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Triclosan, a widely used antibacterial, is now prevalent in the environment and 

has been detected in various human tissues. Unrelated to its mode of antibacterial 

action, triclosan has been shown to interact with off-target proteins and elicit endocrine 

disrupting effects. A major pathway of triclosan elimination is glucuronidation, therefore 

we sought more information on its detoxication by glucuronidation in people. These 

studies examined triclosan glucuronidation in human liver microsomes (HLMs) and 

proteomic analysis was used to quantify the expression of UGT isoforms. Studies were 

also undertaken to identify whether individuals with a common polymorphism that 

results in reduced glucuronidation of some drugs, UGT1A1*28, exhibited reduced 

clearance of triclosan. In 47 HLMs, rates of triclosan glucuronidation varied over 16-fold, 

suggesting that there exists great interindividual variability of triclosan clearance by 

glucuronidation in a population. Statistical analysis of UGT isoform expression and rates 

of triclosan glucuronidation in 47 HLMs demonstrated that UGTs 2B4 and 1A4 

accounted for 44% and 15%, respectively, of the variance in triclosan glucuronidation. 

Individuals with the UGT1A1*28 polymorphism did not exhibit reduced triclosan 

conjugation.  
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Triclosan demonstrated inhibitory activity towards major human sulfotransferase 

and sulfatase enzymes, which catalyze the forward and reverse steps, respectively, of 

sulfonation, an important phase II conjugation reaction. Hepatic and placental cytosol 

from pregnant ewes treated with triclosan exhibited lower sulfotransferase activity 

towards estradiol than cytosolic samples from vehicle-treated controls. In both tissues, 

the presence of triclosan significantly inhibited estrogen sulfotransferase activity. 

Additional studies examined the direct inhibitory effects of triclosan and triclosan-sulfate 

on sulfatase activity in human hepatic and sheep placental microsomes. Triclosan was a 

weak inhibitor of steroid sulfatase, but was a competitive, moderately potent inhibitor of 

human arylsulfatase in male and female HLMs, with Ki values in the low micromolar 

range. Triclosan-sulfate competitively inhibited arylsulfatase activity in microsomes from 

sheep placenta and female human livers with moderate potency, <50 µM. Triclosan-

sulfate was more potent than triclosan at inhibiting estrone sulfatase. The effect of 

triclosan on estradiol sulfate secretion was also examined in HEK 293T and JEG-3 cells 

transfected with human SULT1E1. Results showed that triclosan inhibited estradiol 

conjugation in a concentration-dependent manner. 

 

17 



 

CHAPTER 1 
INTRODUCTION TO TRICLOSAN AND PHASE II METABOLISM OF XENOBIOTICS 

Triclosan 

Identity, Manufacture and Use 

Triclosan, 5-chloro-2-(2,4-dichlorophenoxy) phenol, is a halogenated diphenyl 

ether that is a commonly used ingredient in various consumer products regulated 

throughout North America, Europe, and Asia (Dann and Hontela, 2011). Figure 1-1 

shows the structure, and the physical and chemical properties of triclosan. Introduced to 

the healthcare industry more than 40 years ago, triclosan was originally used as a 

surgical scrub in hospitals (Jones et al., 2000). It has since been increasingly employed 

as a synthetic preservative and antibacterial agent in numerous personal care products 

of daily use, including disinfectants, hand soaps, skin creams, toothpastes, deodorants, 

and cosmetics, typically in concentration ranges from 0.1-0.3% of product weight 

(McAvoy et al., 2002; Sabaliunas et al., 2003). As a stable solid with a melting point of 

54-57 °C, some manufacturers have opted to incorporate triclosan into plastics and 

fibers (Dann and Hontela, 2011). Consequently, triclosan is often used in several 

industrial and household products, including plastic cutting boards, furniture, and sports 

equipment (Bester, 2003; Dann and Hontela, 2011). A recent report based on the 

Chemical Data Reporting system maintained by the US Environmental Protection 

Agency (EPA) estimated that in 1998 triclosan production had increased 100-fold since 

1986 (Nazaroff et al., 2012). Table 1-1 illustrates the increased production of triclosan 

over time. Due to its widespread use, triclosan and some of its derivatives are some of 

the most commonly encountered substances in the environment. 
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Triclosan’s antibacterial properties derive from its potent inhibition of the enoyl-

acyl carrier protein reductase, an enzyme essential in fatty acid synthesis in bacteria 

(McMurry et al., 1998; Levy et al., 1999). By blocking the active site of the enzyme, 

triclosan prevents the bacteria from synthesizing fatty acid, which is necessary for 

reproducing and building cell membranes (McMurry et al., 1998; Levy et al., 1999). 

However, since humans do not express this enzyme, triclosan has long been thought to 

be essentially harmless to them.  

Exposure 

Current evidence suggests that the two most probable routes of human exposure 

to triclosan are ingestion and percutaneous absorption. Triclosan is lipophilic and can 

be absorbed by humans through the skin after topical application of shampoo or aerosol 

deodorant or through the gastrointestinal tract upon brushing or rinsing with triclosan-

containing toothpaste or mouthwash, respectively (Bagley and Lin, 2000; Lin, 2000). 

The swallowed fraction from a normal amount of toothpaste (~1-2 g) varies between 5 

and 40% (Barnhart et al., 1974; Baxter, 1980). Following oral administration, the rates of 

absorption through the gastrointestinal tract and detoxication by the intestine and liver 

are critical controlling steps that regulate the availability of free triclosan to vital organs, 

and subsequently its acute toxicity (DeSalva et al., 1989).  

Personal care products containing triclosan (soap, shampoo, toothpaste, etc.) 

are commonly rinsed down the drain after use, where they become part of the domestic 

wastewater and are treated in wastewater treatment plants (Reiss et al., 2002; Singer et 

al., 2002; Hua et al., 2005; von der Ohe et al., 2012). Levels of triclosan in sewage 

treatment plants (<0.01-120 mg/kg (Adolfsson-Erici et al., 2002) and 1000-8000 ng/g 

(Bester, 2003)), natural waters (104-431 ng/L (Morrall et al., 2004); 5.1-13.7 ng/L (Fair 
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et al., 2009); and undetectable to 6.5 ng/L (Wu et al., 2015)) and even drinking water 

(undetectable to 14.5 ng/L (Bedoux et al., 2012) and 0-60 ng/L (Padhye et al., 2014)) 

have been reported from a number of different sources in nanogram per gram, 

nanogram per liter, microgram per liter or microgram per kilogram amounts. In a study 

of 139 streams across the USA, Kolpin et al. (2002) expressed that triclosan was 

detected in 57.6% of surface waters monitored. According to von der Ohe et al. (2012), 

although most wastewater treatment technologies are generally effective in removing 

triclosan (~90%), some are not specifically designed to remove micropollutants, 

suggesting that triclosan may be left to “enter the environment, disperse and persist to a 

greater extent than expected” (Singer et al., 2002; Bester, 2003). Others claim that 

triclosan is not a persistent chemical. Owing to its hydrophobic nature, they hold that 

approximately 30-40% of triclosan will biodegrade, and an additional 30-50% will 

undergo sorption to sludge (Bester, 2003; Sabaliunas et al., 2003) or immobilize in (and 

not volatize from) soils (McAvoy et al., 2002; Fuchsman et al., 2010).  

Nonetheless, due to its lipophilicity (log Kow = 4.8), triclosan has the potential to 

bioaccumulate in fatty tissues and build up over time in freshwater species and 

mammals if it is not readily conjugated and excreted (Valters et al., 2005; Fair et al., 

2009; Bedoux et al., 2012; Lan et al., 2015). In addition to aquatic organisms, triclosan 

has been detected in several human samples, including urine, breast milk, and amniotic 

fluid (Bradman et al., 2003; Arbuckle et al., 2015(a); Arbuckle et al., 2015(b); Xue et al., 

2015). Table 1-2 illustrates the concentration ranges of triclosan levels detected in 

numerous human samples. More specifically, it has been found in the plasma of nursing 

mothers in Sweden (range 0.01-38 ng/g), and in human breast milk samples (range 
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<0.018-0.95 ng/g) (Allmyr et al., 2006). As triclosan and its metabolites are excreted 

primarily in urine in humans (Queckenberg et al., 2010), urine represents a vital 

biomonitoring tool for exposure assessment. Maternal urinary biomarkers, for instance, 

are often used to assess fetal exposure to xenobiotics (Philippat et al., 2013). Data from 

the National Health and Nutrition Examination Survey (NHANES) revealed that urinary 

concentrations of triclosan (free plus conjugated ranging from 2.4-3,790 µg/L) were 

detectable in nearly 75% of Americans over the age of 6 (Calafat et al., 2008), and more 

recent studies detected free triclosan in 80% of pregnant women in Canada (Arbuckle et 

al., 2015(a)). Other studies showed that there were also detectable levels of free 

triclosan in human adipose tissue (0.61 ng/g), liver (2.65 ng/g), and brain (0.03 ng/g) 

(Geens et al., 2012).  

Toxicity 

Triclosan has been found to exhibit biological activity that spans beyond its 

antibacterial function. Potential health issues surrounding triclosan use include 

endocrine and enzymatic metabolism disruption, antibiotic resistance, and the formation 

of carcinogenic by-products (Levy, 2000; 2001; Schweizer, 2001; Veldhoen et al., 2006; 

Crofton et al., 2007; Gee et al., 2008; Zorrilla et al., 2009; Stoker et al., 2010). Triclosan 

is a phenolic xenobiotic with structural similarity to thyroid hormones, steroid hormones, 

and hydroxylated polychlorinated biphenyls (OH-PCBs), which have been shown to be 

endocrine disrupters. The effect of triclosan on the thyroid hormone system and its 

ability to disrupt hormone homeostasis has been studied in a variety of species 

(Veldhoen et al., 2006; Crofton et al., 2007; Gee et al., 2008; Zorrilla et al., 2009; Stoker 

et al., 2010; Manservisi et al., 2014; Zhang et al., 2015). Animal studies, for example, 
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have shown that tadpoles exposed to small amounts of triclosan (levels below 1 part per 

billion) experienced disruption of the thyroid system (Veldhoen et al., 2006). These low 

levels coincide with what has been measured and reported in people and natural 

waters, suggesting that triclosan may also pose a threat to the human thyroid system 

(Veldhoen et al., 2006; Calafat et al., 2008). Other cell-based bioassays revealed that at 

environmentally relevant concentrations, triclosan could interact with the estrogen and 

androgen receptors and exert both estrogenic and androgenic effects (Gee et al., 2008).  

Additionally, triclosan demonstrated aryl hydrocarbon receptor (AhR) agonist and 

antagonist activities in hepatoma cells (Ahn et al., 2008).   

Furthermore, due to its near neutral pKa (~8), triclosan has the potential to 

dissociate in typical environmental conditions, ranging from fully protonated (~pH 5.4) to 

completely de-protonated (~pH 9) (Young et al., 2008). Bedoux et al. (2012) reviewed 

how triclosan has shown to be biodegradable, reactive towards chlorine and ozone, and 

photo-unstable. More specifically, it has the ability to be transformed into potentially 

more harmful and persistent compounds, such as methyl triclosan (an aquatic life 

toxicant) after methylation; chloroform (a suspected cancer-causing substance); more 

highly chlorinated phenols and diphenyl ethers after chlorination; and chlorinated 

dibenzodioxins after photooxidation (Lindström et al., 2002; Balmer et al., 2004; Lores 

et al., 2005; Fiss et al., 2007; Bedoux et al., 2012). In mouse studies, these more highly 

chlorinated derivatives produced from triclosan exhibited higher acute toxicity than 

triclosan itself (Kanetoshi et al., 1992).  

Repeated use of triclosan products has also been suggested to promote 

antibiotic resistance in bacteria and allow resistant bacterial strains to develop 
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(Braoudaki and Hilton, 2004). Bacteria use multiple mechanisms to achieve resistance 

to biocides and those believed to be associated with triclosan resistance are the same 

mechanisms involved in antibiotic resistance. These mechanisms include target 

mutations, increased target expression, active multidrug efflux pumps, and enzymatic 

activation/degradation (Schweizer, 2001). As stated previously, several studies have 

illustrated that triclosan acts on a specific bacterial target in the bacterial fatty acid 

biosynthetic pathway, the enoyl-acyl carrier protein reductase, or FabI (McMurry et al., 

1998; Levy et al., 1999). However, there is increasing concern surrounding this action 

as antibiotics, not antimicrobials, are designed to target specific cellular components of 

bacteria (Levy, 2000). The fear is that biocides, like triclosan, may share bacterial 

targets with antibiotics and continuous use of the biocide may “select resistance against 

clinically useful drugs” (Schweizer, 2001). In turn, this could render antibiotics 

essentially useless to those in need (i.e. individuals with compromised immune 

systems) (Levy, 2000; 2001). This idea has been supported by experimental studies 

demonstrating that mutations affecting InhA, the FabI homolog in Mycobacterium 

tuberculosis, resulted in triclosan resistance and also caused resistance to isoniazid, a 

medication often used to treat tuberculosis (Schweizer, 2001).  

The ability of triclosan to interact with drug metabolizing enzymes has also been 

documented. Cytochrome P450 (CYP450) enzymes are important phase I 

biotransformation enzymes that metabolize numerous endogenous and exogenous 

compounds. Triclosan has been shown to induce several cytochrome P450-dependent 

hepatic activities, including pentoxyresorufin-O-depentylase (PROD), 

benzyloxyresorufin-O-debenzylase (BROD), and ethoxyresorufin-O-deethylase (EROD), 
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as well as increase CYP450 2B1/2 protein expression in vitro in rat hepatocytes (Jinno 

et al., 1997). However, low concentrations of triclosan have also been shown to inhibit 

PROD activity (Ki 1.48 µM) and EROD activity (Ki 0.24 µM) in rat liver microsomes in 

vitro (Hanioka et al., 1996). Additionally, in vitro evidence presented by Jacobs et al. 

(2005) demonstrated that at a 10 µM concentration, triclosan is a moderate affinity 

ligand for the human pregnane X receptor (hPXR), demonstrating approximately 50% 

fold-activation of normalized PXR activity relative to that of 10 µM rifampicin, a potent 

CYP3A4 inducer in humans. The hPXR is responsible for regulating the expression of 

CYP3A4, one of the most abundant phase I metabolizing enzymes in the human body, 

which plays a significant role in catalyzing the biotransformation of about 50% of 

pharmaceuticals (Luo et al., 2002; Jacobs et al., 2005). As a result, exposure to 

compounds like triclosan that are capable of upregulating the transcriptional activation 

of CYP3A4, pose the risk of altering the metabolism of drugs that are CYP3A4 

substrates. This, in turn, could heighten the possibility of adverse effects.  

Triclosan can also interact with phase II enzymes by directly inhibiting and 

indirectly inducing them (Wang et al., 2004; Wang and James, 2006; Zorilla et al., 

2009). Triclosan exposure to rats not only induced isoform-specific increases in phase II 

enzyme (UGT and SULT) mRNA expression, but upon 4 days exposure to triclosan, 

liver microsomal glucuronidation activity toward thyroxine increased (Paul et al., 2010). 

In addition, Wang et al. (2004) demonstrated that triclosan serves as a substrate and 

inhibitor of the glucuronidation and sulfonation detoxification pathways. It has also been 

shown that triclosan can inhibit sheep placental estrogen sulfotransferase activity 

toward 17β-estradiol in a mixed competitive/uncompetitive manner, with Ki values in the 
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low nanomolar range (James et al., 2010). In this same study, triclosan also inhibited 

estrone sulfonation, exhibiting an IC50 value of less than 1 nM (James et al., 2010).  

Metabolism 

Undergoing conjugation via phase II detoxification pathways can reduce 

triclosan’s toxicity. Although triclosan metabolism has not been studied extensively, it 

has been documented that biotransformation via sulfonation and glucuronidation are 

triclosan’s primary routes of metabolism (DeSalva et al., 1989; Wang et al., 2004; 

Provencher et al., 2014). Figure 1-2 illustrates the triclosan -glucuronide and -sulfate 

metabolites formed by UGTs and SULTs, respectively. 

UDP-glucuronosyltransferases (UGTs) and sulfotransferases (SULTs) are two 

vital detoxification enzymes that have exhibited overlapping substrate specificities 

(Pacifici et al., 1993). Owing to its hydroxyl group, triclosan is a substrate for both phase 

II enzymes and, subsequently, has a relatively fast turnover rate in the human body, 

exhibiting a half-life shorter than 24 hours (Queckenberg et al., 2010). Queckenberg et 

al. (2010) recently characterized triclosan absorption and pharmacokinetics in human 

subjects. Of the triclosan absorbed after dermal administration of a cream containing 

2% triclosan, the majority of the substance was excreted in urine within 24 hours. 

Similarly, the glucuronide metabolite was the primary triclosan conjugate detected in 

urine samples from forty-six human volunteers (Provencher et al., 2014). Free 

(unconjugated) triclosan was found in all but 2 of the participants (95.7%), the 

glucuronide conjugate was found in virtually all the samples (97.7% of the total triclosan 

concentration) and the triclosan sulfate represented 21.7% of the samples (Provencher 

et al., 2014). Even more recently, studies by Arbuckle et al. (2015a) have demonstrated 

that glucuronide metabolites and free (unconjugated) forms of triclosan were detected in 
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99% and 80%, respectively, of maternal urine samples from a study of nearly 2,000 

Canadian pregnant women. 

Other studies have further confirmed that triclosan is converted to its glucuronide 

and sulfate conjugates in human liver microsomes and cytosol, respectively (Wang et 

al., 2004). Although triclosan sulfate and glucuronide were formed in the human liver at 

comparable rates when studied at low concentrations relevant to environmental 

exposure (1 to 5 µM), the glucuronidation pathway is expected to predominate at 

triclosan concentrations greater than 20 µM (Wang et al., 2004). These reports support 

previously published findings by DeSalva et al. (1989) who demonstrated that all 

triclosan detected in human plasma was in its conjugated form. Unlike previous findings, 

pharmacokinetic studies by Sandborgh-Englund et al. (2006) showed that within 3 hours 

of a single 4 mg oral dose of triclosan to ten human volunteers, peak levels of 

unconjugated triclosan were observed in the plasma (30-35% of the total) and small 

amounts of unconjugated triclosan in the urine. The discrepancy between these results 

remains unclear.  

Additional studies have further illustrated the conjugation potential of triclosan 

upon percutaneous penetration of rat skin and dermal metabolism in diffusion cells fitted 

with human skin to reflect in vivo dermal penetration. After in vitro topical application of 

a 64.5mM 3H-labeled triclosan solution, conjugation of triclosan was demonstrated, 

particularly to the glucuronide conjugate and to a lesser extent to the sulfate during 

passage through the skin (Moss et al., 2000). Whereas 23% of the total triclosan dose 

penetrated through rat skin, only 6.3% of the dose penetrated human skin (Moss et al., 

2000). These in vitro studies illustrated that triclosan is a substrate for skin cytosolic 
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sulfotransferases and dermal microsomal glucuronosyltransferases (Moss et al., 2000). 

An earlier study demonstrated that application of 1% triclosan in a soap formulation to 

the skin of rats and guniea pigs produced triclosan glucuronide as the major urinary 

metabolite (Black et al., 1975). More recent studies in B6C3F1 mice have also shown 

that triclosan is absorbed and metabolized by the skin to the sulfate and glucuronide 

conjugates (Fang et al., 2014). It should be mentioned that the ratio of these 

conjugations in vivo may depend on substrate concentration relative to the respective 

Km values (Temellini et al., 1991). With respect to enzyme affinity, triclosan sulfonation 

in polar bear liver was comparable to that in human liver (Sacco and James, 2005). 

Phase II Metabolism 

The biotransformation of endogenous and exogenous molecules consists of 

enzymatic processes that have been classified into phase I and phase II reactions. 

These classifications can often be misleading, in that they suggest there exists a 

sequential order in which these processes must occur; this is not the case. As a result, 

phase I reactions may also be referred to as functionalization reactions because they 

typically uncover or introduce polar functional groups (-OH, -SH, -NH2) into a molecule. 

Phase II reactions, on the other hand, are generally called conjugation reactions 

because they often convert these functional groups into more hydrophilic compounds 

via the addition of a chemical moiety that is ionizable at physiological pH. These 

reactions are essential to convert lipophilic compounds into more water-soluble, readily 

excreted metabolites in bile, urine, or feces. UDP-glucuronosyltransferases (UGTs) and 

sulfotransferases (SULTs) represent key phase II drug-metabolizing enzymes that 

metabolize numerous endobiotic and xenobiotic substrates. While glucuronidation and 

sulfonation may contribute to the conjugation of the same substrate, it is important to 
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keep in mind that there are several factors that determine which route of 

biotransformation is taken, including the dose or exposure level of the xenobiotic, the 

affinity of the xenobiotic for the specific SULT or UGT forms that metabolize it, the 

properties of the SULT or UGT enzyme, and/or the availability of cosubstrate. Unlike 

sulfotransferases, glucuronosyltransferases are low-affinity, high capacity enzymes, and 

thus typically have significantly higher Km values for the same substrates undergoing 

biotransformation via sulfonation (Sacco and James, 2005).  

UDP-Glucuronosyltransferases 

Glucuronidation is a phase II metabolic detoxification pathway that plays a 

significant role in the metabolic elimination and detoxification of many endogenous 

compounds (i.e. steroid hormones, bile acids, and bilirubin), and drug and non-drug 

xenobiotics (i.e. “dietary, environmental, and industrial chemicals”) (Manevski et al., 

2011; Rowland et al., 2013). These reactions are catalyzed by microsomal enzymes of 

the UDP-glucuronosyltransferase (UGT) superfamily (Rowland et al., 2008) and require 

the cosubstrate, uridine 5’-diphosphoglucuronic acid (UDP-α-D-glucuronic acid; 

UDPGA), to transfer glucuronic acid to nucleophilic groups on structurally diverse 

substrates (Manevski et al., 2011; Rowland et al., 2013). While there is in vitro and in 

vivo evidence that some UGTs may use alternate uridine based sugars as the glycosyl 

donor (Tang, 1990; Radominska et al., 1993; Senafi et al., 1994; Chen et al., 2003; 

Mackenzie et al., 2003), the contribution and significance to drug metabolism of these 

alternate sugars in catalyzing glucuronidation reactions has not been thoroughly 

explored (Rowland et al., 2013). Nonetheless, conjugation can occur at hydroxyl, 
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carboxylic acid, amino, and thiol functional groups. Again, this clearance mechanism 

assists in the conversion of lipophilic compounds to more polar, hydrophilic substances.  

Substances resulting from glucuronidation are known as glucuronides (pKa ~4-5), 

and are typically much more water-soluble than the aglycones from which they were 

originally synthesized. Apart from the β-D-glucuronide conjugate that is produced during 

this second order nucleophilic substitution (SN2) reaction, uridine diphosphate (UDP) is 

also produced (Miners and Mackenzie, 1991; Radominska-Pandya et al., 1999; Tukey 

and Strassburg, 2000). Figure 1-3 depicts the mechanism for the glucuronidation 

reaction. It has been postulated that upon substrate binding in the aglycone binding site, 

the C1-UDP bond of UDPGA is destabilized by the nucleophilic attack of the substrate, 

leading to glucuronide formation (Hochman and Zakim, 1984). The transition state is 

believed to consist of a partially forming bond between the nucleophilic atom in the 

aglycone and a “partially breaking bond between the C1 atom and the UDP” of UDPGA 

(Noort et al., 1990; Radominska-Pandya et al., 1999). Glucuronide conjugates excreted 

in the bile may undergo extrahepatic recycling as a result of conjugate hydrolysis by β-

glucuronidase and reabsorption of the parent compound by the intestine (Fisher et al., 

2000). 

Although glucuronidation typically reduces pharmacological activity, there are 

certain instances where it is responsible for the activation of a drug. Upon direct 

administration to the central nervous system, morphine-6-glucuronide, for example, is 

more potent than morphine itself at inducing analgesia (Christrup, 1997). Similarly, 

glucuronidation may serve as a bioactivation event for carboxylic acids. Some acyl 

glucuronides, for instance, may rearrange to form non-hydrolyzable conjugates or may 
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covalently bind to cellular macromolecules, resulting in toxicity (Bailey and Dickinson, 

1999; 2003).  

Nomenclature 

There is a system of nomenclature that places all the UGTs in a single 

superfamily, which is divided into families and subfamilies of enzymes based on their 

amino acid sequence similarities. To date, there are 22 human UGTs, which are divided 

into four gene families: UGT1, UGT2, UGT3, and UGT8 (Mackenzie et al., 1997; 2005; 

Tukey and Strassburg, 2000) and three subfamilies: 1A, 2A, and 2B. Figure 1-4 

illustrates the naming system for a specific UGT allele. The two major families for 

xenobiotic glucuronidation are UGT1 and UGT2. Members of the 1A family exhibit more 

than 50% similarity in amino acid sequence to one another, but less than 50% similarity 

to members of the 2B family because the UGT2B family are encoded by separate 

genes (Radominska-Pandya et al., 1999). While UGT1 and UGT2 family enzymes are 

most efficient at using UDPGA as the sugar donor for glucuronidation reactions, UGT3 

and UGT8 enzymes more often use UDP-acetylglucosamine or a nucleotide sugar, 

such as UDP-glucose and UDP-xylose (Mackenzie et al., 2011).  

Only 7 of the various hepatically expressed enzymes appear to be of great 

significance to drug and xenobiotic metabolism and elimination: UGT1A1, 1A3, 1A4, 

1A6, 1A9, 2B7, and 2B15 (Kiang et al., 2005; Miners et al., 2010). Generally speaking, 

UGT1 enzymes catalyze the glucuronidation of small phenolic substrates and bilirubin, 

while UGT2 enzymes metabolize larger molecules, like steroids.  

UGT tissue distribution and expression 

The liver is a well-perfused organ that encompasses an extensive capacity for 

phase II metabolism and hence, serves as the major detoxification organ. As expected, 
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UGTs are primarily expressed in this tissue, but also exhibit variable expression in 

extrahepatic tissues including the intestine and kidney (Daidoji et al., 2005; Ohno and 

Nakajin, 2009; Rowland et al., 2013). In reference to drug metabolism, the kidneys and 

gastrointestinal tract are considered to be the sites of most importance of extrahepatic 

metabolism (Bowalgaha and Miners, 2001; Gaganis et al., 2007; Knights and Miners, 

2010). Biotransformation in the intestine, for instance, is especially important for orally 

ingested xenobiotics, such as triclosan.  

In regards to UGT mRNA expression, there is a significant difference between 

different organs and between the same organs in different individuals (Rowland et al., 

2013; Figure 1-5). While traditional methods for quantifying mRNA expression of UGTs 

(i.e. polymerase chain reaction (PCR) methods) may be specific, they are indirect and 

can sometimes lack correlation to protein expression. As a result, an alternative and 

novel targeted quantitative proteomics approach utilizing liquid chromatography-tandem 

mass spectrometry with stable isotope labeling has been established to measure 

proteins in biological matrices (Fallon et al., 2013(a); Fallon et al., 2013(b)). This 

method may permit better estimations of xenobiotic clearance and rates of 

glucuronidation and may, subsequently, reduce the existing gap between 

“extrapolations to in vitro/in vivo predictions of metabolism” (Fallon et al., 2013(a); 

Fallon et al., 2013(b)). Despite these differences in expression, it is widely accepted that 

there is a greater abundance of UGT2B mRNA compared to UGT1A, and UGT2B4 is 

the most abundant isoform in human liver (Izukawa et al., 2009; Ohno and Nakajin, 

2009; Court et al., 2012). Data regarding the renal expression of UGT is severely 

limited. While numerous UGTs may be expressed in the kidney, it is believed that 
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UGT1A9 (45%), 2B7 (41%), and 1A6 (7%) account for approximately 95% of total renal 

UGT expression (Rowland et al., 2013). 

The pattern of ontogeny of UGTs has been extensively studied to determine any 

age dependent developmental changes in UGT activity (Strassburg et al., 2002; Zaya et 

al., 2006; Miyagi and Collier, 2007; 2011; Court, 2010; Miyagi et al., 2012). The onset of 

UGT activity has been reported during the late second or third trimester of pregnancy, 

with expression levels of UGT1A3 in fetal and neonatal liver approximately 30% of that 

found in adult tissue (Strassburg et al., 2002). UGT1A1 mRNA and protein expression 

and activity in fetal liver, however, is practically nonexistent until after parturition when 

the enzyme reaches adult levels within 3-6 months of age (Kawade and Onishi, 1981; 

Strassburg et al., 2002; Miyagi and Collier, 2011). Alternatively, approximately 25% of 

adult liver expression of UGT2B4 is present in the neonate (Strassburg et al., 2002). 

UGT1A9 is also well expressed in neonatal liver (50% of adult expression level) and like 

1A1, exhibits significant development in expression by 12 months of age (Miyagi et al., 

2012). Similarly, approximately 80% of UGT1A4 activity is detected by age 6 (Miyagi 

and Collier, 2007). Despite these significant developmental changes in UGT expression, 

there are still discrepancies concerning the significance of aging on hepatic clearance of 

xenobiotics via glucuronidation (Verbeeck et al., 1984; Miners et al., 1988; Argikar and 

Remmel, 2009). 

The rate of glucuronidation of a xenobiotic can also be influenced by the tissue 

concentration of UDPGA (Sacco et al., 2008). The liver and other tissues, via NAD+-

dependent dehydrogenation of UDP-glucose, can synthesize UDPGA. Hepatic UDPGA 

concentrations in humans were measured at 279 + 45 µM, while reported intestinal 
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concentrations were significantly lower (19.3 + 4.5 µM) (Cappiello et al., 1991). These 

liver concentrations are similar to what has been reported in other mammals, including 

rats (400 µM) and guinea pigs (413 µM) (Goon and Klaassen, 1992; Yamamura et al., 

2000). Hepatic UDPGA concentrations in fish were measured at 21 µM (carp), 115 µM 

(trout), and 246-371 µM (catfish) (Zhivkov et al., 1975; Sacco et al., 2008). 

Enzyme characteristics 

UGTs are transmembrane proteins that are localized in the endoplasmic 

reticulum (ER) (Burchell and Coughtrie, 1989). Most of the UGT protein, including the 

substrate-binding site, is located on the luminal side of the ER membrane, with a small 

portion of the polar carboxyl terminus on the cytosolic side (Radominska-Pandya et al., 

1999). Hänninen and Alanen initially proposed and confirmed that the UGT enzyme was 

buried behind a lipophilic barrier (Hänninen and Alanen, 1966). With their 

glucuronidation inhibition studies, Hänninen and Alanen demonstrated that the inhibitory 

potency of aliphatic alcohols positively correlated with their lipid solubility (Hänninen and 

Alanen, 1966; Radominska-Pandya et al., 1999). 

As UDPGA is biosynthesized in the cytoplasm, the positioning of the UGT active 

(binding) site on the luminal side of the ER suggests that there is an active transport 

process that carries the charged UDPGA from the cytosol to the inside of the ER, 

(Bossuyt and Blanckaert, 2001; Wlcek et al., 2014) and perhaps the removal of charged 

glucuronides from the luminal side of the ER to the cytosol (Meech and Mackenzie, 

1997; 1998; Radominska-Pandya et al., 1999). Several theories have been proposed 

about this transport process, one of which suggests the existence of transporters 

(Ouzzine et al., 2003) (Figure 1-6). Another theory holds that the UGTs themselves form 
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dimers, making a “gate” by which the hydrophilic cosubstrate can gain access into the 

buried catalytic site in the membrane (Meech and Mackenzie, 1997; 1998). The idea is 

that after conjugation, the glucuronide exits the luminal space via the same channel 

formed by the UGT dimers, and removal of the aglycone promotes disaggregation of the 

dimer. This dimeric separation allows the “two monomers to diffuse along the lipid 

bilayer and dimerize with other partners” (Radominska-Pandya et al., 1999). While 

individual UGT enzymes exhibit distinct, and sometimes overlapping, substrate and 

inhibitory selectivity (Miners et al., 2010), the idea of dimerization, likely within the 

agylcone recognition domain between two different UGT monomers, has raised the 

possibility of heterodimers forming new substrate recognition sites that are different 

from the homodimeric forms of the enzymes (Ouzzine et al., 2003). 

One striking characteristic across all UGTs, irrespective of isoform, is the 

hydrophobicity of their substrates. This feature may be the result of the localization of 

UGTs within the membrane and the active site being positioned on the lumenal side of 

the ER. As a result, more hydrophobic substrates are expected to be better 

glucuronidated because their lipophilic nature promotes diffusion across biological 

membranes and facilitates transport to the UGT active site (Ouzzine et al., 2003; 

Rowland et al., 2013). Furthermore, hydrophilic compounds serve as poor or non- 

substrates of UGTs, and instead are metabolized by soluble sulfotransferases (Ouzzine 

et al., 2003). Interestingly, substrate size has not been illustrated to be critical for 

binding. This suggests that the UGT active site is both large and flexible enough to 

accommodate substrates of different sizes or that only the functional group of the 

substrate enters the active center (Ouzzine et al., 2003). 
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Numerous studies have noted the significance of the N-terminus of UGTs in 

aglycone substrate binding, and suggested that it may contain “structural determinants 

for substrate recognition” (Ouzzine et al., 2003). Data supporting this claim 

demonstrated that exchanging the N-terminal end of the protein between two UGT2B 

isoforms caused an interchange of their respective substrate specificities (Mackenzie, 

1990; Ouzzine et al., 2003). Additional studies have suggested that the C-terminal half 

of the protein assists in binding the cosubstrate, UDPGA (Mackenzie et al., 1997). More 

recently it has been discovered that all UGTs contain a “conserved ‘signature sequence’ 

of 29 amino acids believed to be involved in the binding of the UDP sugar” (Mackenzie 

et al., 2005; Rowland et al., 2013). 

Interindividual variability and polymorphisms 

Large differences in enzyme expression levels in various organs as well as the 

presence of allelic variants that compromise the catalytic activity of an enzyme can 

greatly contribute to interindividual variability of glucuronidation capacity across a 

population (Rowland et al., 2013; Tam, 1993). Genetic mutations in the coding regions 

and/or promoters of UGTs may result in loss of enzyme function (Rowland et al., 2013). 

Genetic variation of UGT1A1, for example, can result in enzyme deficiency, which can 

lead to severe and sometimes fatal diseases depending on the degree to which 

UGT1A1 activity is compromised (Rowland et al., 2013). More specifically, the 

UGT1A1*28 polymorphism can cause a UGT1A1 deficiency, which can lead to the 

accumulation of unconjugated bilirubin resulting in Gilbert’s syndrome (Yamamoto et al., 

1998; Udomuksorn et al., 2007). Gilbert’s syndrome is a common hereditary condition in 

which a liver enzyme does not efficiently metabolize bilirubin, the resulting substance 
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when the liver breaks down old red blood cells (Innocenti et al., 2004). As a result of this 

enzyme abnormality, elevated levels of bilirubin can be found in the blood. 

A normal UGT1A1 gene is characterized by the presence of six thymine adenine 

(TA) dinucleotides in the TATA-box-like sequence in the promoter region, designated 

A(TA)6TAA (Bosma et al., 1995; Monaghan et al., 1996; Biondi et al., 1999; Farheen et 

al., 2006). Individuals with the UGT1A1*28 polymorphism and Gilbert’s syndrome, 

however, have a TA insertion (Hsieh et al., 2007). The presence of seven TA repeats 

(designated A(TA)7TAA) instead of the wild-type number of six, results in reduced 

UGT1A expression and activity (Raijmakers et al., 2000; Innocenti et al., 2004). The 

TATA-binding protein (TBP) is an essential transcription factor that is necessary for 

transcription initiation, as it is the first factor in the transcription complex to bind to the 

TATA box and recruit other transcription factors (Hsieh et al., 2007). The binding affinity 

of TBP for the TATA box can be affected by alterations in the nucleotides of the TATA 

box and can subsequently influence transcription. The proposed mechanism for the 

observed decrease in UGT1A1 activity of individuals with a TA insertion is believed to 

result from decreased affinity of the TATA-box-like sequence for the TBP (Hsieh et al., 

2007). 

Different studies suggest that Gilbert’s syndrome is prevalent in approximately 5-

15% of a population (Monaghan et al., 1996; Biondi et al., 1999; Lampe et al., 1999; 

Borlak et al., 2000; Raijmakers et al., 2000). In the Caucasian population, approximately 

50% are wild-type [TA6/TA6], 40% are heterozygous mutant [TA6/TA7], and 10% are 

homozygous mutant [TA7/TA7] genotypes (O’Dwyer and Catalano, 2006). Like that of 

the Caucasian group, the proportion of homozygous mutant [TA7/TA7] genotypes in 

36 



 

individuals of African origin is approximately 10%, whereas this genotype is less than 

half that in the Asian population (Beutler et al., 1998; Lampe et al., 1999; O’Dwyer and 

Catalano, 2006). 

Sulfotransferases 

Sulfoconjugation has been observed as early as 1875 by Baumann (Klaassen 

and Boles, 1997) and is an essential reaction in the phase II biotransformation of 

various endogenous and foreign substances, including drugs, toxic chemicals, 

hormones, and neurotransmitters. There are two classes of sulfotransferases: 1) 

membrane-bound sulfotransferases, located in the Golgi apparatus, and 2) cytosolic 

sulfotransferases. The membrane-bound sulfotransferases are responsible for 

modifying proteins, peptides, glycosaminoglycans, and lipids, while cytosolic 

sulfotransferases (SULTs) sulfonate relatively small endobiotics and xenobiotics, 

including steroids, neurotransmitters, and bile acids (Gamage et al., 2006). 

Sulfotransferase reactions are catalyzed by members of the sulfotransferase 

superfamily, which involves the transfer of a sulfuryl group (SO3-) from the universal 

cosubstrate, 3’-phosphoadenosine-5’-phosphosulfate (PAPS), to a nucleophilic/acceptor 

site on the substrate (Strott, 2002). The sulfate acceptor (often R-OH) and enzyme 

cosubstrate (PAPS) bind to a sulfotransferase enzyme, producing desulfonated PAPS, 

3’-phosphoadenosine 5’-phosphate (PAP), and the sulfate or sulfoconjugate. Figure 1-7 

illustrates the sulfonation reaction scheme. Members of the sulfohydrolase or sulfatase 

gene family can subsequently hydrolyze the sulfonated product and regenerate the 

substrate as a free, de-sulfonated entity (Figure 1-8). The acceptor group involved in the 

reaction often classifies the type of sulfoconjugation that takes place. For example, 

phenols or alcohols would undergo O-sulfonation, amides N-sulfonation, and 
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thiophenols or thiols, S-sulfonation (Strott, 2002). O-sulfonation represents the dominant 

cellular sulfonation reaction because the hydroxyl group present in a number of 

compounds like phenols, alcohols, and hydroxylamines is the most common acceptor of 

the sulfuryl group (Klaassen and Boles, 1997). 

Sulfoconjugation is often effective in rendering xenobiotics less active, allowing 

them to be readily excreted because they are more water-soluble than the parent 

chemical. In most cases, sulfate conjugation is coupled with a decrease in the biological 

activity and an increase in the detoxication and excretion of the sulfonated metabolites. 

With pKa values between 1.5 and 2, sulfates remain fully ionized at physiological pH in 

biological systems (Strott, 2002), which decreases their passive penetration through cell 

membranes (Glatt et al., 2001). The sulfate esters formed by numerous endogenous 

and exogenous substrates, including steroid hormones, neurotransmitters, and alcoholic 

and phenolic drugs, are generally biologically inactive. Despite its classification as a 

detoxification enzyme, however, sulfotransferases are also sometimes responsible for 

the activation of xenobiotics (i.e. aromatic amines, the hydroxy-methyl metabolites of 

methyl substituted polycyclic aromatic hydrocarbons) and other mutagenic and 

carcinogenic compounds that have been implicated in various cancer forms (Coughtrie, 

1996; Strott, 2002; Gamage et al., 2005). The sulfate group resulting from O-sulfonation 

is electron-withdrawing and serves as a good leaving group in certain positions, thus 

some sulfates are short-lived and result in electrophilic compounds (Glatt et al., 2001). 

These sulfates that subsequently become strong electrophiles may covalently bind with 

DNA, proteins, and other cellular nucleophiles (Glatt et al., 2001). 

38 



 

Furthermore, sulfoconjugation by membrane sulfotransferases can influence 

protein and peptide functionality. During posttranslational modificiation, for example, the 

tyrosine residues in numerous secretory and membrane proteins and peptides 

commonly undergo poorly reversible/irreversible sulfonation, which significantly alters 

their functionality (Huttner, 1988; Niehrs et al., 1994). Some neuropeptides, like 

cholecystokinin (CCK), require tyrosine sulfonation to become biologically active, while 

other peptides, like leu-enkephalin, are inhibited by such sulfonation (Huttner, 1988; 

Unsworth et al., 1982). Similarly, the biological activity of glycoprotein hormones can be 

significantly affected when the sugar residues become sulfoconjugated (Baenziger, 

1996; Hooper et al., 1996). 

Nomenclature 

Sulfotransferases are a multigene family of enzymes that have often been named 

after their substrates, but like UGTs, different SULTs have overlapping substrate 

specificities making this naming system misleading (Glatt et al., 2001). Nomenclature 

for this enzyme superfamily now follows the pattern established for other enzyme 

superfamilies. Members of each family, indicated by the Arabic number after “SULT,” 

display at least 45% amino acid sequence similarities, whereas members of each 

subfamily show at least 60% amino acid sequence identity (Glatt et al., 2001). Although 

13 human cytosolic SULT isoforms have been identified, four families exist in human 

tissues: SULT1, SULT2, SULT4, and SULT6. Of these four, the SULT1 and SULT2 

families are the largest and most responsible for conjugating the majority of 

endogenous and xenobiotic SULT substrates (Kauffman, 2004). However, SULT1A1 

and SULT1E1 are responsible for most of the hepatic sulfotransferase activity of 

phenols and estrogens, respectively (Glatt et al., 2001). 
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SULT tissue distribution and expression 

Although sulfotransferase activity has been detected in numerous adult tissues, 

including the liver, kidney, intestine, brain, adrenals, and platelets, SULT activities 

toward different substrates can exhibit vast differences in respect to tissue distribution 

(Figure 1-9). Sulfotransferase is more developed than glucuronosyltransferase in mid-

gestation human fetal liver (Pacifici et al., 1993). Unlike some P450s and UGTs, which 

are absent or present at low levels in the fetus (Hines and McCarver, 2002; McCarver 

and Hines, 2002), cytosolic and membrane-bound sulfotransferases are expressed in 

the placenta and the developing human fetus (Barker et al., 1994; Hume and Coughtrie, 

1994; Hume et al., 1996; Richard et al., 2001; Stanley et al., 2001; Alnouti and 

Klaassen, 2006). Maximal expression of human hepatic SULT1E1, specifically, has 

been found during the initial stages of liver development (8-28 weeks gestational age) 

(Duanmu et al., 2006). Studies have even detected hepatic SULT1E1 enzyme activity 

between 17 and 21 weeks of gestation (Miki et al., 2002). Stanley et al. (2005) also 

discovered robust levels of SULT2A1 in fetal liver and a number of extrahepatic tissues.  

The sulfonation reaction has a strict requirement for PAPS, whose cellular 

concentration is often the limiting factor that determines the extent of sulfonation of a 

xenobiotic substrate. Although PAPS concentrations vary between tissues, the liver 

serves as the tissue with the greatest concentration (steady state concentration in the 

liver is approximately 50 µM). However, compared to tissue concentrations of UDPGA 

(200 nmol/g of liver), PAPS concentrations are low (4-80 nmol/g tissue) (Klaassen and 

Boles, 1997). PAPS has been detected in a number of human tissues (Cappiello et al., 
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1989), including the human fetal liver (10.1 + 0.9 nmol/g tissue), adult liver (23.4 + 2.4 

nmol/g tissue), and placenta (3.6 + 1.1 nmol/g tissue) (Cappiello et al., 1990). 

In mammals, all tissues are able to carry out the synthesis of PAPS, whose 

availability in vivo is dependent on its synthesis from endogenous sulfate, degradation, 

and utilization (Klaassen and Boles, 1997; Strott, 2002). Sulfate (SO42-) is an important 

nutrient in various cellular and metabolic processes necessary for human growth and 

development. It may be synthesized from the diet (magnesium sulfate, sodium sulfate, 

etc.) and from the catabolism of proteins and sugar sulfates or the intra-cellular 

metabolism of sulfur-containing amino acids, like methionine and cysteine (Dawson, 

2011). However, as fetal tissues have “a limited capacity to produce sulfate,” the 

developing fetus relies on sulfate transported (via placental sulfate transporters) from 

the maternal circulation (Dawson, 2011). There is evidence that during pregnancy, 

circulating serum sulfate concentrations have increased and reached peak levels in the 

second and third trimesters (Tallgren, 1980; Morris and Levy, 1983; Cole et al., 1984; 

1985). 

Enzyme characteristics 

SULTs are composed of an α/β motif containing α−helices that surround a five-

stranded parallel β-sheet (Wang and James, 2006). The β-sheet comprises the PAPS-

binding site and the core of the catalytic site (Wang and James, 2006). Crystallography 

studies have discovered that structural features of the binding domain for PAPS (a 

phosphate binding loop (PSB loop)) are conserved in both classes of sulfotransferases 

(Yoshinari et al., 2001; Wang and James, 2006). The substrate-binding region of 

SULTs, which is usually a deep, flexible, hydrophobic pocket containing different amino 
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acids responsible for distinct (yet often overlapping) substrate specificities, constitutes 

the largest extent of structural variation (Wang and James, 2006). 

The proposed reaction mechanism, as observed in the crystal structures of 

human estrogen sulfotransferase (SULT1E1), suggests that upon binding of the 

estradiol, catalysis is initiated by the conserved His107 acting as a catalytic base, 

coordinating with the acceptor group of the substrate (Pedersen et al., 2002). The 

histidine abstracts a proton from the 3-hydroxyl position of estradiol, leaving the oxygen 

nucleophilic enough to attack the 5’-sulfate group of PAPS. To advance catalysis, Lys47 

undergoes a conformational change where it binds with the bridging oxygen between 

the 5’-phosphate and 5’-sulfate group from PAPS, and assists with the dissociation of 

the sulfonate (Pedersen et al., 2002). This mechanism suggests that a serine not only 

interacts with the 3’-phosphate of PAPS to position it in catalytic mode, but it may also 

play a vital role in regulating the action of Lys47 in controlling the dissociation of the 

sulfonate group (Negishi et al., 2001; Pedersen et al., 2002). 

Interindividual variability and polymorphisms 

As is the case with UGTs, genetic polymorphisms and interindividual variation 

have been described for sulfotransferases (Glatt et al., 2001). More specifically, greater 

than a 50-fold interindividual variation for SULT1A1 activity towards 4-nitrophenol has 

been observed (Raftogianis et al., 1997). 

Estrogen Sulfotransferase 

Sulfonation plays a vital role in the transport of steroids. Natural estrogens are 

steroid hormones that, while present in both men and women, are usually present at 

considerably higher levels in women of reproductive age. Estrone (E1), estradiol (E2), 

and estriol (E3) are the three major naturally occurring estrogens. The sulfated, inactive 
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forms of estrone and dehydroepiandrosterone (DHEA) are the primary “transport forms” 

of steroids and serve as the precursors of androgen and estrogen biosynthesis (Morato 

et al., 1965; Hobkirk, 1985; Mortola and Yen, 1990). Estradiol, in vivo, is interconvertible 

with estrone by the action of 17β-hydroxysteroid dehydrogenase. 

The liver serves not only as a site for biosynthesis of estrogens, but also as a site 

for their biotransformation (Hernández et al., 1992). Estrone, estradiol, and their 

metabolites may undergo sulfonation by sulfotransferases (SULTs), but may also be 

deconjugated by sulfatases (STSs). While estrone sulfate (concentrations as high as 4 

ng/mL in fetal plasma and 2 ng/mL in maternal plasma) is the major component of 

circulating estrogens, estradiol (circulating estradiol sulfate concentrations 

approximately 1 ng/mL) is the most active form of estrogen (Tsang, 1974; Carnegie and 

Robertson, 1978; Wood et al., 2003). 

Sulfonation serves as a high-affinity, low-capacity conjugation reaction that can 

effectively operate at low substrate concentrations (Sacco and James, 2005). The 

phenol sulfotransferase, SULT1A1, has a Km for the steroid hormone, estradiol, of 

approximately 2 µM (Harris et al., 2000) and similarly, the hydroxysteroid 

sulfotransferase, SULT2A1, exhibits a Km for estradiol-3-sulfonation of approximately 

1.5 µM, and 3 µM for estradiol-17-sulfonation (Wang and James, 2005). Although 17β-

estradiol may be efficiently metabolized by SULT1A1, 1A3, and 2A1 at high enough 

concentrations, estrogen sulfotransferase (SULT1E1) has an extremely high affinity for 

estrogen substrates (Glatt et al., 2001). The Km for E2 sulfonation by SULT1E1 is about 

4 nM (Zhang et al., 1998). 
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 Estrogen sulfotransferase, or SULT1E1, belongs to the family of cytosolic 

sulfotransferases and is the major isoform responsible for estradiol sulfonation at 

physiological concentrations (Rohn et al., 2012). SULT1E1 isolated from different 

species had a monomeric molecular weight ranging from 30 kDa in the mouse (Hobkirk 

et al., 1983; Hobkirk et al., 1985) to approximately 36 kDa in humans (Kapoor et al., 

2007). Activity for this specific isoform has been found in male and female reproductive 

tissues, kidney, brain, liver and the adrenal cortex (Hobkirk, 1985). As sulfotransferases 

and PAPS are both present in the mid-gestation human fetal liver, estrogen 

sulfotransferase activity has been demonstrated in human fetal brain, skin, lungs, liver, 

and kidneys (Wengle, 1966; Pacifici, 2005). In addition, steroid sulfatase activity was 

found to be particularly high in fetal placenta (Miki et al., 2002). 

While steroid sulfates may be eliminated and detected in urine, sulfonation 

generally modifies protein binding to influence transportability (Strott, 1996). Steroids 

that have undergone sulfoconjugation circulate at concentrations several-fold higher 

than their unconjugated forms due to the binding of sulfates to serum proteins, which 

increases their carriage capacity in plasma and reduces their rate of clearance (Puche 

and Nes, 1962; Wang et al., 1967(a); Wang et al., 1967(b); Nieschlag et al., 1973; 

Nishikawa and Strott, 1983). This high concentration of circulating steroid sulfates can 

be readily transported in the blood around the body and serves as intracellular stores 

from which free, unconjugated/active steroids can be produced via sulfatase enzymes 

(Pion et al., 1966; Vagnoni et al., 1998; Kester et al., 2000). 

The sulfonation of 17β-estradiol is well documented in a number of studies 

involving human liver (Hernández et al., 1992), human cell lines (Falany and Falany, 
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1996; Kotov et al., 1999), recombinant SULTs (Falany et al., 1994; 1995; Wang and 

James, 2005; Zhang et al., 1998), and channel catfish liver (Wang and James, 2007). In 

the liver, estradiol can undergo conjugation to either the sulfate or glucuronide 

metabolites. Due to the two hydroxyl groups in its molecular structure, estradiol can 

produce sulfates at both, the 3 and 17 position (Wang and James, 2005). In human 

liver, SULT1E1 transfers the sulfuryl group from PAPS onto the 3-hydroxyl of 17β-

estradiol thereby forming only estradiol-3-sulfate (Wang and James, 2005). SULT1E1 is 

the primary isoform responsible for the biotransformation of estradiol into its 3-sulfate 

(Wang and James, 2005). SULT2A1, on the other hand, can form the 3, 17 and 3, 17-

sulfates (Wang and James, 2005). Figure 1-10 depicts the enzymatic activity of 

estrogen sulfotransferase towards estradiol. 

Although estrogen sulfates can cross the cell membrane via a transporter-

dependent mechanism (Hobkirk, 1985; Qian et al., 2001), the conjugation of estrogens 

with the negatively charged sulfo- group drastically alters or completely abolishes the 

binding of the steroid to its specific receptor (Wang and James, 2006). The estrogen 

sulfates are thus considered inactive because they do not show any hormonal activity or 

relevant affinity to steroid receptors (Hähnel et al., 1973). However, hydrolytic cleavage 

of the sulfo group from estradiol-sulfate by sulfatases regenerates the “receptor-active 

form” of the steroid (Iwamori, 2005; Ghosh, 2007; Sun and Leyh, 2010). Sheep studies 

have demonstrated that placental estradiol-3-sulfate, for example, is taken up by the 

fetal brain, and de-sulfonated by steroid sulfatases to estradiol where it serves as a 

stimulator of fetal adrenocorticotropin (ACTH) secretion (Wood, 2005). 
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Estrogens, pregnancy, and fetal development 

Estrogens produced by the placenta are key factors in implantation and embryo 

development. During pregnancy, for example, estrogens are involved in the initiation 

and maintenance of pregnancy, and can modulate several critical processes 

surrounding fetal growth and development (Magness et al., 1993; 2005; Vagnoni et al., 

1998). Placental estrogen is involved in the regulation of progesterone biosynthesis 

(Petraglia et al., 1995) and helps maintain a high uterine blood flow, which is necessary 

for the delivery of oxygen and nutrients to the developing fetus (Magness et al., 1993; 

2005; Vagnoni et al., 1998; Honkisz et al., 2012). During late pregnancy, the placenta, 

known to highly express the estrogen sulfotransferase enzyme (Hoffmann et al., 2001; 

Stanley et al., 2001), provides most of the estrogen that circulates in fetal blood, where 

it is mostly in its sulfoconjugated form (Honkisz et al., 2012). The sulfoconjugated 

estrogens serve as reservoirs of precursor estrogens, which are then made available in 

target tissues by the action of steroid sulfatase (Falany et al., 1994; Purinton et al., 

1999). 

During pregnancy, the placenta forms a vital interface between the developing 

fetus and its mother. As pregnant women are the guardians of their unborn baby’s 

development and future health, any external influences on the baby predominantly 

come from the mothers. During pregnancy, the developing fetus is exposed to 

potentially toxic xenobiotics, which are transferred from the mother to the fetus via the 

placenta (Myllynen et al., 2005; Dawson, 2011).  The maternal-fetal unit contains 

sulfotransferases that are positioned to control transplacental drug detoxication and 

hormone metabolism in the developing fetus. Unsurprisingly, placental thrombosis and 

mid-gestation fetal loss in mice has been associated with loss of the placental estrogen 
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sulfotransferase gene (Tong et al., 2005; Dawson, 2011). Disruption of the mouse 

SULT1E gene also resulted in structural lesions in the adult male testis and a significant 

decrease in fertility in female mice (Qian and Song, 1999). 

Sulfotransferase activity and the hydrolytic activity of sulfatase have been shown 

to occur in the human fetus (Wengle, 1966; Richard et al., 2001; Pacifici, 2005). 

Because UGTs are not readily detected in the fetus (Strassburg et al., 2002), it is 

believed that liver sulfotransferases are the primary detoxification enzymes that play a 

vital role in modulating hormone homeostasis during embryogenesis. In this way, 

inhibition of sulfotransferase or sulfatase enzymes may have important implications for 

human health (Wang and James, 2006). 

Possible disruption of normal fetal development by inhibitors 

Although the incidence of recurrent pregnancy loss (defined as 3 consecutive 

losses prior to 20 weeks from the last menstrual cycle) is approximately 1-2% in healthy 

fertile women (Bricker and Farquharson, 2002), spontaneous pregnancy loss is a 

common occurrence. Pregnancy failure accounts for approximately 15% of all clinically 

recognized pregnancies, and it is suspected that many more fail prior to being clinically 

recognized (Ford and Schust, 2009). The cause of pregnancy loss for more than 40% of 

all cases remains unidentifiable (Ford and Schust, 2009; Jaslow et al., 2010). More 

recently, however, Honkisz et al. (2012) noted that “disturbances in placental hormone 

secretion are the most frequent cause of abortion or preterm birth.” It has been 

documented that hormones play vital roles in the initiation and maintenance of 

pregnancy through complex regulatory pathways, and endocrine and immune 

transactions (Stanley et al., 2001; Kumar and Magon, 2012). Furthermore, disruptions in 
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hormone metabolism may lead to severe and persistent developmental issues and may 

contribute to pregnancy loss. 

The inhibition of SULT activity can be caused when a molecule occupies the 

PAPS binding region, substrate binding region, or both (Wang and James, 2006). 

Different inhibitors can exhibit different types of SULT inhibition (competitive, non-

competitive, or mixed) in different tissues. Competitive inhibitors occupy one or both of 

the binding sites for the PAPS cofactor or for the SULT substrate, whereas non-

competitive inhibitors do not occupy the binding region of the substrate (Wang and 

James, 2006). Mixed inhibition can occur when the inhibitor can bind to the enzyme 

whether or not the substrate has already bound, but the inhibitor has a greater affinity 

for one state (bound or unbound by substrate) over the other. In cases where the 

inhibitor prefers to bind the free enzyme, the inhibition is referred to as 

competitive/noncompetitive. With this type, substrate binding to the enzyme decreases 

the affinity of the enzyme for the inhibitor (Wang and James, 2006). The opposite is true 

when the inhibition is uncompetitive/noncompetitive. 

Sulfotransferases exist as dimers and studies of the catalytic mechanism of 

human estrogen sulfotransferase have suggested that the enzyme contains two binding 

sites; one being the catalytic site, while the other is an allosteric site that regulates 

enzyme turnover rate (Zhang et al., 1998). At high substrate concentrations, substrate 

inhibition is commonly observed in sulfate conjugation, especially with estrogen 

sulfotransferase. The estrogen sulfotransferase enzyme is composed of a dimer of 

identical subunits and was found to be only half-site reactive, where only one of the 

dimer subunits binds the substrate and produces product during a given catalytic cycle 
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(Sun and Leyh, 2010). Studies utilizing human recombinant SULT1E1 illustrated that 

maximum sulfonation of estradiol was observed at 20 nM, but with increasing 

concentrations, substrate inhibition was observed (Falany et al., 1995). Further analysis 

using substrate inhibition models demonstrated that at high concentrations, estradiol 

inhibits SULT1E1 (via two-substrate inhibition) by binding to the enzyme after formation 

of the product (Falany et al., 1995; Zhang et al., 1998; Sun and Leyh, 2010). Under 

saturating conditions of PAPS, the ability of two estradiol molecules to independently 

bind to the SULT1E1 suggested that the binding site consisted of a catalytic and 

allosteric site (Zhang et al., 1998). 

Various hydroxylated polychlorinated biphenyls (OH-PCBs) and polyhalogenated 

aromatic hydrocarbons (PHAHs) serve as potent inhibitors of human SULT1E1 at 

subnanomolar concentrations (Kester et al., 2000; 2002). Polychlorinated biphenyls 

(PCBs) are persistent environmental pollutants whose phase I metabolites, OH-PCBs, 

are extremely potent inhibitors of human (and fish (Wang and James, 2007)) estrogen 

sulfotransferase and have been shown to exert a variety of toxic effects, including 

impaired sexual development and reproductive function (Kester et al., 2000). In animals, 

prenatal exposure to PCBs resulted in significant teratogenic and developmental 

toxicities, and transplacental exposure in humans caused severe adverse effects as 

well (Guo et al., 1995). By inhibiting the formation of inactive estrogen sulfates, OH-

PCBs can increase the concentration of active estrogen in target tissues and indirectly 

exert estrogenic effects (Kester et al., 2000). From these studies, Kester et al. (2000) 

suggested that PCB metabolites are noncompetitive inhibitors and act by binding to the 

second, allosteric site on the sulfotransnferase enzyme. 
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However, structural similarities of OH-PCBs to estrogens led to the discovery that 

some of these metabolites can mimic the action of estrogen. Acting as competitive 

inhibitors, the OH-PCBs were able to bind to various receptors (Shevtsov et al., 2003) 

and cause the estrogen receptor to translocate to the nucleus and bind to estrogen 

response elements in vitro (Connor et al., 1997; Garner et al., 1999). Triclosan’s similar 

structure to hydroxy PCBs initially suggested that triclosan may also act as a 

sulfotransferase inhibitor. 

Indeed, triclosan has since been shown to act as both a substrate and inhibitor of 

the sulfonation and glucuronidation detoxification pathways (Wang et al., 2004; Jackson 

et al., 2013). More specifically, triclosan is recognized as a potent inhibitor of estradiol 

and estrone sulfonation in sheep placenta (James et al., 2010). The IC50 value for 

estrone sulfonation was 0.6 ± 0.06 nM, and the inhibition of estradiol was shown to be 

mixed/uncompetitive, with a Kic of 0.09 ± 0.01 nM and a Kiu of 5.2 ± 2.9 nM (James et 

al., 2010). Although studies have reported that triclosan can be sulfonated by sheep 

placental cytosol, the rates of triclosan sulfonation were negligible at the low nanomolar 

concentrations at which triclosan inhibited estrogen sulfonation (James et al., 2010). 

As SULTs significantly contribute to the metabolism of endogenous and 

exogenous compounds, the inhibition of individual sulfotransferase isoforms can lead to 

the accumulation of xenobiotics and other toxicants in the body. Wang et al. (2004), for 

example, demonstrated that triclosan acted as a non-competitive inhibitor of the 

sulfonation of 3-OH-BaP, which could lead to its prolonged exposure and perhaps more 

extensive metabolism to more toxic metabolites. Low micromolar concentrations of 

triclosan also inhibited the human hepatic cytosolic sulfonation of bisphenol A, 
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acetaminophen, and other compounds (Wang et al., 2004). In addition, non-steroidal 

anti-inflammatory drugs, salicylic acid and mefenamic acid, inhibit both human adult and 

fetal liver sulfotransferase (Vietri et al., 2000; Pacifici, 2005). 

With respect to human pregnancy, the effect of triclosan on women’s fecundity 

was assessed using time to pregnancy (TTP) as the epidemiologic metric (Vélez et al., 

2015). The analyses were conducted in nearly 1,700 women during their first trimester 

of pregnancy. Not only was triclosan detected in maternal urine, but the study also 

suggested that high triclosan exposure might be associated with diminished fecundity 

(Vélez et al., 2015). However, as this study is recognized as the first to demonstrate an 

impact of triclosan exposure on time to pregnancy, the authors acknowledge that 

additional studies are required to elucidate the potential influence of triclosan on human 

pregnancy and fetal development. 

Sulfatases 

 The sulfatase enzyme family plays a vital role in maintaining homeostasis of 

sulfo-conjugates and regulating the sulfonation states that determine the function of a 

wide variety of substrates. They are responsible for hydrolyzing the sulfate ester (or 

sulfamate) bonds from small, sulfoconjugated steroids to large and complex sulfated 

carbohydrates (Hanson et al., 2004; Ghosh, 2007). Sulfatases are generally regarded 

as arylsulfatases because many eukaryotic sulfatases were initially discovered using 

small aryl substrates, such as p-nitrophenol sulfate or 4-methylumbelliferone sulfate 

(Hanson et al., 2004; Ghosh, 2007). 

Human sulfatases can be found in the lysosome, Golgi apparatus, cell surface, or 

in the endoplasmic reticulum. Arylsulfatases A (ARSA) and B (ARSB) are lysosomal 

enzymes and represent the water-soluble forms of the enzyme, while steroid sulfatase 
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(also known as arylsulfatase C, or STS) and arylsulfatases D-G are microsomal 

enzymes that reside in the endoplasmic reticulum and are membrane bound (Hanson et 

al., 2004; Ghosh, 2007). The steroid sulfatase has been located in a number of human 

tissues including the placenta, skin fibroblasts, breasts, and fallopian tubes (Burns, 

1983; Noël et al., 1983; van der Loos et al., 1984; Dibbelt and Kuss, 1986; Vaccaro et 

al., 1987; Stein et al., 1989; Suzuki et al., 1992; 2003; Purohit et al., 1998; Hernandez-

Guzman et al., 2001; Yanaihara et al., 2001) and is responsible for hydrolyzing several 

aryl and steroidal substrates efficiently. The presence of human sulfotransferases and 

sulfatases is very important for biological processes, including the biosynthesis of 

hormones in the endoplasmic reticulum (Hanson et al., 2004). In fact, the estrogen 

receptor and steroid sulfatase enzymes are co-expressed in many estrogen-responsive 

tissues (Purinton et al., 1999). Defects in several human sulfatases have been 

associated with disruptions in fetal bone development (Dawson, 2011). 

To date, 17 human sulfatases have been identified, which share considerable 

similarities in sequence homology and tertiary fold (Ghosh, 2007). The catalytically 

active amino acid residues at the N-terminus of the polypeptide chain are highly 

conserved and suggest that there is a common mechanism by which the family of 

sulfatases carries out hydrolysis (Ghosh, 2007). However, STS is structurally unique 

from the lysosomal sulfatases in that it has a membrane-spanning domain that borders 

the lipid bilayer and contributes to the architecture of its active site. Therefore, the 

observed variation in substrate specificity for the individual sulfatases is likely due to 

subtle differences in the amino acid sequences at the C-terminal region that compose 

the substrate-binding pocket (Hanson et al., 2004; Ghosh, 2007). The substrate-binding 
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pocket contains a divalent cation, often calcium, and a catalytically important cysteine 

residue. Cysteine, in particular, is conserved in both, prokaryotic and eukaryotic, 

sulfatases and is post-translationally modified into formylglycine (FG) (Schmidt et al., 

1995). The formylglycine must be converted into its active form, hydroxyformylglycine 

(HFG), by a water molecule for sulfatase activity to occur (Schmidt et al., 1995; 

Recksiek et al., 1998). One proposed mechanism for sulfatase activity suggests that the 

sulfur atom of the sulfate undergoes nucleophilic attack by one of the hydroxyl groups of 

HFG, resulting in the release of the unconjugated substrate (Figure 1-11; Hanson et al., 

2004; Ghosh, 2007). Meanwhile, the other hydroxyl group on HFG is deprotonated by a 

neighboring histidine residue and reacts to release the HSO4- moiety and reform FG 

(Hanson et al., 2004; Ghosh, 2007). 

Significance and Specific Aims 

There is evidence that pregnant women are commonly exposed to triclosan (in 

hand soap, toothpaste, and other products), and that triclosan can cross the human 

placenta into the fetal circulation where it may concentrate in the fetus (Woodruff et al., 

2011). At the same time, intrauterine growth retardation is a relatively common and 

growing problem in our society. Epidemiologic studies have found an association 

between prenatal exposure to chemicals and various adverse reproductive and 

developmental outcomes, including pregnancy loss, preterm birth, childhood morbidity 

(Wigle et al., 2008) and reduced fecundity (Vélez et al., 2015). These findings may have 

significant relevance to human pregnancy considering that environmental chemicals, 

like triclosan, can inhibit estrogen sulfotransferase enzyme activities. These studies, 

however, report associations and do not infer causality, so there are still uncertainties 

regarding the relationship between chemical exposure and fetal risks. Due to the rising 
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concern regarding the risk of adverse reproductive health effects during fetal 

development from exposure to toxicants, the following specific aims are geared to 

provide insight into the possible adverse effects that an environmental chemical, like 

triclosan, can pose to human pregnancy. This research focuses on triclosan due to the 

widespread human exposure, emerging importance and increasing concern of triclosan 

use and safety. 

Specific Aim 1: Triclosan Glucuronidation 

Although it is understood that triclosan undergoes glucuronidation in the human 

liver, this aim addresses the hypothesis that triclosan elimination, via the 

glucuronidation detoxification pathway, varies between individuals. The expression of 

different UGT isoforms involved in triclosan metabolism can vary significantly in human 

population, which may cause considerable differences in the observed 

biotransformation and excretion of triclosan from the body. Genetic mutations in the 

coding regions and/or promoters of UGTs may also influence glucuronidation variability 

by a particular UGT isoform, and result in altered rates of triclosan metabolism. Since 

preliminary studies with expressed recombinant UGTs in the James lab implicated 

UGT1A1 as a major contributor to triclosan glucuronidation, this aim also sought to test 

the hypothesis that variability in UGT1A1, due to known polymorphisms, will affect 

triclosan glucuronidation.  

Specific Aims 2 and 3: Effect of Triclosan on Formation and Hydrolysis of 
Estrogen Sulfates 

As the placenta serves as an essential source of estrogens to a developing fetus 

due to its high expression of SULT1E1, inhibition of placental estrogen sulfotransferase 

by triclosan is likely to affect the delivery of estrogens from the placenta to the 
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developing fetus (James et al., 2010). Additionally, the inhibition of sulfatase enzymes 

can interrupt the formation and action of unconjugated, active estrogens in target 

tissues. The two specific aims presented here are of significance because one focuses 

on the effect of in vivo triclosan treatment on estrogen sulfonation in physiologically 

relevant tissues, the placenta and liver, and the other examines the inhibitory effect of 

triclosan in a human cell line. 

Specific aim 2 

Specific aim 2 consists of two parts. Part (a) is to test the hypothesis that 

triclosan treatment of sheep results in lower estrogen sulfonation activity in sheep 

placental cytosol samples. The physiological functions of the placenta in providing 

estrogen to the developing fetus have been examined in previous studies using the 

pregnant sheep animal model (James et al., 2010). Results have suggested the 

possibility that triclosan exposure to pregnant sheep, and by analogy pregnant women, 

may endanger pregnancy by reducing total placental estrogen secretion and disrupt 

subsequent estrogen action in target tissues (James et al., 2010). The experiments in 

this project utilized samples isolated from placental cotyledon (fetal placental tissue) of 

pregnant ewes treated with triclosan to test the hypothesis that exposure to triclosan will 

decrease the ability to form sulfoconjugated estrogen. 

In addition, results from previous studies have suggested that triclosan acts as 

an uncompetitive inhibitor of sheep placental steroid sulfatase activity and is a 

competitive inhibitor of arylsulfatase in sheep liver microsomes (James et al., 2010). 

Therefore, part (b) of this aim sought to test the hypothesis that triclosan and triclosan-

sulfate inhibit sulfatase activity in sheep placental and human liver microsomal samples. 
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Specific aim 3 

To test the hypothesis that triclosan inhibits the formation and secretion of 

estrogen sulfates in a human cell line. This project tested the hypothesis that triclosan 

will decrease secretion of sulfoconjugated estrogen by inhibiting estrogen 

sulfotransferase. 
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Figure 1-1. Structure and chemical properties of triclosan. 
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Figure 1-2. Biotransformation of triclosan by UDP-glucuronosyltransferases (UGTs) and 
sulfotransferases (SULTs). 

Chemical Identification: 
 
Molecular Formula: C12H7Cl3O2                          
Molecular Weight: 289.54 g/mol 
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Figure 1-3. Glucuronidation reaction scheme. Figure modified from (Rowland et al., 

2013). 
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Figure 1-4. Dissection diagram of a representative microsomal UDP-

glucuronosyltransferase allele name. The UGT allele name contains 
superfamily, family, subfamily, isoform, and allele designations. 
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Figure 1-5. mRNA expression values for several human glucuronosyltransferases 

involved in the biotransformation of xenobiotics. All numbers are percentages 
of total UGTs expressed within the respective tissue. Kidney expression is not 
illustrated because there are conflicting reports on renal expression of 
numerous UGTs. Numerical data was obtained from (Rowland et al., 2013) 
and represents the combined average from (Ohno and Nakajin, 2009) and 
(Court et al., 2012).  
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Figure 1-6. Hypothetical topology model for human UGT, with UDPGA and glucuronide 

transporters across the membrane escorting UDPGA into the lumen and 
glucuronides out into the cytosol, respectively. Figure modified from (Rowland 
et al., 2013).  
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Figure 1-7. Sulfonation reaction scheme.  
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Figure 1-8. The formation of sulfate esters by sulfotransferases and subsequent 

hydrolysis by sulfatase enzymes. Permission to reuse figure obtained from 
(Strott, 2002).  
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Figure 1-9. The expression of five human sulfotransferase enzymes in four different 

tissues. All numbers are percentages of total SULTs in respective tissues. 
The highest expression of total SULTs was observed in the liver (2,300-7,900 
ng/mg cytosol protein) and intestine (1900-15,900 ng/mg cytosol protein) 
compared to the kidney (240-730 ng/mg cytosol protein) and lung (100-370 
ng/mg cytosol protein). Permission to reuse figure obtained from (Riches et 
al., 2009). 
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Figure 1-10. Estradiol sulfonation by SULT1E1. Using PAPS as a sulfate donor, 

estrogen sulfotransferase catalyzes the sulfoconjugation of the 3-hydroxyl 
group of estradiol.  
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Figure 1-11. Proposed mechanism for sulfatase reaction.  
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Table 1-1. US triclosan production data (pounds per year) by reporting year from the US 
EPA, 2012. Data obtained from Nazaroff et al. (2012) illustrating the 
increased production of triclosan-containing products over time. 

 

Year Triclosan Production 
1986 0.01-0.5 M 
1990 0.01-0.5 M 
1994 0.5-1 M 
1998 1-10 M 
2002 Not reported 
2006 Not reported 
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 Table 1-2. Reported concentrations of triclosan in human samples.  
Reference Type of Sample Range of Concentrations 

(µg/L) 
 Urine  
Adolffson-Erici et al., 2002  <20 to 300 
Calafat et al., 2008  <2.3 to 3,790 
Woodruff et al., 2011  <2.3 to 411 
Provencher et al., 2014  <0.12 to 703 
 Maternal Urine  
Woodruff et al., 2011  <2.3 to 283 
Philippat et al., 2013  <2.3 to 789a 

Vélez et al., 2015  <0.12 to 6,784 
Arbuckle et al., 2015a  <0.12 to 6, 784b  
Arbuckle et al., 2015b  <3.0 to 3229 
 Amniotic Fluid  
Philippat et al., 2013  <2.3 to 19.4 
 Infant Urine  
Calafat et al., 2009  <2.3 to 16.7 
Arbuckle et al., 2015b  <3.0 to 99.9 
Liu et al., 2014  0.97 to 163 
 Breast Milk  
Allmyr et al., 2006  <0.018 to 0.95 
Arbuckle et al., 2015b  <0.58 to 75.4 
 Meconium  
Arbuckle et al., 2015b  <0.49 to 77 
 Plasma  
Allmyr et al., 2006  <0.018 to 38 
Sandborgh-Englund et al., 
2006 

 0.1 to 8.1 

 Adipose Tissue  
Geens et al., 2012  0.06 to 3.92 
 Liver  
Geens et al., 2012  0.045 to 29.03 
 Brain  
Geens et al., 2012  0.06 to 0.23 
*Values are the total concentrations of free plus conjugated triclosan detected. aUrine 
samples were collected around 18 weeks gestation. bUrine samples collected during 
first trimester.  
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CHAPTER 2 
INDIVIDUAL VARIABILITY IN TRICLOSAN GLUCURONIDATION  

Introduction  

The antibacterial substance triclosan is used in many consumer products 

resulting in widespread human exposure. Some of the many unanticipated biological 

effects of triclosan include its ability to act as an endocrine disrupter and interact with 

drug metabolizing enzymes (Calafat et al., 2008; Gee et al., 2008; Stoker et al., 2010; 

Veldhoen et al., 2006; Zorrilla et al., 2009; Wang et al., 2004). However, triclosan’s 

toxicity can be reduced by conjugation via phase II detoxification pathways, forming 

glucuronide and sulfate conjugates, which are excreted in urine. At high triclosan 

concentrations, the glucuronidation pathway is expected to predominate (Wang et al., 

2004). 

Given that the primary exposure routes of triclosan are ingestion and dermal 

absorption, it is fitting to study major hepatic and intestinal UGTs. Of the 19 functional 

human UGTs, only 7 of the various hepatically expressed enzymes appear to play a 

substantial role in drug and xenobiotic metabolism and elimination: UGTs 1A1, 1A3, 

1A4, 1A6, 1A9, 2B7, and 2B15 (Kiang et al., 2005; Miners et al., 2010). While it is 

understood that triclosan does undergo glucuronidation in the human liver and probably 

in the intestine and skin, knowledge of the isoforms most efficient at glucuronidating 

triclosan is important for predicting the fate of triclosan in the body among different 

individuals with varying UGT expression. Previous studies in the James lab with 

expressed UGT isozymes showed that all selected intestinal and hepatic UGTs could 

catalyze triclosan glucuronidation, but the rate of triclosan metabolism was isoform 

selective (Table 2-1). Enzyme kinetic studies, shown in Table 2-2, seemed to show that 
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UGT1A1 was the most active UGT isoform involved, followed by UGT1A7 and UGT1A9 

(Figure 2-1). 

It was of great interest to find that UGT1A1 appeared to be most efficient. A 

normal UGT1A1 gene is characterized by the presence of six TA repeats in the 

promoter region of the TATAA box, designated (TA)6. A UGT1A1 deficiency can lead to 

the accumulation of unconjugated bilirubin resulting in Gilbert’s syndrome, where 

individuals have a TA insertion, and the presence of seven TA repeats instead of the 

wildtype number of six, results in reduced UGT1A expression and activity (Hsieh et al., 

2007; Innocenti et al., 2004; Yamamoto et al., 1998; Udomuksorn et al., 2007; Rowland 

et al., 2013). Numerous studies have associated this genetic polymorphism with 

reduced elimination and possible toxicity of certain drugs, including acetaminophen, SN-

38 (the active metabolite of irinotecan), and lorazepam (Herman et al., 1994; Esteban 

and Pérez-Mateo, 1999; Ando et al., 2000). Among these and various other drugs, 

irinotecan-associated toxicity illustrates the strongest correlation between the 

UGT1A1*28 genotype and toxicity (Marsh and McLeod, 2004). 

As consumer demand for antimicrobial products increases, the prevalence of 

triclosan in personal care products is likely to grow, resulting in greater human and 

environmental exposure. Therefore, understanding the rate at which triclosan is 

efficiently metabolized and eliminated from human tissues and any isoforms involved in 

its metabolism will be important in predicting individual risk of exposure. This study 

examined triclosan glucuronidation in individual human liver microsomes and utilized 

quantitative proteomic analysis to determine expression of UGT isoforms in human liver. 

A significant correlation between UGT2B4 and triclosan metabolism was observed, 
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therefore enzyme kinetics of UGT2B4 were more closely examined. As UGT1A1 was 

implicated in triclosan glucuronidation and shows variability in people, additional studies 

analyzed the glucuronidation capacity of genotyped human liver samples toward 

triclosan. 

Materials and Methods 

Chemicals 

Triclosan was purchased from Fluka and shown to be >97% pure by HPLC 

analysis. For use in the assays, 14C-Uridine 5’-disphophoglucuronic acid (UDPGA), 180 

mCi/mmol was purchased from PerkinElmer Life and Analytical Sciences, Inc. (Boston, 

MA). The 14C-UDPGA was diluted with unlabeled UDPGA (Sigma-Aldrich, St. Louis, 

MO) to make a 5 mM solution containing 2 µCi/mL. All water utilized in these 

experiments was purified by Milli-Q water system to 18 MΩ.  All other buffer chemicals 

and solvents were obtained from Sigma-Aldrich or Fisher Scientific (Fair Lawn, NJ).  

Tissue Samples 

SupersomesTM expressing UGT isoform UGT2B4 were purchased from BD 

Biosciences (Woburn, MA). SupersomesTM are a membrane preparation similar to 

microsomes derived from insect cells (BTI-TN-581-4) that have been infected with 

baculovirus (Autographa californica) carrying the cDNA of the human UGT isoform. The 

level of expression of UGT in SupersomesTM varies with isoform. Human liver 

microsomes were prepared from liver samples received from liver banks (Wang et al., 

2004; Li et al., 2012) and were exempt by the Institutional Review Board (IRB) at the 

University of Florida. Of the 47 liver samples studied, 28 were from male and 18 were 

from female donors; gender information was unavailable for one sample. The 

microsomes were resuspended in a 0.1 M K-phosphate buffer, pH 7.4, and stored at -80 
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°C until use in these experiments. The protein content was determined by the 

bicinchoninic acid (BCA) method with bovine serum albumin (BSA) as standard. 

Assay 

Triclosan glucuronidation assays were performed at two triclosan concentrations, 

0.01 mM and 1 mM, using a radiochemical ion-pair extraction method as described 

previously (Wang et al., 2004). Duplicate tubes were prepared for each sample. The 

incubation mixture consisted of 0.1 M K-phosphate (pH 7.4), 5 mM MgCl2, 1.25 µg of 

Brij-58, human hepatic microsomal protein, 10 µM or 1 mM triclosan, water, and 1 mM 

of 14C-UDPGA in a total reaction volume of 0.1 mL. The microsomes were diluted with 

Brij 58, 0.25 mg Brij 58 per mg microsomal protein, and the amount of microsomal 

protein added and the incubation times were such that less than 30% of the triclosan 

was utilized in the assay. At the 10 µM triclosan concentration, microsomes were diluted 

to 0.5 mg/mL and 5 µg of human hepatic microsomal protein was used in the 5 min 

incubation assay. At the 1 mM triclosan concentration, microsomes were diluted to 5 

mg/mL with 50 µg of human hepatic microsomal protein used in the assay, and the 

incubation time was 10 min.  Methanol solutions of triclosan were added to each tube 

and the solvent was dried under nitrogen for approximately 10 min. The diluted 

microsomal protein and K-phosphate buffer were added to the tubes and were vortex-

mixed. The tubes were left on ice for 20 min before MgCl2 and water were added, 

bringing the volume to 0.08 mL. The tubes were vortex-mixed again to mix contents, 

then centrifuged for 2 min at 3,500 rpm (full speed) to bring the contents to the bottom 

of the tube. The mixture was pre-incubated for 1 min at 37 °C in a water bath, and 14C-

UDPGA was added to all incubated tubes at timed intervals to initiate the reaction. After 

72 



 

incubating at 37 °C with shaking, 0.1 mL of 0.25 M tetrabutylammonium phosphate 

/2.5% acetic acid (1:1 mixture by volume), 0.3 mL water, and 2 mL water-saturated ethyl 

acetate were added to the tubes (at the same timed interval the UDPGA was added) 

and vortex-mixed to stop the reaction. The tubes were then centrifuged at 3,500 rpm for 

10 min to separate the phases. The ethyl acetate phase (top layer) was transferred to a 

scintillation vial. The tubes were extracted twice more with 1 mL water-saturated ethyl 

acetate and the extracts were combined. For each tube, the ethyl acetate phase, 0.4 

mL, was evaporated under a stream of air, scintillation cocktail was added, and the 

samples were counted for quantification of the glucuronide conjugate. Subsequently, 

the results of the duplicate tubes were averaged. 

The glucuronidation assays included a set of blank tubes without triclosan, but 

with microsomes, which were incubated for 20 min. This was necessary because the 

microsomes likely contained endogenous compounds or drugs that were substrates for 

glucuronidation. The incubation mixtures were the same as described above with the 

exception to the following: blank tubes contained 250 µg of microsomal protein 

(microsomes diluted with Brij 58, 0.25 mg Brij per mg microsomal protein to 5 mg/mL), 

and 0.1 M Tris-Cl (pH 7.6) was used as buffer. 

UGT2B4 Kinetics Assay 

Enzyme kinetic studies utilizing expressed human UGT2B4 were conducted over 

a range of triclosan concentrations (0.001 mM -1 mM). The supersomes were diluted 

with Brij 58, 0.5 mg Brij 58 per mg protein, and 15 µg of supersomes was added to the 

incubation mixture as described above. The incubation time for these studies was 15 

min. 
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Genotyping 

DNA from selected liver samples was prepared and the TATA genotypes were 

determined using polymerase chain reaction (PCR) followed by pyrosequencing 

(Langaee and Ronaghi, 2005). Pyrosequencing is a commonly used genotyping 

technique implemented to determine nucleic acid sequence. The PCR and sequencing 

primers were designed using Pyrosequencing Primer Design Software (Qiagen, 

Valencia, CA) and all pyrosequencing reactions were carried out using the 

Pyrosequencing PSQ HS 96 system. 

Proteomics 

To quantify UGT protein expression, a targeted quantitative proteomics approach 

was employed. By measuring UGT isoform expression in the human samples, the 

catalytic activity towards triclosan will be more appropriately described in terms of units 

of activity per picomole of UGT isoform. This approach can also help to more accurately 

identify which UGT isoforms are involved in the glucuronidation of triclosan. The method 

used a combination of nano-liquid chromatography-tandem mass spectrometry and 

multiple reaction monitoring to quantify a total of 10 UGT1As and UGT2Bs in human 

liver samples (Fallon et al., 2013(a); Fallon et al., 2013(b)). A stable isotope dilution 

technique that involved the (13C, 15N) labeling of two or more proteotypic peptides per 

protein was used. Labeled synthetic proteotypic tryptic peptides that closely resembled 

the analytes of interest were used as standards for targeted quantification. 

Data Analysis 

Results are presented as mean values with standard deviation. Enzyme kinetic 

parameters (Km, Vmax) were calculated from the Michaelis-Menten equation using Prism 

software (version 6.0; GraphPad Software, Inc., San Diego, CA). Means and standard 
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deviations were calculated using Excel software (Microsoft, Redmond, WA) or Prism 

software. Statistical comparisons between genotypes were performed using Kruskal-

Wallis nonparametric test. Correlation analysis and statistical comparisons between 

individual UGT isoform expression and triclosan glucuronidation activity were 

determined using Pearson’s correlation, followed by stepwise regression. 

Results 

Triclosan Glucuronidation 

In the absence of triclosan substrate, but in the presence of 1 mM UDPGA 

(incubated substrate blank), components in the microsomes were glucuronidated at a 

rate of 0.23 + 0.13 nmol/min/mg protein (mean + S.D., n = 47 samples). Each tube was 

performed in duplicate. For each individual human liver microsomes sample, the rate of 

glucuronidation of endogenous components was subtracted from glucuronidation rates 

in the presence of both triclosan concentrations. 

The data illustrated that various human liver microsomes can readily 

glucuronidate triclosan at studied concentrations of 0.01 and 1 mM (Table 2-3). More 

than 7-fold variability in specific activity was found in the HLM samples, irrespective of 

age and gender, at both triclosan concentrations. Data for specific activity at the 0.01 

mM and 1 mM triclosan concentrations are illustrated in Figure 2-2 and Figure 2-3, 

respectively. These results suggest that clearance of triclosan by glucuronidation may 

be expected to vary considerably between individuals.  

Genotyped HLMs 

To evaluate whether individuals expressing the UGT1A1*28 polymorphism, 

identified by having seven TA repeats in the TATA box, exhibited a slower rate of 

triclosan metabolism, twenty-two (n = 22) of the HLMs were genotyped and further 
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examined (Table 2-4). The studies compared average triclosan glucuronidation activity 

between the homozygous wildtypes to the homozygous and heterozygous mutants and 

indicated that there was no significant difference (p > 0.05, using one way ANOVA) 

between the three genotypes (Table 2-5). These results suggested that a deficient 

UGT1A1 may not equate to reduced clearance of the substrate, and individuals with 

Gilbert’s syndrome may not have a slower clearance rate of triclosan than individuals 

with a fully functioning isozyme. The protein analysis confirmed that on average, 

individuals with heterozygous or homozygous TA7 genotypes expressed significantly 

less (p < 0.01, using Kruskal-Wallis test) UGT1A1 per mg of protein than the 

homozygous wildtypes. 

Wide variability of genotype expression was observed among the 22 genotyped 

samples, 12 of which were female and 10 male (Table 2-4). Sample ages ranged from 

20 years to 84 years of age. Seven samples (4 males, 3 females) expressed the TA6 

wildtype genotype and four samples (2 males, 2 females) were homozygous mutants. 

The majority of the samples analyzed (11) were genotyped as heterozygous mutants 

(TA7/TA6). Collectively, there appeared to be no direct correlation between genotype 

expression and age or gender. 

To identify a correlation between expression of specific UGT isoforms and 

triclosan glucuronidation activity, various UGT isoforms were quantified in each of the 

HLMs studied. Using Pearson’s correlation coefficients and statistical p-values, the 

linear relationship between individual UGT isoforms and triclosan glucuronidation 

activity were analyzed. A coefficient value of 1 demonstrates total positive correlation, 0 

is no correlation, and -1 is total negative correlation. Of the UGTs studied, UGT2B4 
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demonstrated the greatest coefficient, 0.663, and the most significant correlation (p < 

0.0001). Table 2-6 and Figure 2-4 illustrate these findings. Further analysis using 

stepwise regression confirmed the contribution of UGT2B4, by demonstrating that it was 

the single most significant predictor of triclosan glucuronidation activity. This isoform 

alone accounted for 44% of the observed variation in glucuronosyltransferase activity 

towards triclosan. After adjusting for UGT2B4, UGT1A4 stood out among the other nine 

isoforms as the most significant, accounting for 15.2% of the variation. Together, these 

two isoforms explained 59.2% of the variation in triclosan glucuronidation activity. There 

was no significant correlation observed between expression of UGT1A1 and triclosan 

glucuronidation activity (p > 0.05, using linear regression analysis and runs test for 

randomness). 

Enzyme Kinetics 

Enzyme kinetic studies illustrated that triclosan glucuronidation with UGT2B4 

followed Michaelis-Menten kinetics up to 100 µM triclosan. Addition of triclosan above 

100 µM resulted in substrate inhibition (Figure 2-5). The apparent Km and Vmax values 

are given in Table 2-7.  

 Discussion 

Triclosan is found in numerous products of everyday use, so some exposure may 

be unavoidable. Although triclosan has been shown to undergo sulfonation and 

glucuronidation in human liver (Wang et al., 2004), it is unlikely that 100% of an 

internalized dose of triclosan will be conjugated after one pass through the liver. As a 

result of this widespread exposure, it proves beneficial to understand the rate at which 

triclosan is efficiently metabolized and excreted from the body. Enzymes of the UDP-
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glucuronosyltransferase (UGT) superfamily are responsible for the metabolism of many 

endogenous compounds, drugs, and environmental chemicals, including triclosan. 

Because one of the main exposure routes is oral ingestion, UGTs in the liver and 

intestine are of most importance. In this study, forty-seven different human liver 

microsomes were used as the source of UGT(s) to examine triclosan glucuronidation. 

These results illustrated that triclosan is efficiently glucuronidated by UGTs expressed in 

human liver and further suggested that the rate at which triclosan is glucuronidated 

varies greatly between individuals. Irrespective of age and gender, 

glucuronosyltransferase activity toward 0.01 mM and 1 mM triclosan varied over 7-fold 

and nearly 17-fold, respectively, between samples. 

The presence of genetic polymorphisms can cause individuals possessing allelic 

variants to exhibit enhanced or reduced glucuronidation activity, which can greatly 

contribute to interindividual variability of glucuronidation capacity observed across a 

population (Rowland et al., 2013; Tam, 1993). Studies with genotyped HLMs revealed 

that a deficient UGT1A1, as seen in individuals with Gilbert’s syndrome (TA7/TA7), 

reduces expression of the isoform, but does not hinder clearance of triclosan. These 

results suggested that other UGT isoforms can efficiently metabolize triclosan when 

UGT1A1 is not functioning properly. As a result of the partial overlaps of UGT substrate 

specificity and the various levels of expression and activity in microsomes, it was not 

surprising to find that triclosan could still be readily glucuronidated in individuals with an 

ill-functioning UGT1A1. 

Despite previous findings implicating UGT1A1 as a major contributing isoform in 

the biotransformation of triclosan to its glucuronide conjugate, analysis from this study 
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demonstrated that there was no significant correlation (p > 0.05) between UGT1A1 and 

triclosan glucuronidation activity observed in the panel of HLMs studied. Instead, 

expressions of UGT2B4 (p < 0.0001) and UGT1A4 (p < 0.001) per mg of protein and 

triclosan glucuronidation activity displayed the most significant correlations. These 

results support previous findings by Kiang et al. (2005) and Miners et al. (2010) that 

hepatically expressed UGT1A4 is of great significance to drug and xenobiotic 

metabolism. In addition, Ohno and Nakajin (2009) and Court et al. (2012) previously 

reported that UGT2B4 mRNA was the most abundant isoform expressed in the human 

liver. With this, it is not surprising to find that our studies indicated that this isoform 

played a substantial role in the metabolism of triclosan in human liver samples. 

Previous studies from the James lab with human UGT expressing supersomes 

showed that UGT1A1 metabolized triclosan at the greatest rate, with an efficiency of 

more than 1000 µl/min/mg protein. However, the UGT protein content of the 

recombinant enzymes was unknown. Therefore, the observed efficiency of 

glucuronidation for the UGT1A1 isoform may be ascribed to differences in protein 

expression between supersomes. Variation in the actual amount of UGT enzyme in a 

supersomes preparation can vary from approximately 5% to 15% of total protein content 

(Fallon et al., 2013(a); Fallon et al., 2013(b)). It has also been shown that not all of the 

expressed UGT is active. Therefore, if the supersome sample expressing UGT1A1 

contained greater UGT content than the other UGT-expressing supersomes, then its 

corresponding high specific activity and kinetic parameters can produce results that 

incorrectly predict glucuronidation activity in actual human tissue samples. 
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As well as being a substrate for glucuronidation, kinetic studies with UGT2B4 

confirmed findings by Wang et al. (2004) that triclosan can also act to inhibit its own 

metabolism, and possibly disrupt the metabolism of other drugs. Since glucuronidation 

is an important detoxification pathway for numerous drugs, the identification and 

subsequent management of drug-drug interactions is an important aspect of patient 

care. UGT2B4 has been shown to be a major contributor to the glucuronidation of 

carvedilol and codeine (Ohno et al., 2004; Raungrut et al., 2010; Gelston et al., 2012). 

The inhibition of this isoform by triclosan or other known inhibitors, such as fluconazole, 

ketoconazole, and methadone, could then affect the pharmacokinetic parameters of 

other drugs metabolized by the enzyme. Methadone, for example, selectively inhibited 

UGT2B4-catalyzed glucuronidation of codeine, which could alter codeine’s intensity and 

duration of pharmacological response (Raungrut et al., 2010). 

Conclusion 

In summary, triclosan can be efficiently glucuronidated by the UGTs mainly 

expressed in human liver and intestine. The wide variability observed for the rates of 

triclosan glucuronidation in the human samples suggests that metabolism of the 

substrate via the glucuronidation detoxification pathway is likely to vary significantly 

between individuals, irrespective of age and gender. Although different UGT isoforms 

can catalyze the glucuronidation of triclosan, previous data insisted that the rate of 

triclosan metabolism was isoform selective. Based on prior studies with expressed 

enzymes, UGT1A1 was the most efficient at catalyzing the glucuronidation of triclosan. 

The statistical data of these studies with human liver microsomes, however, 

demonstrated that UGT2B4 exhibited the most significant correlation between isoform 

expression and triclosan glucuronidation activity. UGT2B4 kinetic studies illustrated that 
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Michaelis-Menten kinetics are followed up to 100 µM triclosan, after which substrate 

inhibition is observed. Although individuals who display a homozygous TA7 genotype 

are expected to exhibit deficient UGT1A1 enzyme activity and expression, these studies 

showed that despite expressing significantly less UGT1A1 than homozygous wildtypes, 

the homozygous mutants did not exhibit reduced glucuronidation activity towards 

triclosan. 
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Figure 2-1. UGT1A1, 1A7, and 1A9 catalyzed glucuronidation of triclosan. 
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Figure 2-2. Graph illustrating more than 7-fold variability in rates of glucuronidation of 10 
µM triclosan in HLMs from male and female donors.  
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Figure 2-3. Graph illustrating more than 16-fold variability in rates of glucuronidation of 1 

mM triclosan in HLMs from male and female donors. 
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Figure 2-4. Graph showing a significant correlation between UGT2B4 expression and 

triclosan glucuronidation activity in the HLMs.  
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Figure 2-5. Triclosan glucuronidation kinetics with UGT2B4. Substrate inhibition of 

glucuronosyltransferase activities of triclosan was observed above 100 µM. 
Data represents the mean of duplicate measurements. 
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Table 2-1. Triclosan glucuronidation by individual UGT isoforms. 
UGT Isoform  Specific Activity 

 (pmol/min/mg protein) 
 10 µM Triclosan 1 mM Triclosan 

Expressed in Liver   
1A1 4712 6505 
1A3 10 863 
1A4 3 31 
1A6 44 1440 
1A9 216 2099 
2B4 51 214 
2B7 37 208 

2B15 1 12 
Expressed in Intestine   

1A7 52 1291 
1A8 14 888 

1A10 1 1 
 
 
 
Table 2-2. Kinetics of triclosan glucuronidation by the human UGT isoforms with highest 

activities. 
 Apparent Km or S50 

(µM) 
Apparent Vmax 

(pmol/min/mg protein) 
Efficiency  

(Vmax/Km or S50) 
UGT1A1 7 7528 1063 
UGT1A6 130 1319 10 
UGT1A7 76 1329 17 
UGT1A9 115 2495 22 

 *UGT1A7 kinetics were analyzed by the Hill Equation, S50 is reported.  
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Table 2-3. Triclosan glucuronidation activity (nmol/min/mg protein) and UGT expression (pmol of isoform/mg protein) in 
HLMs. 

 
Sample 

Triclosan Glucuronidation Activity   
UGT Expression 

ID Age Sex 10 µM 1 mM 1A1 1A3 1A4 1A6 1A9 2B4 2B7 2B10 2B15 2B17 

HL750 10 M 7.66 5.43 58.1   3.71 11.1 31.0 83.0 42.0 20.4 0.68 

HL111 20 M 11.0 6.66 58.3 19.1 8.57 3.11 9.40 52.8 68.5 74.3 21.9 0.71 

AL 1 20 F 5.03  12.7 0.00 2.70 0.71 3.13 37.5 55.2 75.7 21.7 14.3 

HL97 21 M 7.66 6.87 27.2 4.57 7.65 4.42 6.54 23.9 38.5 32.5 13.1 0.00 

HL10 23 F 8.09 4.55 58.2 69.3 1.51 0.00 0.00 30.3 11.9 36.4 7.37 0.30 

HL109 27 F 12.8 11.3 29.0 41.7 7.24 4.40 16.5 57.6 86.1 61.1 20.0 0.00 

HL40 31 M 6.60 8.05 22.9 16.3 7.52 3.91 8.84 26.9 60.3 58.0 17.7 0.41 

HL127 35 M 10.6 14.8 24.7 2.68 32.1 6.54 14.0 23.6 50.7 1.33 12.1 24.8 

HL113 36 M 9.81 15.1 43.1  1.65 3.79 10.9 40.5 95.9 72.0 21.3 27.4 

HL130 42 F 4.19 7.90 15.6 0.00 2.93 2.86 1.41 32.5 26.3 29.4 11.1 4.39 

HLM MA 44 M 14.2 32.1 34.2   7.85 32.6 68.9 31.4 152 55.4 15.5 

111199 45 M 14.1 15.3 25.1 0.00 10.7 4.05 9.40 31.2 79.1 47.3 15.4 0.91 

HL 98 45 M 8.27 6.82 36.1 0.00 15.7 4.27 11.3 39.6 88.9 70.1 23.6 18.9 

HLM HA 45 M 15.4 25.6 107  14.9 5.07 16.0 57.6 61.1 61.5 23.6 18.3 

AL 2 47 M 8.22  15.0 1.05 19.6 4.75 11.5 15.6 45.7 3.19 15.0 11.9 

HL742 48 M 8.05 5.01 34.4   2.77 14.1 36.0 114 104 30.3 17.3 

HL29 49 M 8.13 5.87 39.6  9.10 3.57 9.39 39.6 61.3 81.6 25.2 0.76 

HL100 51 F 8.12 8.06 14.8 3.71 17.6 21.9 21.4 17.1 25.8 1.57 11.5 0.94 

AL 3 54 F 8.05  15.5 0.00  5.53 23.1 44.0 135 114 21.1 0.15 

AL 12 54 F 7.72  3.04 60.6 5.87 1.45 4.38 37.2 86.4 55.7 21.2 0.63 

HL128 56 U 4.68 4.18 12.4 0.00 0.00 8.45 16.9 18.4 31.8 12.0 12.6 14.9 
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Table 2-3. Continued. 
 

Sample 
Triclosan Glucuronidation Activity  

UGT Expression 
ID   Age Sex 10 µM 1 mM 1A1 1A3 1A4 1A6 1A9 2B4 2B7 2B10 2B15 2B17 

AL 13 56 F 4.06  9.58 2.25 3.02 1.50 4.31 21.9 44.9 27.9 14.9 1.09 

HL134 57 M 2.87 2.26 19.7 0.00  3.35 11.9 16.8 57.8 27.8 13.3 9.33 

AL 4 57 M 8.75  6.50 18.0 44.1 7.01 15.7 14.0 54.1 3.36 14.6 0.25 

AL 5 58 M 8.34  29.0 5.15 3.62 1.40 5.00 39.5 90.9 45.3 31.0 0.17 

AL 14 58 F 7.63  11.7   5.38 18.3 29.7 94.8 127 13.1 0.08 

HL M-8 60 M 2.18 1.92 38.5 2.21 10.6 13.6 5.03 19.5 53.1 6.21 22.9 2.26 

HL308 60 M 12.3 15.5 8.27 10.6 9.34 5.46 8.82 25.2 44.8 7.12 9.83 12.7 

AL 6 60 M 6.70  9.55 33.2 6.59 2.39 7.03 38.0 73.3 46.9 21.7 15.3 

AL 7 60 F 6.63  2.64 2.19 25.0 5.37 23.1 17.5 38.0 1.06 14.8 3.35 

AL 8 61 M 15.1  29.1 0.00 6.39 5.43 16.1 80.4 98.9 79.2 34.7 31.1 

HLM NA 61 M 8.70 13.8 10.3 0.00 12.7 4.98 14.7 32.1 78.9 29.8 20.2 31.8 

HL20a 66 F 3.85 2.30 7.82 0.00 8.31 4.01 6.73 15.7 22.6 22.9 7.02 1.31 

HL20 67 M 6.78 4.07 15.6  4.46 2.11 4.92 34.7 73.8 65.7 17.9 14.5 

AL 15 69 F 6.49  11.4  5.57 1.21 5.70 29.9 53.3 28.0 18.3 4.44 

HL733 70 M 6.00 2.81 5.85   2.47 9.18 16.0 122 67.1 14.6 25.0 

AL 16 71 M 14.7  4.18  16.9 3.06 8.67 26.3 77.7 31.9 27.2 16.8 

AL 17 72 M 10.8  46.5   5.32 12.4 30.7 96.7 79.4 22.4 18.1 

AL 18 73 F 9.26  12.1   2.36 10.1 44.5 76.6 44.9 23.5 0.58 

HL735 74 F 6.79 4.59 57.6   4.84 21.0 37.4 38.9 89.8 28.2 0.26 

AL 19 74 F 8.82  18.9   2.58 6.63 35.1 51.2 40.6 16.2 0.39 

AL 20 74 M 7.82  14.7 0.00 2.55 1.48 4.11 28.2 67.1 26.5 17.6 0.00 
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Table 2-3. Continued.  
 

Sample 
Triclosan Glucuronidation Activity  

UGT Expression 
ID Age Sex 10 µM 1 mM 1A1 1A3 1A4 1A6 1A9 2B4 2B7 2B10 2B15 2B17 

AL 9 75 F 3.82  22.4 4.36 0.00 2.03 7.94 19.1 30.0 56.7 8.69 0.71 

AL 21 75 M 7.52  10.5 0.00 3.19 2.74 8.46 35.0 47.6 41.7 19.4 0.00 

AL 22 76 M 6.55    20.9 0.00 2.68 1.59 5.22 25.5 53.5 32.9 16.8 9.40 

AL 10 82 F 4.55  24.5 0.00 4.78 1.03 2.57 11.0 14.3 10.5 7.08 0.00 

AL 11 84 F 2.25  20.7   2.62 6.54 6.25 5.22 9.92 2.97 0.74 
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Table 2-4. Genotyped human liver microsomes.  
Sample Genotype 

ID Age Sex UGT1A1*1 (TA6) or 
UGT1A1*28 (TA7) 

AL1 20 F TA6/TA6 
AL2 47 M TA6/TA6 

AL17 72 M TA6/TA6 
AL19 74 F TA6/TA6 
AL20 74 M TA6/TA6 
AL22 76 M TA6/TA6 
AL10 82 F TA6/TA6 
AL3 54 F TA7/TA6 

AL13 56 F TA7/TA6 
AL14 58 F TA7/TA6 
AL5 59 M TA7/TA6 
AL8 61 M TA7/TA6 

AL15 69 F TA7/TA6 
AL16 71 M TA7/TA6 
AL18 73 F TA7/TA6 
AL9 75 F TA7/TA6 

AL21 75 M TA7/TA6 
AL11 84 F TA7/TA6 
AL12 54 F TA7/TA7 
AL4 57 M TA7/TA7 
AL6 60 M TA7/TA7 
AL7 60 F TA7/TA7 

 
 
 
Table 2-5. UGT1A1 expression does not predict triclosan glucuronidation activity. Rates 

of triclosan glucuronidation in liver microsomes did not vary with the level of 
expression of UGT1A1 (p = 0.99), however UGT1A1 expression was 
significantly lower (p = 0.003) in samples with the UGT1A1*28 polymorphism.  

Genotype n Specific Activity Expression 

TA6/TA6 7 7.05 + 1.60 21.9 + 11.6 
TA7/TA6 11 7.93 + 4.07 16.0 + 8.2 
TA7/TA7 4 7.45 + 1.00 5.40 + 3.2 

*Activity values are expressed as averages of n samples in nmol/min/mg protein + S.D., 
and expression is representative of the average of n samples in pmol of UGT1A1/mg 
protein + S.D.  
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Table 2-6. Pearson’s correlation coefficients between individual UGTs and triclosan 
glucuronidation activity. 

UGT Isoform Correlation Coefficient Correlation Significance 
(p-value) 

1A1 0.3296 0.0236 
1A3 0.0836 0.5762 
1A4 0.2484 0.0922 
1A6 0.0897 0.5488 
1A9 0.3986 0.0055 
2B4 0.6632 <0.0001 
2B7 0.3602 0.0129 

2B10 0.3224 0.0271 
2B15 0.5158 0.0002 
2B17 0.3485 0.0164 

 
 
 
Table 2-7. Apparent kinetic constants for triclosan glucuronidation catalyzed by 

UGT2B4. 
 Km Vmax 

 µM pmol/min/mg supersomes 

Triclosan Glucuronidation 110 259 

 

92 



 

CHAPTER 3 
EFFECT OF TRICLOSAN ON ESTRADIOL SULFATE FORMATION IN SHEEP 

Introduction 

The steroid sex hormone, estradiol (E2 or 17β-estradiol) is one of the three main 

estrogens naturally produced in the body. Abbreviated E2, estradiol has two hydroxyl 

groups in its molecular structure, while estrone has one (E1) and estriol has three (E3). 

Sulfonation is recognized as a major pathway in humans for the biotransformation of 

estrogens (Hernández et al., 1992) and previous studies have shown that triclosan is an 

especially potent inhibitor of ovine placental estrogen sulfotransferase, with Kic of 0.1 

nM. As the placenta is the main organ responsible for estrogen synthesis in pregnant 

women and the liver is a major site of estrogen biotransformation, this study sought to 

add to existing evidence that triclosan exhibits inhibitory effects on sulfotransferase 

activity. In this project, the effects of triclosan on fetal ovine hepatic and placental 

estrogen sulfotransferase activity towards estradiol were assessed. To measure 

sulfotransferase activity, cytosolic samples prepared from the fetal tissues of pregnant 

ewes treated with saline or triclosan were incubated with 1 nM [3H]-17β-estradiol, and 

conversion to the [3H]-17β-estradiol-3-sulfate was measured using a radiochemical 

detection method. 

Materials and Methods 

Chemicals 

[3H]-17β-estradiol (E2 or estradiol, >97% pure, 60 Ci/mmol) was purchased from 

PerkinElmer Life and Analytical Sciences, Inc. (Boston, MA). The triclosan (shown to be 

>99.8% pure by HPLC analysis) used for sheep dosing was received from TCI America 

(Portland, Oregon). The ultrapure Tris(hydroxymethyl)aminomethane (Tris) base was 
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obtained from ICN Biomedicals, Inc., dithiothreitol (DTT) from BioRad Laboraties, and 

phenylmethylsulfonyl fluoride (PMSF) from Fluka. Water utilized in these experiments 

was purified by Milli-Q water system to 18 MΩ. All other chemicals and solvents were of 

the highest grade available and obtained from Sigma-Aldrich (St. Louis, MO) or Fisher 

Scientific (Fair Lawn, NJ). 

Tissue Samples 

Experiments were approved by the University of Florida Institutional Animal Care 

and Use Committee (IACUC) and performed in accordance with the American 

Physiological Society’s Guiding Principles for Research Involving Animals and Human 

Beings. Hepatic and placental tissues were harvested from late gestation fetuses 

(between 120-130 days) of time-dated pregnant ewes after direct or indirect exposure to 

low doses of triclosan (0.1 mg/kg/day) for 2 days. For direct exposure, chronically-

catheterized fetal sheep were intravenously infused with vehicle (saline) or triclosan, 

whereas indirect fetal exposure was achieved through intravenous infusion of vehicle or 

triclosan into the maternal circulation. After infusion, the pregnant ewes and fetuses 

were humanely euthanized with an overdose of sodium phenobarbital. Upon 

confirmation of cardiac arrest, fetal tissues were rapidly removed and snap frozen in 

liquid nitrogen. Tissues were stored at -80 °C until used in these experiments. 

Subsamples of liver and placental cotyledon from individual sheep were homogenized 

in 0.25 M sucrose, 0.05 M Tris base, pH 7.4, 5 mM ethylenediaminetetraacetic acid 

(EDTA), 1 mM DTT, and 0.2 mM PMSF. Cytosolic fractions were isolated from the 

homogenate after centrifugation and the protein content was determined by the BCA 

method with BSA as standard. 
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LC-MS/MS Analysis of Triclosan in Tissues 

LC-MS/MS analyses were performed using Shimadzu LC system coupled with 

an AB Sciex 3200QTRAP (Foster City, CA) mass spectrometer using electrospray 

ionization (ESI) operated in negative-ion mode. The chromatographic separation of 10 

µL tissue extractions was achieved with a Luna 5µ C8 (50 mm x 4.6 mm) column 

(Phenomenex, Torrance, CA) with 80:20 methanol:water gradient method using a 

flowrate of 0.25 mL/min. The gradient conditions consisted of holding 80% for 5 min; 

linear gradient to 100% for 20 min; holding at 100% for 4 min before returning to initial 

conditions. The gases for the mass spectrophotometer were delivered using Parker 

Balston gas generator. The curtain gas was maintained at 20 psi; nebulizer gas at 50 

psi and the turbo gas at 40 psi, which was maintained at 400 ºC. The negative-ion mode 

spray voltage was set at -4500 V. Triclosan was quantified in multiple reaction 

monitoring (MRM) scan mode, monitoring the fragmentation transition of Cl¯ from the 

parent compound (286.8 m/z →35.0 m/z). A compound similar to triclosan which also 

contains three chloride atoms, 4'-OH-CB18 (2,2',5'-trichlorobiphenyl-4-ol) was used as 

an internal standard. The fragmentation monitored for the internal standard was 270.8 

m/z (M-H)¯ → 234.7 m/z (M-H-Cl)¯. Triclosan eluted from the LC at 9.6 min and the 

internal standard eluted at 7.9 min. The ESI compound parameters were optimized to 

achieve maximum sensitivity for each ion pair. Calibration standard curves were 

analyzed using a range of triclosan concentrations of 0-2 pmoles with 4'-OH-CB18 at a 

fixed concentration of 0.15 pmoles in an injection volume of 10 µL. Unknown 

concentrations were calculated from a standard curve that was analyzed along with 

each set of extracted tissue samples. The LC-MS/MS system was controlled by Analyst 
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1.4.2 software and the spectra were integrated using the IntelliQuan algorithm in the 

software. 

Assay  

The individual sheep tissues were tested for the effect of triclosan on estradiol 

sulfonation in reaction mixtures consisting of 0.1 M Tris-Cl, pH 7.4, 10 mM MgCl2, 0.5 

µg of cytosolic protein, 1 nM [3H]-17β-estradiol in ethanol, water, and 20 µM 3’-

phosphoadenosine-5’-phosphosulfate (PAPS) in a total reaction volume of 0.5 mL. The 

amount of cytosolic protein added was such that less than 20% of the substrate was 

consumed in the assay, and the calculated specific enzyme activity was corrected for 

using nonincubated blanks. After a 5 min incubation at 37 °C, 0.2 mL of an ice-cold 

solution of trichloroacetic acid (TCA), 3% w/v, was added to the samples (at the same 

timed interval the protein was added) to stop the reaction. Water-saturated methylene 

chloride, 1 mL, was added to each tube and the tubes were vortex-mixed prior to a 5 

min centrifugation to separate the phases. The methylene chloride (lower phase) was 

discarded and the extraction was repeated twice more to remove unreacted estrogen. 

Scintillation cocktail was added to a 0.2 mL aliquot of the upper aqueous phase and 

was counted by liquid scintillation for quantification of the sulfate conjugate. 

Data Analysis 

From the scintillation counter, the total dpm per assay tube was calculated and 

converted to pmoles of estradiol-3-sulfate produced/min/mg cytosolic protein, using the 

radioactivity of [3H]-estradiol. Means, standard deviations and statistical significance 

were calculated and analyzed by Excel software (Microsoft, Redmond, WA) or 

GraphPad software (version 6.0; GraphPad Software, Inc., San Diego, CA). 
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Results and Discussion 

Studies examining the effect of triclosan on sulfotransferase activities toward 

estradiol were conducted using fetal sheep liver and placental cytosol. As expected, the 

results demonstrated that triclosan can inhibit estrogen sulfotransferase activity. In both 

tissues, the specific activity (pmol/min/mg protein) for the triclosan treated samples was 

significantly lower than the saline controls (Table 3-1). The greatest activity observed in 

the control liver samples, for instance, was approximately 20 pmol/min/mg protein, 

whereas activity among the triclosan-treated samples was more than 50% less (9.55 

pmol/min/mg protein). Although greater activity was generally observed in the placental 

tissues versus the hepatic tissues, the same inhibitory effect of triclosan was observed. 

Maximal activity among the placental saline controls was approximately 40 pmol/min/mg 

protein, while the sample with the largest detectable level of triclosan (about 330 pmol 

triclosan/g tissue) exhibited a rate of approximately 20 pmol/min/mg protein. 

Using LC-MS, the tissue concentrations of triclosan (pmol/g tissue) in each 

sample was also measured. Triclosan was detected in the fetal liver and cotyledon 

cytosols at concentrations ranging from 3-123 pmol/g tissue and 1-330 pmol/g tissue, 

respectively. The detection of triclosan in fetal tissues upon indirect exposure (via the 

pregnant ewe) also confirms that triclosan can cross the placental barrier and be taken 

up by fetal tissues. As expected, the fetal tissues with the greatest concentrations of 

detectable triclosan were generally those that were directly infused with triclosan, 

compared to the samples exposed via the placenta from the mother’s exposure to 

triclosan. In addition, when tissue concentrations of triclosan in the placenta were 

plotted against measured sulfotransferase activity, a clear negative correlation was 

observed (Figure 3-1). Samples with the highest tissue concentrations of triclosan 
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exhibited significantly less (p < 0.05, using linear regression analysis) sulfotransferase 

activity than samples with less detectable levels of triclosan. This negative correlation 

was not significant (p > 0.05) in sheep liver tissues, perhaps because the sample size 

was small. 

These results support existing evidence that fetal tissues not only express 

sulfotransferases, but these enzymes are also active in the biotransformation of 

estradiol. Whether through direct or indirect exposure to triclosan, these studies 

demonstrate that triclosan can inhibit fetal metabolism of a vital hormone during 

pregnancy. 
Conclusion 

Due to the widespread use and stability of triclosan, some human exposure may 

be unavoidable. Therefore, it proves beneficial to understand the effect(s) that triclosan 

may exert on detoxification pathways, like sulfonation, in the body. The results of the 

study revealed that triclosan can alter estradiol sulfate conjugation. In both tissues, the 

rate of sulfoconjugation was significantly greater in the saline controls than in the 

triclosan treated samples, confirming that sulfotransferase activity can be inhibited by 

triclosan in both, the fetal liver and placenta. 
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Table 3-1. Effect of triclosan treatment on estrogen sulfonation in fetal sheep directly 
infused with vehicle (saline) or triclosan.  

  Specific Activity (pmol/min/mg protein) 
Sheep Cytosol  Saline Control Triclosan Treated 

 n   
Liver 6 14.5 + 3.67 6.45  + 2.13 

Placenta 4 32.5 + 4.36 21.2  + 2.00 
*Significant differences between average specific activities for saline-control and 
triclosan-treated samples were detected in the liver (p < 0.001) and placenta (p < 
0.005). Values shown are mean + S.D.     
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Figure 3-1. Graph illustrating a significant effect of triclosan treatment on estrogen 

sulfonation in all sheep placenta. Circles represent individual sheep samples 
that were directly and indirectly infused with triclosan. Each point represents 
the mean of duplicate measurements. 
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CHAPTER 4 
EFFECT OF TRICLOSAN AND TRICLOSAN-SULFATE ON SULFATE HYDROLYSIS 

Introduction 

Sulfotransferase and sulfatase enzyme families catalyze the forward and reverse 

steps of the important biotransformation reaction, sulfonation. Membrane-bound 

sulfatases hydrolyze sulfate compounds thereby reversing the action of 

sulfotransferases in tissues. Many sulfatases carry the generic name aryl sulfatase 

(ARS) because the discovery of physiological substrates for these enzymes was initially 

discovered using small aryl substrates (Hanson et al., 2004). Steroid sulfates circulate 

at higher concentrations than the unconjugated forms and can be readily transported in 

the blood around the body, serving as a reservoir of precursors for eventual conversion 

(in target tissues) to unconjugated, biologically active steroids via sulfatase enzymes 

(Pion et al., 1966; Vagnoni et al., 1998; Kester et al., 2000). Previous lab studies have 

shown that triclosan can inhibit sulfatase activity in sheep placental samples (James, 

unpublished). Triclosan was an uncompetitive inhibitor of sheep placental sulfatase with 

4MeUS as substrate, with Kiu of 9.7 + 1.0 mM (mean + S.D., n = 3) and a competitive 

inhibitor of arylsulfatase in sheep liver microsomes, with Kic of 39.6 + 6.1 mM (mean + 

S.D., n = 3). In addition, since triclosan-sulfate is a reported metabolite of triclosan 

(Moss et al., 2000; Provencher et al., 2014; Wang et al., 2004; Fang et al., 2014), it too 

may act as a competitive inhibitor of sulfatase activity.   

The aim of this study was to further investigate the inhibitory effect of triclosan 

and triclosan-sulfate on sulfatase activity. Using human liver and sheep placental 

microsomes as the enzyme source, arylsulfatase activity was measured by incubating 

microsomes with 4-methylumbelliferyl sulfate (4MeUS), a non-steroidal substrate, and 
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measuring formation of the fluorescent product, 4-methylumbelliferone (4MeU). To 

measure steroid sulfatase activity, microsomes prepared from human livers were 

incubated with [3H]-estrone-3-sulfate (E1S) and conversion to [3H]-estrone (E1) was 

analyzed by a reverse-phase HPLC system with radiochemical detection. 

Materials and Methods 

Chemicals 

Triclosan (>97% pure) was purchased from Fluka and triclosan-sulfate sodium 

salt was obtained from Toronto Research Chemicals (Toronto, Canada). [3H]-estrone-3-

sulfate ammonium salt ([3H]-E1S, >97% pure, 45.6 Ci/mmol) was obtained from 

PerkinElmer Life and Analytical Sciences, Inc. (Boston, MA). 4-methylumbelliferyl 

sulfate potassium salt (4MeUS) and 4-methylumbelliferone sodium salt (4MeU) were 

purchased from Sigma-Aldrich (St. Louis, MO). Tetrabutylammonium hydrogen sulfate 

(PIC®A) was purchased from Waters Corporation (Milford, MA), and the ultrapure Tris 

base was obtained from ICN Biomedicals, Inc. All water utilized in these experiments 

was purified by Milli-Q water system to 18 MΩ. All other compounds, chemicals and 

solvents were of the highest grade available and obtained from Sigma-Aldrich (St. 

Louis, MO) or Fisher Scientific (Fair Lawn, NJ).  

Tissue Samples 

Liver microsomes were prepared from six individual human liver samples (3 

males, ages 45-49; 3 females, ages 20-27) obtained from liver banks (Li et al., 2012). 

Three individual sheep placenta microsomal samples were prepared for use in these 

assays (James et al., 2010). The ovine microsomes were stored in a resuspension 

buffer consisting of 0.25 M sucrose, 0.1 mM EDTA, and 0.05 M Tris-Cl, pH 7.4. The 
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protein content from the human livers and sheep placental microsomes were 

determined by the BCA method with BSA as standard. 

Inhibition of Arylsulfatase Activity Assay 

A fluorescent method was used for this assay because cleavage of the sulfate 

from 4MeUS by sulfatase enzymes causes an emission of blue fluorescence at 450 nm 

with excitation 360 nm. Duplicate tubes and control blanks (tubes without triclosan or 

triclosan-sulfate) were prepared for each substrate concentration. All tubes were 

incubated. Non-incubated blanks were also examined at each concentration to account 

for any fluorescent background that may result from components in the assay mixture. 

The incubation mixture consisted of 0.02-0.8 mM 4MeUS, 0.05 M Tris-Cl, pH 7.0, 5 µg 

of human hepatic (or sheep placental) microsomal protein, triclosan (0-100 µM) or 

triclosan-sulfate (0-50 µM), and water in a total reaction volume of 0.5 mL. Human 

microsomal samples were diluted with resuspension buffer to 0.2 mg/mL (sheep 

placenta microsomes were diluted to 0.5 mg/mL) and were put on ice. The 4MeUS, 

Tris-Cl buffer, triclosan (or triclosan-sulfate), and water were added to the tubes and 

were vortex-mixed. The tubes were placed in a water bath at 37 °C and the diluted 

microsomes were added to all incubated tubes at timed intervals (e.g. 20 secs) to 

initiate the reaction. After incubating for 15 min (or 5 min with sheep samples), the 

reaction was stopped by adding 2 mL methanol to the tubes and the tubes were vortex-

mixed. The protein in each reaction was allowed to flocculate on ice for 10 min before 

centrifuging the tubes for 10 min at 3,500 rpm (full speed). The supernatant (~2 mL) 

from each tube was transferred to clean tubes and was analyzed for fluorescence 
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immediately after adding 0.5 mL 1N Tris base. A standard curve was obtained by using 

aqueous solutions of 4MeU with concentrations ranging from 0 to 2000 pmoles. 

Inhibition of Steroid Sulfatase Activity Assay 

Duplicate tubes were prepared for each substrate concentration and all tubes 

were incubated. Non-incubated blanks were also examined at each substrate 

concentration to account for total estrone-sulfate present in the incubation mixture 

before hydrolysis took place. The incubation mixture consisted of an aqueous solution 

of 0.2 or 2 µM [3H]-estrone-3-sulfate ([3H]-E1S), 0.05 M Tris-Cl, pH 7.0, 50 µg (for 

triclosan inhibition) or 25 µg (for triclosan-sulfate inhibition) of human hepatic 

microsomal protein, 0-1 mM concentrations of triclosan or triclosan-sulfate, and water in 

a total reaction volume of 0.1 mL. The human liver microsomes (HLMs) were diluted 

with resuspension buffer to 1 mg/mL and were put on ice. To examine inhibition, 

different concentrations of triclosan or triclosan-sulfate, buffer, diluted microsomes, and 

water were added to the tubes to a volume of 0.08 mL and were vortex-mixed. The 

tubes were placed in a water bath at 37 °C and [3H]-estrone-3-sulfate was added to all 

incubated tubes at timed intervals (e.g. 20 secs) to initiate the reaction. After incubating 

for 10 min (triclosan-sulfate inhibition) or 15 min (triclosan inhibition), the reaction was 

stopped by adding 0.3 mL methanol to the tubes, vortex-mixing, and placing on ice for 

20 min. Non-incubated blanks were stopped immediately after adding the substrate. 

The protein in each tube was precipitated by centrifugation for 10 min at 3,500 rpm. 

HPLC Analysis 

The supernatant, 0.2 mL, was filtered through a 0.22 or 0.45 micron filter before 

analyzing by HPLC. Each supernatant was mixed with 7 µL PIC®A, and 200 µL of 
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sample was injected into a 0.2 mL sample loop for HPLC analysis. HPLC analysis was 

conducted on a Beckman Gold Nouveau HPLC system equipped with ultraviolet (UV) 

and fluorescence detectors and an IN/US radiochemical detector (β-ram IN/US Systems 

Inc., Tampa, Florida). A C18 reverse-phase column (4.6 mm x 25 cm) with a C18 pre-

column (Discovery system, Supelco, Bellefonte, PA) was used. The mobile phase 

consisted of 60% methanol with 0.005 M PIC®A at a constant flow rate of 1 mL/min. 

Data Analysis 

Fluorescent readings were converted to concentrations, in pmoles, by a standard 

curve. For each sample, apparent Km and Vmax values were determined in the presence 

of triclosan or triclosan-sulfate. This data was analyzed to determine if inhibition was 

competitive or uncompetitive using GraphPad software (version 6.0; GraphPad 

Software, Inc., San Diego, CA). The effects of triclosan on SULT activities were 

examined by plotting apparent Km/Vmax data or 1/Vmax data for each sample against the 

concentration of triclosan or triclosan-sulfate. 

The percent peak of estrone was retrieved from the HPLC chromatograph and 

the specific radioactivity of the substrate (E1S) were used to calculate the rate of 

formation in pmol of estrone/min/mg protein. E1 and E1S were identified by the 

retention times of 15 min and 8 min, respectively. 

Results 

These studies illustrated that triclosan concentrations ranging from 0-100 µM 

could inhibit 4MeUS hydrolysis in human liver microsomes. The Michaelis-Menten 

curves demonstrating this inhibitory effect in one of the male samples is shown in Figure 

4-1. For each of the six individual samples tested, triclosan acted as a competitive, 

moderately potent inhibitor of arylsulfatase activity. Activity was inhibited by triclosan in 
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male samples with Kic 18.8 + 4.1 µM (mean + S.D., n = 3; Figure 4-2), and in female 

samples with Kic 28.5 + 4.7 µM (mean + S.D., n = 3; Figure 4-3). However, triclosan 

proved to be a weak inhibitor of steroid sulfatase in all HLMs, exhibiting no significant 

effect on the hydrolysis of 2 µM estrone sulfate up to 0.2 mM triclosan. Data from the 

individual male and female samples are presented in Table 4-1.  

Triclosan-sulfate (concentrations <50 µM) competitively inhibited arylsulfatase 

activity in microsomes from sheep placenta and female human liver microsomes with 

moderate potency. Past studies illustrated that the most potent inhibition by triclosan, Ki 

9.7 + 1.0 µM (mean + S.D., n = 3), was of sheep placental arylsulfatase and the 

mechanism of inhibition was uncompetitive. In present studies, however, triclosan-

sulfate was a less potent competitive inhibitor of sheep placental arylsulfatase than 

triclosan, with a Kic of 23.2 + 3.0 µM (mean + S.D., n = 3; Figure 4-4). Triclosan-sulfate 

also competitively inhibited arylsulfatase, Kic 27.1 + 1.7 µM (mean + S.D., n = 3), in all 

three female human liver microsome samples (Figure 4-5) with nearly the same 

moderate potency as triclosan (Kic ~28 µM, refer to Figure 4-3). 

In two of the female HLMs, steroid sulfatase was measured with two 

concentrations, 0.2 and 2 µM, with estrone sulfate as the substrate. Sulfatase activity at 

0.2 µM estrone sulfate was potently inhibited by triclosan-sulfate (Figure 4-6; Table 4-2). 

Since triclosan-sulfate is expected to act as a competitive inhibitor, kinetics were not 

investigated. At the 2 µM E1S concentration, steroid sulfatase was much less potently 

inhibited by triclosan-sulfate (Table 4-3). Hydrolysis of estrone sulfate was inhibited only 

by high (0.5 mM and 1 mM) concentrations of the triclosan-sulfate, similar to that 

observed with triclosan as an inhibitor. 
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Discussion 

Earlier studies have utilized the pregnant sheep animal model to examine sheep 

placental estrogen sulfotransferase activity of 17β-estradiol in the presence of triclosan 

(James et al., 2010). Results have suggested the possibility that exposure of pregnant 

sheep, and by analogy pregnant women, to triclosan could reduce estrogen sulfate 

formation and subsequently endanger pregnancy by reducing estrogen action in target 

tissues. 

Previous findings have illustrated that triclosan can serve as a potent non-

competitive inhibitor of sulfatase toward 4-methylumbelliferyl sulfate (4MeUS) in sheep 

placental microsomes (IC50 values from 7.5 to 18.6 µM) and can inhibit steroid sulfatase 

activity toward estrone sulfate at high (>100) micromolar concentrations. Compared to 

these previous studies in sheep placenta, current studies demonstrated that triclosan 

was more potent as an uncompetitive inhibitor of arylsulfatase than triclosan-sulfate, a 

competitive inhibitor. This suggests that perhaps triclosan binds to the sheep placental 

enzyme at a site other than the active site, whereas triclosan-sulfate competes with 

4MeUS for occupying the active site. 

The results also demonstrate that human liver microsomes contain an active 

sulfatase enzyme(s) whose activity can be inhibited in the presence of triclosan and 

triclosan-sulfate through competitive inhibition. These results are particularly interesting 

because unsulfonated triclosan is not a substrate for the sulfatase enzyme. It is worth 

noting that the potential inhibitory effect of triclosan-sulfate on individual male liver 

samples was not examined because we were more interested in assessing the potential 
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effects of triclosan and its sulfate metabolite on steroid metabolism during pregnancy, 

which can be better evaluated using samples from women of childbearing age. 

Although triclosan and triclosan-sulfate inhibited both arylsulfatase and steroid 

sulfatase activity, the effect was of low potency when compared with the ability of 

triclosan to inhibit estrogen sulfotransferase, Kic 0.1 nM (James et al., 2010). Tissue 

concentrations of triclosan in people following exposure through personal care products 

are in the nanomolar range, considerably lower than the concentrations shown in this 

study to inhibit sulfatase. 

Conclusion 

Placental microsomes from 3 sheep, and human hepatic microsomes from 3 

males and 3 females were used as the source of sulfatase in the experiments to test the 

inhibitory effect of triclosan and triclosan-sulfate on E1S and 4MeUS hydrolysis. Overall, 

triclosan and triclosan-sulfate inhibited sulfatase activity with both substrates, with 

varying potencies. Triclosan and triclosan-sulfate both acted as competitive inhibitors of 

human arylsulfatase in all human liver samples, although triclosan was a more potent 

inhibitor of arylsulfatase than steroid sulfatase, with Ki values in the low micromolar 

range. Triclosan was a very weak inhibitor of steroid sulfatase, with IC50 values in all 

microsomal samples >100 µM, concentrations not likely to be attained from 

environmental exposure. 

Triclosan-sulfate (concentrations <50 µM) competitively inhibited arylsulfatase 

activity in sheep placental microsomes, but was less potent than triclosan itself. 

Triclosan-sulfate was a more potent inhibitor of steroid sulfatase in female human liver 

microsomes than triclosan, with IC50 values <100 µM.  
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The results illustrate that triclosan has several unanticipated biological effects 

and further suggests that triclosan and its sulfoconjugate may pose a threat to human 

health by inhibiting other sulfatases involved in steroid metabolism and homeostasis. 
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Figure 4-1. Michaelis-Menten curve illustrating 4MeUS kinetics in male human liver 

microsomes. Triclosan concentrations ranging from 0-100 µM inhibited 
arylsulfatase activity towards 4MeUS. Shown are replicate assay points from 
an individual male HLM sample. Two other male HLM samples showed 
similar curves.  
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Figure 4-2. Inhibition plots for the effect of triclosan on 4MeUS hydrolysis in male 

human liver microsomes. Triclosan was a competitive inhibitor of 
arylsulfatase, with Kic of 18.8 + 4.1 µM (mean + S.D., n = 3). 
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Figure 4-3. Inhibition plots for the effect of triclosan on 4MeUS hydrolysis in female 

human liver microsomes. Triclosan was a competitive inhibitor of 
arylsulfatase, with Kic of 28.5 + 4.7 µM (mean + S.D., n = 3). 
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Figure 4-4. Inhibition plots for the effect of triclosan-sulfate on 4MeUS hydrolysis in 

sheep placental microsomes. Triclosan-sulfate was a competitive inhibitor of 
arylsulfatase, with Kic of 23.2 + 3.0 µM (mean + S.D., n = 3). 
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Figure 4-5. Inhibition plots for the effect of triclosan-sulfate on 4MeUS hydrolysis in 

female human liver microsomes. Triclosan-sulfate was a competitive inhibitor 
of arylsulfatase, with Kic of 27.1 + 1.7 µM (mean + S.D., n = 3). 
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Figure 4-6. Concentration-response curve showing the effect of triclosan-sulfate on 0.2 

µM estrone sulfate hydrolysis in one female human liver sample.  Uninhibited 
activity in liver microsomes was 22.0 ± 6.21 pmol estrone/min/mg protein, 
mean ± S.D., n = 2.  
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Table 4-1.  The inhibitory effect of triclosan concentrations up to 1 mM on steroid 
sulfatase activity toward 2 µM estrone-3-sulfate in male and female human 
liver microsomes. Sulfatase activity is expressed as pmol estrone/min/mg 
protein and values are means + S.D., where n = 3. 

 
 
 

 
 
 
 
 
 
 
 
 
Table 4-2.  The inhibitory effect of triclosan-sulfate concentrations up to 0.1 mM on 

steroid sulfatase activity toward 0.2 µM estrone-3-sulfate in female human 
liver microsomes. Sulfatase activity is expressed as pmol estrone/min/mg 
protein and values are means of duplicate measurements. 

 
 

 
 
 
 
 
 
 
 
 
 

Triclosan (mM) Average Steroid Sulfatase Activity 
 Male Female 

0 53.9 + 10.0 115 + 31.1 

0.5 38.3 + 11.8 123 + 25.9 

1.0 22.7 + 8.00 71.9 + 14.9 

Triclosan-Sulfate (mM) Average Steroid Sulfatase Activity 
 HLM 1 HLM 2 

0 16.8 27.3 

0.02 12.6 14.5 

0.05 8.70 8.34 

0.1 7.70 1.48 
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Table 4-3.  The inhibitory effect of triclosan-sulfate concentrations up to 1 mM on steroid 
sulfatase activity toward 2 µM estrone-3-sulfate in female human liver 
microsomes. Sulfatase activity is expressed as pmol estrone/min/mg protein 
and values are means of duplicate measurements. 

 
 Triclosan-Sulfate (mM) Average Steroid Sulfatase Activity 

 HLM 1 HLM 2 

0 133 163 

0.5 22.7 23.5 

1 12.5 10.5 
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CHAPTER 5 
EFFECT OF TRICLOSAN ON ESTRADIOL SULFONATION AND SULFATE 

SECRETION IN HUMAN SAMPLES 

Introduction 

Triclosan is a widely used antibacterial agent that has gained much attention and 

scrutiny due to its biological actions that span beyond its antibacterial functions. 

Triclosan inhibition or interference with sulfotransferase enzymes involved in steroid 

homeostasis may have detrimental effects on human health, especially during 

pregnancy when hormone balance is essential for the normal growth and development 

of the fetus. Sheep models indicate that placental estrogen sulfotransferase (SULT1E1) 

is inhibited by low nanomolar concentrations of triclosan (James et al., 2010). Chapter 3 

of this work describes results demonstrating reduction of estradiol sulfonation following 

treatment with triclosan in sheep placenta and liver cytosol. The reduction is most likely 

due to inhibition. In addition, sulfonation and glucuronidation reactions have both been 

inhibited by triclosan in human liver cytosol and microsomes, respectively (Wang et al., 

2004; Wang and James, 2006). Other studies with human SULT1E1 have shown that 

the IC50 value for triclosan inhibition toward 1 nM estradiol was in the low nanomolar 

range (~20 nM) (Rohn-Glowacki et al., 2014). 

The aims of this study were two-fold; one objective was to investigate the effect 

of varying estradiol and PAPS concentrations on sulfotransferase activity in expressed 

human SULT1E1, and the other was designed to examine the effect of triclosan on 

estradiol sulfate formation in live human cells. 

As the human placenta is responsible for the synthesis of numerous hormones 

like estrogen, necessary for the maintenance of pregnancy, we sought to examine 

whether triclosan exhibits the same inhibitory effects toward estrogen sulfotransferase 
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in live human cells as is observed in other in vitro studies. The human choriocarcinoma-

derived placental JEG-3 cell line is the preferred cell line to examine this effect because 

it is well established as an ideal model to study placental function (Chou, 1982; Matsuo 

and Strauss, 1994; Tremblay et al., 1999; Blanchon et al., 2002; Honkisz et al., 2012). 

JEG-3 cells display many functional features of synctiotrophoblasts, which are cells that 

compose the outermost fetal component of the placenta and are found in the placenta 

of human embryos (Matsuo and Strauss, 1994; Honkisz et al., 2012). These cells not 

only maintain hormonal functions during cultivation, but they also produce steroids and 

enzymes involved in steroidogenesis (Chou, 1982; Tremblay et al., 1999). 

Although human embryonic kidney (HEK) 293T cells are not ideal for examining 

triclosan’s effect on placental function, as embryonic kidney-derived cells they are 

suitable for testing the effect of triclosan since they can be transfected with SULT1E1. 

The HEK 293 cell line is a transformed cell line derived from human fetal kidney tissue 

and is the parental line for 293T. The “T” signifies that the cells stably express the SV40 

large T antigen, which can bind to SV40 enhancers to increase protein production. As a 

result, these cells typically have a rapid growth rate and high expression vector 

transfection efficiency, and are often used to examine various physiological processes. 

In this study, 293T and JEG-3 cells were transiently transfected with SULT1E1-GFP 

and exposed to [3H]-17β-estradiol to investigate whether triclosan could inhibit [3H]-

estradiol-3-sulfate formation. 

Materials and Methods 

Chemicals and Cells 

The human choriocarcinoma-derived placental JEG-3 cell line and Eagle’s 

Minimum Essential Medium (EMEM) with phenol red was purchased from the American 
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Type Cell Culture (ATCC; Rockville, MD). Human embryonic kidney (HEK) 293T cells 

were generously donated by Dr. Brian Law (University of Florida, Gainesville, FL) and 

the pcDNA3.1/NT-GFP/SULT1E1 vector used for transfection was a gift from Dr. 

Jonathan Sheng (Wadsworth Center, Albany, NY). The expressed recombinant human 

SULT1E1 enzyme was received from Dr. Charles N. Falany (University of Alabama, 

Birmingham, AL). Triclosan (>97% pure) was purchased from Fluka and [3H]-17β-

estradiol (E2 or estradiol, >97% pure, 60 Ci/mmol) was obtained from PerkinElmer Life 

and Analytical Sciences, Inc. (Boston, MA). Dulbecco’s Modified Eagle’s Medium 

(DMEM) with phenol red, heat-activated fetal bovine serum (FBS), and trypsin were 

obtained from HyClone Laboratories (Logan, UT). Tetrabutylammonium hydrogen 

sulfate (PIC®A) was purchased from Waters Corporation (Milford, MA) and 

lipofectamine 2000 transfection reagent from Invitrogen (Life Technologies, Grand 

Island, NY). For enzyme kinetic studies with human SULT1E1, a lysate buffer consisting 

of 10 mM triethanolamine (TEA) pH 7.4, 1.5 mM DTT, 10% glycerol and PMSF was 

used to dilute the human sample. All other chemicals and solvents were of the highest 

grade available and obtained from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific 

(Fair Lawn, NJ). 

Estradiol Sulfonation Kinetics Assay 

A radiochemical extraction method was used to examine estradiol sulfonation 

kinetics with expressed human SULT1E1. Duplicate tubes and non-incubated blanks 

were prepared for each sample, and product formation did not exceed 20% of the 

substrate in the reaction. The incubation mixture consisted of 0.1 M Tris-Cl (pH 7.4), 10 

mM MgCl2, 1.9 µg of human SULT1E1 lysate, varying nanomolar concentrations of 
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[3H]-17β-estradiol in ethanol (0.5-20 nM final), water, and micromolar ranges of PAPS 

concentrations (0.5-5 µM final) in a total reaction volume of 0.5 mL. The reaction volume 

for the sample utilizing 0.5 nM of [3H]-17β-estradiol was 1 mL. The lysate was diluted 

with lysate buffer to 0.076 mg/mL and was kept on ice. [3H]-17β-estradiol in ethanol 

was added to each tube and the solvent was dried under nitrogen for approximately 10 

min. Tris-Cl, MgCl2, water, and the enzyme solution were added to the tubes. The tubes 

were vortex-mixed again to mix contents, then centrifuged for 2 min at 2,000 rpm (full 

speed) to bring the contents to the bottom of the tube. The tubes were pre-incubated at 

37 °C for 1 min. PAPS was added to all incubated tubes at timed intervals (e.g. 20 secs) 

to initiate the reaction. Ice-cold TCA (0.2 mL) was added to the blank tubes before 

adding the enzyme solution and PAPS. After incubating at 37 °C for 5 min, 0.2 mL ice-

cold TCA was added to the samples (at the same timed interval the PAPS was added) 

to stop the reaction. Water-saturated methylene chloride, 1 mL, was added to each tube 

and the tubes were vortex-mixed for 30 secs. The tubes were then centrifuged at 2000 

rpm for 5 min to separate the phases. The methylene chloride (lower phase) was 

discarded and the extraction was repeated twice more. An aliquot of the upper aqueous 

phase, 0.2 mL, was counted for quantification of the sulfate conjugate(s). 

Cell Culture 

JEG-3 cells were cultured in recommended culture media, ATCC-formulated 

EMEM without phenol red, and 10% FBS in 75 cm2 flasks in a humidified atmosphere 

with 5% CO2 at 37 °C. Media was changed every two days and cells were subcultured 

upon confluency. One milliliter stock solutions of passaged cells were prepared in 

dimethyl sulfoxide (DMSO) and stored in liquid nitrogen. 
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The human embryonic kidney (HEK) 293T cells were cultured in DMEM with 

phenol red, supplemented with 10% FBS in 150 cm2 flasks in a humidified atmosphere 

with 5% CO2 at 37 °C. 

RNA Extraction and cDNA Synthesis 

Total RNA was carefully extracted from the JEG-3 cells using the Qiagen 

RNeasy Mini Kit. The Promega reverse transcriptase kit was used in the synthesis of 

cDNA. The settings for the PCR thermal profile used in this study were as described 

previously (Suzuki et al., 2003). The primer sequences used are as follows 

[NM005420]; FWD 5’-AGAGGAGCTTGTGGACAGGA-3’ and REV 5’-

GGCGACAATTTCTGGTTCAT-3’ (Suzuki et al., 2003). The traditional method for 

assessing RNA concentration and purity is UV spectroscopy. An A260/A280 absorbance 

ratio of 1.8–2.1 indicates highly purified RNA. However, because virtually all RNA 

samples have trace amounts of contaminating DNA, the RNA samples were treated 

with RNase-free DNase to remove contaminating DNA. (Generally DNase digestion is 

not required since the RNeasy silica-gel membrane technology efficiently removes most 

of the DNA without DNase treatment). The kit used in this experiment contained a buffer 

and DNase I mix that was applied directly to the RNeasy silica-gel membrane, and after 

a series of washing and centrifuging, RNA was eluted. Spectrophotometric analysis was 

conducted once more to determine the purity of the RNA solution. An A260/A280 ratio of 

the DNase treated RNA is usually between 1.8-1.9, and the results indicated that the 

RNA purified from the JEG-3 samples was pure and of high quality. After 30 to 40 

rounds of synthesis of cDNA, the reaction product was analyzed for purity by agarose 

gel electrophoresis. Three JEG-3 samples were placed into wells on the agarose gel 

and after electrophoresis the gel was viewed on a UV transilluminator. The product was 
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abundant enough to be detected with an ethidium bromide stain. mRNA expression for 

estrogen sulfotransferase was detected as a specific single band (114 bp) in the JEG-3 

cells (Figure 5-1). 

Expression of SULT1E1-GFP 

The SULT1E1 plasmid was purified using a Qiagen Maxiprep kit and the 

resulting purified plasmid DNA was quantified and sequenced by the University of 

Florida’s Interdisciplinary Center for Biotechnology Research (ICBR). Sequencing was 

necessary to verify that the plasmid correctly encoded the SULT1E1 DNA. For 

transfection, the cells were seeded in 60 mm petri dishes (Corning, Corning, NY) at a 

density of approximately 1 x 106 and were left to attach overnight. The culture media 

was aspirated from each dish and exchanged for 2 mL serum-free media containing 

transfection solution. 

Preliminary transfection studies with JEG-3 and HEK 293T cells were conducted 

in a 24-well plate. Cells were plated at various densities (25,000-1,000,000 cells/plate) 

and transfected for 6 hours with a range of SULT1E1 DNA concentrations (0-2 µg) 

using lipofectamine 2000. A wide range of incubation times (0-24 hours) was also 

considered. Based on the results of these preliminary experiments, final transfection 

and experimental conditions were determined. 

For results illustrated in this dissertation, the pcDNA3.1/NT-GFP/SULT1E1 vector 

was transfected into HEK 293T cells using lipofectamine. The vector was constructed 

as previously described (Kapoor et al., 2007) and encoded a green fluorescent protein 

(GFP) tagged-SULT1E1 fusion protein. Approximately 0.025 µg of SULT1E1 DNA was 

transfected into the cells, and after 6 hours, the transfection solution was removed and 
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the cells were re-fed normal culture media and incubated overnight in a humidified 

atmosphere with 5% CO2 at 37 °C. The success of the transfection was visually 

analyzed using fluorescent microscopy. 

Treatment 

For cell exposure, the medium was changed to DMEM supplemented with 50 nM 

[3H]-17β-estradiol in the presence of triclosan (0 nM, 500 nM, 1 µM, 5 µM, and 10 µM). 

Stock solutions of [3H]-17β-estradiol and triclosan were made in ethanol and stored at 4 

°C. The final concentration of ethanol exposure to the cells was approximately 1% by 

volume. At these concentrations, ethanol had no effect on steroid sulfate secretion and 

cell viability. The viability of the cells was found to be >95% before seeding, as 

determined by the trypan blue exclusion test. After incubating for 1 hour with the 

complete range of triclosan concentrations, the medium was collected in individual test 

tubes and the cells were released from the petri dish using trypsin. Methanol, 2 mL, was 

used to rinse the dishes and added to the test tubes of collected cell media to stop the 

reaction. The tubes were frozen at -20 °C for 2 hours prior to centrifugation at 1,000 rpm 

for 5 min to precipitate protein and cell debris. The supernatant was analyzed by HPLC 

for identification of the [3H]-17β-estradiol-3-sulfate and the unconjugated substrate, 

[3H]-17β-estradiol. 

HPLC Analysis 

Samples of the supernatant, 0.2 mL, were centrifuge-filtered, and injected into 

the HPLC column. HPLC analysis of the media samples was conducted on a Beckman 

Gold Nouveau HPLC system equipped with ultraviolet (UV) and fluorescence detectors 

and an IN/US radiochemical detector (β-ram IN/US Systems Inc., Tampa, Florida). A 
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C18 reverse-phase column (4.6 mm x 25 cm) with a C18 pre-column (Discovery system, 

Supelco, Bellefonte, PA) was used. The isocratic mobile phase consisted of 55% 

methanol with 0.005 M PIC®A at a constant flow rate of 1 mL/min.  

Data Analysis 

To examine enzyme kinetics, the counts retrieved from the liquid scintillation 

counter were converted to pmol estradiol-3-sulfate/min/mg protein. 

The SULT1E1 vector used for the transient transfection of the HEK 293T cells 

has a GFP tag that is linked at the N-terminus of the SULT1E1 sequence. This GFP tag 

assisted in evaluating transfection efficiency and was observed using a fluorescent 

microscope with a GFP filter. 

Radioactivity from the cell supernatant of each sample was measured by 

scintillation counting. Estradiol and estradiol-3-sulfate were identified by the retention 

times of 18 min and 10 min, respectively. The percentages of the estradiol-3-sulfate 

peaks obtained from HPLC were converted to pmoles of estradiol-sulfate 

produced/hour, using the radioactivity of [3H]-estradiol. Means and statistical 

significance were calculated and analyzed by Excel software (Microsoft, Redmond, WA) 

or GraphPad software (version 6.0; GraphPad Software, Inc., San Diego, CA). 

Results 

One aim of this study was to use a radiochemical extraction method to 

investigate the effect of a series of nanomolar estradiol concentrations and various 

micromolar PAPS concentrations on human SULT1E1 lysate activities. Results 

demonstrated that both PAPS concentration and substrate concentration influence 

estradiol sulfonation (Figure 5-2). The highest concentration of E2 used in the assay (20 

nM) produced maximal activity (Table 5-1). The data for the human lysate kinetics 
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demonstrated that PAPS concentration has a direct effect on estradiol sulfonation. As 

the PAPS concentration decreased the observed conjugation of estradiol also 

decreased. The enzyme kinetic constants for 5 µM PAPS are also shown in Table 5-1.  

Both cell lines were successfully transiently transfected with GFP-tagged 

SULT1E1 and the expression of SULT1E1 was visually analyzed. Figure 5-3 illustrates 

the green fluorescence observed in live HEK 293T and JEG-3 cells that had been 

transiently transfected with the GFP-SULT1E1 fusion protein. The fluorescence is 

representative of estrogen sulfotransferase expression in the cells. 

The transfection observed in the JEG-3 cell line was not as efficient as the 

transfection in the 293T cells. Despite the detection of estrogen sulfotransferase mRNA 

in the JEG-3 cell line (Figure 5-1), little to no activity was observed in the non-

transfected cells. The percent of estradiol conversion to the sulfate was practically the 

same between the non-transfected and transfected JEG-3 cells (Table 5-2). As a result, 

to examine the effect of triclosan on estrogen sulfotransferase activity, the 293T cells 

were used. 293T cells that were not transfected did not demonstrate any observed 

fluorescence and exhibited significantly less (p < 0.0001) sulfotransferase activity than 

the transfected cells (Figure 5-4). The non-transfected cells showed no significant 

difference (p > 0.05) in estradiol-3-sulfate secretion between the estradiol and 

estradiol/triclosan treated cells. The opposite was true for the transfected cells; there 

was a significant difference (p < 0.05) in sulfate formation between the cells exposed to 

triclosan and those treated with estradiol alone. 

Using transfected HEK 293T cells, we found that triclosan is capable of 

disrupting steroid metabolism by decreasing the secretion of estrogen sulfates. The 
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results presented here illustrate the inhibitory effect of micromolar concentrations of 

triclosan on estradiol-3-sulfate formation and secretion into media (Table 5-3). 

Micromolar concentrations of triclosan treatment after 1 hour led to less sulfonation of 

[3H]-17β-estradiol, whereas the lowest nanomolar concentration of triclosan (500 nM) 

illustrated little effect on [3H]-17β-estradiol-3-sulfate formation. At the highest 10 µM 

triclosan concentration, estradiol conjugation was inhibited by nearly 40%. This data 

suggests that estrogen sulfotransferase activity in live human cells may be less 

sensitive to the inhibitory effects of low nanomolar concentrations of triclosan or 

possibly that triclosan is not reaching the enzyme. 

Discussion 

As mentioned earlier, the quantification of mRNA expression can sometimes lack 

correlation to protein expression. This could explain the discrepancy between the 

detection of SULT1E1 mRNA in the JEG-3 cell line and the lack of observed enzyme 

activity toward estradiol. While sulfotransferase activity toward estradiol is detected in 

the non-transfected cells, the low activity level may suggest that protein expression of 

estrogen sulfotransferase is not at a maximal level. Future studies should consider 

transfecting more SULT1E1 into these cells in order to analyze an effect of triclosan on 

activity. 

Perhaps the reason for the lower potency of triclosan inhibition observed in this 

experiment is due to the high concentration of estradiol that was used. At high substrate 

concentrations, substrate inhibition is a commonly observed phenomenon in sulfate 

conjugation, especially with SULT1E1. Human SULT1E1 is capable of binding two 

molecules of estradiol, with the binding of the second molecule causing enzyme 
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inhibition (Zhang et al., 1998). At the 50 nM concentration of estradiol used in this 

experiment, it is possible that a second molecule of estradiol was competing with 

triclosan as an inhibitor. This, in turn, could have caused inhibition by triclosan to only 

be observed at a relatively high concentration, compared with results from the 

expressed enzyme which showed an IC50 of 20 nM (Rohn-Glowacki et al., 2014). 

Conclusion 

To evaluate the effect of triclosan on E2 sulfonation, HEK 293T cells were 

cultured alone or transfected with estrogen sulfotransferase and exposed to estradiol or 

estradiol and triclosan for 1 hour. Increasing concentrations of triclosan in the culture of 

HEK 293T cells decreased estradiol sulfate secretion. During pregnancy, the human 

fetus develops in a “hyper-estrogenic environment,” where estrogen sulfotransferase 

plays a vital role in maintaining steroid homeostasis (Kapoor et al., 2007). Therefore, 

any disturbance to this environment could impair the normal growth and natural 

development of the fetus. These findings provide insight into the intracellular role of 

human SULT1E1 in estrogen metabolism and highlight the possibility that continuous 

exposure to triclosan might impair the ability of the fetus to efficiently metabolism 

estrogen, which is vital during the developmental stages of life. 
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Figure 5-1. Estrogen sulfotransferase mRNA expression in JEG-3 cells. This is the 

image of an agarose gel after ethidium bromide staining illustrating SULT1E1 
mRNA (114 base pairs) in JEG-3 samples. Lane 1 is the DNA ladder; lanes 2, 
3, and 4 are JEG-3 samples; lane 5 is the control (no cells). 
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Figure 5-2. Michaelis-Menten curve illustrating the effect of [PAPS] and [E2] on human 

SULT1E1 activity.  
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Figure 5-3. Illustration of transfection success using fluorescent microscopy to observe 

SULT1E1-GFP. A) Snapshot of live cells under an optic microscope, where 
light is used to visualize the cells; B) snapshot of cells expressing SULT1E1-
GFP under the fluorescent microscope using a GFP-fliter; C) Image A 
superimposed on image B illustrating live cells expressing SULT1E1-GFP.     

A) 

C) 

B) 

293T JEG-3 
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Figure 5-4. SULT1E1 activity towards estradiol in transfected and non-transfected HEK 

293T cells in the presence and absence of 10 µM triclosan (TRC). The graph 
confirms the successful transfection and expression of SULT1E1 in the 
transfected cells. The asterisk denotes a significant difference at p < 0.05 
between the percentage of product (E2-3-SO4) formed after exposure to 
estradiol alone versus exposure to estradiol and triclosan. 

 
 
 
Table 5-1. Apparent kinetic constants for 5 µM PAPS observed at different E2 

concentrations with human SULT1E1. 
 0.5 nM E2 1 nM E2 2 nM E2 5 nM E2 10 nM E2 20 nM E2 
Km 2.48 2.80 3.71 1.38 4.20 1.37 
Vmax 7.53 18.1 33.9 42.9 117.4 123.7 

*Data shown are the apparent Km and Vmax values for PAPS.  
 
 
 
Table 5-2. Estradiol conversion to estradiol-3-sulfate in transfected and non-transfected 

JEG-3 cells. 
 %E2 %E2-3-SO4 Activity (pmol/hr) 

Non- Transfected 95.16 4.84 5.60 

Transfected 93.68 6.32 7.31 
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Table 5-3. The inhibitory effect of triclosan on SULT1E1 activity towards 50 nM estradiol 
in transfected HEK 293T cells. 

Triclosan 
µM 

n % E2 % E2-3-SO4 Mean 
Activity 

(pmol/hr) 
0 4 26.99 73.01 88.12 

0.5 2 31.84 67.39 81.39 

1 2 34.31 65.70 79.35 

5 2 44.00 56.01 67.59 

10 2 55.27 44.73 54.10 

*Activity is expressed as pmol of estradiol-3-sulfate per hour and values represent the 
mean of n samples.   
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CHAPTER 6 
CONCLUSIONS 

Xenobiotics are foreign, typically lipid soluble, compounds that enter the body 

and must undergo biotransformation, via phase I and II enzymes, to enable elimination. 

Phase II conjugation reactions are often, but not always, preceded by phase I metabolic 

reactions and are responsible for the conversion of lipophilic molecules to water soluble, 

more readily excreted metabolites. UDP-glucuronosyltransferases and sulfotransferases 

are the primary phase II enzymes responsible for the metabolism of most of the 

pharmaceuticals on the market, during which hydrophilic moieties are converted to 

glucuronide or sulfate conjugates, respectively. As these enzymes exhibit overlapping 

substrate specificities, they may compete for the conjugation of the same (or different) 

group(s) in the same molecule, as observed in the case of triclosan. 

Triclosan is a commonly used antibacterial agent that is present in a number of 

antibacterial personal care products including hand soaps, toothpastes, and 

mouthwashes. As a result, the primary routes of human exposure are ingestion and 

dermal absorption (Bagley and Lin, 2000; Lin, 2000). After continuous consumer use 

and exposure, triclosan has not only been detected in the environment, but there is 

increasing evidence documenting the presence of triclosan in human samples (refer to 

Table 1-2). Due to the negative unanticipated biological effects that triclosan has been 

shown to possess, such as endrocrine disruption and inhibition of metabolizing 

enzymes, it is imperative to more closely examine the interaction of this compound with 

biological enzymes, which dictate its ready metabolism and excretion from the human 

body (Hanioka et al., 1996; Jinno et al., 1997; Luo et al., 2002; Wang et al., 2004; 

Jacobs et al., 2005; Veldhoen et al., 2006; Wang and James, 2006; Crofton et al., 2007; 
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Gee et al., 2008; Zorrilla et al., 2009; James et al., 2010; Paul et al., 2010; Stoker et al., 

2010; Manservisi et al., 2014; Zhang et al., 2015). 

The primary focus of this dissertation was to study the interaction of triclosan with 

human and sheep phase II enzymes. In order to achieve this, numerous studies using 

human liver microsomes were designed to investigate triclosan metabolism and the 

effect of a common polymorphism, UGT1A1*28, on its conjugation. In addition, sheep 

liver and placenta cytosols were used to examine the inhibitory effect of triclosan on 

sulfotransferase activity. Other studies tested the activity of triclosan on sulfatase 

enzymes, which are responsible for the hydrolysis of sulfonated compounds. 

The studies of triclosan glucuronidation were designed to address the hypothesis 

that triclosan glucuronidation varies between individuals. These results suggested that 

there exists wide variability in a human population, irrespective of age and gender. 

Furthermore, among 10 different UGT isoforms studied for their ability to catalyze 

triclosan glucuronidation, previous lab studies indicated that UGT1A1 was most 

efficient. As a result, this study sought to further examine triclosan glucuronidation in 

human liver microsome samples that had been genotyped for the common UGT1A1*28 

polymorphism, which is known to reduce UGT1A1 expression and decrease enzyme 

activity. We found that despite the reduction in UGT1A1 expression, individuals with the 

polymorphism did not exhibit less UGT catalyzed activity towards triclosan. In fact, 

statistical analysis on all studied UGTs demonstrated that UGT2B4, followed by 

UGT1A4, contributed most to triclosan glucuronidation. Kinetic studies with UGT2B4 

illustrated that Michaelis-Menten kinetics were followed up to a 100 µM triclosan 

concentration. Above this concentration, kinetics showed a trend for substrate inhibition. 
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Pharmacokinetic drug-drug interactions may take place at any point during the 

absorption, distribution, metabolism and elimination process, however, when predicting 

these interactions, phase I enzymes are most often considered. While this is justifiable 

since approximately 50% of pharmaceuticals are metabolized via phase I enzymes, like 

CYP450s, drug interactions with phase II enzymes should also be considered. The 

inhibition of UGT2B4 by triclosan or other compounds, such as methadone, can alter 

the pharmacokinetic properties of other drugs and possibly cause undesired adverse 

effects. 

Additional studies sought to investigate triclosan inhibition of sulfotransferase and 

sulfatase enzymes, which is necessary to fully assess the potential role of this 

environmental substrate on human health. In assessing triclosan’s effect on 17β-

estradiol sulfonation in fetal tissues of pregnant ewes treated with triclosan, our studies 

showed a significant decrease in estradiol sulfoconjugation in the triclosan treated 

hepatic (p < 0.001) and placental (p < 0.005) cytosols versus the saline-treated controls. 

Linear regression analysis demonstrated a negative correlation between triclosan tissue 

concentration (pmol/g placental tissue) and sulfotransferase activity (pmol/min/mg 

protein) towards estradiol. These findings along with other studies by Wang and James 

(2006) demonstrated that triclosan exhibits inhibitory actions toward sulfonation 

reactions. 

Other research showed that triclosan inhibited human SULT1E1 with an IC50 of 

20 nM (Rohn-Glowacki et al., 2014). Additional studies presented in this dissertation 

were therefore designed to examine sulfotransferase kinetics with varying estradiol and 

PAPS concentrations in expressed human SULT1E1. Maximal enzyme activity was 
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observed at the 20 nM estradiol substrate concentration, and PAPS concentration was 

directly proportional to estradiol sulfoconjugation, confirming the importance of this 

cosubstrate in sulfotransferase activity. 

To investigate the effect of triclosan on 17β-estradiol sulfate secretion in live 

human cells, transient transfections with SULT1E1 were attempted in both JEG-3 

placental cells and HEK 293T cells. Under the current transfection conditions, adequate 

transfection efficiency was only observed in the embryonic kidney cells. Studies 

revealed that increasing concentrations of triclosan reduced estradiol-3-sulfate 

formation and secretion, and 10 µM triclosan inhibited estradiol conjugation by 

approximately 40% compared to transfected cells exposed to estradiol alone. 

Although triclosan was a considerably less potent inhibitor of sulfatase activity 

compared with sulfotransferase activity, sulfatase activity towards E1S and 4MeUS was 

inhibited by triclosan with varying potencies. While triclosan and triclosan-sulfate served 

as competitive inhibitors of human arylsulfatase, triclosan was a better inhibitor of 

general arylsulfatase than steroid sulfatase. Triclosan-sulfate proved to be a competitive 

inhibitor of arylsulfatase in sheep placental and human liver samples, but only in human 

samples did it appear to be more potent than triclosan. 

Collectively, these findings provide insight into UGT isoforms that are most 

associated with triclosan metabolism as well as the inhibitory role of triclosan regarding 

human SULT1E1 and estrogen metabolism. More importantly, these studies highlight 

the possibility that continuous exposure of people, in particular pregnant women, to 

triclosan through the use of personal care products may disrupt steroid homeostasis 

135 



 

and impair the fetus’s ability to efficiently metabolism estrogen, which is vital during the 

developmental stages of life. 
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