichloro-2-(2,4-dichlorophenoxy)phenol (6-CI-TCS), and 4,5,6 trichloro2-2(2,4-
dichlorophenoxy)phenol (4,6-CI-TCS) (Rule et al 2005); structures and pictorial review
illustrated in (Dhillon et al. 2015). Canosa et al (2005) showed that with 0.17 yM TCS and 1
mg/L chlorine at neutral pH, 5 by-products were detected identified as 2,4-dichlorophenol
(2,4-DCP), 2,4,6-trichlorophenol (2,4,6-TCP), tetraclosan I and 1, and pentaclosan. The by-
products 2,4-DCP and 2,4,6-TCP were found to have higher stability. This result is
important because chlorination treatment by WWTP might contribute to the burden of these
by-products in the environment. Kanetoshi et al (1992) found the toxicity of TCS derivatives
rose as the number of chlorines increased. When 6 nM TCS was treated with 35 pM
permanganate used to treat taste and odor at the intake of water treatment plants, the major
degradation product found was 2,4-DCP (Wu et al. 2012). The 2,4-DCP degradation product
was also generated via abiotic means through manganese oxide oxidation (Zhang and Huang
2003), free chlorine oxidation (Rule et al 2005), ferrate oxidation (Yang et al. 2011), and
ozonation treatment (Chen et al. 2012) of antimicrobial.

The by-products 2,4-DCP and 2,4,6-TCP are known to exert endocrine disruptor activity
(Maetal. 2011; Fang et al. 2014). Along with endocrine disruption activity, 2,4-DCP was
reported to induce toxicity in human (Bukowska 2003) and mouse cells (Chen et al. 2004) in
vitro. There is also evidence of toxicity occurring /n vivo along with mitochondrial
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uncoupling as reviewed by Tessier et al (2000). 2,4-DCP also produced hepatotoxicity /n
vivo and in vitro through mitochondrial and ER stress (Li et al. 2013, Fu et al. 2016).

Of further concern is the transformation of TCS into chlorodioxins upon incineration and
under the influence of sunlight (Kanetoshi et al. 1988). Polychlorodibenzo-p-dioxins
(PCDD) and polychlorodibenzofurans are also known by-products of TCS degradation
(Aranami and Readman 2007; Mezcua et al. 2004; Latch et al. 2005;Yu et al. 2006;
Sanchez-Prado et al. 2006). After TCS undergoes chlorination to produce 6-CI-TCS, 4,6-ClI-
TCS, and 4-CI-TCS, photolysis might generate these products to form PCDD (Buth et al.
2009). The dioxin products include 2,8-dichlorodibenzo-p-dioxin (2,8-DCDD), 2,3,7-
trichlorodibenzo-p-dioxin (2,3,7-TCDD), 1,2,8-trichlorodibenzo-p-dioxin (1,2,8-TCDD),
and 1,2,3,8-tetrachlorodibenzo-p-dioxin (1,2,3,8-TeCDD) (Buth et al. 2009); structures and
pictorial review illustriated in (Dhillon et al. 2015). Therefore, WWTP effluents that contain
TCS or its chlorinated derivatives might undergo environmental photolysis producing the
more harmful PCDD (Tavakoly Sany et al. 2015).

Dioxin-like compounds (DLC) are known to affect the aryl hydrocarbon receptor (AhR),
which leads to dysregulation of certain genes (Sorg 2014). DLC are also associated with
development of multiple types of cancer, developmental and reproductive defects, as well as
immunotoxicity (Tavakoly Sany et al. 2015). Even though TCS is photodegraded into
dioxins by UV light, no apparent studies investigated formation of dioxins from TCS
breakdown/metabolism in human skin/tissues (Fang et al. 2010) or in other eukaryotic
organisms. However, Alvarez-Rivera et al (2016) noted that using artificial skin two dioxin
like products were detected upon TCS exposure and UV-irradiation indicating that TCS
might be undergoing phototransfomation into DLC on human skin.

Triclosan-mediated Adverse Health Effects

Within just the last few years, the literature on TCS-mediated adverse health effects has
expanded from virtually non-existent to quite robust. Figure 1 summarizes several adverse
human health effects now been documented for TCS. This section discusses these effects
along with related studies in animals and in cell culture which lend support to these
epidemiological findings. TCS also induced a multitude of effects on cellular function and
molecular pathways. This topic was recently reviewed by Ruszkiewicz et al (2017). Briefly,
TCS was found to affect mitochondrial function (Weatherly et al. 2016; Shim et al. 2016;
Newton et al. 2005; Ajao et al. 2015), disrupt proper calcium signaling (Cherednichenko et
al. 2012), alter zinc homeostasis (Tamura et al. 2012), and affect immunological parameters
(Anderson et al. 2013; Yueh et al. 2014; Udoji et al. 2010; Weatherly et al. 2013).

Several investigators reported that TCS is an endocrine disrupting chemical (EDC) in
multiple species (Wang et al. 2015; Ishibashi et al. 2004; Raut and Angus 2010; Axelstad et
al. 2013; Louis et al, 2017), including humans (Koeppe et al. 2013). TCS effects on
endocrine disruption were reviewed previously (Wang and Tian 2015; Ruszkiewicz et al.
2017; Olaniyan et al 2016; Witorsch 2014), this review focuses on more recent /n vivo and
human studies.
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Exposure of various fish species to nanomolar levels of TCS elevated levels of hepatic
vitellogenin (Vtg), an egg yolk precursor used as a biomarker for endocrine disruption
(Ishibashi et al. 2004; Raut and Angus 2010). A decrease in sperm count was also found
with TCS exposure in fish (Raut and Angus 2010). A reduction in hormone levels including
progesterone, estradiol, and testosterone in rat serum occurred after oral gavage of TCS
(Feng et al. 2016). This antimicrobial lowered thyroxine (T4) hormone levels in female rats
after oral TCS administration (Louis et al. 2017, Paul et al. 2010; 2012); a decrease in T4
levels also occurred in pups treated orally with TCS (Axelstad et al. 2013). A reduction in T4
was also seen in male juvenile rats exposed to TCS (Zorrilla et al. 2009). A fall in T4 and
triiodothyronin (T3) levels after TCS exposure was noted in mice (Wang et al. 2015).
Multiple investigators proposed that the mechanism underlying the decrease in T4 levels
may be due to an upregulation of phase | CYP450 and phase Il glucuronyltransferase and
sulfonyltransferase enzymes (Paul et al. 2010; 2012; Zorrilla et al. 2009). In humans,
epidemiological studies found an association between a decrease in T4 levels in the mother
and cognitive impairment in the child (Ghassabian et al. 2011; Hollowell et al; 1999; Li et
al. 2010); although, to date, no apparent study directly assessing TCS effects on cognitive
function has been published. Interestingly, in a human epidemiology study, Koeppe et al
(2013) reported a rise in TCS urine concentrations was associated with an elevation in total
T levels in adolescents ages 12 to19.

TCS is also associated with cancer development. In mouse liver, TCS enhanced hepatocyte
proliferation and reactive oxygen species (ROS) production thereby acting as a liver tumor
promoter (Yueh et al. 2014). A correlation between increased ROS and elevated TCS
concentrations in human urine samples also indicates that TCS enhanced ROS production in
humans (Lv et al. 2016). TCS elevated proinflammatory cytokine expression of TNF-a and
IL-6 in mouse liver (Yueh et al. 2014). Many other /n vitro studies suggested that TCS
promotes cancer (Kim et al. 2014; Lee et al. 2014; Winitthana et al 2014; Wu et al. 2015).
Conversely, in other studies, investigators provided data suggesting that TCS may inhibit
cancer development (Sadowski et al. 2014; Deepa et al. 2012; Schmid et al. 2005). Sadowski
et al (2014) showed that TCS is more cytotoxic to prostate cancer compared to non-
malignant cells.

TCS was reported to decrease cardiovascular functions in mice with 12.5 and 25 mg/kg
concentrations (Cherednichenko et al. 2012). This antimicrobial also impairs muscle
function in both mice and fathead minnows assessed via grip strength and swimming
performance, respectively (Cherednichenko et al. 2012). The molecular mechanism
underlying this impairment is postulated to be related to TCS effects on calcium signaling in
cardiac and skeletal muscle cells (Cherednichenko et al. 2012). In addition, TCS exposure
increased cytosolic calcium levels in resting myotubes (Ahn et al. 2008). [3H]ryanodine
binding was also enhanced with TCS (Cherednichenko et al. 2012) suggesting that this is a
possible molecular mechanism may be involved in muscle function changes due to the
compound directly targeting type 1 ryanodine receptor.

Recent human epidemiological studies correlated TCS with reproductive and developmental
defects (Wang et al. 2015; Velez et al 2015; Etzel et al. 2017). Wang et al. ( 2015)
demonstrated an association between spontaneous abortion rates and high TCS urine
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concentrations. An increase in TCS urinary concentrations to levels above 248 nM was
related to an increased time to pregnancy (decrease in fecundity) (Velez et al 2015). Several
investigators showed an association between high TCS urine levels and diminished head
circumference in boys (Lassen et al. 2016; Philippat et al. 2014). Etzel et al (2017) found a
rise in urinary TCS concentration was inversely correlated with newborn head
circumference, weight, and length, regardless of gender. Li et al (2015) also noted a
reduction in BMI with elevated urinary TCS concentrations, which may also be related to
birth defects. Enhanced TCS sera levels obtained from human mothers was associated with
birth defects (Wei et al. 2017). As previously indicated, several studies showed that TCS
exhibited endocrine disrupting effects, which may account for a portion of the adverse
reproductive outcomes observed in the epidemiological studies. Mitochondrial disruption by
antimicrobial (Weatherly et al. 2016; Ajao et al. 2015; Newton et al. 2005) may also
contribute to adverse reproductive effects as proper mitochondrial function is required for
embryonic development (Chen et al. 2003).

Similar reproductive adverse effects were also reported in animal studies. An association
between high TCS concentrations and spontaneous abortion was shown in mice (Wang et al.
2015). Treatment with TCS on certain gestational days decreased implantation rates in mice
(Crawford and Decatanzaro 2012). An increase in spontaneous abortion rates occurred in
pregnant rats exposed to TCS and the placenta was found to accumulate compound after
treatment (Feng et al. 2016). In the human and the animal studies, there is no apparent
molecular explanation provided for the observed effects of TCS at the organismal level.

Several human epidemiological studies noted associations between TCS exposure and
allergies and asthma (Clayton et al. 2011; Spanier et al. 2014; Hong et al. 2014). Urinary
TCS concentrations were correlated with increased allergies diagnoses in the under 18 age
group (Clayton et al. 2011). An elevated level of TCS may lead to an enhanced risk of
asthma, allergies, and food sensitization (Spanier et al. 2014). In addition Hong et al (2014)
suggested an association between a high use of antimicrobial products with wheezing and
allergic rhinitis

Several animal and /n7 vitro studies with respect to the immune system show similar results.
Rat /n vivo studies noted a fall in 1L-25 (pro-inflammatoryy), 1L-33 (both pro and anti-
inflammatory), and IL-1a (pro-inflammatory) but an rise in pro-inflammatory cytokine
IL-1B and TNF-a expression following 3% TCS dermal exposure (Marshall et al. 2015). In
primary human epidermis tissue, 0.1% TCS elevated TSLP, IL-1B, and IL-1a gene
expression (Marshall et al. 2015). Further, antimicrobial also increased the number of
immune cells in the skin draining lymph node after dermal application to mice (Anderson et
al. 2016).

However, several other studies reported that TCS alleviated skin reactions, including allergic
skin reactions upon irritation (Barkvoll and Rolla 1995; Kjaerheim et al. 1995; Tan et al.
2010; Waaler et al. 1993). In addition, TCS was found to produce immunosuppression of
natural killer cells via inhibition of their lytic function (Udoji et al. 2010). The mechanism
underlying the observed decrease in skin reactions was investigated by examining the effects
of TCS on mast cells, which are involved in allergic diseases. Palmer et al. (2012) found that
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TCS diminished mast cell degranulation stimulated by multivalent antigen (Ag). Further, it
was determined that TCS produced an enhanced effect on mast cell degranulation upon
calcium ionophore stimulation, leading to the postulation that the antimicrobial was
inhibiting mast cell degranulation via a target after the influx of calcium across the Ca2*
release-activated Ca?* (CRAC) channel (Palmer et al. 2012). These data provide a
mechanism underlying TCS-mediated inhibition of allergic skin reactions and
immunosuppression seen in clams.

Conclusions

TCS was recently been banned by the FDA but only from certain soap products. This
antimicrobial still remains in many consumer products, including popular toothpaste.
Consumers are exposed via these products as evident by numerous studies showing
detectable levels of TCS in skin, urine, and plasma ranging from nM to pM concentrations.
There remains some controversy regarding whether TCS concentrations absorbed into the
human body might induce adverse effects noted in lab studies. Here, comparing TCS levels
absorbed into human skin to compound concentrations reported to produce adverse effects,
it was found that antimicrobial levels absorbed via the skin are comparable to those needed
to induce effects seen in lab studies such as mitochondrial dysfunction. It is also important to
note that TCS is not rapidly metabolized dermally and the majority remains as the parent
compound for at least 24 hr. Several studies demonstrated TCS-mediated effects following
just a few hr following chemical exposure. TCS might undergo both biotic and abiotic
transformation, leading to production of a multitude of by-products. Many of these by-
products have not been thoroughly investigated while others were found to be more toxic
than parent TCS compound. TCS was reported to be an endocrine disrupting chemical in
multiple species. TCS might also affect immune responses, ROS production, and
cardiovascular functions. There has been a recent increase in the number of epidemiology
studies examining TCS with effects shown in Figure 1. Many of these studies observed an
association between a rise in TCS exposure and reproductive and developmental defects in
infants. Taking into consideration these significant findings, incorporation of this
antimicrobial into readily available consumer products, not just in soap, needs to be re-
evaluated, and biological effects of its breakdown products and metabolites need to be
investigated.
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TCS exposure
Cl OH

Figure 1.
Recent human epidemiology studies show an association of an increase in urinary triclosan

concentrations with a variety of detrimental endpoints. 1 Koeppe et al 2013; 2 Lv et al 2016;
3 Wang et al 2015; 4 Clayton et al 2011; ° Spanier et al 2014; 6 Hong et al 2014; 7 Lassen et
al 2016; 8 Philippat et al 2014; ° Etzel et al 2017; 10 Velez et al 2015; 11 Li et al 2015.
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Summary of TCS concentrations in tissues
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Study

Concentration (nmol TCS/mg
tissue protein)

Citation

Human skin biopsies exposed to TCS product for 1 hr (extrapolated to 10 mM)
Human skin explants exposed to TCS product for 1 hr (extrapolated to 10 mM)
In vitro cell culture; level which induced mitotoxicity

Isolated rat mitochondria; level which produced mitotoxicity

Fish brain

0.4
64
08-238
2.5
0.49

Moss et al 2000
Manevski et al 2015
Weatherly et al 2016

Newton et al 2005

Escarrone et al 2016
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