UC San Diego
UC San Diego Previously Published Works

Title
Triclosan: A Widespread Environmental Toxicant with Many Biological Effects

Permalink
https://escholarship.org/uc/item/26k1i8h3

Journal
The Annual Review of Pharmacology and Toxicology, 56(1)

ISSN
0362-1642

Authors

Yueh, Mei-Fei
Tukey, Robert H

Publication Date
2016-01-06

DOI
10.1146/annurev-pharmtox-010715-103417

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/26k1j8h3
https://escholarship.org
http://www.cdlib.org/

1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2017 January 06.

-, HHS Public Access
«

Published in final edited form as:
Annu Rev Pharmacol Toxicol. 2016 January 6; 56: 251-272. doi:10.1146/annurev-
pharmtox-010715-103417.

Triclosan: A Widespread Environmental Toxicant with Many
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Abstract

Triclosan (TCS) is a broad-spectrum antimicrobial agent that has been added to personal care
products, including hand soaps and cosmetics, and impregnated in numerous different materials
ranging from athletic clothing to food packaging. The constant disposal of TCS into the sewage
system is creating a major environmental and public health hazard. Owing to its chemical
properties of bioaccumulation and resistance to degradation, TCS is widely detected in various
environmental compartments in concentrations ranging from nanograms to micrograms per liter.
Epidemiology studies indicate that significant levels of TCS are detected in body fluids in all
human age groups. We document here the emerging evidence—from in vitro and in vivo animal
studies and environmental toxicology studies—demonstrating that TCS exerts adverse effects on
different biological systems through various modes of action. Considering the fact that humans are
simultaneously exposed to TCS and many TCS-like chemicals, we speculate that TCS-induced
adverse effects may be relevant to human health.
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INTRODUCTION

First introduced in the early 1970s to the health care industry, 5-chloro-2-(2,4-
dichlorophenoxy) phenol, commonly known as triclosan (TCS), is a synthetic, lipid-soluble
antimicrobial agent that has been used in the United States and globally for more than 40
years as an antiseptic, disinfectant, or preservative in clinical settings (surgical scrubs),
personal care products (e.g., hand soaps, shampoos, deodorants, laundry detergents,
cosmetics), household items (e.g., cutting boards, kitchenware, textiles, packaging
materials), and medical devices (e.g., surgical sutures, catheters, ureteral stents) (1-3). In
hospitals, TCS has been employed in surgical scrubs and used in hand washing prior to
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surgery to eradicate microorganisms such as methicillin-resistant Staphylococcus aureus
(MRSA) (4); however, the necessity and effectiveness of TCS-containing products in
household and other non-health-care-related settings are the subject of an ongoing scientific
and public debate, given the associated risks (5).

TCS is bacteriostatic at low concentrations, as it inhibits fatty acid biosynthesis through
inhibition of the enoyl-acyl carrier protein reductase (Fabl) enzyme by forming a
noncovalent complex with NAD™ in the Fabl active site (6, 7). As Fabl is essential for
normal cellular division, TCS-mediated Fabl inhibition effectively suppresses the growth of
numerous gram-negative and gram-positive bacteria, whereas at higher concentrations it
induces K* leakage, leading to membrane destabilization and a rapid bactericidal effect (8,
9). As a chlorinated biphenyl ethyl, TCS is structurally similar to polychlorinated biphenyls,
bisphenol A, dioxins, and thyroid hormones (10). The aromatic nature of TCS and its high
chlorine content make it resistant to degradation and persistent in the environment.

TCS is regulated in the United States by both the Food and Drug Administration (FDA) as
an over-the-counter drug (e.g., an additive in hand soaps and deodorants) and the
Environmental Protection Agency (EPA) as an antimicrobial agent (e.g., plastic films for
packaging). In 1997, the FDA approved the use of TCS (0.3%) in Colgate Total toothpaste
to prevent gingivitis and cavities. The use of TCS has been generally considered well-
tolerated and safe. For this reason, manufacturers have been adding it to their consumer
formulas for the past few decades in the hopes of providing the user with long-lasting
antibacterial protection. As a result, the widespread use of TCS allows the chemical to enter
the environment through many pathways. The majority of TCS is disposed of in municipal
sewer systems, receives treatment in local wastewater treatment plants (WWTPs), and
undergoes biodegradation and sorption, resulting in different levels of TCS reaching the
surface water through effluents (11). TCS and its derivatives have been detected in the
effluent of WWTPs across the globe as well as in their receiving waters and surrounding
environment. Within aquatic habitats, TCS likely accumulates in sediments, as it is a
lipophilic compound with low aqueous solubility. It is evident now that TCS is one of the
most commonly encountered contaminants in solid and water compartments and has been
detected in levels from nanograms to several micrograms per liter in sediments, WWTPs,
rivers, lakes, and even drinking water sources (11-15). In fact, TCS is listed among the
seven most frequently detected compounds in streams across the United States (16).
Consequently, TCS imposes a significant impact on aquatic ecosystems and many aquatic
species, with algal species being among the most sensitive to TCS toxicity (17).

Based on the mounting evidence of TCS detection in human body fluids, humans are
unequivocally exposed to significant and potentially unsafe levels of TCS. TCS is not
acutely toxic to mammals, but it can modulate phase 1, I, and 111 drug-process genes by
interacting with the nuclear receptors pregnane X receptor (PXR) and constitutive
androstane receptor (CAR) (18-21). In animal models, many lines of evidence have
suggested that TCS has adverse effects on endocrine function, thyroid hormone homeostasis,
and antibiotic resistance. The carcinogenicity of TCS has been studied in rats, mice, and
hamsters, and the results summarized by Rodricks et al. (2) indicate that TCS can cause liver
pathogenesis—particularly tumor formation—in mice. More recent studies have provided
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new evidence linking TCS to tumorigenesis in animal models. In this review, in addition to
discussing epidemiology studies and environmental impacts of TCS, we focus on potential
health issues surrounding the use of TCS by providing a data collection that spans a wide
range of in vitro and in vivo experimental models.

FATE AND EFFECTS OF TCS IN THE ENVIRONMENT

The proliferation of TCS use in daily care products coincides with a plethora of evidence of
its bioaccumulation and persistence in the environment. Up to 96% of TCS in consumer
products is rinsed down the drain, leading to the concentration of TCS, ranging from 1 to 10
mg/L, in WWTP influent (11). During the wastewater treatment process, TCS may convert
to other derivatives: It can be biologically methylated into methyltriclosan (22) and/or be
transformed during the disinfection of wastewater with free chlorine into chlorinated TCS
derivatives, which possess a higher degree of environmental persistence than their parent
compound because of their lipophilicity and resistance to biodegradation. Additionally,
researchers have reported that the chlorinated TCS derivatives are more toxic than TCS
itself, and their median lethal dose (LDsg) value decreases as the number of chlorine
substitutions in them increases (23). When discharged into surface waters through WWTP
effluents, TCS and the chlorinated derivatives may undergo direct photolysis and be
photochemically transformed to 2,4-dichlorophenol and polychlorodibenzo-p-dioxins
(PCDDs), including 1,2,8-trichlorodibenzo-p-dioxin (1,2,8-TriCDD), 1,2,3,8-
tetrachlorodibenzo-p-dioxin (1,2,3,8-TCDD), 2,3,7-trichlorodibenzo-p-dioxin (2,3,7-
TriCDD), and 2,8-dichlorodibenzo-p-dioxin (2,8-DCDD) (24, 25) (Figure 1). Notably,
PCDDs are generally highly persistent in the environment, and some are associated with
carcinogenic activities (26).

Depending on the operation of the WWTP, a wide range of TCS concentrations can be
released into the environment through receiving waters. A study in which TCS
concentrations were measured in US wastewater effluent (27) documented that they ranged
from 200 to 2,700 ng/L. Total annual loading of TCS into US surface waters has been
estimated at 5,200-18,824 kg/year, with approximately 50% coming from WWTP effluents
(28). A recent study of water systems in North America indicated that higher concentrations
of TCS, its chlorinated derivatives, and their derivative dioxins in small-scale water systems
can be directly attributed to increased TCS use (29). Once in the environment, TCS tends to
accumulate and persist in biosolids and can enter the terrestrial environment during the
application of sewage sludge to agricultural land (30, 31). TCS has been detected not only in
surface water and estuarine sediment but also in freshwater at concentrations of up to 800
ng/kg (31).

Consequently, researchers have detected TCS contamination in both aquatic and terrestrial
environments and have observed its bioaccumulation in aquatic biota, such as snails, algae
(32), fish (33), and marine mammals (34). TCS also adsorbs to microbial biomass owing to
its hydrophobic nature—as shown by its log octanol-water partition coefficient (Ky,) of 4.8
(30). A study conducted by Wilson et al. (35) showed that TCS may influence the structure
and function of algal communities in water ecosystems that received WWTP effluent. In
fact, the toxicity of TCS has been studied using several types of environmentally sensitive
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species—including microalgae and fish—which have very low median effective
concentration (ECsq) values approaching the amount of TCS detected in the natural aquatic
environment. Algal species appeared to be vulnerable to the toxic effects of TCS, with a 96-
h ECsq of 1.4 pg/L and a 96-h no-observed-effect concentration (NOEC) of 0.69 ug/L (17).
In the developmental stage, rainbow trout (Oncorhynchus mykiss) was sensitive to TCS
toxicity, with significant effects on the survival rate under the 0.071 mg/L concentration. At
concentrations above 0.7 mg/L, TCS exhibited teratogenic responses, hatching delay, and
mortality in the embryos and larvae of zebrafish, with a 96-h median lethal concentration
(LCsp) of 0.42 mg/L. When researchers combined results of genetic, developmental, and
enzymatic biomarker studies, they estimated that TCS concentrations of no less than 0.3
mg/L pose a hazard to aquatic ecosystems (36). A study measuring the growth-inhibiting
effect of 12 different antibacterial agents indicated that TCS is one the most toxic
antibacterial compounds for the freshwater microalga Pseudokirchneriella subcapitata, with
a NOEC of 200 ng/L (37).

TCS is biodegradable and photo-unstable and continues to break down following its release
into the aquatic environment (12-14). TCS has a half-life of approximately 11 days in
surface water (38) and is degraded in aerobic soil with a half-life of 18 days. By contrast, it
persists in anaerobic soil and sterile aerobic conditions (39). As TCS coexists with
microplastic [i.e., polyvinyl chloride (PVC)] in the environment, a recent study uncovered
that when lugworms (Arenicola marina) were exposed to PVC that was presorbed with
TCS, uptake of TCS from PVC not only diminished their ability to engineer sediments but
also raised their mortality (40).

TCS METABOLISM AND HUMAN EXPOSURE

TCS Absorption, Distribution, Metabolism, and Elimination

The most likely routes of exposure to TCS in humans are ingestion and skin absorption (41).
When men applied cream containing 2% TCS on their skin in a clinical study, the absorption
of TCS, calculated from urinary excretion, was estimated to be less than 10% in all
individuals (42). A similar study by Lin (43) determined that the TCS retention rate was
7.33% from mouthwash containing 0.03% TCS. Following absorption, TCS is metabolized
primarily through conjugation reactions to glucuronide and sulfate conjugates that are
eliminated in feces and urine (44-46). Following the application of 1% TCS in a soap
formulation to the skin in rats and guinea pigs, TCS glucuronide was detected as the major
urinary metabolite (44). In another TCS metabolism study in which researchers administered
a single topical dose of TCS to rats, unchanged TCS and TCS glucuronide were identified in
urine and feces, with a small amount of TCS sulfate in urine (45). Wang et al. (20)
compared TCS glucuronidation and sulfonation activities in human liver microsomes, and
pharmacokinetic studies suggested that TCS glucuronide and sulfate may be formed in the
liver at approximately equal rates at the environmentally relevant concentration (1 to 5 uM).
Sulfonation is expected to be the major metabolic pathway for TCS elimination at
concentrations below 1 pM owing to the fact that TCS sulfonation has a lower Michaelis-
Menten constant (Ky,) than glucuronidation, whereas glucuronidation that exhibits a higher
maximal velocity (Vmax) compared to sulfonation would be the predominant route for TCS
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clearance at higher concentrations (20). Using the cDNA-based cell expression system in
COS cells, we found that several of the human UDP-glucuronosyltransferases (UGTSs) are
capable of glucuronidating TCS, with UGT1AL, 1A3, 1A4, 1A6, and 1A7 exhibiting the
highest activities (Figure 2). In reports regarding human exposure, TCS levels range from
undetectable or very little to 38% unconjugated after oral ingestion of TCS (3, 43, 47),
indicating possibly large discrepancies in individual glucuronidation or sulfonation
capacities. We suspect that when certain conditions occur—Ilong-term TCS exposure,
presence of concomitant substrates (e.g., clinical drugs and other environmental pollutants
that are UGT1A substrates), or pathological liver status associated with lower expression
levels of UGTs (e.g., age, alcoholic liver disease, steatosis)—TCS exposure may exceed the
metabolic capacity that the body provides (48-50). Thus, people who have impaired or
reduced glucuronidation conjugation capacity would be at a higher risk of adverse TCS
effects.

A human pharmacokinetic study demonstrated that TCS can be rapidly absorbed,
metabolized, and eliminated following a single oral dose. The maximum plasma
concentration was reached within 1-3 h, and the estimated terminal plasma half-life was 21
h, with baseline levels reached within 8 days after exposure (47). Regardless of the route of
administration, the primary elimination route in humans is urinary, with a median excretion
half-life of 11 h after oral intake of TCS (47), whereas fecal elimination prevails in rodents
(1), which have a half-life of elimination ranging from 8 to 15 h. Following the skin
application of 14C-labeled TCS in mice, maximum absorption was obtained approximately
12 h after dosing, and radioactivity appeared in all organ tissues examined, with higher
levels in the gall bladder, gastrointestinal tract, liver, and lung (46). Of the radioactivity
detected in the feces, the majority of TCS was in the free form, suggesting the hydrolysis of
TCS conjugates by gut microflora (44).

TCS-Mediated Regulation of Drug-Processing Genes

Complex metabolic pathways in mammals, orchestrated by multiple families of drug-
processing genes, are responsible for the detoxification of potentially harmful endogenous
metabolic products and xenobiotics and are tightly regulated by various nuclear receptors—
namely CAR, PXR, and peroxisome proliferator activating receptor a (PPARa) (51-53)—in
responding to a wide range of structurally diverse xenobiotics, providing an adaptive
response to environmental challenges. Many in vivo and in vitro experiments have shown
that TCS can interact with nuclear receptors and regulate the corresponding downstream
drug-processing genes. In a PXR reporter assay in which investigators transfected cells with
the human PXR and a reporter plasmid containing the PXR response element in the CYP3A4
promoter region, TCS moderately activated human PXR (19), indicating a potential
regulation of CYP3A4 gene expression. By employing probe substrate-specific enzyme
assays, researchers have shown that TCS treatment increased protein and enzyme activities
of rat Cyp2b1/2 and Cyp3al—target genes of CAR and PXR—with hepatic microsomes or
in hepatocytes (18, 54).

To understand the underlying mechanism through which TCS modulates gene expression,
we monitored the activities of a series of mouse xenobiotic receptors (XenoRs) in response
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to TCS treatment, including PXR, CAR, liver X receptor a, farnesoid X receptor, vitamin D
receptor, PPARa, PPARP, PPARY, estrogen receptor a (ERa), ERp, and glucocorticoid
receptor. Of the 11 XenoRs screened with TCS (10 uM), only CAR was activated by TCS,
with a moderate induction of luciferase activity; all other nuclear receptors produced
statistically insignificant induction (21). By conducting a ligand binding assay, we further
demonstrated that TCS acted as a CAR activator but not an agonist ligand. TCS-mediated
CAR activation elicited a significant induction of hepatic CYP2b10 in mice, and this
induction was nearly completely abolished in livers of CAR™/~ mice, indicating that TCS-
induced Cyp2b10 gene induction requires CAR activation. Another study using various
reporter assays consisting of the nuclear receptors PXR and CAR across species—human,
mouse, and rat—showed that TCS is an agonist for both human PXR (hPXR) and hCAR.
These in vitro results put forward the estimation that the lowest observable effect level for
TCS activation of hPXR is approximately 15 mg/kg/day. The authors concluded that TCS is
not likely to mediate adverse outcomes resulting from induction of drug-processing genes
because current human exposures to TCS are insufficient to activate hPXR and hCAR,
judging from the estimated human oral exposure to TCS of 0.13 mg/kg/day (55).

The concept of TCS upregulating enzymes that are responsible for thyroid hormone
clearance is supported by a study conducted by Paul et al. (56) in which oral exposure to
TCS in rats produced hypothyroxinemia with a significant reduction in serum thyroxine (T4)
levels. These results indicated that—possibly through activation of the nuclear receptors
PXR and CAR—TCS induces hepatic drug-processing genes that are responsible for T4
clearance, thus decreasing serum T4. The presence of TCS in the biological system may also
interfere with the metabolism of coexisting xenobiotics or endogenous compounds. Pollock
et al. (57) investigated the interaction of TCS with bisphenol A and found that TCS
enhanced the presence of bisphenol A in specific tissues of adult female and male mice.
Following combined TCS and bisphenol A administration, levels of bisphenol A were
elevated in the lung, heart, muscle, uterus, ovaries, and serum of female mice and the
epididymis and serum of male mice. These experiments implied that TCS may interfere with
hepatic conjugating enzymes and inhibit the metabolism of bisphenol A (57). In summary,
in a subset of people who have poor TCS metabolism, are exposed to higher amounts of
TCS and TCS-like compounds, or both, TCS—Dby acting on activation of inducible
enzymatic pathways through interactions with PXR and CAR—may have a significant
impact on many aspects of xenobiotic and endobiotic metabolism and disposition,
potentially affecting the toxicity of drugs and chemical pollutants as well as endocrine
homeostasis.

Human Exposure to TCS

Numerous epidemiology studies that documented TCS detection in urine, blood, and breast
milk in different regions of the world suggest that the general population is exposed to TCS.
A study examining the body burden of phenolic halogenated compounds in Sweden
identified TCS as one of many such compounds present in the plasma of the tested
population (58). A study of TCS detection in urine samples among the US general
population revealed that a wide range of TCS concentrations (2.4-3,790 pg/L) was present
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in 74.6% of 2,517 participants, with the highest levels occurring in young adults in their
twenties and those in higher socioeconomic positions (41).

Pregnant women and their fetuses are uniquely vulnerable to endocrine disruptors,
potentially including TCS. Researchers focusing on this special population detected TCS in
human milk at concentrations ranging from 100 to 2,100 pg/kg lipid in 51 out of 62 samples
from the Breast Milk Banks in California and Texas (59). In a recent survey of pregnant
Canadian women, 99% had detectable levels of TCS glucuronides and 80% had the
unconjugated, free TCS form in their urine. Urinary TCS concentrations appeared to have
increased with age and higher socioeconomic status (60). Geens et al. (61) reported that a
large portion of the free TCS present in the human body is localized within the liver. A pilot
study focusing on childhood exposures across major cities in the United States showed that
two-thirds of 90 girls, aged 6-8 years old, exhibited detectable urinary TCS, ranging from
1.6 to 956.0 pg/L, indicating the prevalence of TCS exposure among youths (62). A risk
assessment study conducted in a population of Swedish women reported that higher
concentrations of TCS in milk and serum were correlated with the use of TCS-containing
daily care products (63). By contrast, no significant plasma TCS concentrations were
detected between a control group and a group exposed to TCS-containing personal care
products in a study of 12 adult humans (64). In an epidemiology study exploring potential
health effects of prenatal exposure to TCS on birth size, researchers reported no significant
association (65).

By incorporating in vitro data on metabolic clearance and plasma protein binding activities,
Rotroff et al. (66) established a population-based in vitro—to—in vivo extrapolation model to
estimate the daily human oral dose (oral equivalent dose) of an array of environmental
chemicals, including TCS. This dose can predict a steady-state concentration that is
equivalent to in vitro ACgq (concentration at 50% of maximum activity) and the lowest
effective concentration obtained from a wide range of high-throughput toxicity screening
assays across multiple cellular pathways developed in the EPA ToxCast program (67).
Among 35 chemicals screened, the highest estimated human oral exposures were generally
well below the estimated oral equivalent doses. However, TCS was one of only two
chemicals that had an estimated human oral exposure level (0.13 mg/kg/day) greater than an
oral equivalent dose of 0.0117 mg/kg/day. These data challenge the safe use of TCS in
humans and support the concept that the level of human TCS exposure is within the range at
which significant in vitro bioactivity occurs. Figure 3 depicts the fate and effects of TCS in
the environment and the potential routes of human exposure to TCS.

BIOLOGICAL AND PHYSIOLOGICAL EFFECTS OF TCS IN EXPERIMENTAL
ANIMAL MODELS

Mutagenicity and Genotoxicity

Many independent studies have assessed the mutagenic potential of TCS and indicated that
TCS is neither genotoxic nor mutagenic (68). A recent study reported that 0.5 mg/L TCS
inhibited the vegetative growth of the unicellular alga Closterium ehrenbergii and produced
DNA damage at 0.25 mg/L in the Comet assay (69). More recently, Binelli et al. (70)
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employed a battery of biomarkers to assess the genotoxicity and cytotoxicity of TCS in
hemocytes of the freshwater zebra mussel. In both the single-cell gel electrophoresis assay
and the micronucleus test, TCS induced significant DNA genetic damage at all tested
concentrations (1, 2, and 3 nM) in a concentration-dependent fashion. These results suggest
that although TCS is not genotoxic in most animal models, aquatic organisms are more
susceptible to its genotoxic and mutagenic effects.

Liver Disease and Carcinogenesis

When evaluated in chronic carcinogenesis studies in mice, rats, and hamsters, TCS
treatment—related tumors were found in the liver of male and female mice with signs of
hepatocyte hypertrophy and vacuolization (2). Researchers have proposed a few hypotheses
linking TCS exposure to liver tumor development. Mice may be sensitive to TCS-activated
peroxisome proliferator-type effects in the liver, although peroxisome proliferator actions
are not considered a risk to human health. Another conjecture involves the hypothesis that in
chlorine-treated tap water, TCS enhances the production of chloroform (24), which the EPA
classifies as a probable human carcinogen. A link of TCS to dioxins—a family of
compounds with widely ranging toxicities, including carcinogenesis and weakening of the
immune system and reproductive function (71)—has been also suggested. TCS chlorinated
by-products can produce 2,8-DCDD and 2,4-dichlorophenol following photochemical
degradation by sunlight exposure, although one study argued that low concentrations of
dioxin compounds would be formed owing to the low efficiency of the direct photolysis of
TCS (72). These hypotheses remain speculative without concrete experimental evidence.

Through a long-term feeding study in mice, we recently discovered that TCS substantially
accelerates hepatocellular carcinoma development, acting as a liver tumor promoter.
Following diethylnitrosamine initiation, TCS-treated mice exhibited a large increase in
tumor multiplicity, size, and incidence compared to control mice (21). By conducting a
nuclear reporter activation assay using a series of mouse nuclear receptors, we showed that
mouse PPARa displayed insignificant activation in response to TCS, and we debated
whether TCS exerts its hepatic proliferation independent from PPARq activation, contrary
to the previous suggestion (2). Through in vivo and in vitro experiments with a variety of
biomarkers, we demonstrated that TCS enhances hepatocyte proliferation, induces
fibrogenesis, produces oxidative stress, and promotes inflammatory responses (21). These
results suggest that these modes of action that precede liver tumorigenesis may constitute the
primary tumor-promoting mechanism through which TCS functions as a liver tumor
promoter. In addition to the study conducted by this laboratory, a few recent studies, detailed
below, addressed the potential mechanisms underlying TCS-mediated carcinogenesis.

Oxidative stress—Following TCS treatment in the diet, we found that increased levels of
superoxide have been observed in the livers of TCS-treated mice. In addition, TCS-treated
livers exhibited a marked increase in expression of oxidative stress responsive genes,
including heme oxygenase-1 (Ho-1), NADPH hydrogenase quinone 1 (Ngo-1), and
glutathione Stransferase al (Gstal), indicating occurrence of oxidative stress (21, 73). In
another similar study, TCS treatment in human hepatoma HepG2 cells led to the
accumulation of 8-hydroxy-2-deoxyguanosime (8-OHdG), supporting the notion that TCS
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exposure contributes to the generation of oxidative stress (74). In the lysosomal membrane
stability assay, Binelli et al. (70) demonstrated that severe TCS-induced DNA injuries in
mussel hemocytes were linked to reactive oxygen species generation and oxidative stress.
The concept that TCS exposure produces oxidative stress has also gained support from a
recent study using a quantitative toxicogenomic-based toxicity assessment (75) in which
toxicity changes during the degradation of TCS were evaluated by a Fenton-based process.
The results showed that TCS caused severe oxidative stress as well as DNA stress. The
authors indicated that the sustained TCS toxicity associated with oxidative stress was likely
attributed, at least partially, to the production of 2,4-dichlorophenol—a chlorinated TCS by-
product. When assessing the risk imposed by TCS in terrestrial organisms, studies of
earthworms (Eisenia fetida) and snails (Achatina fulica) showed that the adverse effects of
TCS on these organisms are associated with oxidative stress, as evidenced by the induction
of oxidative stress responsive genes and increased content of malondialdehyde (76, 77).
TCS dose-dependent DNA damage was also observed in earthworms, implying that TCS
genotoxicity in this organism may be caused by oxidative stress (78).

Epigenetic factors and epithelial-mesenchymal transition—Ma et al. (74)
demonstrated that TCS significantly reduced the level of global DNA methylation in human
HepG2 cells and inhibited DNA methyltransferase 1 activity, implying that TCS may exert
its tumorigenesis promotion ability by altering DNA methylation status, as global DNA
hypomethylation is considered to be a biomarker of cancer progression (79). Using anoikis
resistant human H460 lung cancer cells that reflect cancer aggressiveness as an experimental
model, Winitthana et al. (80) discovered that TCS exposure predisposes lung cancer cells to
undergo epithelial-mesenchymal transition (EMT), manifesting the mesenchymal
phenotype. When cancer cells were treated with TCS at physiologically relevant
concentrations, these cells exhibited decreased cell-to-cell adhesion and increased levels of
biomarkers associated with EMT, inducing N-cadherin, Vimentin, Snail, and Slug, implying
that TCS may promote EMT and increase the cells’ migration, invasion, survival, and
metastasis abilities (80).

Cell proliferation and fibrogenesis—Following 8-month TCS exposure at 800 ppm in
the diet, we found that mice exhibited an increased liver to body weight ratio without
affecting body weight, accompanied by elevated expression of gene markers associated with
DNA synthesis and cell proliferation, including Ki-67, c-Myc, and Cyclin D1 (21). The TCS-
induced proliferative response was associated with increased expression of fibrogenic genes
—Collagen 1al, smooth muscle alphaactin (a-Sma), and tissue inhibitor of
metalloproteinase 1 (Timpl)—in livers as well as elevated levels of apoptosis. These results
suggest that TCS causes chronic liver damage and hepatocyte apoptosis in mice, and
surviving hepatocytes undergo compensatory proliferation and fibrogenesis with the
regenerative capacity that hepatocytes possess (21). In a xenograft mouse model with
injection of MCF-7 human breast cancer cells, exposure to TCS appeared to trigger the
growth of breast cancer cells, leading to a significant increase in the development of breast
tumor masses. MCF-7 cell proliferation following TCS treatment was accompanied by
increased expression of Cyclin D1 and decreased expression of p21, suggesting that TCS
exposure is associated with the control of the G1/S transition of the cell cycle during cell

Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2017 January 06.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yueh and Tukey

Page 10

proliferation in carcinogenesis (81). A similar study using ER-positive BG-1 ovarian cancer
cells reported that TCS stimulated cell proliferation at a concentration of 1 uM through an
ER-dependent pathway (82). Treatment of BG-1 cells with TCS promoted cell cycle
progression, as evidenced by upregulation of Cyclin D1, and suppressed apoptosis, as shown
by a reduction in p21 and Bax transcription and protein levels.

Disturbance of immune function—Scientists have long recognized a relationship
between inflammation and cancer development (83). In the TCS-feeding experiments, TCS-
treated mice exhibited an increase in liver inflammation, as shown by significantly higher
expression levels of the proinflammatory cytokines tumor necrosis factor-a (Tnf-a)) and 11-6
(21). A recent epidemiology study investigated the ability of TCS to affect the immune
system by using immune parameters in combination with a national cross-sectional survey
conducted by the US Centers for Disease Control and Prevention in 2003—2006 (84). The
study results showed that higher concentrations of urinary TCS were associated with a
greater probability of having been diagnosed with allergies or hay fever in the <18-years-old
age group. A recent study examined the effects of TCS on intracellular zinc concentrations,
as zinc plays a critical role in proper immune function. Using a flow cytometer with
appropriate probes, the researchers determined the correlation between elevated levels of
intracellular zinc following TCS treatment and decreased levels of the thiol content in rat
thymocytes. The results suggest that TCS at a dose of 1-3 uM produced oxidative stress that
depletes cellular thiol contents, leading to the disturbance of cellular Zn?* homeostasis (85).
A study of TCS exposure using in vitro natural killer (NK) cells showed that TCS, at
concentrations as low as 1 pM with prolonged exposure (6 days), diminished the ability of
human NK cells to lyse tumor cells, an essential function for inhibiting infected cells and
tumors (86).

Currently, mechanism-based studies in humans are lacking in both number and scope. Our
mouse model in the tumorigenesis study strongly suggests that adverse health effects—
particularly enhanced liver fibrogenesis and tumor promotion—are associated with long-
term TCS exposure. In addition, the aforementioned data in different experimental models
collectively provide potential underlying mechanisms—oxidative stress, cell proliferation
and fibrogenesis, epigenetic modification, and immune function disturbance—through
which TCS exerts its effect on liver pathogenesis, carcinogenesis, or both. Although many
of these animal studies used higher chemical concentrations than are predicted for human
exposure, these mechanism-based studies are important, and their relevance to humans
should be closely evaluated.

Endocrine Disruption

The potential of TCS to act as an endocrine disruptor has been examined in different
organisms, and many studies have reported reproductive and developmental toxicity and
endocrine-disrupting effects of TCS in both in vitro and in vivo models. TCS has been
shown to possess weak androgenic effects in fish (87) and antiandrogenic effects in rats
(88). In vitro reporter assays using human breast cancer MCF-7 cells transfected with
estrogen response element—containing plasmids revealed that TCS possessed antiestrogenic
and antiandrogenic activities through interaction with ERa, ERp, and the androgen receptor
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(AR). Acting as an antagonist, TCS inhibited the activity of these receptors when
administered concomitantly with their endogenous ligands (89). Researchers further studied
the endocrine disrupting potential of TCS by using in vitro cell-based assays consisting of
nuclear receptor response elements to detect activities of the aryl hydrocarbon (Ah) receptor,
ER, AR, and ryanodine receptors. Acting as both an Ah receptor agonist and antagonist,
TCS not only induced luciferase expression to 40% of that of 2,3,7,8-TCDD induction but
also inhibited 2,3,7,8-TCDD-induced luciferase expression by 30%. The authors also
concluded that TCS antagonistically regulates ER and AR and is a potent disruptor of Ca2*
regulation (90). In a study that analyzed TCS for its action on placental secretion of
progesterone, estradiol, and f-human chorionic gonadotropin (3-hCG) in human
choriocarcinoma-derived placental JEG-3 cells, TCS altered main placental hormone
production by stimulating estradiol and progesterone secretion and reducing f-hCG at
environmentally relevant doses in these cells (91).

Providing a comparison with the above in vitro studies, several in vivo studies determined
that TCS functions as an ER agonist and exhibits estrogenic activity (92-94). TCS is
reported to have estrogenic activity, as it increased the vitellogenin levels in male fish (92).
Furthermore, TCS exposure led to an earlier onset of vaginal opening and an earlier age of
the first estrus in female Wistar rats (93). Recent work by Jung et al. (94) tested the
estrogenic activity of TCS by in vivo uterotrophic assays, and the results showed that uterine
weight was significantly increased by TCS in the uteri of immature rats at doses as low as
7.5 mg/kg. In addition, expression of uterine CaPB-9k—a common biomarker regulated by
estrogen in the uterus—is elevated following TCS treatment, indicating that TCS elicits
estrogenic effects in rat uteri (94). Aside from involving the ER-dependent pathway, TCS
can negatively modulate estrogen sulfotransferase, through which TCS exerts its estrogenic
effects by inhibiting the metabolism of estrone and 17p-estradiol into their biologically
inactive forms (95). Collectively, these results combine in vitro and in vivo data to put
forward the idea that TCS possesses (anti)estrogenic and (anti)androgenic properties
depending on species, tissues, and cell types.

Animal studies have made it evident that TCS acts as a thyroid-disrupting chemical. Recent
work by Veldhoen et al. (96) examined the effects of TCS on the development of tadpoles of
the North American bullfrog (Rana catesbeiana). TCS disrupted thyroid hormone—-mediated
action in the context of metamorphosis in tadpoles. Premetamorphic tadpoles displayed
changes in growth and disruption of thyroid hormone-dependent gene expression following
exposure to TCS concentrations as low as 0.15 ug/L. Using in vitro Xenopus laevis XTC-2
cells, the researchers showed that exposure to environmentally relevant concentrations of
TCS alters thyroid hormone—-associated gene expression and disrupts developmental
processes of R. catesbeiana and other anuran species. TCS-induced thyroid hormone
alteration has also been demonstrated in X. laevis (97). A series of experiments with rats
showed that TCS interfered with thyroid hormone by decreasing T4 levels in juvenile rats
and that short-term oral TCS exposure caused hypothyroxinemia in weaning rats (10, 55,
98).

Using pregnant rats as an animal model, researchers found that TCS exhibited adverse
effects on both thyroid homeostasis and reproductive function: TCS decreased serum
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triiodothyronine and T4 in pregnant rats, disrupted sex ratio balance, lowered pup body
weights, and delayed vaginal opening in offspring (99). TCS markedly lowered maternal T4
levels in rat dams during gestation and lactation as well as in neonatal rats following
perinatal exposures (100, 101). Based on its thyroid-disrupting properties, TCS is thought to
be a potential developmental neurotoxicant because maternal hypothyroxinemia has been
linked to impaired cognitive and motor function in children. TCS-induced hypothyroxinemia
has been proposed to have these effects on children, as increased catabolism of thyroid
hormone results from activation of xenobiotic nuclear receptors and subsequent upregulation
of phase Il conjugation enzymes (56). Although a direct linkage between nuclear receptor
activation by TCS and increased levels of thyroid catabolism remains to be established in
experimental studies, the murine knockout model has demonstrated previously that PXR and
CAR are required for the downstream effects of pregnenolone-16a-carbonitrile and
phenobarbital on thyroid hormone elimination through glucuronidation (102). Researchers
have conducted short-term (14 days) and long-term (4 years) studies to investigate possible
adverse effects of 0.3% TCS in toothpaste on thyroid function in humans (64, 103). The
results showed that TCS toothpaste had no detectable effect on thyroid function.

Antimicrobials and TCS Resistance

Investigators have carried out many studies to identify a possible association between the
increased use of TCS and the emergence of resistant bacterial strains. In 1991, Cookson et
al. (104) documented cross-resistance to TCS and mupirocin in MRSA. As the substrate for
the AcrAB efflux pump in members of Enterobacteriaceae, TCS can be actively effluxed
from the bacterial cell, which is believed to be one of the underlying mechanisms for TCS
bacterial resistance (105). Recent work by Beier et al. (106) evaluated the antibiotic and
antiseptic susceptibilities of vancomycin-resistant Enterococcus faecium (VRE). They
reported no correlation between antibiotic resistance and antiseptic susceptibility; however,
the majority of the VRE isolates examined had a substantially increased tolerance to TCS
and were resistant to 14 antibiotics. Other researchers have detected an S. aureus strain
tolerant of TCS with increased resistance to penicillin and gentamicin (107, 108). A study
with mutants of serovar Typhimurium (Salmonella enterica) indicated that TCS at
subinhibitory concentrations helps to retain certain antibiotic-resistant bacterial strains,
although it does not increase the mutation frequency (109). By contrast, surveys evaluating
TCS and antibiotic sensitivities found no relationship between TCS usage and antibiotic
resistance (110, 111).

Although different bacterial strains have produced variants with reduced susceptibility to
both TCS and antibiotics in laboratory settings (112, 113), no comprehensive environmental
surveys have shown a causal relationship between TCS usage and antibiotic resistance.
Recently, however, researchers demonstrated a significant correlation between sediment
TCS concentrations and the proportion of cultivable benthic bacteria that were resistant to
TCS in the environment (114). After testing rivers in the Chicago metropolitan region,
Drury et al. (114) reported that urbanization is directly correlated with higher TCS levels
and that the levels of TCS present in these streams affected the native bacterial communities.
In another experimental setting with artificial streams, TCS caused a significant decrease in
sediment bacterial diversity and modified the taxonomic composition of bacterial
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communities, with a great increase in relative abundance of cyanobacterial sequences and
massive die-offs of algae. This work provides a direct link between TCS exposure and an
increase in TCS resistance in bacterial communities. More research that monitors specific
bacterial strains with reduced susceptibility to TCS and to antibiotics is necessary, and it is
worth investigating whether ingested TCS would change the microbial composition and
disrupt the homeostasis of gut flora in humans.

Other Health Effects

A recent study conducted in primary mouse myotubes and myofibers showed that TCS
adversely affects hemodynamic functions and cardiac and skeletal muscle contractility by
interfering with signaling between the dihydropyridine and ryanodine receptors (115).
Consistent with these results, when fathead minnows were used as a model for aquatic
toxicity, researchers observed a negative impact on predator-avoidance performance in
larvae and decreased activities in behavioral aggression assays (116).

The fibroproliferative property of TCS is not restricted to the liver. In a long-term (8
months) TCS feeding experiment in mice, we discovered that 8.3% of mice exposed to TCS
developed renal hypertrophy, resulting in a marked change in the kidney structure with
increased fibrous tissue contents, as evidenced by the accumulation of collagen in both the
glomerulus and tubulointerstitium (Figure 4a,b) (21). Comparisons of gene expression also
support the notion that TCS exposure promotes cell proliferation and fibrosis, indicated by
elevated expression of the Ki-67 gene and Timp, a-Sma, collagen 1al, and Cd11b in the
kidneys of TCS-treated mice (Figure 4c). These changes were accompanied by
inflammatory responses, assessed by alteration in proinflammatory cytokines. We found that
expression of the cytokine genes Tnf-a and 11-6 were greater in TCS-treated mice compared
with control mice. Increased levels of inflammatory cell recruitment, characterized by both
immunohistochemistry and gene expression of Cd45, were detected by both real-time
polymerase chain reaction (PCR) and immunostaining, further confirming the activation
state of inflammatory responses (Figure 4e,f). Simultaneously, the fibrotic kidney induced
by TCS exposure exhibited an increased number of apoptotic cells as detected by the
TUNEL assay (Figure 4g). These results, together with the compelling evidence of liver
fibrogenesis induced by TCS, indicate that TCS has a profound effect on organ fibrogenesis
and proliferation.

FINAL REMARKS

Washed down the drain, TCS amasses in sewage, trickles into the environment, and is
potentially creating an environmental and public health hazard (Figure 5). Despite
increasing research on the effects of TCS on human health, controversy surrounds the issue
of what concentrations—if any—of TCS are safe for human use. The fact that significant
levels of TCS are detected in urine, plasma, and breast milk in populations across the globe
indicates the potential for humans in all age groups to receive lifetime exposures to TCS.
Exposure to TCS can lead to a host of negative consequences: impaired thyroid function,
endocrine disruption, developmental disorders, oxidative stress, liver carcinogenesis, and
hindrance of muscle strength, among others. In mice, investigators have demonstrated
conclusively that TCS exerts carcinogenic properties, potentially by promoting hepatocyte
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apoptosis, compensatory cell proliferation, and fibrogenesis. In addition, research has
recently shown that TCS in the environment exerts selective pressure on exposed
microorganisms, thereby altering the composition of the bacterial community (114).
Although the causal relationship between TCS exposure and disturbance on physiological
function and biological signaling pathways has been established in experimental animals,
critics have questioned the relevance of these studies in predicting human TCS toxicity,
partially owing to the higher-than-environmentally-relevant concentrations used in some of
the aforementioned animal studies. Considering that we are exposed to hundreds of synthetic
chemicals simultaneously, and TCS and many TCS-like chemicals (e.g., chlorinated
hydrocarbons) coexist in the environment, we probably underestimate TCS toxicity by
neglecting to consider the formation of TCS chlorinated derivative compounds and dioxins
that may be more harmful and the potential synergistic effects manifested from TCS and
TCS-like compounds. These facts, together with the bioaccumulative nature of TCS,
strongly suggest that the health implications of long-term TCS exposure should be of
concern and carefully evaluated.

Researchers recognize that biocides—including TCS—have an important role to play in
disinfection, antisepsis, and preservation when used appropriately. In clinical settings, TCS
has been employed to effectively eradicate microorganisms (4); however, the necessity of
the pervasive use of TCS in many household consumer products is questionable.
Researchers found that household soaps with less than 1% TCS were not significantly more
effective than plain soaps when the efficacy was determined by overall bacterial counts (5).
Another application of TCS as a biocide in consumer products is Microban, which is
registered with the EPA to inhibit bacterial growth in plastic products, such as polyethylene
films as packaging materials, enabling TCS to be incorporated into virtually any type of
plastic materials used by the food packaging industry. In fact, the EPA has acted to prevent
manufacturers from claiming that the use of TCS in such products provides protection
against disease (117). For both hand soaps and food packaging materials, the risk associated
with their long-term, daily use may not justify the benefit that manufacturers intended to
accomplish, underscoring the fact that TCS is not subject to stringent government
regulation.

As we indicate in this review, considerable evidence suggests that exposure to TCS can lead
to changes in normal homeostasis in humans. Many years ago, the precautionary principle
was invoked by the Danish Environment Agency, leading to restrictions on the use of
phthalates as plasticizers in plastic toys for children (reviewed in Reference 118). There
were far fewer convincing mechanistic data on phthalates linking exposure to toxicity than
currently exist for the potential toxicological implications of TCS exposure. At the
Wingspread Conference in 1998 (http://www.sehn.org/wing.html), the precautionary
principle was defined. The precautionary principle states that “when an activity raises threats
of harm to human health or the environment, precautionary measures should be taken even if
some cause and effect relationships are not fully established scientifically” (120, p. 8). In
2014, the Minnesota legislature passed a bill that will restrict the use of TCS in most retail
consumer products. The significant findings we report here demonstrate that TCS needs to
be considered as a serious environmental toxicant that impacts the biology of many species
in the environment and has the potential to negatively affect human health. In closing, the
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studies and data presented here are part of an effort aimed at raising the awareness of the
public as well as alerting regulatory agencies to the adverse effects of TCS.
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Figure 1.
Chlorinated TCS derivatives and their dioxin photoproducts transformed from TCS in the

environment. During the disinfection of wastewater with free chlorine, TCS is chemically
transformed into chlorinated derivatives, including 4-CI-TCS, 6-CI-TCS, and 4,6-CI-TCS.
Through subsequent photolysis, TCS and its chlorinated derivatives are photochemically
transformed to various PCDDs, generally with 1,2,8-TriCDD, 1,2,3,8-TCDD, 2,3,7-
TriCDD, and 2,8-DCDD being most abundant in the environment. In addition, a small
percentage of methyl-TCS is produced during the normal biodegradation process (25).
Abbreviations: 1,2,3,8-TCDD, 1,2,3,8-tetrachlorodibenzo-p-dioxin; 1,2,8-TriCDD, 1,2,8-
trichlorodibenzo-p-dioxin; 2,3,7-TriCDD, 2,3,7-trichlorodibenzo-p-dioxin; 2,8-DCDD, 2,8-
dichlorodibenzo-p-dioxin; PCDD, polychlorodibenzo-p-dioxin; TCS, triclosan; WWTP,
wastewater treatment plant.
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Figure 2.
TCS glucuronidation. UGT specificity for the metabolism of TCS was examined using

transfected COS cells with individual UGTs. Each of the full-length UGT1As, UGT2B4,
and UGT2B7 cDNAs was subcloned to the expression vector. The recombinant plasmids
were transfected into COS cells, and TCS glucuronidation activities were measured using a
mixture containing cell lysates, TCS, and 1#C-UDPGIcA as described previously (119).
Abbreviations: TCS, triclosan; UGT, UDP-glucuronosyltransferase.
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Figure3.

Fate and effects of TCS in the environment. Abbreviations: TCS, triclosan; WWTP,

wastewater treatment plant.
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Figure4.

TCS treatment induces kidney fibrosis in mice. Following 8-month treatment with a chow

100 pm

B Control
= 1Cs

100 ym
—

Control

diet containing 0.08% TCS, 8.3% of mice developed kidney fibrosis. Comparisons were
made between fibrotic (n = 3) and nondiseased kidneys (n = 3). (a) A normal (top) and
enlarged fibrotic (bottom) kidney from TCS-treated mice. (b) Collagen deposition was
examined by Sirius red staining (left and center) and its quantification (right). (c) Expression
of Ki-67 was determined by immunohistochemistry (left and center) and real-time PCR

(right). (d) Expression of genes relevant to renal fibrosis, including Collagen 1al, Tgffl, a-

Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2017 January 06.

50 pm




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Yueh and Tukey

Page 26

Sma, Timpl, and Cd11b, was detected by real-time PCR. (€) Expression of inflammatory
genes, including Tnfa and 11-6, was assessed by real-time PCR. In addition, expression of
CD45 was shown by immunostaining with the anti-Cd45 antibody in liver sections (f) and
quantitated by real-time PCR (€). (g) Liver cell apoptosis was determined by TUNEL
staining. Throughout the figure, P values < 0.05 were considered statistically significant;
one asterisk indicates a statistically significant difference of P < 0.005, and two asterisks
indicate P < 0.0005. Abbreviations: PCR, polymerase chain reaction; TCS, triclosan. Parts
of this figure adapted from Reference 21.
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Figure5.
Environmental impacts and health issues surrounding triclosan.
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