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ABSTRACT 

Wastewater reclamation and reuse is imperative in water-starved areas such as the 

southwestern United States.  In the Tucson Active Management Area, a geographic 

region defined for the purpose of groundwater management, the total demand for water 

already exceeds the available water supply, which consists of renewable ground water 

and the regional entitlement to Central Arizona Project water.  Thus, the regional demand 

cannot be satisfied without resorting to groundwater mining unless water is reclaimed for 

local beneficial use.  Less certain are the acceptable uses for reclaimed water and the 

nature of use-dependent treatments or water quality requirements that will protect human 

and ecological health.  Disruption of thyroid-mediated actions is among the possible risks 

from chronic exposure to environmental contaminants.  Endocrine disrupting compounds 

are generally of greater concern in this context than other trace contaminants because of 

the very low concentrations at which hormones induce physiological responses.  

Accordingly, a sensitive nuclear-based bioassay system was developed in order to 

evaluate environmental samples.  A luciferase-reporter construct and the human thyroid 

receptor β (TR-β) construct in the human hepatoma cell line (HepG2) and human 

medulloblastoma cells (TE671) was evaluated for sensitivity.  The transfected cells were 

exposed to the thyroid hormone, T3, in order to establish a lower thyroid hormone 

detection limit for the new bioassay procedure.  The assay was then applied to 

environmental samples containing organics concentrated from final effluent derived from 

a conventional secondary wastewater treatment plant. The effluent samples activated 

thyroid receptor-mediated transcription. 
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Also in this study, a two-dimensional gel electrophoresis (2D-DIGE) was used as 

an in vitro bioassay to look for wastewater related alteration of cellular protein expression 

in the human breast cancer cell T47D.  Steps in this bioassay include the one-dimensional 

separation of proteins by isoelectric focusing followed by orthogonal electrophoresis to 

isolate the proteins. The consistency of test response was examined for wastewater-

dependent up- or down-regulation of protein expression.  Some proteins that were up- 

regulated were preliminarily identified via mass spectrometry.  Here, the procedure is 

used to provide direct information regarding the probable effects of residual hormones in 

treated wastewater on the activities of human, estrogen-responsive cells in cell culture. 
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1.0  INTRODUCTION AND BACKGROUND 

 

1.1  Thyroid Hormone Synthesis 

Thyroid hormones (THs) are synthesized in the thyroid gland (Nussey et al., 

2001, Norris et al., 2006). There are two active thyroid hormones: triiodothyronine (T3) 

and thyroxine (T4) (Greenspan et al., 2004).  Several hormones from different glands are 

involved in stimulating the production of THs. The thyroid gland senses the presence of 

two hormones that are secreted from the hypothalamus and pituitary glands, which then 

initiate the production and secretion of THs. Thyrotropin releasing hormones (TRHs) are 

synthesized in the hypothalamus and transported to the pituitary gland. TRH receptors 

bind with the TRHs, which stimulates and releases thyroid stimulating hormones (TSHs) 

and ultimately leads to the production and release of THs by the thyroid gland (Figure 

1.1.1). The glands and hormones that comprise this system are collectively called the 

HPT axis (hypothalamus, pituitary, thyroid axis). The hormone cascade of the HPT axis 

is subject to negative feedback. Both TH synthesis and release of TRHs and TSHs are 

inhibited when sufficient amounts of THs are present. TRH and TSH syntheses are 

reduced when the hypothalamus and pituitary sense high levels of T3, which lowers the 

production rate of T3 by the thyroid gland. 
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Figure 1.1.1. Mechanism of thyroid hormone production/regulation through the HPT 

axis. The hypothalamus and anterior pituitary produce thyrotrophic releasing hormones 

(TRHs) and thyroid stimulating hormones (TSHs), respectively, to stimulate the 

production of THs. A negative feedback system inhibits further production of TRHs and 

TSHs when sufficient amounts of THs have been produced. Source: Norris et al., 2006. 

 

1.2  Forms of Thyroid Hormones 

 The T3 and T4 molecules have two phenolic rings bonded by a central oxygen 

atom (Figure 1.2.1). T3 contains three iodine atoms, one less than T4. The thyroid gland 

releases T4 predominantly. T4 concentrations in blood are many times higher than those 

of T3. Representative values in human blood sera are 90 nM (T4) and 2 nM (T3) (Yen, 

2001). Despite the higher concentrations of T4 in blood, T3 is the principal active form in 

target tissues (Nussey et al. 2001). T4 that is produced in the thyroid gland is deiodinated 

to T3 by deiodinases. Type I deiodinases are found in the outer membranes of liver and 

kidney cells, while Type II deiodinases are primarily found inside brain, pituitary, and 

brown adipose tissues (Salvatore et al., 1996). 

The majority of T4 and T3 in blood is bound to transport proteins such as 

thyroxine binding globulin, albumin, and thyroid binding albumin (Nilsson et al., 1975). 
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Small amounts of T4 (0.03%) and T3 (0.3%) are unbound or free. Unbound THs enter 

target cells and evoke thyroid hormone responses.  

   

 

 

Figure 1.2.1. Molecular structures of the active thyroid hormones, T3 and T4. T3 has three 

iodine atoms, one less than T4. 

 

THs stimulate transcriptional activity of thyroid responsive genes. After crossing 

the cell envelope of target cells, THs bind to thyroid hormone receptors (TRs), which are 

located most commonly in the cell nucleus (Figure 1.2.2). TH/TR complexes can either 

up- or down-regulate target genes. In most cases, TRs are already bound to the thyroid 

response element (TRE) in the promoter region of the target gene (Griffin et al., 1992). 

Complexation with TH is followed by additional ligand recruitment events to yield the 

active complex necessary for gene transcription. 
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Figure 1.2.2. General Mechanism of Thyroid Hormone Response in Target Cells. T3 or 

T4 enters the nucleus. T4 is deiodinated to T3 and binds to the thyroid receptor to initiate a 

thyroid receptor mediated transcriptional response (up- or down-regulation). Source: 

Greenspan et al., 2004.  

 

1.3  Thyroid Hormone Receptors 

 Thyroid hormone receptors are part of a superfamily of nuclear hormone 

receptors that include vitamin D and retinoic acid receptors that function as hormone 

activated transcription factors (Martin, 1985). TRs have a ligand-binding domain (LBD) 

and DNA binding domain (DBD) in common. The LBD and DBD of these receptors 

have very specific amino acid sequences, but, as is the case with other steroid hormone 

receptors, there are several isoforms of TRs. The two major isoforms are TRα and TRβ 

(Gauthier et al., 1999, Darling et al., 1993). TRα is given the designation TRα-1, as there 

is a similar TRα receptor called c-erbA α-2 (Chassande et al., 1997). These two receptors 

share identical amino acid sequences for the first 370 residues. The LBD of the c-erbA α-

2 is different from the LBD of the TRα-1, which prevents T3 from binding to the c-erbA 

α-2. The c-erbA α-2 also binds weakly to the TRE but cannot activate gene transcription. 

Thus, the c-erbA α-2 receptor is believed to be an inhibitor of thyroid hormone function 
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(Yen, 2001). Two TRβ isoforms are known, TRβ-1 and TRβ-2. The LBD and DBD are 

identical in these two isoforms, but the amino-terminal regions are different (Darling et 

al., 1993). Nonetheless, each has a specific pattern of TH binding affinity, binds to the 

TRE, and regulates the transcriptional activity of thyroid-responsive genes. Although the 

amino acid sequences of the LBD and DBD are slightly different, the dissociation 

constants for all T3/TR isoform complexes are in the range 0.1 – 1.0 nM (Yen, 2001). 

These multiple isoforms are present in many mammals including humans (Forrest 

et al., 1990). Almost all tissues express thyroid receptors, although the levels of 

expression are tissue-specific. Both TRα-1 and TRβ-1 receptors are constitutively 

expressed in rat tissues (Darling et al., 1993). Although TRα-1 receptors are expressed in 

just about all tissues, they are mainly present in skeletal muscles. TRβ-1 receptors are 

primarily found in the brain, liver, and kidney. Also in rats, TRβ-2 receptors are generally 

expressed in the anterior pituitary gland, hypothalamus, and developing brain. 

The TRα-1 receptor is the predominant isoform in the human developing brain 

(Forrest et al., 1990).  However, the TRβ-1 mRNA levels in the brain increase 

dramatically after birth, whereas the TRα-1 mRNA levels increase but at a much slower 

rate. TRα-1 mRNA levels decrease in adulthood, making the TRα-1 the primary isoform 

in the human adult brain. 

 

1.4  Thyroid Response Elements 

Thyroid response elements (TRE) are sequences of DNA that are recognized by 

TRs (Martin, 1985). The DBD of TRs binds to the TRE before and during transcriptional 
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activity. TREs recognize various DNA sequences (recognition sequences; Figure 1.4.1). 

The TRs bind as monomers, homodimers, or heterodimers to the DNA to mediate 

transcriptional activity (Ikeda et al., 1994). Examples of common DNA sequences that 

serve as recognition sequences include direct repeats, inverted palindromes, and 

palindromes. There are many configurations of direct repeats and inverted palindromes 

that differ in terms of spacing and number of nucleotides between the half-sites. In one 

study, 30 natural direct repeats (DR) were discovered (Yen 2001). Other steroid receptors 

that are part of the same nuclear superfamily of receptors can also bind to half-sites that 

are recognized by TRs, creating competitive inhibition among the receptors for binding 

sites on the DNA.  The half-site recognized by TRs is AGGTCA.  Other receptors such as 

retinoid acid and estrogens can also bind to this half-site (Klinge et al. 2004).  It is the 

orientation and spacing within the recognition sequences of the TRE that dictate which 

type of receptors will be favored for binding and start the transcription process. For 

example, DR4 is a TRE containing identical sequences of AGGTCA oriented in the same 

direction and separated by a four nucleotide gap (Figure 1.4.1). This TRE configuration 

allows homodimerization of TRs and activates transcriptional activity of thyroid genes. 

Other receptors in the same nuclear receptor superfamily, such as vitamin D and retinoid 

X receptors, can bind to the half-sites recognized by the TRs but cannot activate a 

positive thyroid response (Shulemovich et al., 1995).  Also the retinoic acid response 

element (RARE) has a half site of AGGTCA with 1 base pair between the two half sites.  

This RARE is called DR1 (Lee et al., 1994).  This scenario is also true for palindromes 
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and inverted palindromes. TRs can create heterodimers with retinoid X receptors, for 

example, and activate thyroid hormone responses. 

 

 

Figure 1.4.1. Thyroid Response Elements Recognized by Thyroid Hormone Receptors. 

 

 

1.5  Proteins Associated with Transcriptional Regulation 

Like other nuclear steroid receptors, TRs interact with accessory proteins in order 

to mediate transcription (Edwards, 2000). Repressors and activators are either bound to 

the receptors or recruited when ligand (T3 or T4) binding occurs. Thyroid hormone 

transcription is repressed in the absence of ligand by corepressors. Some examples of 

corepressors are nuclear receptor corepressor (NCoR), a silencing mediator for retinoid 

and thyroid hormone receptors (SMRT), mSin3, and histone deacetylase. These 

structures are similar in the organization of their receptor interaction domains. Activators 

and coactivators are proteins that enhance the transcription process.  They are generally 

recruited when ligand binding occurs. One cofactor known as the steroid receptor 

coactivator (SRC) augments the ligand-dependent transcription process of thyroid 
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receptor mediated transcription. Additional forms of SRC were discovered after the first 

SRC. Individual forms are now known as SRC-1, SRC-2, and SRC-3 (Paul et al., 2005). 

All of these structures share a similar organization with slight differences. 

 

1.6  Plasmids Utilized in Thyroid-Related Research 

 Plasmids are exogenous DNA molecules that share certain traits with genomic 

DNA such as its ability to replicate and provide protein templates (Alberts et al., 1983). 

Plasmids must contain an origin of replication, or ori to replicate. Almost all plasmids 

used in biochemical or medical research contain a prokaryotic selection marker gene such 

as ampicillin resistance. Plasmids are transformed in bacteria such as E. coli, which 

(under ideal conditions) grows exponentially with a doubling time of ~20 minutes.  As 

such, the target gene can be proliferated using the E. coli molecular machinery, that is, to 

replicate within the bacteria. Transformed bacteria are generally grown in nutrient rich 

media containing selective antibiotics.  Following enrichment, plasmids are extracted 

using various techniques. Plasmids can be separated from chromosomal DNA by taking 

advantage of their ability to anneal and re-anneal under extreme pH conditions. Genomic 

DNA anneals under alkaline conditions. Unlike chromosomal DNA, plasmid DNA re-

anneal at neutral pH to resume their original features. A non-specific, functioning 

plasmid can serve as a cloning vector. Vectors contain all the plasmid features but do not 

yet contain the genes of interest. A multiple cloning site (MCS) on the vector contains 

DNA sequences that are recognized by restriction enzymes (Meyers, 1995). These allow 

DNA to be cleaved at specific sites in the MCS so that a specific gene can be inserted 
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into the plasmid. For instance, an enhancer gene such as the DR4 can be inserted into a 

vector containing the luciferase gene (Figure 1.6.1). This vector then becomes a plasmid 

containing a specific function. 

 

LUC

MCS

RS1
RS2

RS3
RS3

RS5

RS6

LUC

MCS

RS1
RS2 RS6

BEFORE

DR4

AFTER  
Figure 1.6.1. Inserting the DR4 Enhancer Into a Multiple Cloning Site. The MCS 

contains restriction sites such as RS1, RS2, etc. A restriction enzyme recognizes only one 

specific sequence on the DNA, binds to it, and cuts it in a reproducible way. In general, 

two restriction enzymes are employed to cut at neighboring two sites and a gene is 

inserted. In this example, the DR4 is inserted into the MCS by cutting at restrictions sites 

(RS) 3 and 5.  The DNA segment inserted is cleaved with the same enzymes to provide 

complementary (sticky) ends. 

 

A plasmid can be named to reflect a function that it contains or the designer of the 

plasmid.  By convention, plasmids are named in part for the gene that was inserted. For 

example, a gene sequence of the human thyroid receptor, hTRβ1, inserted into the 

commercially available vector pSG5BD would be  known as pSG5BD-hTRβ1. 
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1.7  Co-transfection Concept 

 Many researchers utilize co-transfection methods to transfer and express specific 

genes in host cells (Moriyama et al., 2002; Iwasaki et al., 2002; Miyazaki et al., 2004; 

Kitamura et al., 2004). The term transfection originates from two terms: transformation 

and infection. Transformation is the uptake of a genetic molecule like a plasmid into 

prokaryotic cells, whereas transfection involves plasmid uptake by eukaryotic cells. The 

term co-transfection is often used to describe the transfection of two or more plasmids.  

One of the most common methods for facilitating plasmid-transport through the cellular 

membrane involves the use of lipids as a transport media. Plasmids are hydrophilic; they 

do not have the ability to pass through cellular membranes. For that reason, lipids can be 

mixed with plasmids to create a micelle that encloses the plasmids before passing through 

the membranes. A commercially available lipid solution used for this purpose is 

Lipofectamine2000 (Promega Corporation). 

 Co-transfection is utilized primarily when required or target proteins are not 

expressed by the host cells. Helping proteins, cofactors, etc., are then derived as a 

consequence of host cell metabolism. The transcription and translation process of two or 

more genes from separate plasmids may occur simultaneously or in a cascade event. One 

such case occurs when a plasmid containing a thyroid receptor gene and another, a 

luciferase reporter gene are co-transfected. Proteins expression is consecutive because the 

receptor protein is required for luciferase reporter gene expression (Figure 1.7.1). In 

almost all cases, plasmids containing the thyroid receptor are expressed constitutively 

(Promega Corporation). Unbound thyroid hormone receptors are dormant until a ligand 
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such as T3 binds to it (Nilsson et al., 1975). Once bound, the receptor undergoes a 

structural conformation change that allows the transcription process to occur on the 

reporter gene. The level of luciferase gene expression depends on the concentration of 

thyroid hormones (ligand) present. 

 

 

TRβLBDDBDCIS

LUC2DR4

TRβ

Luciferase

Ligand (T3)

 
Figure 1.7.1. Cotransfection of Plasmids Expressing TRβ and Luciferase Genes. The TRβ 

gene first expresses the receptor (top). The ligand/receptor complex binds to the DR4 of 

the reporter gene. When a ligand such as T3 binds to the receptor, the structural 

conformation changes initiating the transcription of the luciferase gene. The DNA 

binding domain (DBD) is the DNA sequence on the receptor gene that recognizes the 

DR4 gene on the reporter plasmid. The coactivator interaction sites (CIS) are locations on 

the receptor where activator or inhibitor proteins bind to the receptor.  This up-regulates 

transcription of the luciferase gene. 

 

 

1.8  Chimeric Receptors 

 Chimeric receptors can also be used to study ligand/receptor interactions 

(Miyazaki et al., 2004). This is accomplished by replacing the original DNA binding 

domain on the receptor with a foreign DNA binding domain. An example of this is the 
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Gal-4 sequence (Figure 1.8.1). Keeping the original thyroid receptor ligand binding 

domain (TRβLBD) on the receptor allows researchers to determine whether or not 

interaction of this domain with the ligand inhibits gene expression. For instance, 

preliminary data may determine that a compound is an antagonist. In these cases, 

additional studies may be warranted to prove that the sample can interact with the LBD.  

For example, an environmental compound may inhibit transcriptional activity of the TRβ 

and luciferase reporter as shown in Figure 1.7.1.  These preliminary results do not 

necessarily prove that this compound blocks the T3 from LBD.  Some mechanisms of 

inhibition may be the suppression of activator proteins, recruitment of inhibitor proteins, 

or dissociation of receptor complex from the DNA.  In order to determine an inhibitory 

mechanism, the chimeric receptor is used to determine whether this compound is binding 

to the LBD of the receptor because all other elements such as the Gal4 receptor and its 

complimentary DNA sequence (2 x Gal4) (Figure 1.8.1) are different. 
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TRβLBDDBD (Gal4)CIS

LUC22 x Gal4

Gal4-TRβ

Luciferase

Ligand (T3)

 
Figure 1.8.1. Function of Chimeric Receptors. The DNA binding domain (DBD) is 

replaced with a DBD of Gal4, which recognizes only the Gal4 sequence. These receptors 

can provide information regarding the ability of specific compounds to interact with the 

receptor ligand binding domain (TRβLBD). 

 

 

1.9  Thyroid Hormone Functions 

Thyroid hormones are key to the orderly operation of an enormous range of body 

functions (Nussey et al., 2001; Greenspan et al., 2004; Martin, 1985). THs are important 

in bone tissues because they contribute to normal bone growth and development. In 

hypothyroidism, the condition where the body lacks sufficient amounts of TH, children 

can experience impaired growth, developmental problems, slowed heart rate, impaired 

cognitive function, and learning disabilities. Deficient levels of iodine and neonatal 

hypothyroidism in humans can lead to neurological defects and mental retardation. THs 

are also critical in the heart (Griffin et al., 1992). Their heart-related primary functions 

include lowering the systemic vascular resistance thereby decreasing blood pressure, 
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increasing blood volume, and affecting muscle contractions on cardiac functions. Overall, 

THs affect the blood circulation and result in increased cardiac output (Paxton, 1986). 

THs can enhance protein synthesis in the heart. THs are also important to the 

development and function of adipose tissues. The liver is another target tissue of THs, 

where they serve to regulate lipogenesis, creation of lipolyses, and oxygen consumption. 

THs play very important roles during development of the brain both prenatally and 

neonatally (Martin, 1985). 

 

1.10  Treatments Using Thyroid Hormone Analogues 

 A variety of thyroid hormone analogs are under investigation to treat thyroid 

hormone related problems. These analogs include 3,5-diiodothryopropionic acid 

(DITPA), 3,3',5-triiodothyroacetic acid (TRIAC), and N-[3,5-dimethyl-4-(4'-hydroxy-3'-

isopropylphenoxy)-phenyl]-oxamic acid (CGS 23425, or CGS, henceforth) (Figure 

1.10.1). DITPA is undergoing phase-II clinical trials to treat heart failure (Zheng et al., 

2004; Pennock et al., 1993). This compound is also being investigated as a lipid-lowering 

agent and as a weight loss drug. TRIAC and CGS have been investigated as therapeutic 

agents, to increase cardiac output during or after heart failure (Takeda et al., 1995; 

Adamson et al., 2004). 

 



 

 

36

 

 DITPA     TRIAC      CGS 

Figure 1.10.1. Thyroid Hormone Analogs: DITPA, TRIAC, and CGS. These analogs are 

under investigation to treat for thyroid hormone-related problems. 

 

 

1.11  Endocrine Disrupting Chemicals in the Environment 

 There are no regulations in the United States to monitor and control endocrine 

disrupting chemicals (EDCs) in the environment. Many scientists have provided 

information about endocrine disrupting chemicals. Books such as Theo Colborn’s Our 

Stolen Future (1996) and publications by various other scientists served as catalysts, 

provoking action by the government. In 1996, the Food Quality Protection Act directed 

the Environmental Protection Agency (EPA) to establish test methods for chemical 

ingredients in registered pesticides that may alter endocrine system activity. That same 

year, amendments to the Safe Drinking Water Act mandated a screening program to 

study EDCs in drinking water. In response, the EPA organized the Endocrine Disruptors 

Screening and Testing Advisory Committee (EDSTAC) to assist in implementing a 

policy that protects humans and wildlife from suspected endocrine disruptors. The 

committee’s primary objective was to recommend chemical screening and testing 

programs to the EPA for chemicals of potential concern. Through EDSTAC’s 

recommendations, the EPA developed the Endocrine Disruptor Screening Program, a 

system that prioritizes chemicals to be tested as endocrine disruptors.  
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There are many challenges and issues associated with the EDSTAC screening 

program. The primary concerns are the consistency, reliability, relevance and 

reproducibility of current testing methods. For example, a compound may respond to one 

test and not to another. Another concern is that many of the alleged compounds are 

weakly estrogenic by themselves, whereas their effects may be more severe when they 

are present in combinations. In addition, the screening program is limited to compounds 

that may inhibit or enhance estrogenic, androgenic, and thyromimetic potential. 

Chemicals that affect other endocrine components, such as the glucocorticoid system, are 

not being considered. The EPA motivated the development of screening protocols 

capable of measuring estrogenic, androgenic, and thyromimetic activities among the 

myriad anthropogenic organic chemicals that are now a part of our daily lives. Finally, 

although in vitro assays for estrogen and androgen binding assays were proposed, a 

similar assay to detect thyroid hormone activity was not recommended as part of the Tier 

1 program that was designed to screen potential endocrine disruptors.  

 Should EDCs be formally regulated, specific commercial chemicals including 

some pesticides will most likely become a source of litigation, which may further delay 

the regulatory process. This is anticipated because more than half of the herbicides are 

alleged to be endocrine disruptors (Short et al., 1999).   

 Endocrine disruptors enter the environment from many sources. Relevant 

compounds and sources of endocrine disruptors include pesticides, a variety of residual 

trace contaminants in treated wastewater, certain foods, plants, pharmaceutical and 

synthetic hormones, household wastes, petroleum-based chemicals, wastes from plastic-
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production industries, and any equipment that may contain flame retardants. Pesticides 

such as DDT have long been recognized as contaminants in aquatic ecosystems and are 

suspected endocrine disruptors (Roefer et al., 2000). Rachel Carson first discussed the 

dangers of DDT in her classic book Silent Spring (Carson, 1962). The problems and 

effects presented by Carson included little discussion of long-term effects of low dosages 

of pesticides. Studies have suggested that DDT, which is ubiquitous in the environment, 

continued to cause problems in aquatic animals long after it was banned from use in 

1972. Other chemicals in wastewater effluent that act as endocrine disruptors include 

aqueous household wastes such as detergents (Kester 2001). Furthermore, EDCs such as 

phthalates, alkylphenol polyethoxylates, alkylphenols, natural and synthetic estrogens, 

polyaromatic hydrocarbons, and halogenated aromatic hydrocarbons are frequently 

detected in wastewater effluents (Roefer et al., 2000). Natural estrogens and androgens 

secreted by animals and humans are also detrimental to living organisms (Roefer et al., 

2000). Known or suspected effects of EDCs include feminization of male fish; 

deformities and population declines of amphibians; decreases in male sperm counts; and 

increases in testicular, prostate, and breast cancers in humans (Schierow et al., 2001). 

Metals such as arsenic, cadmium, and zinc can disrupt endocrine system function as well 

as organics (Kaltreider 2001; Norris et al., 1998).  

 The incidences of thyroid (100% 1975-2004), testicular, prostate (70% 1975-

2004), and breast (16% 1974-2004) cancers have increased over the last three decades 

(National Cancer Institute). There have been many attempts to establish relationships 

between exposure to EDCs and incidences of these cancers. Increased cancer rates and 
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altered sexual characteristics among exposed animals led to widespread measurements of 

endocrine disruption from contaminants and wastewater. It has been asserted that 

wastewater contaminants can affect the endocrine system as well as the immune system 

(Carpenter, 1998). The immune system’s ability to respond to foreign agents 

(contaminants) can promote immunosuppression and hyperimmune state. Research on 

stimulation or suppression of estrogen-dependent metabolism dominates this field. 

Levels of steroid hormones in U.S. surface waters (Kolpin et al., 2002) include 

concentrations high enough to affect the development of continuously exposed 

organisms. Among the chemicals that are now frequently measured, polybrominated 

diphenyl ethers (PBDEs), polychlorinated biphenyls (PCBs), and bisphenol-A (BPA) 

affect thyroid hormone function (Boas et al., 2006). Learning disabilities, attention 

deficit, hyperactivity disorder, cancers, and hypothyroidism have been linked to altered 

thyroid hormone activity (Zoeller, 2005). Chemical exposure may be particularly 

important during fetal and early childhood, when endocrine components/hormone levels 

experience the “programming” required for normal adult endocrine system function 

(Oppenheimer et al., 1997; Glinoer, 1997). 

Chemicals in the environment affecting the thyroid hormone system have 

generated public concern and discussion. Chemicals such as PBDEs, PCBs, and BPA 

have been detected in soil, sludges and biosolids derived from wastewater treatment, and 

rivers and streams. These compounds can have profound effects on thyroid hormone 

system activity. Their molecular structures are similar to the natural THs (Figure 1.11.1). 
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These compounds, like T3 and T4, have two phenolic rings and have been shown to bind 

to TR and thyroid hormone transport proteins. 

 

 PBDEs  PCBs  BPA 

 
Figure 1.11.1. Molecular Structures of PBDEs, PCBs, and BPA. These compounds have 

two phenolic rings similar to natural thyroid hormones, which may facilitate binding to 

thyroid hormone receptors and thyroid transport proteins. 

          

PBDEs are used as flame retardants in plastic materials such as electronic 

equipment, household items, and clothing. There are 209 PBDE congeners. There are 

three main types of commercial products that each contains a mixture of congeners. 

These are Penta-, Octa-, and Deca-BDE.  They differ primarily in terms of degree of 

bromination of primary congener components (Figure 1.11.1). Penta-BDE is added to 

materials in furniture, mattresses, carpet padding, and automobile seats. BDE-99 is an 

example of a penta-BDE.  TV cabinets, consumer electronics, wire insulation, 

backcoatings for draperies, and upholstery contain Deca-BDE. BDE-209 (fully 

brominated) is the primary congener in Deca-BDE. Flame retardants in personal 

computers and small appliances frequently contain Octa-BDE. 

PBDEs can disrupt thyroid regulated homeostasis, interfering with brain 

development, reducing T4 levels, and displacing T4 from its transport proteins. PBDEs 
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and thyroid hormones are similar in that both have two phenyl rings (Figures 1.2.1 and 

1.11.1). When pregnant rats were dosed with 1 – 30 mg/kg/day (Zhou et al., 2002) and 18 

mg/kg/day (Ellis-Hutchings et al., 2006) BDE-71 during gestation, circulating T4 levels 

decreased in fetuses and later in offspring. Postnatal T4 levels also decreased in mother 

rats (dams). Experimental results suggest that PBDEs can upset hormone balance during 

brain development. In fact, pregnant rats and mice supplied with 60 or 300 µg/kg/day 

(Kuriyama et al., 2005) and 18 mg/kg/day (Branchi et al., 2005) BDE-99 six days 

postpartum produced hyperactive offspring. Male offspring experienced impaired sperm 

production at adulthood. Dams given BDE-71 also experienced hepatomegaly, an 

abnormal enlargement of the liver (Ellis-Hutchings et al., 2006). The same study 

indicated that increased testes weight (31 days after birth) was a consequence of BDE-71 

exposure during pregnancy. Furthermore, Ellis-Hutchings et al. determined that Vitamin 

A levels decreased when exposed to BDE-71. In most cases, the mechanisms of thyroid 

hormone disruption are not entirely known. However, it is certain that PBDEs can 

displace T4 from the thyroid hormone transport protein, transthyretin (Meerts et al., 2000; 

Lans et al., 1994). 

Many studies have shown that PBDEs can accumulate in human tissues. PBDEs 

have been detected in fetal and maternal blood sera (Mazdai et al., 2003) as well as in 

breast milk (Schector et al., 2003). Human blood samples from the United Kingdom 

contained PBDE levels ranging from 0.63 to 420 ng/g lipid (Thomas et al., 2006). Breast 

milk from women in Venice and Rome, Italy had PBDE levels from 2.8 to 4.1 ng/g fat 

(Ingelido et al., 2007). Levels of PBDEs in first-time mothers in the Pacific Northwest 
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were as high as 321 ng/g lipid (She et al., 2007). The average concentration of total 

PBDEs among Spanish women was 3.85 ng/g lipid. In these studies, BDE-47 was the 

predominant congener detected.  

PBDEs are not readily biodegraded, which influences their fate in the 

environment. Low water solubility and high octanol-water partition coefficient suggest 

that they partition on organic-rich solids such as sludges and soils (Table 1.11.1). Studies 

on PBDE microbial degradation have shown that PBDEs do not degrade or do so at a 

very slow rate (Hellstrom, 2000). The higher brominated compounds can degrade to 

congeners with lower degrees of bromination, but PBDEs can still be measured in 

contaminated soil after 10 years (Hill et al., 1982). PBDEs are also present in virtually all 

domestic wastewaters. PBDE-209 underwent reductive debromination under anaerobic 

conditions using inoculum from mesophilic digesters (Gerecke et al., 2005).  Although 30 

% reduction was achieved in 238 days, the lower-attained congeners also underwent 

reductive debromination. PBDE-209 has also been shown to degrade to lower brominated 

congeners in anaerobic soils (Parsons et al., 2004). PBDEs are present in municipal 

wastewater and accumulate in biosolids produced via wastewater treatment processes 

(Anderson et al., 2006).  Total PBDE concentrations in riverine fish were as high as 

1,810 ng/g lipid upstream of the Penobscot River and increased downstream to as high as 

29,000 ng/g lipid (Anderson et al., 2006). PBDEs were measured in household dust at 

concentrations of 1,000 ng/g (Tan et al., 2007), suggesting that inhalation of household 

dust provides a non-dietary pathway of exposure to PBDEs. PBDEs are also present in 
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sediments. Their concentrations depend on the regional industrial activities (Moon et al., 

2007; Liu et al., 2005; Wurl et al., 2005).  

Time-dependent levels of PBDEs in beluga whales from 1988 to 1999 showed a 

doubling rate of less than three years in the St. Lawrence Estuary in Canada (Lebeuf et 

al., 2004). From 1988 to 1999, PBDEs in seal blubber doubled in concentration every 1.8 

years in the San Francisco Bay area (She et al., 2002). Despite this, PBDEs are still 

manufactured in enormous quantities. Because of the overwhelming evidence of PBDE 

dispersal and stability in the environment, the European Union banned equipment that 

contains Deca-BDE. Several states in the U.S. are also pursuing bans on products 

containing Deca-BDE.  

 

Table 1.11.1. Physical Properties of PBDEs, BPA, and PCBs. 

Compound Water Solubility (µg/L) Log Kow 

PentaBDE 
1,2,6

 13.3 6.58
 

OctaBDE 
1,2,6

 <1 6.29 

DectaBDE 
1,2,6

 <0.1 6.27 

Bisphenol A <1,000 
3
 3.32 

4
 

PCBs 240 
5
 > 5.6 

5
 

1. Hellstrom, 2000; 2. Webster et al., 2006; 3. www.Chemfinder.com; 4. Hansch 

et al., 1995; 5. Avalos et al., 2004.; 6. Applied Environmental Toxicology (2004) 

 

 

Bisphenol A (BPA) is an ingredient in several plastics materials including epoxy, 

polycarbonate, and polyester-styrene resins. These materials are used in food-packaging 

products (coatings for canned goods).  It is also an ingredient in produce dental sealants. 

Because BPA can leach from food-storage products, it is ingested in small quantities by 

humans.  
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Rats given 1, 10, and 50 mg BPA/kg during pregnancy and lactation produced 

high levels of thyroid hormone T4 15 days after birth (Zoeller et al., 2005). Nieminen et 

al. (2002) showed that 250 mg BPA/kg can increase plasma testosterone concentrations 

in voles, rodents, and mice. BPA and hydroxylated BPA can displace T3 from the thyroid 

hormone receptor (Yamauchi et al., 2003; Kitamura et al., 2004). Furthermore, BPA 

suppresses thyroid receptor mediated transcriptional activity by recruiting transcriptional 

repressors after binding to the thyroid hormone receptor (Moriyama et al., 2002). 

 There is ample evidence of human exposure to BPA. Samples taken from human 

colostrum three days postpartum contained a mean BPA concentration of 3.41 µg/L 

(Kuruto-Niwa et al., 2007). An earlier study found mean blood serum BPA 

concentrations of 0.64 µg/L in women and 1.49 µg/L in men (Takeuchi et al., 2002). The 

primary source of exposure is thought to be dietary (Kang et al., 2006). This seems 

reasonable given that BPA concentrations in urinary BPA excretions are similar to levels 

measured in serum and milk. Daily urinary excretion of BPA was estimated at 1.2 µg/day 

(Arakawa et al., 2004). The average urine BPA concentration measured by Calafat et al. 

(2005) was 1.33 µg/day. Nunez et al. (2001) showed that BPA bioaccumulates in rats, 

primarily in adipose tissue. 

 Although BPA is found in the surface water, sewage effluent, sediments and 

landfill leachates, it is clear that natural processes can degrade the compound (Fromme et 

al., 2002; Yamamoto et al., 2001). Conventional municipal wastewater treatment 

removes as much as 90 % of the influent concentration of BPA (Nakada et al., 2006). 

BPA applied to soil was non-detectable three days later (Fent et al., 2003). The 
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mechanism of BPA loss, however, is uncertain. That is, extractable BPA may decrease 

over time due to biodegradation, incorporation into soil humus or perhaps other 

mechanisms.  

 PCBs have received considerable attention as endocrine disruptors, primarily due 

to low-level estrogenic activity. PCBs bind to human estrogen receptor proteins (Kester 

et al., 2000). Before their ban, PCBs were used as lubricants, ingredients in pesticides, 

paint, sealants, plastics, and flame retardants. The plastics industry employed PCBs 

because of their insulating properties and stability. These properties are also responsible 

for their persistence. Their widespread presence in the environment and in animals has 

been a source of public concern for more than two decades. PCBs accumulate in fat 

tissues, blood, and breast milk. Furthermore, PCBs have been linked to various thyroid-

related abnormalities.  

Pregnant rats exposed to Arochlor 1254 (a mixture of PCB congeners) produced 

offspring with abnormally low levels of T4 (Zoeller et al., 2000). PCBs also have been 

linked to over-expression of neuroendocrine-specific proteins indicating that these 

compounds directly interfere with thyroid hormone signaling in the fetal brain (Gauger et 

al., 2004). PCBs, however, did not compete with T3 for thyroid hormone receptor sites. It 

is possible that PCBs disrupt hormonal activities by preventing transcription of hormone-

regulated genes. Miyazaki et al. (2004) for example, found that PCBs can partially 

dissociate TRβ from the TRE.  Iwasaki et al. (2002) also reported that TRβ-mediated 

transcriptions are inhibited in the presence of PCBs, and PCBs can displace T4 from T4 

transport protein, transthyretin (Purkey et al., 2004). Interactions of PCBs with receptors 
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and transport proteins may depend on structural complementarity (Arulmozhiraja et al., 

2005). Particularly, hydroxylated PCBs can displace T3 from the thyroid hormone 

receptor (Cheek et al., 1999; Kitamura et al., 2005). Although the mechanisms of 

inferences of PCBs in vivo are not entirely known, it is generally agreed that PCBs are 

linked to impaired brain activity, especially in children exposed during development. 

Prenatal PCB exposure has been associated with impulsivity, poor concentration, and 

poor pictorial and auditory working memory (Jacobson et al., 2003). PCB exposure has 

also been associated with impaired long term memory, comprehension, and intelligence 

(Newman et al., 2006). PCBs at background concentrations were linked to diminished 

cognitive functioning in preschool children (Pantandin et al., 1999). 

Because of their hydrophobic natures, PCBs are likely to accumulate in human 

milk, blood, and adipose tissues. The highest level of total PCBs detected in human 

breast milk was 390 ng/g fat (Ingelido et al., 2007). PCBs have been measured in human 

blood at concentrations up to 670 ng/g lipid wet weight (Thomas et al., 2006). Human 

adipose tissues contained total PCBs from 13.9 ng/g to 889 ng/g lipid wet weight (Cok et 

al., 2007; Vaclavik et al., 2006). These compounds seem to accumulate with age without 

selectivity or gender preference (De Saeger et al., 2005).  

 PCB concentrations have increased two-fold in artic foxes since the 1970s with 

recent concentrations as high as 9,900 ng/g in abdominal adipose tissues (Fuglei et al., 

2007).  Polar bears accumulate PCBs to concentrations from 5,900 ng/g – 7,000 ng/g 

lipid (Verrealt et al., 2005; Sandala et al., 2004). There was no significant difference 

between male and female PCB concentrations. Although most studies measured adipose 
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tissue levels of PCBs, analysis of other organs in fish indicated that PCBs accumulate to 

the highest degree in the liver (Sapozhnikova et al., 2004). Marine wildlife such as fish 

and alligators had PCB concentrations from 218 ng/g to 3,100 ng/g lipid in adipose 

tissues (Erdogrul et al., 2005; Cobb et al., 2002). PCB concentrations in bird brains 

ranged from 13 ng/g to 428 ng/g wet-weight.  

 

1.12  Thyroid Hormone Activity Bioassays 

There are quite a few in vitro screening bioassays for estrogenic and androgenic 

activities (Hwang et al., 1992; Bolger, 1998; Jobling et al., 1995; Sohoni and Sumpter, 

1998). Relatively few such tests have been designed for measurement of thyroid hormone 

activity (Zoeller, 2005). Nonetheless, studies of individual compound interactions with 

the thyroid hormone receptor are increasing (Boas et al., 2006), particularly through the 

use of competitive binding assays. For instance, a competitive binding assay was used to 

demonstrate that extracts from sediment samples can have thyromimetic potential, 

displacing T4 from its transport protein, thyroxine-binding globulin (TTR) (Houtman, 

2004). Water samples from the effluent of a paper manufacturing plant and downstream 

from an industrial drain also displaced T3 from the TTR (Yamauchi et al., 2003). Binding 

assays have been employed to show that PBDEs (Meerts et al., 2000; Lans et al., 1994) 

and PCBs (Purkey et al., 2004) can displace T4 from its transport protein, transthyretin. 

Hydroxylated PCBs (Cheek et al., 1999; Kitamura et al., 2005) and BPA (Moriyama et 

al., 2002) can displace T3 from the thyroid hormone receptor. BPA, tetrabromo-BPA, 

tetrachloro-BPA, tetramethyl-BPA, 3,3’-dimethyl-BPA inhibited the binding of T3 to the 
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TR, with tetrabromo-BPA being the most active (Kitamura et al., 2004). Although 

competitive binding assays reveal thyromimetic potential in individual compounds, it is 

not known whether such binding events inhibit or stimulate thyroid hormone receptor-

mediated transcription. 

Reporter gene systems can provide additional information in their responses to 

thyroid hormone genes.  These systems are made possible by allowing cells to express 

luciferase enzymes when thyroid hormones are present. Lysed cell extracts are exposed 

to commercial reagents containing reactants which produce light in the presence of 

luciferase enzymes.  Reagents from Promega Corporation contain ATP and Beetle 

Luciferin leading to light production in the presence of luciferase (Figure 1.12.1). Firefly 

luciferase enzymes serve as catalyst, producing Oxyluciferin and light from Beetle 

Luciferin. 

 

 
Figure 1.12.1. Luminescent Reaction Catalyzed by Firefly Luciferase Enzymes. The 

luciferase reagent contains beetle luciferin which can produce oxyluciferin and light in 

the presence of luciferase enzymes. Source: Promega Corporation. 

 

 

Transcriptional activity mediated by thyroid hormone receptors provides 

additional information on how individual compounds interact with receptors. These 

bioassays have been used to screen individual environmental compounds for potential 

nuclear thyroid hormone activity, mainly using cancer cell lines. BPA is a weak ligand 

for the TR with an EC50 of 200 µM (Figure M.1) (Moriyama et al., 2002). Moriyama et 
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al. demonstrated that 1 µM BPA was antagonistic to thyroid hormone mediated activity 

in TSA-201 cells when they were transfected with either Gal4-TRβ/Gal4-Luc or Gal4-

TRα1/Gal4-Luc plasmids (Figure M.2). TSA-201 cells are sub-clones of the human 

embryonic kidney cell line 293. In the same study, TSA-201 cells cotransfected with 

either TRE-TK-Luc/TRα1 or TRE-TK-Luc/TRβ1 showed that BPA is a thyroid hormone 

antagonist at 10 µM and 100 nM.  HepG2 cells transfected with the ME-TK-Luc reporter 

plasmid and exposed to 10 nM T3 provided a 70% increase in light production (1.7 fold 

induction). When 10 µM BPA was added, light emission decreased by a factor of about 

1.8 above the level produced by 10 nM T3. BPA was shown to suppress thyroid hormone 

dependent transcriptional activity mediated through the TR by recruiting transcriptional 

repressors in a dose-dependent manner. Hydroxylated forms of mono-ortho PCBs 

(4(OH)-2’,3,3’,4’,5’-pentachloro biphenyl) suppressed transcriptional activity at 0.1 nM 

in CV-1 (African Green Monkey Kidney Fibroblast) cells that were cotransfected with 

DR4-Luc/TRβ1 plasmids (Figure M.3) (Iwasaki et al., 2002). The intensity of emitted 

light in the positive control for this experiment was up to three times that of background 

levels. Hydroxylated PCBs at 10 nM also inhibited transcriptional activity in 293 (human 

embryo kidney) and TE671 (cerebellar medulloblastoma-derived) cells that were 

cotransfected with either TRE-DR4-Luc/TRβ1 or F2-Luc/TRβ1. The suppression’s effect 

of PCBs on bioassay activity was greater in the TE671 cell line. These repressions were 

not dose-dependent suggesting that hydroxylated PCBs did not compete with T3. 

Arochlor 1254, 4(OH)-2’,3,3’,4’,5’-penta CB, and 4(OH)-2’,3,3’,4’,5-hexa CB, at 0.1 

nM and 2,3,3’,4,4’,5-hexa CB  at 1 nM concentrations suppressed TR-mediated 
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transcription in CV-1 cells that were cotransfected with F2-TK-Luc/TRβ1 plasmids 

(Figure M.4) (Miyazaki et al., 2004). SRC-1 cotransfected with the plasmids also did not 

yield a (PCB) dose-dependent response, again suggesting that PCBs did not compete with 

T3 for the receptor binding site (LBD). PCBs at 10 nM concentrations did not suppress 

transcriptional activity of glucocorticoid reporter systems indicating that PCBs target 

thyroid receptors specifically. Furthermore, PCBs did not disassociate SRC-1 from the 

TR and did not recruit N-CoR proteins to TR. At concentrations from 0.1 to 10 nM, PCB 

did not affect transcriptional activity of CV-1 cells cotransfected with Gal4-TRβ1/UAS-

Luc plasmids suggesting that PCBs did not block the LBD of the TRβ1. However, PCBs 

at 10 nM concentration dissociated the TR from the TRE in F2-TRE-Luc/TRβ1 plasmids. 

CHO-K1 (hamster Chinese ovary) cells cotransfected with either pZeo-TRα1 or pZeo-

TRβ1 with a reporter plasmid, pIND-TREpal, can respond to T3 at 1 nM but not to 

tetrabromo-BPA or tetrachloro-BPA (Figure M.5) (Kitamura et al., 2004).  Sequences of 

either hTRα1 or hTRβ1 were inserted into the vector pZeoSV2(-) to create these 

plasmids. Oligonucleotides containing palindromic TRE were cut and inserted into the 

reporter vector, pIND-MCS-Luc, to create pIND-TREpal. At 1 µM, T3 increased light 

levels by 25x when TRα1 was present and by 19x at 0.1 µM with TRβ1 added. 

Tetrabromo-BPA and tetrachloro-BPA did not activate the transcriptional activity of 

these genes at concentrations from 10
-10

 to 10
-4

 M. However, each compound exhibited 

anti-thyroid activities, suppressing transcriptional activity of 10
-8

 M T3 when the cells 

were transfected with either TRα1 or TRβ1 (Figure M.6).  Both compounds were toxic to 



 

 

51

the cells at 50 µM. Tetrabromo-BPA was a TR antagonist at 3.1 µM while tetrachloro-

BPA was antagonistic at 6.3 µM. 

The reporter gene bioassays discussed above showed that BPA and PCBs 

suppress thyroid hormone dependent transcription.  Although various types of cell lines 

and reporter gene systems were utilized, each bioassay demonstrated that T3 

responsiveness was suppressed by these compounds.  Each environmental compound 

revealed their antagonistic potential in three different ways.  First, BPA can displace T3 

from the receptor and suppress transcription.  Second, BPA recruited repressor proteins to 

prevent transcription from occurring. Last, PCBs dissociated the TR/T3 complex from the 

thyroid response element.  These results suggest that complex environmental mixtures 

such as wastewater samples may carry out any one of these mechanisms to suppress 

thyroid responsiveness in model cells.  Furthermore, environmental samples may 

duplicate the effects of thyroid hormones such as T3 and induce positive responses. 

 

1.13  Thyroid Hormone Disruption Research Objectives 

Four in vitro bioassays capable of detecting thyroid hormone activity or antagonism 

were developed. Specific objectives were to: 

1. Establish standard procedures for transfection and luciferase bioassays for 

measurement of thyroid hormone activity. 

2. Test HepG2, TE671, and heart cells in terms of their responsiveness, ease of 

maintenance, etc, for use in a standard bioassay for measurement of thyroid 

hormone activity. 
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3. Compare two luciferase reporter-gene/receptor pairs for their responsiveness to 

individual thyroid hormones, hormone analogs, and complex environmental 

samples in terms of their sensitivities and magnitude of induction. The first pair is 

the reporter gene plasmid controlled by the 2xGal4 enhancer and a chimeric 

receptor as illustrated in Figure 1.8.1. The second pair is the reporter gene 

controlled by the DR4 and a natural TRβ-1 receptor (Figure 1.7.1). 

4.  Establish standard procedures for processing liquid and solid environmental 

samples (wastewaters and sludges) leading to measurement of thyroid hormone 

activity via the luciferase bioassay. 

5. Screen liquid and sludge wastewater samples for thyroid hormone activity using 

the bioassay and sample preparation procedures established above. 

6. Investigate the utility of a β-galactosidase activity assay in the HepG2 cells to 

quantify chemical toxicity in wastewater samples. 
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2.0  MATERIALS AND METHODS: THYROID HORMONE ACTIVITY 

 

 

 

2.1  Cell Culture and Media 

 

HepG2 cells (ATCC, Manassas, VA) were grown in Advanced MEM (Invitrogen, 

Grand Island, NY) with 10 % fetal bovine serum and 1.8 mM L-glutamine. TE671 cells 

(ATCC, Manassas, VA) were grown in Advanced MEM (Invitrogen, Grand Island, NY) 

with 10 % heat-inactivated horse serum, 5 % fetal bovine serum, 1.7 mM L-glutamine, 

85.5 units/ml-85.5 µg/ml of penicillin-streptomycin (Invitrogen, Manassas, VA), and 1.7 

µg/mL Amphotericin-B (Sigma, Saint Louis, MO).  Horse serum (Invitrogen, Grand 

Island, NY) was heat-inactivated by placing it in water bath at 56 
o
C for 30 minutes.  

Cells were incubated at 37 
o
C under an atmosphere of 5 % CO2.   

 

2.2  Plasmids  

All four plasmids described below were provided by Dr. Martin Privalskly, 

University of California-Davis.  In each experiment one of two sets of plasmid pairs was 

introduced into one of the cells described above.  The first plasmid (pSG5BD-hTRβ1) of 

the first pair encoded a chimeric receptor containing the Gal4 DNA binding domain and 

ligand binding domain of TRβ1 (Figure 2.2.1). This plasmid is henceforth termed Gal4-

TRβ1. The second plasmid of the first pair is pGL4CP-CMV-2xGal4-17mer (Figure 

2.2.1). It included a luciferase reporter gene under the control of the 2 x Gal4 DNA-

response element. This plasmid is henceforth termed Gal4-Luc.   
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The first plasmid of the second pair encodes a full-length human TR-β receptor: 

pSG5-hTRβ1, or TRβ1 (Figure 2.2.2).  It contains the DBD gene that recognizes the 

DR4.  The second plasmid is the pGL4CP-SV40-2xtaDR4-Luc. It includes a luciferase 

reporter under the control of the true cognate DNA response element consisting of two 

direct response elements separated by a spacer of four nucleotides (DR4). This plasmid is 

referred to as DR4-Luc.  

 

TRβLBDDBD (Gal4)CIS

LUC22 x GAL4

 

Figure 2.2.1. General Organization of the Chimeric Receptor and Engineered GAL4 

Reporter.  The coactivator interaction sites (CIS) element is the region where coactivators 

and inhibitors interact. This plasmid also encodes the Gal4 binding domain (DBD) and 

the ligand binding domain of the natural thyroid receptor-beta (TRβLBD).  The DBD of 

the TRβ1 was cleaved and replaced with the DBD of Gal4 with the CIS element left 

intact.  The luciferase reporter (bottom) plasmid contains two direct repeats of the GAL4 

DNA binding motif and the luciferase reporter gene (LUC2).  This allowed the receptor 

in the presence of an active analog of thyroid hormone to recognize and bind to the Gal4 

gene sequence and initiate transcription of the luciferase reporter gene LUC2. 

 

TRβLBDDBD (DR4)CIS

LUC2DR4

 

Figure 2.2.2. General Organization of the Natural TRβ1 and DR4 Luciferase Reporter.  

When the TRβLBD of the top plasmid binds with a thyroid ligand, the DBD interacts 

with the DR4 of the bottom plasmid and initiates transcription of the luciferase gene 

LUC2. 
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2.3  Seeding Density  

HepG2 and TE671 cells were seeded in a volume of 200 µL per well in 96-well 

plates at 60,000 cells per well for HepG2 cells; 30,000 cells per well for TE671 cells; and 

60,000 cells per well for heart cells (Table 2.4.1). 

 

2.4  Transfection 

One day after seeding, the cell medium was exchanged with 163 µL of Opti-

MEM (Invitrogen, Grand Island, NY) per well of the 96-well plates.  The volume of 

media and mass of plasmids required for the experiments were calculated at 16 µL of 

media per well and 200 ng of plasmids per well. In a sterile tube, the media were mixed 

with the plasmids. Next, a volume of media and transfection reagent required for the 

experiments was calculated at 16 µL of media per well and 0.56 µL of transfection 

reagent per well. These two solutions were mixed in a second sterile tube and incubated 

at room temperature for five minutes. The transfection reagent Lipofectamine2000 

(Invitrogen, Grand Island, NY) was used for HepG2 cells, and GeneJammer (Stratagene, 

Cedar Creek, TX) was used for TE671 cells (Table 2.4.1).  The two media solutions 

containing the transfection reagent and plasmids were combined and mixed.  Incubation 

times were 20 minutes for media containing Lipofectamine2000 and 10 minutes for 

GeneJammer.  Finally, this mixture was added to the cells scheduled for transfection at 

32 µL per well. 
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Table 2.4.1. Seeding and Transfection Conditions of Cells. 

 HepG2 TE671 Heart 

Media Type Adv-MEM Adv-DMEM Adv-MEM 

Seeding Cell Density 

(mg/L) 

60,000 30,000 60,000 

Transfection Reagent Lipofectamine2000 Gene Jammer Lipofectamine2000 

Plasmid-Transfection 

Reagent Incubation Time 

(minutes) 

 

20 

 

10 

 

20 

 

 

2.5  Sample Exposure  

Twenty-four hours post transfection, the media were exchanged with 50 µL of 

fresh media.  Next, 130 µL of media containing either the serially diluted thyroid 

hormone, a thyroid analog or wastewater preparation was added.  Media containing 

thyroid hormone or wastewater samples were diluted as follows.  The initial stock 

concentration of all thyroid hormone analogs was 1 mM in ethanol.  The stocks were 

diluted by adding the stock solution to the media to make a 1 µM solution.  To the first 

row of a 96 well plate, 200 µL of the 1 µM solution was added.  A volume of 144 µL of 

media was added to the remaining wells of the plate.  A 5-fold dilution series was 

obtained by transferring 36 µL from the first row to the second row, etc. across the eight 

rows of the 96-well plate.  The same dilution method was used for the wastewater 

preparations although the initial concentrations of compounds in wastewater/sludge 

extracts were unknown.   
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2.6  Luciferase Bioassay 

Twenty-four hours after ligand exposure, the medium in each well was aspirated 

and discarded, and cells were washed with PBS buffer.  Sixty µL of lysis buffer 

(Promega, Madison, WI) was added to each well, and plates were placed on a rotator 

(Orbital Shaker, VWR) for 12 minutes at 305 rpm.  Then, 25 µL of the lysis buffer was 

transferred to wells of a 96-well microlite luminescence plate (VWR, West Chester, PA). 

This plate was placed in the Veritas Microplate luminometer (Turner Biosystems).  A 

spectral response range was between 350 and 650 nm. However the luminometer does 

not contain a built-in option for wavelength discrimination.   To optimize sensitivity the 

luminometer reads over the entire visible spectrum and there is no need to filter.  

Luminescence was measured in 0.5 second intervals.  The luminometer was programmed 

to inject 25 µL of luciferase reagent (Promega, Madison, WI) to each well before reading 

for luminescence.  Fold inductions were calculated relative to ‘relative light units’ from 

cells that were transfected but not exposed to ligand. 

 

2.7  Beta-Galactosidase Activity Assay 

 

Beta-galactosidase activity was employed to measure the levels of viable cells in 

response to sample extracts.  HepG2 cells were seeded and transfected as described 

previously.  Cells were either transfected or not transfected to carry out the assay.  

Endogenous β-galactosidase activity was measured in cells not transfected.  HepG2 cells 

were transfected with the plasmid pSV-β-Galactosidase (pSV-β-gal) (Promega 

Corporation), which contains the bacterial lacZ gene.  Because the lacZ gene promoter is 

not thyroid hormone dependent, the level of the β-galactosidase expression is not affected 
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by thyroid hormones or analogs.  Twenty four hours after transfection, cell media were 

exchanged either 200 µL per well of Advanced-MEM or Advanced-MEM containing the 

sample extracts.  Sample extracts were exposed to the cells as described in Section 2.5.  

Twenty four hours after transfection, the β-galactosidase activity assay was carried out.  

Twenty five microliters of cell extract obtained from the luciferase bioassay (as described 

in Section 2.6) was transferred to polystyrene EIA/RIA 96-well stripwell plates (CoStar, 

Corning Incorporated).  Next, 200 µL of assay substrate (Table 2.7.1) was added to each 

well.  Absorbance values at 550 nm were measured immediately, at one hour, and 20 

hours after the assay substrate was added to the cell extract.  Assay substrate consisting of 

1, 10, and 20 µL of 0.5 M CPRG cocktail, as shown in Table 2.7.1, were individually 

tested to determine which condition is better suited for optimal absorbance 

measurements. The scheme of this experiment is shown in Figure 2.7.1. 

 

Table 2.7.1.  Assay Substrate for β-Galactosidase Activity.  

Component Quantity Quantity Quantity 

5x Z-Buffer (Table 2.7.2) 200 µL 200 µL 200 µL 

0.5 M CPRG 1 µL 10 µL 20 µL 

β-mercaptoethanol 1.4 µL 1.4 µL 1.4 µL 

double de-ionized water 800 µL 790 µL 780 µL 

 

 

Table 2.7.2.  5x Z-Buffer Solution. 

Component Quantity 

Na2HPO4 (anhydrous) 24.83 g 

NaH2PO4•H2O 10.9 g 

KCl 1.86 g 

MgSO4•7H2O 1.23 g 

double de-ionized water 500 mL 
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Seed

Exchange Media

β-galactosidase Assay

Transfect Non-Transfect

1 µL CRPG, Transfected

1 µL CRPG, Non-Transfected

10 µL CRPG, Transfected

10 µL CRPG, Non-Transfected

20 µL CRPG, Transfected

20 µL CRPG, Non-Transfected
 

Figure 2.7.1.  Scheme in Comparing β-Galactosidase Activity in HepG2 Cells.  

Cells were either transfected with the pSV-β-gal plasmid or not transfected.  The 

following day, the media were exchanged with Advanced-MEM. Twenty-four hours 

later, the cells underwent the β-galactosidase activity assay.  Cell extracts were exposed 

to substrate containing either 1, 10, or 20 µL of CPRG as described in Table 2.7.1. 

 

 

2.8  Liquid Sample Preparation 

Samples were collected from the 40 MGD Roger Road Wastewater Treatment 

Plant (RRWTP) in Tucson, Arizona.  The wastewater is treated by a primary clarifier 

followed by two biotowers with recyclers before it is clarified, disinfected, and 

discharged to the Santa Cruz River.  One-liter wastewater samples were filtered through a 
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0.7 µm glass-fiber filter.  A 47 mm C18 (reverse phase) disk (3M) was conditioned by 

adding 10 mL of 100 % ethanol.  After one minute, the ethanol completely passed 

through the disk under vacuum.  This was repeated with the exception that a small layer 

of ethanol was retained on the same disk.  Nanopure water was then added and pulled 

through the disk, leaving a small volume to maintain moisture in the disk.  At that point, 

the filtered sample was added and passed through the disk.  The filtrate was discarded.  

Sorbed organics were eluted from the disk using a series of 10-mL water:methanol 

mixtures in which the methanol volume fraction increased from 0.20 to 1.0 in increments 

of 0.20.  Elutions were carried out twice providing a 20-mL volume for each fraction. All 

eluate fractions were dried and resuspended in 1 mL of the cell growth media for analysis 

of thyroid hormone activity. Thus, concentration factors for wastewater contaminants that 

eluted in specific fractions were 1000x. 

 

2.9  Sludge Sample Preparation 

Sludge samples were also collected from the RRWTP in Tucson, Arizona.  Solids 

were separated from the plant influent, primary sludge, and secondary clarifier.  Digested 

sludge (30-day mesophilic anaerobic digestion) is normally transferred to Ina Road Water 

Pollution Control Facility (IRWPCF) in Tucson, Arizona for dewatering prior to land 

application. Here, digested sludge was taken prior to transfer to IRWPCF. Sludge 

samples (0.25 L) were centrifuged at 13,600 RCF for 30 minutes.  The supernatant was 

either discarded or processed as a liquid sample (Section 2.8). A fraction of the solid 

pellet was oven-dried at 50 
o
C overnight. Both the wet and dried sludge pellets were 
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extracted in either methanol or hexane:acetone (1:1) via microwave-assisted extraction 

(Section 2.10). The solid-free solvent was collected, dried completely, and redissolved in 

5 mL of methanol. Next, the methanol solution was diluted to 500 mL in Nanopure water 

for C-18 adsorption/elution, etc. In most cases, elution involved fractionation in a 

stepwise methanol gradient (Section 2.8). 

 

2.10 Microwave-Assisted Extraction 

Organics were separated from field samples and sludges obtained from the Roger 

Road WTP via a microwave-assisted extraction (MAE) procedure.  Five to 10 grams of 

sludge were dried ground to a fine powder, and suspended in either methanol or 

hexane:acetone (1:1). The suspensions were transferred to PTFE-lined microwave 

vessels.  Extractions were performed in a CEM MDS 2100 microwave unit at constant 

pressure (20 psig) for 30 minutes. 

 

2.11  Thyroid Hormone Concentration Equivalence Calculation 

Triiodothyronine equivalence (T3 EQ) was calculated using a lowest detection 

limit (LDL) method.  The LDL of T3 was the concentration at which light induction was 

significantly above the background (negative control) (95% confidence level) using a 

one-tailed Student’s T-test.  Environmental samples were provided a ‘sample dilution 

factor’ (Equation 2.10.2) at which induced light was significantly above background.  

The relative light units of the negative control were obtained from transfected cells not 
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exposed to the ligand or extract.  Results were converted to equivalent concentrations of 

T3 as follows: 

 

( )
sample

T

LDL

LDL
MEQT 3

3 =    (Equation 2.10.1) 

where 

LDLT3 = Lowest detection limit of T3 as calculated by Student’s T-test. 

LDLsample = Sample Dilution Factor where fold induction is significantly different 

from background as calculated by Student’s T-test (n = 3). 

 

The Sample Dilution Factor was defined as: 

 









×







=

Factor

ionConcentrat

Fraction

VolumeSample
FactorDilutionSample  (Equation 2.10.2) 

where  

Sample Volume Fraction =  Amount of sample in the dilution series 

Concentration Factor = Amount by which the sample was concentrated during 

extraction steps – normally 10
3
. 

 

2.12 Toxicity Level Calculation 

 Toxicity in wastewater samples was calculated by comparing the optical density 

(λ = 630 nm) of the sample to the control at each ‘Sample Volume Fraction’ (SVF) using 

a one-tailed Student’s T-test (n = 6).  Absorbance values were obtained from the β-
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galactosidase activity assay (Section 2.7).  The control consisted of cells grown in the 

media above because it was the solution used to resuspend all the samples. 
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3.0 LUCIFERASE BIOASSAY METHOD DEVELOPMENT 

 

 

3.1  Light Intensity Measurements Over Time 

 Luciferase bioassay procedures were established prior to development of thyroid 

assay procedures (transfection, sample dilution) or environmental studies.  In order to 

express luciferase enzymes, HepG2 cells were transfected with the DR4-Luc/TRβ1 

plasmids and exposed to 1 µM T3.  When the luciferase reagent (see Figure 1.12.1) was 

added to the lysed HepG2 cell extract, light was produced and measured in relative light 

units (RLU) (Figure 3.1.1; see also Figure 1.12.1).  Here, relative light units were 

measured at 0.5 second intervals for 20 minutes following luciferase reagent addition.  

Values increased rapidly in the first seven seconds, reaching an initial steady level 

between 10 seconds and one minute.  Following the initial steady condition, light 

intensity continued to increase for three additional minutes before reaching a maximum 

value.  Light production then decreased linearly over the remainder of the 20-minute 

study.   In order to read all the 60 wells of the plate, a time when there was no change in 

luminescence over time was selected to measure luminescence.  Based on this, relative 

luminescence could be measured either during optimal light production at about three 

minutes or during the steady luminescence period between 10 seconds and one minute.  

In order to read an entire assay that may consist of over 10 plates, a time between 10 

seconds and a minute was selected in order to read all plates in a timely manner.  

Therefore, a time of 12 seconds after reagent addition was selected to measure 

luminescence.  
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Figure 3.1.1. Light Intensity Measurement of Lysed HepG2 Cell Extract.  The 

measurements were made after the luciferase reagent was added to the cell extract. 

Relative light units is the quantity measured by the amount of light produced by the 

reaction. 

 

 

3.2  Comparison of Reporter Gene Systems 

Two luciferase reporter plasmids, one containing the enhancer DR4 and the other 

without enhancer, were transfected with the full length TRβ1 in HepG2 cells, exposed to 

1 µM T3 and measured for luminescence per above (Table 3.2.1). Each reporter plasmid 

contained the Simian Virus 40 (SV40) promoter.  The degree of T3-dependent induction 

of luciferase was calculated relative to luciferase activity in cells that were transfected but 

not exposed to T3.  The fold induction was 5.3 when the reporter plasmid contained the 

enhancer DR4. 
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Table 3.2.1. Performance of Luciferase Reporter Plasmids driven by DR4 and TRβ1. 

RLU = Relative Light Units. 

Enhancer Promoter Receptor Ligand RLU 

Fold 

Induction 

None SV40 TRβ1  36.37  

None SV40 TRβ1 T3 24.09 0.7 

DR4 SV40 TRβ1  36.38  

DR4 SV40 TRβ1 T3 192.3 5.3 

 

 

Four individual reporter plasmids each containing the enhancer Gal4 with 

different promoters were co-transfected with the chimeric thyroid hormone receptor, 

Gal4-TRβ1, in HepG2 cells and exposed to 1 µM T3. Among these systems, the reporter 

plasmid containing the promoter CMV elicited the greatest fold induction (110x) 

followed by the system containing the alcohol dehydrogenase (ADH) promoter (Table 

3.2.2).  The reporter system containing the SV40 promoter had the smallest fold 

induction.  HepG2 cells co-transfected with either TRβ1 or Gal4-TRβ1 and reporter 

vectors containing the SV40 promoter without enhancers produced greater RLU values 

when no ligand was present.  

 

Table 3.2.2. Performance of Gal4 and the Receptor Gal4-TRβ1. 

Enhancer Promoter Receptor Ligand RLU Fold Induction 

None SV40 Gal4-TRβ1  18.15  

None SV40 Gal4-TRβ1 T3 11.5 0.6 

Gal4 ADH Gal4-TRβ1  0.659  

Gal4 ADH Gal4-TRβ1 T3 45.52 69.1 

Gal4 SV40 Gal4-TRβ1  9.11  

Gal4 SV40 Gal4-TRβ1 T3 364.9 40.1 

Gal4 CMV Gal4-TRβ1  2.352  

Gal4 CMV Gal4-TRβ1 T3 258.7 110.0 
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While the data provided insight on the response strengths of the reporter systems 

to T3, the lowest limit of detection was not known.  Therefore, a dose-response analysis 

was performed to determine the effect of reporter system selection on sensitivity to T3.   

The Gal4-Luc/Gal4-TRβ1 reporter system containing the CMV reporter was selected for 

the dose-response comparison as it provided the greatest fold induction.  HepG2 cells 

were separately co-transfected with either the (i) DR4-Luc/TRβ1 or (ii) Gal4-Luc/Gal4-

TRβ1 reporter system to compare the sensitivities to T3 (Figure 3.2.1).   Because the fold 

inductions of each system significantly differed, response was normalized based on the 

largest fold induction observed in each system to facilitate comparison. The lowest 

detection limit for DR4-Luc/TRβ1 to T3 was on the order of 10
-10

 M. The LDL for Gal4-

Luc/Gal4-TRβ1 was about an order of magnitude higher.  
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Figure 3.2.1. Response of HepG2 cells transfected with the DR4-Luc/TRβ1 and 

Gal4-Luc/Gal4-TRβ1 reporter systems to T3.  The LDL for DR4-Luc/TRβ1 to T3 was on 

the order of 10
-10

 M while it was an order of magnitude higher for the Gal4-Luc/Gal4-

TRβ1 system.  (n=6) 
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3.3  Comparison of Cells and Reporter Systems 

The responsiveness of each cell line transfected with (i) the DR4-Luc/TRβ1 or (ii) 

Gal4-Luc/Gal4-TRβ1 reporter system was also established using T3 and a series of 

thyroid hormone analogs. The order of sensitivity to T3/hormone analogs for both cell 

lines with the DR4-Luc/TRβ1 reporter gene system was T3, TRIAC>CGS>DITPA, and 

the sensitivities of each cell line were qualitatively similar (Figure 3.3.1). The LDL of 

HepG2 cells with DR4-Luc/TRβ1 to T3 and TRIAC was 2.3 x 10
-10

 M while the LDLs of 

TE671 cells to the same compounds were 1.1 x 10
-10

 M and 3.3 x 10
-10

 M, respectively 

(Table 3.3.1). In each case, cells were about two orders of magnitude more sensitive to 

T3/TRIAC than to DITPA. 
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(B) 

Figure 3.3.1. Response of DR4/TRβ1-Transfected Cells.  HepG2 (A) and TE671 (B) cells 

responded to thyroid hormones with the order of sensitivity as to T3, 

TRIAC>CGS>DITPA. 
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Table 3.3.1. LDLs of Thyroid Hormones in DR4-Luc/TRβ1-Transfected Cells.    

Compound HepG2 Cells 

Molar Concentration 

TE671 Cells 

Molar Concentration 

T3 2.3 x 10
-10

 1.1 x 10
-10

 

CGS 1.2 x 10
-9

 3.0 x 10
-9

 

Triac 2.3 x 10
-10

 3.3 x 10
-10

 

DITPA 2.9 x 10
-8

 8.0 x 10
-8

 

 

When the HepG2 and TE671 cells were co-transfected with Gal4-Luc and Gal4-

TRβ1, both plasmid sets were again most sensitive to TRIAC and T3 and least sensitive 

to DITPA (Figure 3.3.2).  Again, responses of the two transfected cell lines were 

qualitatively similar.   

Two important differences between hormone/analog-induced responses by the (i) 

DR4-Luc/TRβ1 and (ii) Gal4-Luc/Gal4-TRβ1 reporter gene systems were observed.  

Most obvious was the very large increase in fold induction in the chimeric-receptor 

reporter gene systems.  Error, however, was magnified to a similar degree suggesting that 

sensitivities based on signal-to-noise criteria were similar in these systems.  In fact, the 

LDL of HepG2 cells with (i) DR4-Luc/TRβ1 plasmids and (ii) Gal4-Luc/Gal4-TRβ1 

plasmids to T3 were the same (Table 3.3.1 and 3.3.2). 
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Figure 3.3.2.  Response of Gal4-Luc/Gal4-TRβ1 -Transfected Cells.  The HepG2 (A) and 

TE671 (B) cells were again most sensitive to TRIAC and T3 and least sensitive to 

DITPA. 
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Table 3.3.2. LDLs of Thyroid Hormones in Gal4-Luc/Gal4-TRβ1 -Transfected Cells. 

Compound HepG2 Cells 
Molar Concentration 

TE671 Cells 
Molar Concentration 

T3 2.3 x 10
-10

 1.2 x 10
-9

 

CGS 1.2 x 10
-9

 1.2 x 10
-9

 

Triac 2.3 x 10
-10

 2.3 x 10
-10

 

DITPA 2.9 x 10
-8

 1.4 x 10
-7

 

 

 

3.4  Response of Rat Heart Cells to T3 

Rat heart cells were separately cotransfected with DR4-Luc/TRβ1 or DR4-

Luc/TRα to measure their responsiveness to T3 (Figure 3.4.1).  Hearts cells transfected 

with TRβ1 exhibited greater fold inductions than TRα, although random error was greater 

in the TRβ1 system at higher concentrations.  Despite differences in fold inductions, the 

LDLs were less than a magnitude different, with the TRβ1 LDL at 2.3 x 10
-10

 M and the 

TRα LDL at 1.2 x 10
-9

 M (Table 3.4.1).  The sensitivity achieved with the heart cells was 

equivalent to HepG2 cells transfected with DR4-Luc/TRβ1 reporter system (Figure 

3.3.1A). 
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Figure 3.4.1.  Response of Cultured Rat Heart Cells to T3.  Cells transfected with TRβ1 

exhibited greater fold inductions than TRα, although random error was greater in the 

TRβ1 system at higher concentrations.  Each were co-transfected with the DR4-Luc 

reporter plasmid. 

 

 

Table 3.4.1. Thyroid Receptor Comparison in Rat Heart Cells.  The thyroid hormone, T3, 

was more active when co-transfected with the receptor TRβ1. 

Receptor LDL (M) 

TRβ1 2.3 x 10
-10

 

TRα 1.2 x 10
-9

 

 

 

 

3.5  Cell Selection 

 A decision matrix was set up to select a specific cell line for the majority of the 

thyroid hormone activity measurements in wastewater (Table 3.5.1).  Because their 

responses (LDLs) to the thyroid hormones were similar, use of either reporter system was 

feasible.  The DR4-Luc/TRβ1 reporter system was the preferred choice, however, as the 

luciferase transcriptional and translational mechanisms are physiologically similar to 

what occurs in target cells.  Therefore, this system is considered the natural system.  The 
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DR4-Luc/TRβ1 reporter system involves the use of the direct-repeat system (Figure 

1.4.1), which potentially involves the natural repressor and activator proteins within the 

cells. The chimeric receptor system is still a robust system that involves direct interaction 

of the LBD with thyroid compounds and organics in wastewater. However, the 

knowledge of transcriptional and translational mechanisms is limited.  This system, 

nonetheless, was still used in a few subsequent experiments to compare its performance 

with that of the DR4-Luc/TRβ1 reporter system.   

Among the selection factors considered, ‘sensitivity’ and ‘physiological 

relevance’ were the most important.  Sensitivity was important since the bioassay should 

provide detection limits at concentrations that are physiologically relevant to the most 

sensitive organisms.  As indicated in Tables 3.3.1 and 3.3.2, cell lines provided similar 

LDLs. Therefore, each cell line was given an ‘x’. ‘Physiological relevance’ arises from 

the responsiveness of both liver and brain cells to thyroid hormones. Again, each cell line 

was was each given an ‘x’.  The ‘cost of maintenance’ included the cost of growth media 

and lab materials. HepG2 cells scored higher in this category because that cell line 

required less media and lab materials.  The simplicity of the media was also considered in 

selecting a cell line.  TE671 cell media consisted of five media components while HepG2 

cell media consisted of just two components (Section 2.1).  Therefore, HepG2 cells were 

preferred based on cell media simplicity. The very high growth rate of TE671 cells was 

inconvenient during the four-day bioassay, particularly for practical reasons associated 

with cell transfection.  The Gene Jammer transfection protocol requires approximately 70 

% surface area confluency for optimal efficiency. From visual observations, TE671 cells 
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achieve approximately 100 % confluency just one day after when cells have 50 % 

confluency is measured, which is not ideal for optimal transfections.  Furthermore, 

TE671 cells were passed twice a week compared to once a week for HepG2 cells.  More 

material, demand, time, and exposure resulted from increased frequency of cell passage.  

Finally, HepG2 cells were more robust than TE671 cells during the transfection 

procedures.  TE671 cells experienced high cell death when mixed with the transfection 

reagent.  Overall, HepG2 cells were the more favorable cells to use for subsequent 

thyroid hormone activity analysis, although not for reasons of sensitivity or physiological 

relevance. 

 

Table 3.5.1. Decision Matrix of Cell Selection. An ‘x’ was given to the more favorable 

cells in each of the factors considered. HepG2 cells were the more favorable cells than 

the TE671 cells. 

Factors HepG2 cells TE671 cells 

Sensitivity x x 

Physiological Relevance x x 

Cost of Maintenance x  

Simplicity of Media x  

Growth Rate x  

Cell Robustness x  

TOTAL COUNT 6 2 

 

3.6  Environmental Sample Preparation Protocols; Filtering Effect 

 The primary concern in preparing wastewater samples was bacterial 

contamination coming from the samples themselves.  Filtering the prepared wastewater 

samples to eliminate contamination was considered.  To determine whether filtering 

might decrease thyromimetic responses, filtered and non-filtered solutions of thyroid 

hormone analogs were screened and compared using the HepG2 cells and the DR4-
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Luc/TRβ1 reporter system.  Two solutions each of 1 µM T3, CGS, and Triac were 

prepared in 1 mL of the cell media.  One was filtered through a 0.22 µm filter and the 

other remained unfiltered.  Filtering 1 µM T3 did not attenuate the test response 

significantly (Figure 3.6.1).   Parallel results of CGS (Figure 3.6.2) also did not alter the 

LDL as determined by Student’s T-test (Table 3.6.1).  Despite the similarities in LDLs, 

the filtered CGS sample elicited a lower fold induction.  Fold induction of the filtered 

Triac sample was also lower.  The unfiltered Triac sample also had a lower LDL than the 

corresponding filtered sample.  
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Figure 3.6.1. Response of HepG2 Cells to Filtered and Non-filtered T3. The filtered 

sample was passed through a 0.22 µm filter. 
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Figure 3.6.2. Response of HepG2 Cells to Filtered and Non-filtered CGS. 
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Figure 3.6.3.  Response of HepG2 Cells to Filtered and Non-filtered Triac. 

 

 

 

Table 3.6.1. Filtering Comparison Using Thyroid Hormones. Per Student’s T-Test, 

filtering did not affect T3 and CGS but Triac signals were lost. 

Compound LDL (M) 

T3 – Unfiltered 2.3 x 10
-10

 

T3 – Filtered 2.3 x 10
-10

 

CGS – Unfiltered 5.8 x 10
-9

 

CGS – Filtered 5.8 x 10
-9

 

Triac – Unfiltered 2.3 x 10
-10

 

Triac – Filtered 1.2 x 10
-9

 

 

Filtered and un-filtered wastewater samples were also compared in terms of 

thyroid hormone activity using the DR4-Luc/TRβ1 reporter system.  Two sets of treated 

secondary effluent were filtered, adsorbed on C-18 resin, and sequentially eluted in 20 %, 

40 %, 60 %, 80 %, and 100 % methanol, then dried.  All the C-18 extracts were 

resuspended in cell media, and one set was filtered through a 0.22 µm filter.  The other 

was not filtered (Figures 3.6.4; 3.6.5; 3.6.6; 3.6.7; 3.6.8).  Each unfiltered sample 

produced responses below the negative control luminescence (fold induction < 1.0). 
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However, the confluency of the cells where low fold inductions occurred was very low 

(~30 %) suggesting that extracts were toxic to the cell line.  Of the five filtered fractions, 

the 20 % and 40 % methanol fractions elicited positive responses with LDLs of  

6.4 x 10
-13

 M and 3.2 x 10
-12

 M (T3 equivalent concentration), respectively (Table 3.6.2).  

The 80 % and 100 % fractions showed no positive responses.  Additional results of these 

two fractions also did not show positive responses and were not analyzed in future 

experiments. 

0

0.5

1

1.5

2

2.5

3

3.5

0.001 0.01 0.1 1 10 100 1000

Sample Dilution Factor

F
o

ld
 I
n

d
u

c
ti

o
n

20%-Unfiltered

20%-Filtered

  
Figure 3.6.4. Filtering Comparison of 20 % MeOH Roger Road WTP Secondary 

Effluent. 
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Figure 3.6.5. Filtering Comparison of 40 % MeOH Roger Road WTP Secondary 

Effluent. 
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Figure 3.6.6. Filtering Comparison of 60 % MeOH Roger Road WTP Secondary 

Effluent. 
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Figure 3.6.7. Filtering Comparison of 80 % MeOH Roger Road WTP Secondary 

Effluent. 
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Figure 3.6.8. Filtering Comparison of 100 % MeOH Roger Road WTP Secondary 

Effluent.  
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Table 3.6.2. Filtering Effect Comparison of Roger Road WTP.  Thyroid signals were lost 

in all unfiltered samples, but filtered 20 % and 40 % samples elicited positive responses. 

LDLs were obtained using Student’s T-test.  The LDL of T3 from Table 3.6.1 was used 

since these experiments were conducted simultaneously.  

RRWTP Sample LDL (SDF) T3 EQ (M) 

20 % - Unfiltered ND - 

20 % - Filtered 361.1 6.4 x 10
-13

 

40 % - Unfiltered ND - 

40 % - Filtered 72.2 3.2 x 10
-12

 

60 % - Unfiltered ND - 

60 % - Filtered ND - 

80 % - Unfiltered ND - 

80 % - Filtered ND - 

100 % - Unfiltered ND - 

100 % - Filtered ND - 

SDF = Sample Dilution Factor 

 

It is possible that microbial contamination in the unfiltered samples led to light 

induction values that were well below the control.  Filtering unmasked the actual thyroid 

hormones activity in these samples because bacterial contamination was eliminated, but a 

part of the normal response may have been lost due to adsorption onto the filters. 

Filtering could be the choice of removing contamination.  However, the reduction 

of LDL from filtering Triac brought out the possibility that thyromimetic activity may be 

reduced from filtering.  Therefore, autoclaving of the sample extracts was carried out. 

 

3.7  Autoclave Effect 

Experiments were performed to determine the effect of autoclaving on test 

response to wastewater samples.  Two samples of secondary wastewater effluent were 

filtered, adsorbed on a C-18 resin, and sequentially eluded in 20 %, 40 %, and 60 % 
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methanol, and then dried. Vials containing the dried eluates from one sample were 

autoclaved, and the other set was not autoclaved. The samples were then resuspended in 

cell media and analyzed for thyroid hormone activity (Figures 3.7.1 - 3.7.3).  As observed 

in the filtering comparison above, non-autoclaved samples elicited responses below the 

luminescence signal in the measured activity.  Again, it is probable that bacterial 

contamination was responsible for this reduction. When 100 µL of extract was added to 5 

mL of Luria-Bertani broth and incubated for 20 hours, absorbance (A620) indicated that 

microbial growth had occurred in the non-autoclaved samples (Figure 3.7.4).  
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Figure 3.7.1. Response of HepG2 cells to 20% MeOH Roger Road WTP secondary 

effluent when autoclaved before resuspending with cell media.  
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Figure 3.7.2. Response of HepG2 cells to 40% MeOH Roger Road Secondary Effluent 

when autoclaved before resuspending with cell media. 
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Figure 3.7.3. Response of HepG2 cells to 60 % MeOH Roger Road Secondary Effluent 

when autoclaved before resuspending with cell media. 
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Figure 3.7.4. Presence of Bacteria in Non-Autoclaved Samples.  Absorbance values were 

measured 20 hours after samples were added to LB media. Autoclaved samples showed 

no microbial contamination while turbidity was present in all non-autoclaved samples. 

 

 

The results did not indicate whether autoclaving the samples lowered the full 

thyromimetic response potential. To make this determincation, Nanopure water was 

spiked with 1 µM T3, adsorbed and eluted, dried, and autoclaved prior to resuspension in 

the cell media. The greatest response was by the 60 % methanol fraction followed by 40 

%, and finally by 80 % (Figure 3.7.5). Very little response was observed in the 20 % 

methanol fraction.  Although there were high fold-inductions, the T3 equivalences and 

recoveries were low (Table 3.7.1).  The recovery in the 60 % fraction was 10.6 %. The 

next highest recovery (40 % fraction) was only 1.5 %.  The total recovery (12.6 %) 

indicated that autoclaving the dried eluate may diminish measurable T3 activity by almost 

90 %.  
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Figure 3.7.5. Response of HepG2 cells to Nanopure water spiked with 1 µM T3. The 

water was fractionated; sorbed, eluted and dried; and autoclaved before resuspending in 

the cell media. 

 

 

Table 3.7.1. T3 Recovery in Spiked Autoclaved Nanopure Water. 

Sample LDL (SDF) T3 EQ (M) Recovery (%) 

NP H2O +T3 20% 104.3 2.2 x 10
-12

 0.2 
NP H2O +T3 40% 15.1 1.5 x 10

-11
 1.5 

NP H2O +T3 60% 2.2 1.1 x 10
-10

 10.6 
NP H2O +T3 80% 104.3 2.1 x 10

-12
 0.2 

 TOTAL 2.2 x 10
-11

 12.6 

 

 

Finally, it was hypothesized that the primary source of contamination came during 

the nitrogen-drying step. To prevent contaminating the samples during drying, sterile 

aluminum foil covers on the glass vials containing the samples were left on the vials.  

The needle providing nitrogen gas was sterilized with 70 % ethanol and passed through 

the aluminum foil into the vials. This procedure reduced the possibility of bacterial 

contamination during the drying step.  Samples treated in this manner produced a thyroid 

response that indicated full T3-dependent induction of light intensity (Figure 3.7.6).  Only 
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the 60 % fraction was treated in this manner and analyzed.  Measurement indicated that 

40 % of the original T3 was recovered in this fraction during the preparation steps (Table 

3.7.2).  Measured T3 activity in the autoclaved sample was just 8 % of the spiked level. 
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Figure 3.7.6.  Autoclaved Vs. Non-Autoclaved (Spiked) Nanopure Water.  Water was 

spiked with 1 µM T3 and processed normally.  Non-autoclaved eluates were nitrogen-

dried with the aluminum foil remaining on the glass vials to maintain sterility. 

 

Table 3.7.2. Comparison of T3 Equivalences and Recovery of Autoclaved and Non-

Autoclaved Nanopuare Water spiked with 1 µM T3. SDF = Sample Dilution Factor. 

Sample LDL (SDF) T3 EQ (M) Recovery (%) 

Non-Autoclaved 0.58 4.0 x 10
-10

 40.0 

Autoclaved 2.89 8.0 x 10
-11

 8.0 

 

 A T3 recovery of 40 % is considered low.  However, these experiments were 

conducted with one fraction – 60 %.  In order to elicit a greater recovery, additional 

fractions such as 40 % and 80 % methanol may be needed.  This also suggests that T3 

may be retained on the C-18 disk.  To determine if this is the case, a T3 recovery 

experiment was pursued. 
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3.8  T3 Recovery on C18 Disk 

 An experiment was conducted to determine whether T3 was recovered from the 

C18 disks during the fractionation steps. The purpose of this experiment was to determine 

whether the full thyromimetic potential of the samples can be retained on a single C-18 

cartridge during the adsorption step.  The test was particularly important because T3 is 

less hydrophobic than steroidal hormones, whose recovery via C-18 adsorption/alcohol 

elution has been demonstrated by others.  One liter of Nanopure water containing 1 µM 

T3 was passed through three C18 disks in succession (Figure 3.8.1). Each disk was then 

eluded with 60 % methanol, as this fraction was previously shown to be suitable for T3 

recovery (Figure 3.7.5).  Figure 3.8.1 results suggest that a single adsorption elution step 

recovers approximately 40 % of the T3 (Table 3.8.1).  Although the fractions from the 

second and third C18 disk were positive for thyroid hormone activity, the combined 

recoveries were below 2 %.  It remains possible that at least half of the T3 adsorbed on  

C-18 resins is not recovered during the subsequent elution steps.  More work is necessary 

to confirm this finding. 
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Figure 3.8.1. A solution of 1 µM T3 sequentially passed through three C18 disks and 

eluted with 60 % methanol. Each elution was done with 2 x 10 mL of 60 % methanol. 

 

 

Table 3.8.1. Recovery of T3 from a series of elutions from three separate disks. 

Sample LDL (SDF) T3 EQ (M) Recovery (%) 

1st C18 Disk 0.58 4.0 x 10
-10

 39.7 

2nd C18 Disk 14.4 1.6 x 10
-11

 1.6 

3rd C18 Disk 72.2 3.2 x 10
-12

 0.3 

 Total 4.2 x 10
-10

 41.6 

 

 

3.9  Endogenous β-Galactosidase Activity in HepG2 Cells 

The β-galactosidase activity was employed to measure the toxicity levels in cells 

in response to sample extracts.  HepG2 cells were seeded and transfected as described 

previously (Section 2.7).  Cells were either transfected or not transfected to compare β-

galactosidase activity levels.  The purpose of comparing these two methods was to 

determine whether endogenous β-galactosidase activity can be used to measure chemical 

toxicity in wastewater samples. Expression of β-galactosidase in non-transfected cells 

was called endogenous β-galactosidase.  Assay substrate consisting of 1, 10, and 20 µL of 
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0.5 M CPRG cocktail, as shown in Table 2.7.1, were tested individually in transfected 

and non-transfected cells to determine which condition is better suited for optimal 

absorbance measurements. The scheme of this design experiment is shown in Figure 

2.7.1.  β-galactosidase activity was measured in control HepG2 cells transfected with the 

pSV-β-gal plasmid and exposed to 1 µM T3 (Figure 3.9.1).  After one hour of reaction, 

the transfected cell extract that was mixed with 20 µL of CPRG cocktail provided the 

highest β-galactosidase-dependent response (Figure 3.9.1A).   

After twenty hours of reaction, the two transfected cell extracts mixed with 20 µL 

and 10 µL CPRG equally produced the greatest response, followed by transfected cell 

extracts exposed to 1 µL CPRG (Figure 3.9.1B).  Absorbance (A550) was substantially 

higher in the 20-hour reaction than the one hour of reaction.  Non-transfected cell extract 

exposed to substrate containing either 20 or 10 µL CPRG solutions had similar 

absorbance values after 20 hours of reaction.  Absorbance values of non-transfected cells 

exposed to 10 and 20 µL CPRG increased from one hour to 20 hours of reaction, 

indicating that β-galactosidase is expressed endogenously.  This provided an opportunity 

to not transfect cells to measure toxicity. 

A standard protocol for assay substrate was selected.  Among the three conditions 

in Table 2.7.1, addition of 20 µL of the CPRG cocktail was excluded.  Although 

transfected cell extract exposed to 20 µL CPRG cocktail achieved the highest absorbance 

values attained over the 20-hour test period, this condition was removed to avoid using a 

large amount of CPRG in the experiments.  On the other hand, the 1 µL of CPRG 

cocktail addition produced a response that was too low for reliable quantification, 
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therefore this condition was also excluded.  Therefore, a volume addition of 10 µL of 

CPRG (Table 3.9.1) was selected for further experiments.  Although a decision could be 

made to determine whether cells should be transfected or not to indicate toxicity, 

additional experiments were conducted to compare the two conditions.  Therefore, cells’ 

endogenous β-galactosidase enzymes or expression of the transfected pSV-β-gal plasmid 

to indicate toxicity in culture exposed to wastewater extracts were pursued. 
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Figure 3.9.1.  Beta-Galactosidase Detection in HepG2 Cells.  Absorbance values were 

measured after mixing HepG2 cell extract exposed to 1 µM T3 with assay substrate 

containing various volumes of 0.5 M CPRG mixture (Table 2.7.1).  Non-transfected cells 

demonstrated increased absorbance values, indicating a presence of endogenous β-

galactosidase activity in the cells.  Absorbance range (y-axis) in (A) were placed the 

same as (B) to directly compare the absorbance levels of the two graphs. 
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Table 3.9.1.  Finalized Assay Substrate Formula for β-Galactosidase Activity. 

Component Quantity 

5x Z-Buffer 200 µL 

0.5 M CPRG 10 µL 

β-mercaptoethanol 1.4 µL 

double de-ionized water 790 µL 

 

 

 HepG2 cells were seeded, transfected, exposed to municipal secondary effluent, 

and were lysed for the β-galactosidase activity assay.  Cells were either transfected or not 

transfected to compare β-galactosidase activity levels.  Municipal Secondary effluent 

produced a dose dependent effect on β-galactosidase expression in HepG2 cells 

transfected with the pSV-β-gal plasmid (Figure 3.9.2A).  Absorbance values measured 

immediately and one hour after CPRG addition did not produce significant differences.  

Measurements taken immediately after CPRG addition served as a base of comparison to 

other measurements taken at different times.  Both responses were too low for reliable 

measurement.  Over 20 hours, A550 increased at the lowest ‘sample volume fraction’ but 

essentially no increase was observed in the higher fractions.  Clearly, the 20-hour period 

for color development was necessary for test accuracy.  A control experiment with 

Nanopure (NP) water produced similar results in that the immediate and one-hour 

measurements were to low to be useful (Figure 3.9.2B).  However, results after 20 hours 

were independent of sample volume fraction.  These two sets of results were repeated in 

cells not transfected with the pSV-β-gal plasmid (Figure 3.9.3).  The wastewater and NP 

water results produced a similar pattern but with a lesser degree of response (A550) after 

all times.  Higher absorbance values achieved in 20 hours in both wastewater and 
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Nanopure water samples show that endogenous β-galactosidase activity is present in non-

transfected cells – perhaps enough to support measurement of sample-related toxicity. 

 In both transfected and non-transfected cells exposed to wastewater, absorbance 

values were essentially at background at the two highest volume fractions tested.  Also, 

absorbance values measured with Nanopure water (transfected and non-transfected) were 

independent of the fractional water volume tested (up to 0.3). 
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Figure 3.9.2.  Beta-Galactosidase Activity Detection in Transfected HepG2 Cells.  Times 

represent when absorbance was measured after CPRG was added to the cell extracts.  β-

galactosidase activity, in the form of absorbance, was measured after mixing HepG2 cell 

extract exposed to serial-diluted samples of either wastewater (A) or nano-pure (B) water. 
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Figure 3.9.3. Beta-Galactosidase Activity Detection in Non-Transfected HepG2 Cells.  

Beta-Galactosidase activity was present in non-transfected cells in the presence of either 

wastewater or nano-pure water 20 hours after CPRG was added.  However, β-

galactosidase activity in the two highest ‘sample volume fraction’ of wastewater was 

equivalent to background, suggesting there were no cells viable enough to express β-

galactosidase enzymes. 
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3.10  Discussion 

HepG2 and TE671 cells both responded to T3, Triac, CGS, and DITPA following 

transfection with either DR4-Luc/TRβ1 or Gal4-Luc/Gal4-TRβ1.  The positive responses 

by the DR4-Luc/TRβ1 system confirm that the luciferase gene transcription and 

translation by the cells is mediated by the natural thyroid receptor, TRβ1. Transcriptional 

activity of the receptor is possible after receptor binding to T3 or other thyroid hormone-

like compounds (Brent, 1994).  Furthermore, luciferase expression in the Gal4-Luc/Gal4-

TRβ1 reporter systems confirms that the receptor activation occurs through the ligand 

binding domain.  This is possible because the chimeric receptor Gal4-TRβ1 contains the 

ligand binding domain of the TRβ1.  The LBD is critical in the receptor’s ability to 

mediate transcription (Yen, 2001). 

Rat heart cells also proved to be responsive to T3 when transfected with the TRβ1 

or TRα receptor. Although the receptors produced similar LDLs, TRβ1 produced the 

higher fold induction and was more sensitive to T3 than the TRα receptor.  Positive 

responses have been reported with rat heart cells when exposed to thyroid hormones 

(Kahaly et al., 2005). The heart is a target organ; rat heart cells may provide an ideal test 

vehicle.  However, harvesting and preparing these cells were substantially more labor 

intensive than HepG2 and TE671 cells.  Heart cells do not replicate in vitro, therefore, 

they must be harvested from rats each time a bioassay is conducted. Although secondary 

effluent was analyzed utilizing rat cells, additional work was not pursued (use of this cell 

type was at least temporarily abandoned).  
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Filtering T3 did not have significant effects on sensitivity and fold induction.  

However, these two properties were lower in the filtered Triac samples.  Triac may 

adsorb on the filter during the filtering process.  The LDLs of both CGS samples were 

equivalent although the fold induction of the filtered sample was much lower.  These 

results are important because wastewater samples may contain compounds with sorptive 

properties similar to Triac; potential thyromimetic signals would be partially lost during 

sample filtration.  If wastewater samples are filtered, some attenuation in sensitivity may 

occur.  The most important reason for filtering was to remove bacterial contamination 

from the wastewater samples.  Although positive responses were not obtained in the 

filtered 60 %, 80 %, and 100 % methanol fractions, each had fold inductions of one 

suggesting that cells were still viable and free of bacterial contamination. 

In addition to potential attenuation of test response through filtering, physical 

passage of the entire resuspended wastewater sample through the filter was often 

impossible. Although the 20 % and 40 % fractions generally elicited positive responses in 

wastewater samples, they also usually contained the most particulate material. 

Approximately 50 % of the volume placed on the filter was unable to pass through. 

Therefore, some sample volume was lost during this step.  It is possible that microbial 

contamination in the unfiltered samples led to light induction values that were well below 

the control.  Filtering unmasked the actual thyroid hormones activity in these samples 

because bacterial contamination was eliminated, but a part of the normal response may 

have been lost due to adsorption onto the filters.   
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Autoclaving the samples also should have eliminated microbial contamination.  

All autoclaved samples were sterile, and the (normally) non-responsive 60 % methanol 

fraction exhibited light inductions very similar to background (Figure 3.7.3).  

Spike/recovery experiments, however, indicated that only 12.6 % (all fractions 

combined) of the spiked T3 was recovered after autoclaving (Table 3.7.1). This suggests 

that T3 is either destroyed in the autoclave step or is not being fully eluted off the C18 

disk.   

Comparison values of T3 recoveries of non-autoclaved and autoclaved samples 

point out that autoclaving the extracts containing the 60 % fraction recovers only 8.0 % 

of the thyroid hormone activity (Table 3.7.2).  Only 40 % of the T3 spiked in Nanopure 

water was recovered in the non-autoclaved step when eluded with 60 % methanol, 

suggesting that a single recovery step is not adequate for T3 elution from the C-18 disk.  

This hypothesis was supported in part by a spike/recovery experiment in the vast majority 

of the spiked T3 was adsorbed on the first C-18 disk.  Very little is passed through with 

the solution to a second disk. 

 Based on these results, a procedure for environmental samples was adopted.  

Filtering could not be part of the procedure because some compounds with properties 

similar to Triac may be removed. As the results from the autoclaving experiments have 

demonstrated, a significant portion of the T3 was not recovered when the dried eluates 

were autoclaved. 
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Figure 3.10.1. Final Procedure for Preparing Liquid Environmental Samples.  This 

procedure was established based from results obtained from the filtering and autoclaving 

experiments. 

  

In the β-galactosidase activity (toxicity) assay, absorbance values (A530) did not 

increase over the first hour-long exposure to CPRG.  An incubation time of 20 hours was 

sufficient to detect cell dependent absorbance (β-galactosidase activity).  Although there 

was a significant difference in absorbance levels in transfected and non-transfected cell 

extracts, each condition produced the same qualitative outcome.  That is, wastewater 

effluent at high concentrations interfered with β-galactosidase expression in the cells.  

The level of toxicity of the sample was enough to eliminate the mechanism of β-

galactosidase expression in the exposed cells.  The cells’ viability was not quantified via 

other means, but a visual observation of cell confluence showed that there were fewer 

cells attached to the plate surface at the higher wastewater concentrations.  It is concluded 

that the β-galactosidase activity assay provides a useful method for observing toxicity in 

environmental samples such as wastewater.   
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Cells that were not transfected with the pSV-β-Gal plasmid nevertheless 

expressed β-galactosidase endogenously (Figures 3.9.1 and 3.9.3).  This introduced the 

possibility of analyzing β-galactosidase activity without transfecting the cells with the 

pSV-β-Gal plasmid.  Mammalian cells frequently express β-galactosidase enzymes 

(Canestro et al., 2001, Rosenthal, 1987).  Liver pieces excised from mice constitutively 

express β-galactosidase activity that has also been used to normalize luciferase reporter 

data (Tsai et al., 2001).  Although expression levels were lower than when transfected 

with the bacterial lacZ gene, activity can be measured using the same detection method 

over a longer period.   

The endogenous β-galactosidase activity assay was employed below to indicate 

toxicity in wastewater samples.  When samples produced absorbance values lower than 

controls, the failure was attributed to low expression of β-galactosidase in the presence of 

the sample.  Hence, these samples were considered toxic. 
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4.0  THYROID HORMONE ACTIVITY IN WASTEWATER EFFLUENT 

 

4.1  Thyroid Hormone Activity in Wastewater Effluent, Following Transfection with 

DR4-Luc/TRβ1 

Each of the cell/plasmid transfection combinations was used to measure thyroid 

hormone activity in extracts tested from the RRTWP secondary effluent. Thyroid 

hormone activity was apparent in effluent preparations tested using the DR4-Luc/TRβ1 

reporter system in TE671 and HepG2 cells (Figure 4.1.1). The magnitudes of response 

(fold induction) were higher than that observed in the positive control (T3; Figure L.5). 

Error bars were also similar in magnitude. Toxicity (lower fold induction at higher 

fractional effluent content) was evident at the highest effluent concentration tested using 

the HepG2 cells in both the 20 % and 40 % (v/v) methanol/water eluates.  HepG2 cells 

responses to wastewater effluent were similar in the 20 % and 40 % elution fractions.  

Each fraction produced T3 EQ concentrations of 4.0 x 10
-11

 M (Table 4.1.1). Although it 

is not obvious, the 40 % fraction was more active than the 20 % fraction in the TE671 

cells with a T3 EQ concentration of 4.0 x 10
-11

 M. The additive T3 EQ in HepG2 cells 

with the DR4-Luc/TRβ1 system was the 8.0 x 10
-11

 M or slightly less than in TE671 cells 

(4.8 x 10
-11

 M). 
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Figure 4.1.1. Response of (A) HepG2 and (B) TE671 cells with DR4-Luc/TRβ1 plasmids 

to concentrates derived from RRWTP secondary effluent. Values in the legend indicate 

the percentage methanol (v/v) in mixtures used to create the eluate fractions tested (see 

methods). 

 

 

Table 4.1.1. Lower Detection Limit and T3 EQ of RRWTP effluent using DR4/TRβ1 

plasmids. 

Sample HepG2 Cells 

LDL (SDF) 

HepG2 Cells 

T3 EQ (M) 

TE671 Cells 

LDL (SDF) 

TE671 Cells 

T3 EQ (M) 

20% 5.8 4.0 x10
-11

 28.9 8.0 x 10
-12

 

40% 5.8 4.0 x10
-11

 5.8 4.0 x 10
-11

 

TOTAL  8.0 x10
-11

  4.8 x 10
-11
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4.2  Thyroid Hormone Activity in Wastewater Effluent, Following Transfection with 

Gal4-Luc/Gal4-TRβ1 

HepG2 and TE671 cells transfected with Gal4-Luc and Gal4-TRβ1 responded 

weakly to the RRWTP effluent samples (Figure 4.2.1). Fold induction values were low 

relative to the T3 positive controls (Figures L.7 and L.8). It is possible, although not 

certain, that sample toxicity contributed to the low HepG2 response in the fractions 

derived from the 40% methanol elution. In the HepG2 cells, the 20 % and 40 % were 

similarly active with LDLs of 28.9 (dilution factor; Table 4.2.1). This translates into an 

equivalent T3 concentration of 8.0 x 10
-12

 M in each fraction, or a combined 

concentration of 1.6 x 10
-11

 M. Thus, the additive T3 EQ concentration in TE671 cells in 

wastewater effluent was 3.2 x 10
-12

 M. 
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Figure 4.2.1. Response of (A) HepG2 and (B) TE671 cells with Gal4-Luc/Gal4-TRβ1 

plasmids to concentrates derived from RRWTP secondary effluent. 

 

Table 4.2.1. Lowest Detection Limit and T3 EQ of RRWTP effluent using Gal4-

Luc/Gal4-TRβ1 plasmids. 

Sample HepG2 Cells 

LDL (SDF) 

HepG2 Cells 

T3 EQ (M) 

TE671 Cells 

LDL (SDF) 

TE671 Cells 

T3 EQ (M) 

20% 28.9 8.0 x 10
-12

 144.4 1.6 x 10
-12

 

40% 28.9 8.0 x 10
-12

 144.4 1.6 x 10
-12

 

 TOTAL 1.6 x 10
-11

  3.2 x 10
-12
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4.3  Response of Rat Heart Cells to Wastewater Effluent 

Heart cells transfected with the DR4-Luc/TRβ1 reporter system were examined 

for responsiveness to RRWTP secondary effluent (Figure 4.3.1). Thyroid hormone 

activity was apparent in the 20% methanol fraction.  Fold induction was 2.5. Toxicity 

was evident at the highest concentrations in the 60 % and 80 % methanol fractions. 
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Figure 4.3.1. Response of Heart Cells to Concentrates Derived from RRWTP Secondary 

Effluent.  The cells were co-transfected with the DR4-Luc/TRβ1 system. 

 

4.4  Beta-Galactosidase Toxicity in Ina Road WPCF Effluent 

Thyroid hormone activity was apparent in IRWPCF effluent when tested with the 

DR4-Luc/TRβ1 reporter system in HepG2 cells (Figure 4.4.1).  Results are presented in 

two different ways.  Figure 4.4.1A displays the results as fold induction data.  In Figure 

4.4.1B, data are presented as fold inductions (F.I.) of luciferase activity normalized to 

fold inductions of optical density (A550) to measure color development.  This ratio was 

termed F.I. (LUC/β-gal).  Each set of results is qualitatively similar.  In each graph, the 
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20 % and 40 % fractions elicited a response with the 40 % displaying toxicity at the 

highest sample dilution factor.  The 60 % fraction generated a fold induction lower than 

the control (induction less than one) indicating toxicity.  The fold induction 

measurements in media above were equivalent to the negative control series.  The control 

was measured from transfected cells not exposed to samples.  The β-galactosidase 

activity results indicated toxicity levels in the 60 % fraction (Figure 4.4.2).  The Students 

T-test also revealed toxicity in the 40 % fraction at the sample dilution factor of 1,000.  

No decrease in β-galactosidase activity (toxicity) was apparent in the 20 % fraction.  

 Graphs of the positive control T3 were also used to compare fold induction and 

F.I. (Luc/β-gal) (Figure 4.4.3).  Visual comparison indicates a similar dose-response to T3 

in these cells.  However, error bars were larger in the Luc/β-gal results and the LDL of T3 

was higher in the Luc/β-gal cells (Table 4.4.1).  The LDLs of the 20 % and 40 % 

fractions of Luc/β-gal cells were significantly higher.  The additive thyroid hormone 

activity (T3 equivalences) were therefore different between the two methods = 3.4 x 10
-10

 

M with the Luc system versus 3.3 x 10
-11

 M using the Luc/β-gal method (Table 4.4.2). 
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Figure 4.4.1.  Response of Ina Road WPCF Effluent to HepG2 Cells.  Positive responses 

were revealed in the 20 % and 40 % fractions while 60 % fractions were toxic.  Graphs 

are presented as ‘Fold Induction’ (A) and F.I. (Luc/β-gal) (B) with each producing the 

same visual output.  However, the LDL for Luc/β-gal was higher resulting in a lower T3 

equivalence.  The ‘F.I. (Luc/β-gal)’ is defined as fold inductions of luciferase activity 

normalized to fold inductions of optical density (A550). 
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Figure 4.4.2.  Beta-Galactosidase Activity In Suspensions of HepG2 Cells Exposed to Ina 

Road WPCF Effluent, as Indicated.  Toxicity in the form on absorbance indicated that the 

highest ‘sample volume fraction’ of the 40 % and 60 % fractions were toxic.  
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Figure 4.4.3.  Response of HepG2 cells to the thyroid hormone, T3.  The results are from 

one experiment and indicate a visual similarity in the dose-response curves using either 

method of analysis.  The LDLs from each result were also similar, but error bars were 

larger in the Luc/β-gal result. 

 

Table 4.4.1.  Lowest Detection Limit Comparison of Ina Road WPCF Effluent. The LDL 

of the ‘Luc’ was lower than the Luc/β-gal result.  SDF = Sample Dilution Factor. 

Sample (Luc) (Luc/β-gal) 

T3 1.4 x 10
-10

 M 8.1 x 10
-10

 M 

20 % (SDF) 0.81 144 

40 % (SDF) 0.81 29 
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Table 4.4.2.  Comparison of T3-Equivalences.  The higher LDL obtained using the Luc/β-

gal method of analysis resulted in a lower T3 EQ. 

Sample T3 – EQ (M) 

(Luc) 3.4 x 10
-10

 

(Luc/β-gal) 3.3 x 10
-11

 

 

 

4.5  Matrix Effect in Wastewater 

 Unchlorinated secondary effluent from the Roger Road wastewater treatment 

facility was filtered and spiked with 1 µM T3, then passed through a C18 disk to 

determine whether compounds in the wastewater affect the responsiveness of T3 in 

suspensions of HepG2 cells (Figure 4.5.1).  The samples were prepared using the 

procedures described above (Figure 3.10.1) and screened in HepG2 cultures transfected 

with the Gal4-Luc/Gal4-TRβ1 reporter gene system.  This reporter system was utilized to 

specifically analyze interactions of T3 and wastewater organics with the LBD of the 

TRβ1 receptor.  Positive responses either by wastewater organics or T3 indicated that 

transcriptional activity was acquired only through the LBD.  The 40 % and 60 % 

methanol fractions were most active followed by the 80 % methanol fraction (Figure 

4.5.1).  The 40 % and 60 % fraction each had a T3 recovery of 40 %.  The recovery of T3 

activity in the 80 % fraction was only 8 % (Table 4.5.1).  The overall T3 recovery was 

just above 88 %.  Interestingly, when elution from the C-18 encompassed just a single 

step using 60 % methanol, the total recovery was also 40 % of the spike T3 concentrate 

(Table 3.8.1). 

 



 

 

112

-50

150

350

550

750

950

1150

1350

1550

1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00

Sample Dilution Factor

F
o

ld
 I

n
d

u
c
ti

o
n

WW-20%

WW-40%

WW-60%

WW-80%

WW-100%

 
Figure 4.5.1.  Response of HepG2 cells to Roger Road WTP spiked with 1 µM T3 when 

transfected with the Gal4-Luc/Gal4-TRβ1 reporter gene system. The water sample was 

passed through a C18 extraction disk and sequentially eluted in the methanol solutions 

beginning with 20 % followed by the next higher methanol concentration. 

 

 

Table 4.5.1.  Recovery of T3 when spiked into Roger Road Secondary Effluent. The 

sample was processed as described in Figure 3.10.1 except T3 was spiked after filtering. 

Sample LDL (SDF) T3 EQ (M) Recovery (%) 

WW-20% 14.4 3.2 x 10
-12

 0.3 

WW-40% 0.12 4.0 x 10
-10

 40 

WW-60% 0.12 4.0 x 10
-10

 40 

WW-80% 0.58 8.0 x 10
-11

 8 

WW-100% 14.4 3.2 x 10
-12

 0.3 

 Total 8.9 x 10
-10

 88.6 

 

 

Responses were essentially identical in Nanopure water spiked with T3 at the 

same concentration (Figure 4.5.2). As in Figure 4.5.2, the 40 % and 60 % methanol 

fractions produced the greatest reactions, each retrieving 40 % of the T3 (Table 4.5.1).  A 

lesser amount of T3 was recovered in the 80 % fraction (1.6 %). 
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Figure 4.5.2. Response of HepG2 cells to Nanopure water spiked with 1 µM T3 when 

transfected with the Gal4-Luc/Gal4-TRβ1 reporter gene system. The water was passed 

through a C18 disk before sequentially eluting with methanol solutions starting with 

20%. 

 

Table 4.5.2. Recovery of T3 when spiked into Nanopure Water. 

Sample LDL (SDF) T3 EQ (M) Recovery (%) 

H2O-20% 72.2 6.4 x 10
-13

 0.1 

H2O-40% 0.12 4.0 x 10
-10

 40 

H2O-60% 0.12 4.0 x 10
-10

 40 

H2O-80% 2.9 1.6 x 10
-11

 1.6 

H2O-100% 14.4 3.2 x 10
-12

 0.3 

 Total 8.2 x10
-10

 82.0 

 

 

4.6  Discussion 

 Of the four scenarios (2 cells x 2 reporter systems) tested with wastewater 

efffluent, all of the 20 % and 40 % methanol fractions elicited positive responses.  In each 

of the reporter systems, the 60 % fraction provided no positive response (data not shown).  

Wastewater may contain thyromimetic compounds that are sufficiently hydrophilic to be 

eluted in the 20 % methanol.  This set of results differs from those in a parallel set of 
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experiments by Conroy et al. (2006) that involved estrogenic compounds in wastewater.  

In the estrogen separation experiments, there was no activity in the 20 % fraction.  

Furthermore, there was no thyromimetic response in the 60 % fractions, unlike estrogenic 

compounds where 50 % or 60 % contained the greatest estrogenic activity.  These results 

provide strong evidence that other endocrine disrupting compounds are present in 

addition to the highly studied estrogenic compounds.  The results clearly show that 

thyroid-hormone-like compounds are present in effluent from the Roger Road WTP. 

 In each cell line tested, the DR4-Luc/TRβ1 reporter system produced a higher 

(light) induction than the Gal4-Luc/Gal4-TRβ1 system when wastewater samples were 

analyzed.  However, the Gal4-Luc/Gal4-TRβ1 system produced the greater response 

when pure compounds were screened.  Because the transcription and translation 

mechanisms in the DR4-Luc/TRβ1 reporter system are natural, the transcription factors in 

each cell may more actively induce thyroid hormone dependent responses.  On the other 

hand, the cellular mechanisms that induce transcription of the chimeric Gal4-Luc/Gal4-

TRβ1 system may be lacking in each of the cells.  High magnitude (fold inductions) 

response may be possible because the transcription repressors for the Gal4 are not 

present.  The T3 EQs in all four systems were slightly different but lay within a 

magnitude of each other (Tables 4.1.1 and 4.2.1). The basis of the sensitivities of each 

system is primarily due to compound interaction with the ligand binding domain (LBD) 

of the receptor, which did not vary from one system to another.  

 The β-galactosidase activity values were used to indicate the active mass of cells 

present.  These values indicated toxicity when absorbance values (A550) for the samples 
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were less than that of the control.  In addition, luciferase activity normalized to β-

galactosidase activity reflected the number of active cells present in each well of the 96-

well plate.  Graphs obtained by solely using ‘Luc’ values (such as Figure 4.5.1A) reflect 

toxicity effects when fold inductions are less than one.  However, the active biomass 

cannot be determined as a function of sample dose using this method.  Although the β-

galactosidase activity assay does not directly measure active biomass, such measurements 

can adequately establish the sample-dependent effect on biomass (relative active bioass 

present) via comparison to control data. 

 Results for the positive control T3 using the Luc and Luc/β-gal measurement were 

essentially identical although error bars were larger at the higher concentrations in the 

Luc/β-gal graph.  When β-galactosidase activity was included in the analysis, the LDL of 

T3 was slightly higher at 8.1 x 10
-10

 M.  The LDLs of the IRWPCF, however, differed by 

over an order of magnitude.  This resulted in a one-magnitude difference in T3 

equivalence for the same sample.  From Figure 4.4.1A, it seems unlikely that the LDL is 

actually at the sample dilution factor of 0.81.  Only a minor fold induction in light 

generation increase is evident at that volume fraction.  On the other hand, when β-

galactosidase activity is considered in the calculations, the LDL is at SDF = 29.  This 

calculation seems more realistic.  Therefore, it may be practical to utilize β-galactosidase 

activity calculations when determining T3 equivalences for wastewater samples.  

Results suggest that matrix effects – in this case binding T3 to concentrated 

wastewater organics – play a minimal role in limiting the thyroid hormone-dependent 

response.  This is based on test results when T3 was spiked into wastewater and Nanopure 
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water.  Test responses and T3 recoveries were essentially identical in these cases.  In each 

case response was confined to primarily the 40 % and 60 % (methanol) elution fractions.  

Compounds in wastewater apparently do not affect the test response to T3 in the 

luciferase bioassay.  That is, T3 elutes in the same methanol fractions and produces the 

same cellular reaction whether wastewater components are present or not. 

These results also support the contention that a single elution step (single 

methanol concentration) is insufficient for complete recovery of thyroid hormone 

following sorption to the C18 disk. 
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5.0  THYROID HORMONE ACTIVITY IN WASTEWATER BIOSOLIDS 

 

5.1  Thyroid Hormone Activity in Biosolids 

Thickened and digested sludges from the Roger Road WTP were centrifuged, 

oven-dried, extracted via microwave assisted extraction (MAE), fractionated, and finally 

screened for thyroid transcriptional activity using the DR4-Luc/TRβ1 reporter system 

(Figure 5.1.1). Thirty milliliters of either methanol or hexane/acetone (1:1) were used to 

extract compounds from digested sludge during the MAE process (Figures 5.1.2 and 

5.1.3).  Methanol-derived extracts proved toxic to the HepG2 cells in all the fractions 

(Figure 5.1.2).  The ‘Sample Volume Fraction’ of solids analysis represents the fraction 

of extract by volume in the test wells.  The nitrogen-dried sample extract was 

resuspended in cell growth media (Section 2.8), which allows the first volume fraction to 

be 0.7.  Only the 60 % and 80 % elution fractions were toxic to the HepG2 cells when 

extracts were derived in hexane/acetone (Figure 5.1.3).  The 40 % fraction elicited the 

greatest response in hexane/acetone sludge extracts. 

Thickened sludge again produced positive responses in the 20 % and 40 % 

eluates, while 60 % and 80% methanol fractions were toxic to the cells when extracted 

with hexane/acetone (Figure 5.1.4).  The magnitude of thyroid-hormone-dependent 

response by the HepG2 cells was slightly greater to the thickened sludge extracts than the 

digested sludge extracts. For both types of sludges tested, the 40 % methanol elution 

fraction was the predominant source of thyroid hormone activity.  
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The total T3 EQ concentrations in the digested and thickened sludge were similar, 

in the 10
-11

 mole/gram (dry weight) range (Table 5.1.1).  Results from the 20 % and 40 % 

fractions of each sludge sample were added to obtain these values.  Molar fluxes or T3 

equivalents were also within the same range of 10
-3

 mol/day for the two sludges 

analyzed.  The thickened sludge was again slight higher at 4.6 x 10
-3

 mol/day.   
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Figure 5.1.1.  Biosolid Sample Preparation Procedure. The digested and thickened sludge 

samples were prepared the same way with either methanol or hexane:acetone (1:1) as the 

solvent during the MAE procedure. 
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Figure 5.1.2.  Response of HepG2 cells with DR4-Luc/TRβ1 plasmids to digested sludge 

from the RRWTP when extracted with methanol. The nitrogen-dried solids sample 

extract was resuspended in cell growth media, which allows the first volume fraction to 

be 0.7.   
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Figure 5.1.3.  Response of HepG2 cells with DR4-Luc/TRβ1 plasmids to digested sludge 

from the RRWTP when extracted with hexane/acetone. 
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Figure 5.1.4.  Response of HepG2 cells with DR4-Luc/TRβ1 plasmids to thickened 

sludge from the RRWTP when extracted with hexane/acetone. 

 

Table 5.1.1. T3 Equivalences and Flux of Roger Road Wastewater Treatment Biosolids.  

T3 EQ and Flux values of each responsive fraction were combined for each sludge 

sample. Values were obtained using Student’s T-test.  

RRWTP Sample T3 EQ 

(mol/g) dry 

Flux (mol/day) 

Digested Sludge 4.2 x 10
-11

 1.0 x 10
-3

 

Thickened Sludge 1.6 x 10
-11

 4.6 x 10
-3

 

 

5.2  Fate of Thyroid-Hormone-Dependent Transcriptional Activity during Biosolids 

Preparation 

To understand the fate of the thyromimetic activity during the biosolids 

preparation steps, sludge was spiked with T3 at various stages during sample preparation 

as shown in Figure 5.2.1.  The purpose was to determine whether thyromimetic activity 

was lost in any of the biosolids preparation steps.  Each of these spiked samples was then 

centrifuged, dried to a pellet, microwave-extracted in hexane/acetone, and fractionated. 
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Figure 5.2.1.  Locations of T3 Additions During Biosolid Preparation Process.  

Each spiked location represents one preparation step, therefore producing one set of 

results. The outcome of each spiked experiments is presented in Figures 5.2.2; 5.2.3; 

5.2.5; and 5.2.6.  

 

Sludge solids that were spiked with T3 before centrifuging produced a small 

response (Figure 5.2.2).  It is not known whether the slight response from the 40 % 
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fraction were due to the thyromimetic compounds originally in the sludge or from the 

added T3.  Centrate from the same sample produced a positive response, suggesting that 

T3 partitions primarily to the liquid phase during centrifugation (Figure 5.2.3).  The 

overall recovery of T3 in the liquid phase was 40 % of the spike (Table 5.2.1).  As seen in 

the previous sludge experiments, higher sample volume fractions were apparently toxic to 

the cell line utilized.  To determine the source of the response in the T3-spiked sample, an 

unspiked supernatant sample (Figure 5.2.4) was prepared as previously described (Figure 

5.1.1).  It yielded no positive response, suggesting that T3 addition was responsible for 

thyroid hormone activity in the centrate extract (Figure 5.2.3). 
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Figure 5.2.2. Response of HepG2 cells to solids from sludge spiked with T3 before 

centrifuging. Results are from extracts derived from the sludge pellet. 
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Figure 5.2.3. Response of HepG2 cells to solids of sludge spiked with T3 before 

centrifuging. Results are from extracts derived from the centrate, which was then treated 

as a liquid sample. 
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Figure 5.2.4.  Response of HepG2 cells to unspiked centrate derived from centrifugation 

of the RRWTP sludge sample. 

 

 

A small pellet of wet sludge was spiked with T3 before oven-drying (after 

centrifugation), then extracted, etc., and screened for thyroid-hormone-dependent 
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transcriptional activity (Figure 5.2.5). Although a positive response was obtained in the 

40 % and 60 % fractions, their combined T3 EQ was 3.0 x 10
-7

 mol/g dry weight (Table 

5.2.1) for a T3 recovery of 60 %, indicating that T3 was not entirely recovered.  To 

determine whether oven-drying the sludge pellet attenuated the response, T3 was spiked 

to the sludge pellet after the oven-drying process (Figure 5.2.6).  In the pellet extract, the 

40 % and 60 % fractions were the most active with a combined T3 EQ of 5.1 x 10
-7

 g/mol 

dry weight and 100 % recovery.   
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Figure 5.2.5. Response of HepG2 cells to extract from a sludge pellet that was spiked 

with T3 after centrifuging and before oven-drying. 
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Figure 5.2.6. Response of HepG2 cells to extract from a sludge pellet that was spiked 

with T3 after oven-drying.  

 

 

Table 5.2.1. T3 Equivalences and Recovery of Spiked Sludge Samples. Figure 5.2.1 can 

also be used as reference for the locations along the sample preparation where T3 was 

spiked.  

Spiked Reference Reference T3 EQ (mol/g) dry wt. Total Recovery (%) 

Before centrifuge Figure 5.2.2 & 

5.2.3 

2.0 x 10
-8

 40 

After centrifuge Figure 5.2.5 3.0 x 10
-7

 

 

60 

After oven-drying Figure 5.2.6 5.1 x 10
-7

 100 

 

 

5.3  Molar Fluxes of Liquid and Biosolids in Roger Road WTP 

 Molar fluxes of sludge and liquid samples were examined at the Roger Road 

WTP (Table 5.3.1).  Average flowrates from the month of July 2007 were used to 

calculate the flux values.  An average flow of digested sludge was 191,900 gallons per 

day while the thickened sludge had an average flowrate of 27,800 gallons per day.  The 
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average flowrate of secondary effluent was 21.1 million gallons per day (MGD).  Also, 

the results from Figure 4.1.1A were used because these results were conducted with 

HepG2 cells transfected with the DR4-Luc/TRβ1 reporter system.  Digested sludge had a 

molar flux of 1.0 x 10
-3 

mol/day while the thickened sludge had a slightly higher flux.  

Secondary effluent had a flux of 6.4 x 10
-3

 mol/day. 

 

 

Table 5.3.1. Flux of Roger Road WTP Biosolids.  These results were obtained from Table 

5.1.1 and were obtained using HepG2 cells transfected with the DR4-Luc/TRβ1 reporter 

system. 

RRWTP Sample Flux (mol/day) 

Digested Sludge 1.0 x 10
-3

 

Thickened Sludge 4.6 x 10
-3

 

Secondary Effluent 6.4 x 10
-3

 

 

 

5.4  Discussion 

 In the biosolids preparation process, using methanol to extract from the sludge 

pellet during the microwaving process produced an extract that was too toxic to the cells.  

It seems that methanol is the more efficient solvent, which extracts organics that are 

lethal to the cells.  A 1:1 solution of hexane and acetone was more appropriate.  This 

procedure resulted in extraction of thyromimetic compounds from the pellet.  On that 

basis, it was possible to calculate molar fluxes from the solids handlings processes.  The 

centrate fraction of the spiked sludge contained about 40 % of the added T3 (Table 5.2.1).  

It is difficult to understand why recovery was low considering that 80 % recovery was 
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possible with spiked liquid samples (Tables 4.6.1 and 4.6.2).  Perhaps a larger portion of 

the T3 partitioned into the solids but could not be observed in this test.  Approximately  

40 % of the added T3 was not measured in the spiked solids (Table 5.2.1), possibly due to 

oven-drying the pellet.  When sludge pellets were spiked following oven-drying, the T3 

recovery was a lot higher suggesting that drying the samples at high temperatures 

destroyed or drove off thyroid hormone activity.  Spiking after the microwave process 

was not investigated.  In addition to the sludge handling procedures, perhaps the low 

recoveries were also due to the C18 fractionation step.  Previous T3 spiking experiments 

in clean water have recovered only 40 % of the T3 per fraction (Table 4.5.2).   

Molar fluxes of thyroid hormone activity in the Roger Road WTP were all in the 

~10
-3

 - 10
-2

 mol/day range.  The molar flux in digested sludge was similar to that of 

thickened sludge suggesting that little thyroid hormone activity is removed during 

digestion.  Secondary effluent accounted for a higher flux (~ 6 times greater) of thyroid 

hormone activity than did solids produced at the plant, although not by much.  Results 

suggest that thyroid hormone-like compounds are more likely to partition in the liquid 

phase during wastewater treatment.  The small sludge flowrates and T3 EQ concentration 

values higher than those obtained in the liquid samples accounted for similarity in molar 

fluxes in solids and secondary effluent.  It is probable, however, that some of the thyroid 

hormone activity in sludge samples was lost in the sludge preparation steps (oven-drying, 

microwaving, and fractionation).  Higher recovery of thyroid hormone activity seems 

likely in the processing steps for liquid samples. 
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6.0  ANTI-ANDROGENIC ACTIVITY OF FLUTAMIDE 

 

6.1  Introduction and Background 

Estrogenic, anti-estrogenic, and androgenic activities persist in treated wastewater 

and waters impacted by wastewater discharges (Soto et al, 2004; Bayen et al., 2004).  

Such activities are sometimes represented as equivalent concentrations of 17β-estradiol 

(E2), 17α-ethynylestradiol (EE2) or testosterone (Shappell, 2006).  However, a limited 

amount of data exists regarding the anti-androgenic activity in wastewater.  Here, yeast 

cells (Saccharomyces cerevisiae) containing the human androgen receptor (h-AR) were 

employed to measure testosterone as a positive responder to androgenic activity and 

flutamide was selected as a model antagonist.  The yeast cells (originated from Prof. John 

P. Sumpter of Brunel University, Uxbridge, U.K) also contain the plasmid encoding the 

androgen response element that regulates the lazZ gene, which expresses the β-

galactosidase enzyme.  The cell line was used previously to study androgenic activity in 

wastewater samples (Conroy, 2006).  Flutamide is a known anti-androgen that is used to 

treat prostate cancer by limiting the amount of testosterone absorbed by cancer cells 

(Prostate Cancer Charity, 2006).   

Testosterone is the primary androgen hormone (androgen).  Testosterone is 

synthesized primarily in the testes in males and the ovaries in females.  Small amounts 

are also synthesized in the adrenal glands in both sexes.  Testosterone production in fetal 

humans begins during the sixth week of pregnancy.  Several hormones from different 

glands stimulate the production of testosterone.  In males, the testis senses the presence of 
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two hormones that are secreted from the hypothalamus and pituitary glands, which then 

initiate the production and secretion of testosterone.  Gonadotropin releasing hormone 

(GnRH) is synthesized in the hypothalamus and transported to the pituitary gland.  The 

presence of GnRH stimulates the synthesis and secretion of luteinizing hormone (LH) in 

the pituitary (Figure 6.1.1).  This ultimately leads to the release of testosterone from the 

testes.  The glands and hormones that comprise this system are collectively called the 

HPG axis (hypothalamus, pituitary, gonad axis).  In females, the gonads are ovaries.  The 

hormone cascade of the HPG axis is subject to negative feedback.  That is, both 

testosterone synthesis and release of GnRH and LHs are inhibited when sufficient 

amounts of testosterone are present.  GnRH and LH syntheses are reduced when the 

hypothalamus and pituitary glands sense high levels of testosterone, which lowers the 

production rate of testosterone. 
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Figure 6.1.1. Mechanism of testosterone hormone production/regulation through the HPT 

axis. The hypothalamus and anterior pituitary produce gonadotropin releasing hormones 

(GnRHs) and luteinizing hormones (LHs), respectively, to stimulate the production of 

testosterone. A negative feedback system inhibits further production of GnRHs and LHs 

when sufficient amounts of testosterone are present. 

 

 

 Many of the steroid hormones are derived from cholesterol (Figure 6.1.2).  The 

enzyme P450scc converts cholesterol to pregnenolone, which is the rate-limiting step in 

testosterone synthesis (Brinkmann, 2006).  Other enzymes that are involved are 17α-

hydroxylase, C17, 20-Lyase, 17β-hydroxysteroid dehydrogenase, and 3β-hydroxysteroid 

dehydrogenase.   
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Figure 6.1.2. Testicular Biosynthetic Pathway of Testosterone.  Source: Brinkmann, 

2006. 

 

 

There are two naturally occurring androgens: testosterone and 5α-

dihydrotestosterone (DHT).  After synthesis, testosterone can be metabolized to 5α-

dihydrotestosterone by the enzyme 5α-reductase (Figure 6.1.3).  This metabolism is 

coupled with the conversion of NADPH to NADP
+
.  Each compound has its own specific 

actions.  For instance, DHT is responsible for the development of male gender-specific 

characteristics such facial and body hair.  Testosterone is responsible for maintenance of 

muscle mass, bone strength, and the male reproductive system.   
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Figure 6.1.3. Molecular structures of the active androgen hormones, testosterone and 5α-

dihydrotestosterone.  This metabolism is coupled with the conversion of NADPH to 

NADP
+
. 

 

  

Androgens stimulate transcriptional activity among androgen responsive genes 

(Figure 6.1.4). After crossing the cell envelope of target cells (hypothalamus, pituitary, 

testis), androgens bind to androgen receptors (AR), which are located most commonly in 

the cell nucleus.  Testosterone-AR complexes can either up- or down-regulate target 

genes. Androgen receptors are part of a superfamily of nuclear hormone receptors that 

includes the human progesterone receptor, human glucocorticoid receptor, human 

mineralocorticoid receptor, human estrogen receptors (α and β), thyroid hormone, 

vitamin D and retinoic acid receptors.  What differs from one steroid function from 

another is the ability of receptors to either homo- or hetero-dimerize.  As shown in Figure 

1.4.1, many forms of response elements (or half-sites) exist that dictate the configuration 

of receptors onto the DNA.  Although more than one type of receptor can bind onto the 

same half-site, they may not initiate transcription because of their inability to dimerize 

with the neighboring receptor.  In addition to the half-site sequences, gaps in between the 

half-sites determine which receptors can initiate transcription. 
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Figure 6.1.4. General Mechanism of Androgenic Hormone Response in Target Cells.  

Testosterone or 5α-dihydrotestosterone enters the nucleus.  The androgen binds to the 

androgen receptor to initiate an androgen-receptor mediated transcriptional response. 

 

 

 A variety of androgens are used to treat androgen-related disorders.  Disorders 

associated with androgens cannot be cured but can be treated (NWHRD Health Center, 

2005).  High levels of testosterone in females can be reduced by taking medications such 

as 5α-reductase inhibitors (Figure 6.1.3), which help to reduce testosterone levels.  

Flutamide is another type of medication designed to treat prostate growth and cancer in 

men.  Flutamide (Figure 6.1.5) can bind to the AR but does not mediate positive 

transcriptional responses.  Therefore, it is an androgen antagonist. 
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Figure 6.1.5. Androgenic Hormone Antagonist, Flutamide.  This compound is used to 

treat prostate growth and cancer in men. 

 

 

Levels of androgenic activity in industrial wastewater effluents can be very high – 

e.g. 629 nM (as testosterone) (Blankvoort et al., 2005).  Blankvoort et al. reported other 

androgenic compounds such as methyltestosterone and β-nortestosterone at 4.4 pM and 

1.53 pM, respectively.  Cattle feedlot effluent contains high levels of androgenic activity.  

Exposure results in altered reproductive biology, head morphometrics (fish), and 

decreased testes size in male fish (Orlando et al., 2004).  Female fish exposed to Kraft 

paper mill effluent experienced various forms of masculinization (Parks et al., 2001).  

Samples collected upstream of the Kraft mill did not bind to the hAR nor did they induce 

hAR-mediated transcription.  The Lambro River in Italy containing domestic and 

industrial wastewater effluent and agricultural run-off exhibited anti-androgenic 

properties (Urbatzka et al., 2007). 

The yeast androgen screening (YAS) assay has been utilized to assess various 

environmental samples for androgenic activity (Nishihara et al., 2000; Tran et al., 1996). 

The test cell line expresses the β-galactosidase enzyme in the presence of androgenic 
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compounds such as testosterone (Figure 6.1.6).  Transcription of the lac-Z gene is 

regulated by the androgen response element (ARE) upstream of this gene.  Androgen 

receptors interact with the ARE to activate lac-Z transcription when androgenic ligand 

bind (such as testosterone) to the receptor.  The β-galactosidase product converts 

chlorophenol red-β-D-galactopyranoside (CPRG), which is yellow, to chlorophenol red.  

Thus, androgenic compounds promote expression of β-galactosidase, which can be 

assayed via CPRG conversion.  Color development in the assay medium is measured 

spectrophotometrically (λ = 550 nm). 

 

Lac-ZARE

AR

β-Galactosidase

Ligand 
(Testosterone)

 
Figure 6.1.6. Beta-galactosidase Formation in the Presence of Testosterone.   
 

 

6.2  Research Objectives 

The YAS assay was used to determine the level of androgenic activity of 

testosterone and anti-androgenic activity of flutamide.  One concentration of testosterone 

was combined with a serial-diluted flutamide to determine the concentration to serve as 

an anti-androgenic standard.  This procedure can be used in the future as a positive (anti-
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androgenic) control to quantify anti-androgenic activity in environmental samples such as 

wastewater. 

 

6.3  Materials and Methods 

The preparation of an overnight yeast culture, serial dilutions of the compounds, 

and the addition of CPRG/cyclohexamide solution were performed as previously 

described (Conroy, 2006).  A mixture consisting of 23.8 mL of yeast growth media 

(Table 6.3.1), 0.25 mL of vitamin solution (Table 6.3.2), 63 µL 20 nM CuSO4, 2.5 mL 20 

% glucose, and 0.5 g/L yeast extract (total volume 26.6 mL) was inoculated with a colony 

of yeast expressing the human androgen receptor and was incubated at 32 
o
C overnight.  

The next day, 50 µL volumes of water containing 5 x 10
-7

 M testosterone and 1 x 10
-5

 M 

flutamide dilutions were added to parallel rows of a 96-well plate (VWR) (n = 8).  The 

overnight culture was diluted with growth medium to achieve A620 = 0.133 cm
-1

 and 150 

µL of the diluted culture was added to each well.  After 24 hours for exposure/growth, 50 

µL of a solution containing 6.6 x 10
-4

 M CPRP and 1.4 x 10
-2

 M cycloheximide was 

added to the wells.  Cycloheximide is an inhibitor of protein biosynthesis in eukaryotes 

and prevents further β-galactosidase expression.  Absorbance (A570) was read with a UV-

VIS spectrophotometer microplate reader (Biotek Instruments, Inc) four, five, six, and 24 

hours after the CPRP/cyclohexamide solution was added.  The chlorophenol red 

absorbance peak was established previously (Routledge & Sumpter, 1996).  A570 values 

were corrected for cell-dependent light scattering using 
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630570,570 RAAA f −=  

where  R = ratio of optical density readings in the negative control series at  

λ = 570 and λ  = 630 (A570/A630 in the control series). 

 

Table 6.3.1. Yeast Growth Media. Reference: Routledge & Sumpter, 1996. 

Components Quantity per 1,000 mL 

KH2PO4 13.61 g/L 

(NH4)2SO4 1.98 g/L 

KOH 4.2 g/L 

MgSO4 0.2 g/L 

L-leucine 50 mg/L 

L-histidine 50 mg/L 

Adenine 50 mg/L 

L-arginine 20 mg/L 

L-methionine 20 mg/L 

L-tyrosine 30 mg/L 

L-isoleucine 30 mg/L 

L-lysine 30 mg/L 

L-phenylalanine 25 mg/L 

L-glutamic acid 100 mg/L 

L-valine 150 mg/L 

Lserine 375 mg/L 

L-aspartic acid 110 mg/L 

L-threonine 210 mg/L 

Fe2(SO4)3 1 mL 10mg/12.5mL 

   

 

Table 6.3.2 Components of Vitamin Solution. Reference: Routledge & Sumpter, 1996. 

Components Quantity 

thiamine 8 mg 

pyridoxine 8 mg 

pantothenic acid 8 mg 

inositol 40 mg 

biotin 20 mL 
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A 1.0 M stock solution of testosterone (Sigma-Aldrich) was prepared in pure 

ethanol.  The 1.0 M stock was diluted to 5.0 x 10
-7

 M in water and stored at 2 
o
C.  

Flutamide was prepared at 1.0 x 10
-6

 M in pure ethanol, then diluted to 1.0 x 10
-4

 M in 

water and stored at 2 
o
C.  The highest flutamide concentration was 2.0 x 10

-5
 M when 

diluted in yeast media. The water solubility of this compound is 1.03 x 10
-4

 M at 20 
o
C 

(Miranda et al., 2002).   

 

6.4  Results 

 Exposure to testosterone levels for 24 hours produced a dose dependent response 

(color development) in the test cell line (Figure 6.4.1).  Maximum absorbance values 

were achieved at concentrations ≥ 6.3 nM.  In addition, relatively high absorbance value 

of 0.9 was achieved at the lowest concentration, suggesting that the period selected for 

color development was too long or that cell density was unusually high in wells of the 96-

well plate.  In fact, color development at the lowest testosterone concentration used was 

equivalent to that of the negative (unexposed) cells.  The high absorbance values 

achieved here indicated the CPRG was exposed to the cells too long before measuring the 

absorbance.  Therefore, it was determined the results of Figure 6.4.1 were not valid as a 

positive control response. 
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Figure 6.4.1. Response of Yeast Cells to Testosterone.  The compound CPRG was added 

24 hours before absorbance was measured. 

 

  

In a second experiment, absorbance values at various times after the CPRG was 

added to the cells were measured (Figure 6.4.2).  The purpose of this experiment was to 

determine the most appropriate time to read the absorbance values of the yeast after the 

CPRG was added.  Two and a half hours after CPRG was added, the maximum 

absorbance was achieved at 10
-7

 M. In 4.5 hours, the two highest concentrations achieved 

maximum absorbance. At each of these times, absorbance values at the low 

concentrations were equivalent to the negative control.  The readings at 16 and 24 hours 

yielded maximum absorbance values at 6.3 nM.  Therefore, it was decided that 

absorbance of the cells will be measured at approximately 4.5 hours.  This was because 

the dose-response curve met the criteria of having non-saturated absorbance at the high 

concentrations and background-levels at the lower concentrations. 
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Figure 6.4.2. Time-Dependent Response of Yeast Cells to Testosterone. 

 

Flutamide did not produce an androgenic response in the test cells at 

concentrations up to 1.0 x 10
-5

 M (Figure 6.4.3).  Results in Figure 6.4.3 were obtained in 

5 hours for color development.  Absorbance was also measured after 4 and 6 hours.  

Results obtained in 5 hours were the most suitable. The dose-dependent results at these 

times are summarized in Appendix D.  The LDL of testosterone was 3.1 x 10
-9

 M and an 

EC50 of 1.5 x 10
-8

 M. 
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Figure 6.4.3. Response of Yeast Cells to Testosterone and Flutamide in the YAS 

Bioassay.  Absorbance (A550) was measured five hours after CPRG was added to the 

cells. 

 

 Flutamide elicited an anti-androgenic response in the yeast cells (Figure 6.4.4).  A 

negative control was evaluated in parallel and confirmed the decreasing absorbance with 

concentration was due to primarily to flutamide addition.  An absorbance measurement at 

630 nm indicated that there was no cell toxicity at any of the concentrations media 

(Figure 6.4.5).  The flutamide in similar cultures produced less color than the control at 

1.3 x 10
-6

 M. 



 

 

143

0

0.5

1

1.5

2

2.5

3

1.E-08 1.E-07 1.E-06 1.E-05

Flutamide Concentration [M]

A
b

s
o

rb
a
n

c
e

Flutamide + 20nM Testosterone

NP Water + 20nM Testosterone

 
Figure 6.4.4.  Anti-Androgenic Activity of Flutamide. Flutamide was an anti-androgen at 

1.3 µM. 
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Figure 6.4.5.  Toxicity Measurement of Yeast Cells in Response to Testosterone and 

Flutamide.  A constant absorbance indicates that there were no presence of toxicity in the 

cells. 

 

 

6.5  Discussion 

The yeast cells expressing the human androgen receptor produced β-galactosidase 

in response to testosterone at an unexpectedly high rate.  Saccharomyces cerevisiae used 
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to measure estrogenic activity typically require a 24-hour period for estrogen-dependent 

enzyme expression (Conroy, 2006).  These cells responded to androgen in just 5 hours.  

Finally, flutamide did not produce a positive androgenic response or prove to be toxic to 

the test cell line at concentrations ≤ 2.0 x 10
-5

 M.  Suppression of androgenic response to 

flutamide was apparently due to competitive inhibition of testosterone binding to the h-

AR receptor.  Using the test procedure described here (flutamide inhibition as a control), 

it should be possible to quantify anti-androgenic activity in chemically complex 

environmental samples. 



 

 

145

7.0  PROTEOMIC ANALYSIS OF WASTEWATER EFFLUENT 

 

7.1 Introduction and Background 

Proteomic analysis provides another approach in studying endocrine disruption. 

Although proteomics research is not new, this technology has improved and its use has 

been extended to explore health-related impacts of environmental samples. Proteomics 

enables investigators to look directly at intracellular protein expression after cells are 

treated with target compounds. Unlike genomic analysis, which identifies gene 

differential expression, proteomic analysis measures differential protein expression in 

exposed and unexposed cells. The primary advantage of proteomics lies in the ability to 

examine exposure effects in a large suite of finished proteins, including those that may 

undergo post-translational modification.  

Fluorescent two-dimensional difference gel electrophoresis (2D-DIGE) has been 

utilized to study differences in protein expression of up to two samples in one gel. This is 

possible by utilizing different types of dyes for each sample. The dyes, known as CyDye 

DIGE Fluor minimal dyes (CyDye), fluoresce at their different wavelengths (GE 

Healthcare). Each CyDye has an active N-hydroxysuccinimidyl (NHS) ester group 

attached. (GE Healthcare, Figure 7.1.1). This group allows covalent bonding with lysine 

residues in the proteins to occur at pH 8.5. The amino acid lysine has a single positive 

charge. The covalent attachment of CyDye minimal dyes to the lysine residues allows the 

residue to maintain its positive charge, preventing any change in the protein’s overall 

charge.   
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Figure 7.1.1. CyDye DIGE Fluor Minimal Dye containing an NHS Ester Reactive Group 

Binding to Lysine Residues. This group allows covalent bonding with lysine residues in 

the proteins to occur at pH 8.5. The amino acid lysine has a single positive charge. The 

covalent bonding of CyDye minimal dyes with the lysine residues allows the residue to 

maintain its positive charge, which prevents any change in the protein’s overall charge. 

Adapted from “2-D Electrophoresis Principles and Methods” (GE Healthcare). 

 

 

In 2D-DIGE, proteins are separated in two dimensions based on their isoelectric 

point (pI) and molecular weight.  Separation using isoelectric focusing is possible by 

using an Immobiline DryStrip gel strips (GE Healthcare), which contains immobilized 

pH gradients (IPG) because the pre-set pH-gradient of the gel cannot drift. The strips are 

referred to as IPG strips.  The net charge on proteins is a function of the types of amino 

acids represented in the protein and the pH of the medium. The isoelectric point is the pH 

in the IPG strips at which the protein carries a zero net charge (Figure 7.1.2).  A protein 

will accumulate at this pH in the IPG strip when a strong electric field is applied across 

the strip. Positively charged proteins will migrate towards the cathode, becoming less 

positively charged at the high-pH end of the gel strip.  Negatively charged proteins will 

migrate towards the anode, becoming less negatively charged until it reaches a zero net 

charge. 
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Figure 7.1.2. Isoelectric point of a protein. The isoelectric point, or pI, of a protein 

is the pH where the net charge of the protein is zero. 

 

Proteins separated on the IPG strips are placed on top of a polyacrylamide gel and 

separated in a second dimension based on size exclusion gel electrophoresis (Figure 

7.1.3). The pH gradient gel containing the proteins is placed on top of an SDS-

polyacrylamide gel before initiating SDS-polyacrylamide gel electrophoresis (SDS-

PAGE). A voltage applied to the gel allows the proteins to migrate through the gel such 

that smaller proteins migrate faster than larger proteins. The gel is then illuminated 

scanned at appropriate wavelengths for dye-specific fluorescence.  Spots on the gel 

represent proteins that can be identified by mass spectrometry.  Relative abundances in 

the control/treatment culture can be measured and compared based on relative 

(wavelength dependent) fluorescence in the gel.  That is, analysis of differential protein 

expression is possible by comparing the fluorescence intensities of each CyDye within 

the same spot at different wavelengths.  Mass spectrometry provides partial amino acid 

sequences that can be used for protein identification by comparisons to sequences of 

known proteins.  In most cases, the returned sequences represent 10 % to 15 % of a 
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known amino acid sequence.  Therefore, a positive identification cannot be established 

with one set of results.  To establish a more statistically significant identification, 

additional results are required.  The goal of repeated experiments is to select the same 

spot on the gel and obtain different amino acid sequences of the same originally selected 

protein.   

In some cases, more than one spot will be horizontally adjacent to one another in 

the gel.  If this is the case, these spots may be considered to be one protein.  Their 

molecular weights will be similar, and their horizontal close proximity may be attributed 

to slightly different isoelectric focusing.   This can occur if there are multiple alleles of 

the same protein in the cell.  Transferrin is a big glycoprotein that can have as many as 13 

alleles each having different pIs (Petren et al., 1989).  They are associated with 0 - 2 

ferric ions, each dictating different pIs.  
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Figure 7.1.3. Fluorescence 2-Dimensional Difference Gel Electrophoresis (2D-DIGE). 

Proteins from up to two samples can be analyzed on one gel and separated by its 

isoelectric focusing points and size.  The IPG strip is placed on top of the SDS-PAGE gel 

to separate the proteins by size via electrophoresis. 
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Proteomics has been used to identify multiple proteins that are differentially 

expressed in the breast cancer cells HB4a (Gharbi et al., 2002). Differentially expressed 

proteins have also been identified in anti-estrogen resistant breast cancer cells, T47D-r, 

and compared to the common T47D cell line (Hubert et al., 2004).  

Male NMRI mice were given a single dose (12 mg/kg body weight) of BDE-99 to 

evaluate whether this congener affects brain activity (Alm et al., 2006).  Two regions of 

the mouse brain, the striatum and hippocampus were isolated. A total of 40 protein spots 

from the striatum and 56 protein spots from the hippocampus were altered in the presence 

of BDE-99. Of these spots, 11 from striatum and 10 from hippocampus were selected for 

identification. Proteins identified from the striatium were associated with 

neurodegeneration and neuroplasticity. Proteins identified in the hippocampus were 

involved in metabolism and energy production. 

Here, two-dimensional difference gel electrophoresis was carried out using the 

human breast cancer cells, T47D, that were exposed to concentrates derived from Roger 

Road WTP secondary effluent. The objectives were to obtain reproducible results from 

two gels analyzed in parallel.  This was achieved by comparing levels of up- and down-

regulation among spots present in common on the two gels.  Finally, a number of affected 

spots were selected for protein sequencing and preliminary identification.  

 

7.2 Cells and Media 

T47D cells (ATCC) were grown in 59 cm
2
 tissue culture dishes (VWR) with 

RPMI-1640 media without phenol red (Mediatech, Herndon, VA) and with 5 % fetal 
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bovine serum (Hyclone, Logan, UT).  The T47D cells were maintained in an incubator 

set at 5 % CO2, 80 % relative humidity, and 37 
o
C. 

 

7.3 Passing and Seeding T47D Cells 

At the end of each growth period, the media in each culture dish were removed 

and attached cells were rinsed with 5 mL of PBS buffer.  After removing the PBS buffer, 

1 mL of trypsin (0.25% with EDTA 4Na; Invitrogen, Grand Island, NY) was added to the 

dish, which was then placed in the CO2 incubator for three minutes to detach the cells 

from the dish surface.  Next, PBS buffer was added to each dish and gently mixed with 

the trypsin solution which contained the suspended cells - final volume, 9 mL.  Each 

suspension was then transferred to a 50-mL centrifuge tube.  The suspended cells were 

divided equally between two 50-mL tubes and centrifuged (Dynac Centrifuge Clay 

Adams, Dickinson and Company) 500 RCF for six minutes at room temperature.  The 

centrate was removed and discarded.  The cell pellet was resuspended and gently mixed 

in 10 mL of media containing phenol red.  Finally, the suspensions were combined to 

obtain 20 mL of media containing cells.  Fresh media was added to two Petri-dishes (9 

mL per dish) and two 75 cm
2
 flasks (15 mL per flask). Next, 0.25 mL of the media 

containing cells was added to each dish for growth for the next passage, and 5 mL of 

media containing cells was added to each of the 75 cm
2
 flasks for proteomic analysis.  

The 0.25-mL inoculum was sufficient amount for cell number growth in seven days.  In 

seven days, there were enough cells to start a new assay.  At this point, passage of the 

continuous-grown cultures was complete.  
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7.4 Sample Preparation  

Secondary effluent samples were collected from the Roger Road Wastewater 

Treatment Plant in Tucson, Arizona, and extracted on a C-18 disk.  C18 disks were pre-

conditioned and a liter of sample was added as previously described (Section 2.8).  

Sorbed organics were eluted twice from the disk with 10 mL of pure ethanol. The 

combined eluate (20 mLs) was dried under a steady stream of nitrogen gas and 

redissolved in 1 mL of ethanol to provide a 1,000x concentration factor. 

 

7.5 Sample Exposure 

Twenty-four hours after seeding with T47D cells, the media were removed and 

attached cells were rinsed with PBS buffer.  Next, 10 mL of fresh media without phenol 

red was added to each of the two 75 cm
2
 flasks.  Finally, 10 µL of the 1000x wastewater 

extract (in ethanol) was added to one flask.  The second dish received 10 µL of pure 

ethanol, which served as a negative control.  Thus, the strength of wastewater 

contaminate in the test reactor during the exposed period was equivalent, in theory, to the 

levels in the original wastewater. 

 

7.6 Cell Harvest 

After a 48-hr exposure period, liquid (media and sample) was removed, and the 

attached T47D culture was rinsed with PBS buffer.  After removing the PBS, 5 mL of the 

trypsin solution was added to each flask, and cultures were placed in the incubator for 

three minutes to detach the cells from the surface.  Next, 9 mL of PBS buffer was added 
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to each flask and gently mixed with the trypsin/cell solution.  Suspensions were 

transferred to 50-mL tubes and centrifuged (Dynac Centrifuge Clay Adams, Dickinson & 

Company) at 500 RCF for five minutes at room temperature.  The centrate was aspirated 

away, and the cell pellet was resuspended and gently mixed in 10 mL of PBS buffer.  The 

suspension was centrifuged again at the same speed for five minutes, the centrate was 

again discarded, and the cell pellet was resuspended in 10 mL of PBS buffer.  The cells 

were washed a third time in an identical manner before they were resuspended in 1.5 mL 

of PBS buffer. This solution was transferred to a 1.5-mL microfuge tube, placed inside a 

50-mL centrifuge tube and centrifuged (same conditions) for six minutes.  The centrate 

was discarded, and the cell pellet was stored on ice until processed further. 

 

7.7 Protein Harvest 

Four hundred µL of standard cell lysis buffer (Table 7.9.1) was added to the cell 

pellet, mixed thoroughly, and sonicated (Fisher Sonic Dismembrator Model 300 set at 

30%).  Lysed cells were micro-centrifuged at 14,600 RCF (Eppendorf Centrifuge Model 

5415 D) for 10 minutes at 4 
o
C. Finally, the centrate containing soluble proteins was 

carefully removed and placed in a new microfuge tube.  Samples obtained in this way 

were stored at -80 
o
C, pending analysis. 

 

7.8 Total Protein Measurement 

Sample protein concentrations were determined using the Bradford Method (Bio 

Rad, Hercules, CA).  Samples were diluted in double de-ionized water (ddH2O) (1:29 
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v/v, sample to ddH2O) in borosilicate glass tubes.  A second dilution was prepared at a 

1:9 v/v ratio, first dilution sample to ddH2O.  Next, 100 µL of this solution was added to 

5 mL of Dye (Dye Reagent Concentrate; Bio Rad, Hercules, CA). Approximately 1.5 mL 

of this solution was transferred to a quartz cuvette for measurement of absorbance at 595 

nm (A595) using a Spectronic 20 Genesys (Spectronic Instruments).  A595 values were 

converted to total protein concentration using a standard curve that was prepared using 

known concentrations of bovine serum albumin (BSA) from Bio-Rad. 

 

7.9 2D-DIGE 

Cell extracts containing CyDyes Cy2 and Cy3 were processed for 2D-DIGE 

analysis as described in Figure 7.9.1.  Each of the general steps is described in detail in 

the subsequent sections. Table 7.9.1 describes the buffers and acrylamide gel solution 

used to prepare these extracts. 
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1st Dimension Strip

Rehydrate: 24 hours

1st Dimension Strip
Isoelectric 

Focusing: 20 hours

Apply 500 uL
Bind Silane on
glass plate.

Combine the 2 plates
And pour Acrylamide Gel
in between plates.

+- Add butanol on top of

gel and store 
overnight.

Combine Strip 
and Acrylamide Gel.

Apply voltage for 
protein migration by electrophoresis

through Acrylamide Gel.

-

+

Scan for Cy2 
and Cy3

Day 1

Day 2

Day 3

Day 4

Cell Extract (Negative Control)
+

Cy3

Cell Extract (Wastewater)
+

Cy2

Pick protein spots of interest and

identify via Mass Spectoscopy.
 

 

Figure 7.9.1. 2D-DIGE General Steps for Proteomic Analysis. Each step is described in 

detail in the text. T47D cell extracts (control and treatment cultures) were lysed and 

combined with the two dyes before the 2D-DIGE analysis. The IPG strip was rehydrated 

with cell extract/dye solution prior to separation by isoelectric focusing. The strip was 

then placed on top of a prepared acrylamide gel on the third day and voltage was applied 

to drive the proteins through the gel. On the fourth day, the gel was scanned to identify 

differentially expressed spots. Proteins at spots of interest were identified by mass 

spectrometry. 
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Table 7.9.1. Solution Formulas Used in 2D-DIGE. 

Buffer Ingredients Purpose 

PBS Buffer 1 g Na2HPO4 

0.3 g NaH2PO4 

9 g NaCL 

1 L distilled H2O; pH 7.2 

Washing buffer 

Cell Lysis Buffer 30 mM Tris 

2 M thiourea 

7 M urea 

4% CHAPS (w/v); pH 8.5 

Lyse cells after harvest 

Lysine 10 mM Stops labeling reaction 

of CyDye with sample 

protein extract. 

2X Sample Buffer 7 M urea 

2 M thiourea 

2% CHAPS (w/v) 

2% IPG buffer 

2% DTT (w/v) 

Quenches labeling 

reactions and serves as 

a reducing agent. 

IPG Buffer 2% IPG To enhance protein 

solubility. 

Rehydration Buffer 7 M urea 

2 M thiourea 

4% CHAPS (w/v) 

1% IPG buffer 

To eliminates the 

formation of 

precipitates on the IPG 

strip. 

Bind Silane 8 mL Ethanol 

200 µl Glacial acetic acid 

10 µl Bind-Silane 

1.8 ml dd-H2O 

Allows SDS-PAGE to 

be immobilized; a 

requirement during 

spot picking. 

Acrylamide Gel 93.7 mL Acrylamide/Bis 40% 

75 mL TrisCl 

3 mL 10%  (w/v) SDS 

3 mL 10% (w/v) APS 

413.2 µL 10% (v/v) TEMED 

Used for 2
nd

 dimension 

protein separation via 

electrophoresis. 

SDS Equilibration Buffer 50 mM TrisCL 

6M Urea 

30% (v/v) Glycerol 

2% (w/v) SDS 

trace Bromophenol Blue 

Maintains the 

Immobiline DryStrip 

gel in a pH range 

appropriate for 

electrophoresis. 

SDS Running Buffer 50 mM Tris 

384 mM Glycine 

0.4% (w/v) SDS 

Conductive ions make 

electrical contact 

between gel and the 

anode and cathode 

elements. 
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7.10 First Dimension Gel Strip Rehydration 

Following determination of the protein concentration, the samples were prepared 

to hydrate on a pH-gradient gel IPG strip.  The purpose of hydration is to eliminate the 

formation of precipitates on the IPG strip.  For each sample, 15 µL of lysis buffer and 50 

µg of protein sample were combined in a microfuge tube, gently mixed, centrifuged for 4 

seconds, and incubated on ice for 10 minutes.  Next, 1 µL of Cy2 or Cy3 (GE Healthcare) 

was added to each sample tube, mixed for 4 seconds, centrifuged for 4 seconds, then 

incubated on ice for 30 minutes.  One µL of 10 mM lysine was added to each tube and 

placed in the dark for 10 minutes. The two samples were then combined into one 

microfuge tube.  A volume of 2X sample buffer equal to that of the combined sample was 

then added, mixed, and stored in the dark for 10 minutes.  Five µL of IPG buffer was 

added to the tube and mixed gently.  Rehydration buffer was added to the solution to 

obtain a final volume of 450 µL.  This solution was then added to one of the slots of the 

re-swelling tray (GE Healthcare, Piscataway, NJ).  An Immobiline Dry or IPG Strip (pH 

3-10; GE Healthcare, Piscataway, NJ) was placed on top of the solution with the gel in 

direct contact with the sample solution.  Finally, PlusOne DryStrip Cover Fluid (GE 

Healthcare, Piscataway, NJ) was added on top of the strip and solution to prevent 

evaporation, and strip fluid, etc., were stored 24 hours for rehydration. 

 

7.11 First Dimension Isoelectrofocusing 

After rehydrating the IMM strips, they were carefully placed in a cup loading strip 

holder (Ettan IPGphor II; GE Healthcare, Piscataway, NJ) with the gel side up.  Electrode 
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pads were placed on each end of the IMM strip. Electrodes were firmly placed onto the 

electrode pads before applying approximately 4 mL of PlusOne IMM Dry strip cover 

fluid (GE Healthcare) onto the IMM strip.  A charge (five time-variable voltage stages set 

at: 500 volts (V) for 6 hours; 1,000 V for 6 hours; 8,000 V for 3 hours; 8,000 V for 5 

hours and 10 minutes; and 500 V for 8 hours; was applied to the strip prior to covering 

the loading strip holder for a minimum of 20 hours. 

 

7.12 Gel Casting for 2-D Electrophoresis 

Three days prior to running the two-dimension polyacrylamide gel electrophoresis 

(2-D PAGE), two glass plates (GE Healthcare, Piscataway, NJ) were cleaned with ddH2O 

for electrophoresis.  The following day the glass plate containing side spacers was 

covered with 500 µL of bind silane (GE Healthcare, Piscataway, NJ) (Table 7.9.1) and 

placed in the Air Clean 600 PCR workstation overnight to dry.  One clean flat plate and 

the other containing bind silane were then placed together and acrylamide gel (Table 

7.9.1) was poured into the void between them.  Butanol was added on top of the 

acrylamide gel to prevent exposure to oxygen and enhance polymerization of the 

acrylamide.  A clear plastic wrap was placed over the tray to reduce evaporation of 

butanol.  The gel was left overnight at room temperature for polymerization. 

 

7.13 2-D SDS PAGE 

Following 1-dimension protein separation by isoelectric focusing, the IPG strip 

was carefully placed in 12-in plastic tubes containing caps with the gel side up.  Ten mL 
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of SDS Equilibration Buffer Solution containing 0.05 g dithiothreitol (DTT) was added to 

the tube. The tube was placed on a rocking platform (Model 100; VWR) at Speed 2 for 

10 minutes before the solution was removed.  Next, 10 mL SDS Equilibration Buffer 

Solution containing 0.45 g iodoacetamide was added to the tube, which was placed on the 

rocking platform for 10 additional minutes.  The IPG strip was rinsed with SDS running 

buffer and loaded into the polyacrilamide gel cast.  Care was taken to ensure that contact 

was made between gel and strip.  Agarose sealing solution containing bromophenol blue 

dye was added on top of the IMM strip, and the gel was placed in the Electrophoresis 

Unit tank (Ettan DALTsix; GE Healthcare) containing SDS running buffer.  Voltage (177 

V and 2 W) was applied to the gel, which was permitted to run for a minimum of 20 

hours. Voltage was applied to the gels until the dye reached the bottom. 

 

7.14 Scanning of the Gel Plates 

The gels were removed from the Electrophoresis Unit tank, rinsed with ddH2O 

and immediately scanned for fluorescence detection using a Typhoon 9400 scanner 

(Variable Mode Imager; GE Healthcare, Piscataway, NJ).  Fluorescence from the two 

dyes, Cy2 and Cy3, can be measured simultaneously due to their detection in the either 

the red, green, or blue wavelength ranges.  Scanning setups and spot analysis were 

conducted with DeCyder 2-D Differential Analysis Software.  Spots having a log-volume 

ratio (difference in expression from the control) of less than 2.0 were omitted. Protein 

spots outside of the area of interest of the gel and those illustrating cone-shape depictions 

were also omitted.  Tall cone shapes represent dust in the gel. 
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7.15 Identifying Proteins 

Gels were scanned at the University of Arizona Proteomics Core Facility (Tucson, 

Arizona).  Spots of particular interest were picked off and subjected to spectrometry to 

yield partial sequences of an unknown protein.  Sequences were compared to full 

sequences of known proteins from ProtBase 1.0 database.  Results generally provided 

from 10 % to 15 % homology with sequences of known proteins.  Amino acid sequences 

were also compared to full sequences of known proteins by the “blastx” (Basic 

Alignment Search Tool) feature at the National Center for Biotechnology Informatics 

(NCBI) website (www.ncbi.nlm.nih.gov/blast).  A possible identification to a known 

protein was established when there was a minimum of 10 % similarity to a sequence of a 

known protein.  

 

7.16 Total Protein Measurement 

 Total protein concentrations in cell extracts were determined using a bovine 

serum albumin (BSA) standard curve (Figure 7.16.1).  The protein concentration of the 

cell extract derived from the culture exposed to wastewater effluent was 1.0 µg/µL based 

on two absorbance measurements of the sample. The protein concentration of the control 

cell extract was 0.9 µg/µL.  This was measured before Cy2 was added. 
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Figure 7.16.1. Bovine Serum Albumin Standard to Determine Protein Concentration in 

Cell Extracts. 

 

 

7.17 Gel and Spot Comparisons When Exposed to Wastewater 

Two separate gels containing protein extracts from T47D cells exposed to 

wastewater effluent were scanned (Figure 7.17.1).  Two IPG strips were processed and 

run in parallel using the same cell extract.  The purpose of this was to compare spot 

variations of the two gels.  Green colored spots indicate under-expression while red spots 

represent over-expression of proteins. The pH range on top of the gel represents the 

location of the IPG strip.  In the course of electrophoresis, small proteins migrated more 

quickly through the SDS-PAGE and were located further towards the bottom of the gels 

than larger proteins. 

There were similarities in spot/color distribution and sizes of spots on the two 

gels.  Most obvious is the yellowish spot above the long red spot in the lower left corners 

of the gels (Circle 1).   More spots are present in the top halves of each gel.  Three spots 
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are located in similar locations on the gels (Circle 2) indicating they each migrated 

similarly in the IPG strip and SDS-PAGE.  Three of proteins also migrated similarly 

through the gel (Circle 3) although this was not as obvious. 
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Figure 7.17.1. Gel scans of protein extracts from T47D cells differentially expressed in 

the presence of secondary treated wastewater. Red colored spots represent the dye Cy2, 

which was added to the protein extract from cells exposed to wastewater. Green spots are 

from Cy3, the negative control. 
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The protein spot analyzer software, DeCyder 2D Software, was used to further 

examine spots between the two gels.  Spots with differential expression greater than two-

fold in the treatment versus control culture (either up- or down-regulated) were plotted on 

a histogram that was derived from each sample (Figure 7.17.2).  The x-axis represents the 

log volume ratio, which is defined as a ratio of normalized ‘volumes’ of the same spot 

measured by fluorescence at different wavelengths.  A ‘volume’ is defined as the sum of 

the detected pixel values above background within a spot boundary.  Treated samples 

contained Cy2 (488 nm) while the control contained Cy3 (532 nm).  A log volume ratio 

of 1.0 represents a 10-fold increase.  The right y-axis is the ‘maximum volume’, or the 

highest volume of the same spot detected at different wavelengths (treated and control).  

The number of spots (left y-axis) is the frequency with which those ratios were 

encountered in the gel.  Spots that are right of the right threshold line represent proteins 

that were over-expressed (by 2x or greater) while spots left of the left vertical line were 

under expressed by two-fold or more.  The left y-axis corresponds to the red curve, which 

is the frequency distribution – determined by the DeCyder 2D Software – of the log 

volume ratios.  The blue curve is a normalized model frequency fitted to the spot ratios 

which is also determined by the DeCyder 2D Software. 

In the first gel (Figure 7.17.2A), 381 proteins were “not affected”, and 376 

proteins were “not affected” in the second gel (Table 7.17.1).  Fifty-six proteins were 

under-expressed, and 28 proteins were over-expressed in the first gel while 51 proteins 

were under-expressed and 33 were over-expressed in the second gel. 
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565

467

Threshold

 
(A) 

545

441

 
(B) 

Figure 7.17.2. Histograms of scanned gels. Spots represent proteins and their 

locations are determined by their volume ratios and maximum volume (right y-axis). The 

bell-shaped line represents log volume ratios and number of spots (left y-axis). 
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Table 7.17.1. Number of Protein Spots Affected by Secondary Treated Wastewater. 

 Gel A Gel B 

Decreased 56 (12.0 %) 51 (11.1 %) 

Similar 381 (81.9 %) 376 (81.7 %) 

Increased 28 (6.0 %) 33 (7.2 %) 

 

 

Among the proteins that were differentially expressed, some had extreme 

responses to wastewater.  These spots were used to establish consistencies between the 

two sets of results (Figure 7.17.2), and to identify corresponding spots on the two gels.  

These comparisons were carried out without preliminary identification of the proteins.  In 

addition to these spots, some proteins were randomly selected and compared on the basis 

of their respective volume ratios.  Spots were selected for further analysis/comparison in 

two ways.  First, they were identified in the histograms (Figure 7.17.2) as highly affected 

(over- or under-expressed).  Second, their locations on the gels were compared to 

determine whether or not these highly affected proteins were the same in the two 

experiments.  Locations of the randomly selected spots in the gels were compared as 

well.  Each of the spots was automatically assigned a number by DeCyder 2D and are 

identified on the gels (Figure 7.17.3).  Gels in Figure 7.17.3 are shown without any spot 

fluorescence.  They are, however, the same gels shown using fluorescence in Figure 

7.17.1.  Tables 7.17.2 and 7.17.3 contain fluorescence data for the proteins identified in 

Figure 7.17.3. 
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Figure 7.17.3. Spots identified from the same gel displayed in Figure 7.17.1. The spots 

were selected to compare their protein expression and locations on the gels. 
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Table 7.17.2. Properties of Proteins Identified in Gel A of Figure 7.17.3. 

Spot # Expression Volume 

Ratio 

Max 

Volume 

316 Increased 2.21 7.22e5 

338 Increased 2.55 2.86e5 

340 Increased 2.23 1.82e5 

360 Increased 2.21 4.28e5 

365 Increased 3.01 9.97e5 

366 Increased 3.30 1.05e6 

377 Increased 2.21 9.77e5 

565 Increased 5.11 4.62e6 

578 Decreased -2.57 7.59e4 

467 Increased 13.41 1.58e6 

605 Decreased -3.71 1.31e5 

 

Table 7.17.3. Properties of Proteins Identified in Gel B of Figure 7.17.3. 

Spot # Expression Volume 

Ratio 

Max 

Volume 

294 Increased 2.29 6.87e5 

311 Increased 2.21 2.54e5 

312 Increased 2.08 1.88e5 

334 Increased 2.66 2.57e5 

335 Increased 2.99 1.28e6 

341 Increased 3.00 1.14e6 

348 Increased 2.81 8.13e5 

441 Increased 8.26 1.62e6 

545 Increased 9.39 5.13e6 

564 Decreased -2.20 4.11e4 

600 Decreased -3.08 1.49e5 

  

  

By comparing spot locations on gels, histogram values, and volume ratios on 

different gels, it was possible to match several protein spots on the two gels (Table 

7.17.4).  It was therefore hypothesized that the paired spots are the same proteins.  For 

example, Spot 316 (A) was paired with Spot 294 (B), Spots 338 (A) and 311 (B) were 

paired, etc.   
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Table 7.17.4. Spot Correspondences in the Gels.  This was based on the histogram data 

(Figure 7.17.2) and gel position analysis (Figure 7.17.3). 

Gel A Gel B 

Spot # Volume Ratio Spot # Volume Ratio 

316 2.21 294 2.29 

338 2.55 311 2.21 

340 2.23 312 2.08 

360 2.21 334 2.66 

365 3.01 335 2.99 

366 3.30 341 3.00 

377 2.21 348 2.81 

565 5.11 545 9.39 

578 -2.57 564 -2.20 

467 13.41 441 8.26 

605 -3.71 600 -3.08 

 

 

Finally, the topographies derived by DeCyder 2D for corresponding spots were 

compared to each other (Figures 7.17.4 – 7.17.14). For each spot, two contours are 

displayed. The two topographies represent the same spot, derived from fluorescence at 

different wavelengths. The right side of each figure represents the spot when exposed to 

wastewater effluent (Cy2 dye with an excitation wavelength of 488 nm) while the left 

served as the negative control (Cy3 dye with an excitation wavelength of 532 nm). The 

uppermost spot topographies of Figure 7.17.4, for example, show that Spot 565 was over-

expressed in the presence of wastewater effluent. The lower two topographies of Figure 

7.17.4 show that Spot 545 also was over-expressed in the presence was wastewater. The 

degree of over-expression, or volume ratios, of these spots are shown in Table 7.17.4.  

These two spots also were situated in the same general location on the gel (Figure 

7.17.3). Other spots shown (Figures 7.17.5 – 7.17.14) also offer visual comparisons in 
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which the right side of each topography represents the protein expression in the presence 

of wastewater effluent. 

 

 

 
(A) 

 

 
(B) 

Figure 7.17.4. Topographies of Spots 565 (A) and 545 (B) on Different Gels. Although 

they are on different gels, it was hypothesized that these two spots are of the same 

protein. The right topography represents the protein when wastewater was exposed. A 

contour with a swelling-like topography more on the right than the left indicates that the 

protein was over-expressed. 
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(A) 

 

 
(B) 

Figure 7.17.5. Topographies of Spots 467 (A) and 441 (B) on Different Gels. 

 

 

    
Figure 7.17.6. Topographies of Spots 316 and 294. 

 

 

    
Figure 7.17.7. Topographies of Spots 338 and 311. 
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Figure 7.17.8. Topographies of Spots 340 and 312. 

 

    
Figure 7.17.9. Topographies of Spots 360 and 334. 

 

 

     
Figure 7.17.10. Topographies of Spots 365 and 335. 

 

     
Figure 7.17.11. Topographies of Spots 366 and 341. 

 

  
Figure 7.17.12. Topographies of Spots 377 and 348. 

 

    
Figure 7.17.13. Topographies of Spots 578 and 564. 
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Figure 7.17.14. Topographies of Spots 605 and 600. 

 

7.18  Protein Identification 

In a separate experiment, Roger Road WTP secondary effluent was recollected 

and processed as described above (Section 2.8).  T47D cells were prepared and exposed 

to the processed samples, also as described previously.  The 2D-DIGE preparations steps 

shown in Figure 7.9.1 were then carried out.  Figure 7.18.1 shows the fluorescence scan 

of the processed gel.  Green spots represent proteins that were over-expressed while red 

spots were under-expressed proteins.  This setting was the opposite of what was 

previously used.  As expected from previous results, there were more green spots on the 

top gel than the bottom.  Figure 7.18.2 below is the histogram representing the number of 

proteins affected by wastewater effluent.  Fifty-eight proteins were over-expressed, 66 

proteins were under-expressed, and 300 proteins were not affected by the exposure 

(Table 7.18.1).  Again, the 2x threshold criterion was employed to find over- and under-

expressed proteins. 
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Figure 7.18.1. Fluorescence Scan of Gel of proteins from cell extract exposed to 

wastewater. Green spots represent proteins that were over-expressed while red spots were 

under-expressed proteins. 
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Figure 7.18.2. Histogram of the gel containing proteins from T47D cells exposed to 

wastewater. 

 

Table 7.18.1. Number of Protein Spots Affected by Roger Road WTP Secondary 

Effluent.  Results were obtained from sample and cells preparations separate from the 

comparison study above. 

Decreased 66 (15.6 %) 

Similar 300 (71.1 %) 

Increased 56 (13.3 %) 

 

 

 Among the protein spots affected by wastewater, three spots adjacent to each 

another and two additional spots were selected for protein identification.  Spots 252 and 

242 were among those selected (Figure 7.18.3).  Spots 535, 538, and 539 were considered 

to be one protein (Table 7.18.2) and were therefore combined.  This was done to provide 

a sufficient amount of protein mass for analysis by mass spectrometry.  As described in 
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Section 7.1, more than one spot can be combined as one suspected protein.  Spot 242 was 

over-expressed by a factor of by 2.47 and Spot 252 by 4.3.  The three remaining spots 

increased expression by 2.28, 2.00, and 2.33, respectively.  That is, all spots analyzed 

corresponded to proteins that were over-expressed by at least a factor of 2.0 in the 

presence of the wastewater extract. 

 

pH3 10

Size

small

large

 
Figure 7.18.3.  Locations of the three proteins on the gels selected for protein 

identification. Spots 535, 538, and 539 were considered one protein since their rates of 

travel through the gel were the same with a slightly different isoelectric focusing point. 

 

Table 7.18.2. Differential expressions of three spots selected for protein identification. 

Spot Number Differential Expression 

242 + 2.47 

252 + 4.30 

535, 538, and 539 + 2.29, + 2.00, + 2.33 
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Spot 242 was preliminarily identified as an enolase protein. The returned 

sequences contained 58 amino acids, or 13.4 % of the 434 amino acids of the enolase 

protein, as shown in Figure 7.18.4.  The 58 amino acid sequences identified were 

unevenly distributed over the protein length. The amino acid sequence of enolase is 

portrayed in two ways.  First, it is shown linearly as a long rectangle, which represents 

the amino acids that compose the protein.  The yellow regions in the rectangle present the 

sequences identified by mass spectrometry.  Second, the entire 434 amino acid sequence 

is displayed.  The red letters represent the amino acids that were identified.  Therefore, 

the yellow regions in the upper rectangle correspond to the red-lettered amino acids. 

Spot 252 was identified as the muscle protein actin based on identification of 49 

of its 277, or 17.7 % of the protein, as shown in Figure 7.18.5.  The identified regions 

sequenced by mass spectrometry of this protein were more dispersed than those of the 

enolase protein.  The combined spots of 535, 538, and 539 were not successfully 

identified, therefore the classification was inconclusive. 

 

 

 
MSILKIHARE IFDSRGNPTV EVDLFTSKGL FRAAVPSGAS TGIYEALELR DNDKTRYMGK GVSKAVEHIN KTIAPALVSK KLNVTEQEKI

DKLMIEMDGT ENKSKFGANA ILGVSLAVCK AGAVEKGVPL YRHIADLAGN SEVILPVPAF NVINGGSHAG NKLAMQEFMI LPVGAANFRE

AMRIGAEVYH NLKNVIKEKY GKDATNVGDE GGFAPNILEN KEGLELLKTA IGKAGYTDKV VIGMDVAASE FSRSGKYDLD FKSPDDPSRY

ISPDQLADLY KSFIKDYPVV SIEDPFDQDD WGAWQKFTAS AGIQVVGDDL TVTNPKRIAK AVNEKSCNCL LLKVNQIGSV TESLQACKLA

QANGWGVMVS HRSGETEDTF IADLVVGLCT GQIKTGAPCR SERLAKYNQL LRIEEELGSK AKFAGRNFRN PLAK

 
Figure 7.18.4. Sequence of the protein Enolase as identified with 13.4% of its amino 

acids. Yellow regions represent regions which were identified correlating to the red 

letters of amino acid sequence. 
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MCDDEETTAL VCDNGSGLCK AGFAGDDAPR AVFPSIVGRP RHQGVMVGMG QKDSYVGDEA QSKRGILTLK YPIEHGIITN WDDMEKIWHH

TFYNELRVAP EEHPTLLTEA PLNPKANREK MTQIMFETFN VPAMYVAIQA VLSLYASGRT TGIVLDSGDG VTHNVPIYEG YALPHAIMRL

DLAGRDLTDY LMKILTERGY SFVTTAEREI VRDIKEKLCY VALDFENEMA TAATSSSLEK SYELPDGQVI TIGNERFRCP ETLFQPSFIG

MESAGIHETT YNSIMKCDID IRKDLYANNV LSGGTTMYPG IADRMQKEIT ALAPSTMKIK IIAPPERKYS VWIGGSILAS LSTFQQMWIT

KQEYDEAGPS IVHRKCF

 
Figure 7.18.5. Sequence of the protein Actin as identified with 17.7% of its amino acids. 

Similarly to the Enolase protein, the sequences identified were located at various regions 

of the protein. 

 

 

7.19 Discussion 

 Table 7.17.1, Figure 7.17.2, and Figure 7.17.3 data al suggest that the spots paired 

in Table 7.17.4 represent the same proteins. Table 7.17.1 indicates that the results 

obtained from the two gels are reproducible. That is, the techniques used in preparing the 

protein extracts such as 1-D separation, SDS-PAGE, and all other steps were sufficiently 

similar to produce nearly identical results. The two most obvious spot pairs were 565/545 

and 467/441 (Figure 7.17.2).  They each were situated in the same general location on the 

gels and had similar volume ratios. Furthermore, Figures 7.17.4 and 7.17.5 indicated that 

these spots were the same proteins. 

 Although wastewater contains complex matrix of organics, the same spots or 

proteins in the T47D cells were affected by the wastewater sample in the two exposures.  

However, as Table 7.17.1 shows, over 80 % of the proteins were not affected by the 

exposure of wastewater. However, the analysis suggests that a substantial number of 

proteins are either over- or under-regulated in the presence of wastewater.  More than 

half of the 20 % of affected proteins decreased in expression. 



 

 

178

Paired proteins in Table 7.17.4 were similar in terms of gel location (size and 

isoelectric points), volume ratios, and topographies.  Although this was not confirmed by 

protein identification using mass spectrometry, the similarities observed during the gel 

comparison analysis indicated that the results were reproducible. Spots 565 and 467 in 

gels A and B, respectively, had very high ‘volume ratios’ and ‘maximum volumes’ as 

seen in Figure 7.17.2A.  Spot 467 had the highest over-expression ratio in the first gel 

following exposure to the wastewater extract, and Spot 441 had the greatest over-

expression in the second gel (Figure 7.17.2).  Their respective histograms of Spot 565 

(Gel A) and Spot 545 (Gel B) show that they have relatively high maximum volumes 

(4.62e6 and 5.13e6, respectively) and the general locations on their respective gels were 

the same. 

Spot 467 was located half way up, on the right side of the first gel.  Spot 441 was 

in the same general location on the second gel (Figure 7.17.3).  Histogram data for these 

two proteins were similar, suggesting that the spots represent the same protein.  The 

proteins in both spots were over-expressed by factors of 13.41 (Spot 467) and 8.26 (Spot 

441), respectively.  The topographies of these proteins were visually similar, reinforcing 

the idea that they present the same protein (Figure 7.17.5).  Other spots in Figures 

7.17.2A and 7.17.2B were also paired based on gel locations.  Their volume ratios are 

compared in Table 7.17.4. 

The topographies and volume ratios of Spot 316 in the first gel and 294 in the 

second gel were almost identical.  The physical features, volume ratios, and locations on 

the gel of Spots 338 and 311 were also similar, suggesting that they represent the same 
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protein.  This was also the case for Spots 365 and 335 (Figure 7.17.10).  Contours of 

these two spots appeared to be identical, and their volume ratios were 3.01 and 2.99, 

respectively.  Of the proteins listed in Table 7.17.4, Spots 605 and 600 (Figure 7.17.14) 

were nearly identical in location on the gel (Figure 7.17.3) and each experienced a 

decrease in protein expression following exposure of the wastewater extract (Table 

7.17.4). 

The two proteins identified were enolase and the muscle protein actin. Enolase is 

an enzyme involved in glycolysis and is responsible for converting 2-phosphoglycerate to 

phosphoenolpyruvate, a vital step in converting glucose to pyruvate (Nelson & Cox, 

2000). Actin is part of the contraction processes of muscles as well as the cellular 

cytoskeleton, which helps to maintain cell shape and enables cell motion.  The combined 

spots could not be identified.  This could be due to insufficient mass of the combined 

spots or because they did not represent single proteins, as assumed.  It was hypothesized 

that the spots were of the same protein since they were horizontally adjacent to one other.  

Proteins can also have various isoforms, thus having different pIs.  The actin-binding 

protein, transgelin, has been shown to have various isoforms, each having different pIs 

when separated by Western blot analysis (Yeo et al., 2006).  As indicated earlier, there 

could also be various forms of alleles of a protein within the cells, each having different 

pIs. 

A 13 % and 17 % sequence matches to enolase and actin must be considered only 

a preliminary identification because of the relatively low overall sequence similarities to 

the known proteins.  Protein identifications cannot be considered valid from one 
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experiment.  To strengthen the classification of these proteins, additional experiments are 

required.  In future 2D-DIGE analyses of the same sample, the same spots (Figure 7.18.3) 

should be selected on new gels for mass spectrometry analysis.  The odds that the spots 

are enolase and actin become stronger if additional sequence outcomes are different from 

the first sequence but can be matched within the amino acid sequences of these proteins.   

Essentially, the goal is to gain more red lettered amino acids of the protein sequences of 

Figures 7.18.4 and 7.18.5. 
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8.0 SUMMARY and CONCLUSION 

 

Two in vitro bioassays capable of screening specifically for compounds that 

exhibit thyroid hormone potential were developed.  The suitability of HepG2 and TE671 

cells for in vitro measurement of thyroid hormone activity was examined.  There was no 

significant difference in LDLs of the two cells when one reporter system was compared.  

However, the Gal4-Luc/Gal4-TRβ1 system produced higher fold inductions.  The HepG2 

cells were selected over the TE671 cells for the majority of the experiments due to their 

lower maintenance cost, media simplicity, and their robustness.  Positive responses to 

wastewater samples indicated the presence of compounds capable of interacting with the 

thyroid hormone receptor.  The Roger Road WTP effluent had a T3 equivalent 

concentration of 8.0 x10
-11

 M while the Ina Road WPCF effluent had 3.4 x 10
-10

 M.  

Results also suggest that matrix effects play a minimal role in limiting the thyroid 

hormone-dependent response. 

Filtering does not affect the cell response to T3 but thyromimetic activity was lost 

in the filtered Triac samples.  However, wastewater analysis showed that bacterial 

contamination was removed during filtering.  Autoclaving proved that it can remove 

bacterial contamination but the total T3 recovery indicated that autoclaving the dried 

eluate diminished measurable T3 activity by almost 90 %.  Careful steps during the 

nitrogen drying step eliminated bacterial contamination, thus filtering or autoclaving the 

dried eluate extracts were further avoided. 
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β-galactosidase activity assay provides a useful method for observing toxicity in 

environmental samples such as wastewater.  The endogenous β-galactosidase activity 

assay was employed to indicate toxicity in wastewater samples.  When samples produced 

absorbance values lower than controls, the failure was attributed to low expression of β-

galactosidase in the presence of the sample. 

The molar flux in digested sludge (1.0 x 10
-3 

mol/day) was similar to that of 

thickened sludge (4.6 x 10
-3 

mol/day) suggesting that little thyroid hormone activity is 

removed during digestion.  Secondary effluent (6.4 x 10
-3

 mol/day) accounted for a 

higher flux of thyroid hormone activity than did solids produced at the plant, although not 

by much.  Results suggest that thyroid hormone-like compounds are more likely to 

partition in the liquid phase during wastewater treatment.  The small sludge flowrates and 

T3 EQ concentration values higher than those obtained in the liquid samples accounted 

for similarity in molar fluxes in solids and secondary effluent. 

 Flutamide, a drug used to treat prostate cancer, was shown to be anti-androgenic 

in the yeast cells, Saccharomyces cerevisiae.  The LDL of testosterone was 3.1 x 10
-9

 M 

and EC50 of 1.5 x 10
-8

 M.  Flutamide was anti-androgenic at 1.3 µM. 

In the proteomic analysis, two proteins preliminarily identified were enolase and 

the muscle protein actin. Enolase is an enzyme involved in glycolysis and is responsible 

for converting 2-phosphoglycerate to phosphoenolpyruvate, a vital step in converting 

glucose to pyruvate.  A 13 % and 17 % sequence matches to enolase and actin must be 

considered only a preliminary identification because of the relatively low overall 
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sequence similarities to the known proteins.  To strengthen the classification of these 

proteins, additional experiments are required. 
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APPENDIX A  

LUCIFERASE ASSAY DAY 1: PASSING AND SEEDING CELLS 

 

1. Warm media and trypsin in water bath for ~25 minutes before using. 

2. Look at your cells in the microscope 

a. Ensure there are no bacteria with the cells.  

 b. Record confluency. 

3. When you are placing media and trypsin in the hood wipe off the water from container. 

4. Then, spray paper towel with alcohol and wipe each bottle. 

5. IF YOU ARE PASSING CELLS ONLY  

a. Pass only one dish. 

 b. Remove the other dish to be discarded. 

6. IF YOU ARE SEEDING CELLS 

 a. Process both dishes 

 

Remember:  HepG2 cells use MEM media. 

TE671 cells use D-MEM media. 

TAKE YOUR TIME! 

 

1. Remove media by aspirating. 

2. Add 11 mL PBS buffer to dish. 

a. Discharge the buffer to the sidewall to avoid displacing cells from the surface. 

3. Remove buffer by aspirating. 
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4. Add 1mL trypsin to dish. 

5. Disperse trypsin on the dish by rocking dish. 

6. Place dish in CO2 incubator. 

a. If you are passing TE671, leave in incubator for 5 minutes. 

b. If you are passing HepG2, leave in incubator for 8 minutes. 

7. During incubation, prepare two dishes for next passage. 

a. Do this by writing the type of cells and today’s date. 

b. IF you are seeding cells: 

i. Place glasscover over hemocytometer 

ii. Add 900uL of Trypan-Blue to centrifuge tube. 

8. When you take out of incubator, make sure cells are removed by the dish surface. 

a. You can ensure this by looking up from the bottom and rocking the dish. 

9. Add 11 mL of media to the new dishes. 

10. Add 9 mL of media to dish containing trypsin and cells. 

11. Mix media, cells, and trypsin with pipette.  

a. Pipette up and down slowly to avoid making bubbles. 

12a. IF are you passing cells only (You’ll have only one dish): 

a.   Add 0.5 mL of this solution to the new dishes and go to Step 13 

12b. IF you are also seeding cells (Two dishes): 

b. Add cells from both dishes to one 50mL tube and mix thoroughly.  

c. Add 0.5 mL of this solution to the new dishes. You will use remaining to seed. 

13. Mix cells with the new media by rocking. 
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d. Do not swirl because the cells will not create a homogenous layer. 

14. Place new dishes in CO2 incubator. 

 

Seeding cells: 

 

1. Transfer 100uL of the mixed cells and add it to the 900uL Typan-Blue solution. 

a. Mix by pipetting. 

2. With same pipette tip, transfer a small drop to the very edge of the glass cover on the 

hemocytometer. Do this slowly. 

a. When you place the solution on the edge, the solution should drop 

immediately into the hemocytometer. 

b. Add until entire area is filled. 

c. Repeat on the other side of hemocytometer. 

3. Place the hemocytometer under microscope. 

4. Take any nine squares and count the cells in every other square. For instance, using 

the square below, count squares 1, 3, 5, 7, and 9. Record the number of cells in each 

square. 
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5. Repeat Step 4 in other side of hemocytometer. 

6. Add all the squares (10 total). 

7. Multiply the total by 5,000. 

a. This is your cell density in cells/mL. You can also call this C1. 

8. Calculate the volume of media you will need to seed the cells. 

a. Volume in mL = (# of plates) x (180uL/well) x (96wells/plate) x (1.12) x 

(1/1000). This is V2. 

9. Use the following for final cell density. This is C2. 

a. HepG2: 300,000 cells/mL 

b. TE671: 140,000 cells/mL 

10. Calculate the volume of cells you will need from your stock. This is V1. 

a. V1 = (C2 x V2)/C1 

11. Add the following to a new 50mL tube: 

a. Fresh media. Volume to add: V2-V1 
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b. Media containing the cells: V1 

c. Mix thoroughly by pipetting up and down. 

12. Place the media+cells into a sterile reservoir. 

a. Using multi-channel pipette, add 200uL to the inner wells of the 96 well 

plates. 

13. Place the plates in the CO2 incubator. 
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APPENDIX B 

LUCIFERASE ASSAY DAY 2: TRANSFECTION 

 

For 4 plates or less 

 

Before starting: 

1. Warm Opti-MEM media 

2. Remove plasmids from freezer and allow it to thaw at room temperature 

3. Place Lipofectamine2000 (L2K) in same tray at plasmids 

 

Transfection: 

1. Place the following in hood: 

a. warmed media 

b. thawed L2K 

c. plasmids 

d. waste container 

e. multi-channel pipette (place at 163) 

f. plates containing cells 

g. two 50-uL tubes 

h. sterile 50mL reservoir 

2. Calculate the required volume for the following: 

a. # of wells = (# of plates) x 60 x 1.12 

b. L2K (uL) = (0.56) x (# of wells) 

c. Mass of DNA (ug) = (0.2) x (# of wells) 
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d. Opti-MEM (uL) = (16.3) x (# of wells) 

e. Opti-MEM (mL) = (163) x (# of wells) 

f. Volume of plasmid (uL) = [Mass of DNA (ug)]/(cell yield) 

i. cell yield is written on tube in ug/uL 

3. Label one of the 50-mL tubes as ‘L’ for L2K. 

4. Add Opti-MEM media the volume calculated from 2d to the two 50-mL tubes. 

5. Add L2K the volume calculated in 2b into 50-uL tube labeled ‘L’. 

6. Set and start timer 5 minutes. 

7. During the 5 minutes: 

a. Add volumes of plasmid calculated in 2f to other unlabeled 50-uL tube. 

i. Keep pipet in this unlabeled tube. 

b. Prepare 50mL reservoir. 

c. Transfer Opti-MEM media calculated in 2e into sterile 50mL reservoir. 

8. Transfer the solution containing the plasmid into the tube label ‘L’. 

9. Set and start timer 20 minutes. 

10. During the 20 minutes: 

a. Remove media from cells into waste container using transfer pipette. 

b. Carefully and slowly add 163uL of media into wells. 

c. Repeat Steps a and b for each plate. 

11. Remove any amounts of media left in reservoir with plastic pipette. 

12. Transfer L2K-plasmid solution into reservoir 

13. With new set of pipette tips, carefully and slowly add 32 uL of media into wells. 
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14. Place plates back in incubator. 

15. Put everything away. 

 

For more than 4 plates 

Before starting: 

1. Warm Opti-MEM media 

2. Remove plasmids from freezer and allow it to thaw 

3. Place Lipofectamine2000 (L2K) in same tray at plasmids 

 

Transfection: 

1. Place the following in hood: 

a. warmed media 

b. thawed L2K 

c. plasmids 

d. waste container 

e. multi-channel pipette (place at 163) 

f. plates containing cells 

g. two 50-uL tubes 

h. sterile 50mL reservoir 

2. Calculate the required volume for the following: 

a. # of wells = (# of plates) x 60 x 1.12 

b. L2K (uL) = (0.56) x (# of wells) 
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c. Mass of DNA (ug) = (0.2) x (# of wells) 

d. Opti-MEM (uL) = (16.3) x (# of wells) 

e. Opti-MEM (mL) = (163) x (# of wells) 

f. Volume of plasmid (uL) = [Mass of DNA (ug)]/(cell yield) 

i. cell yield is written on tube in ug/uL 

3. Remove media from cells into waste container using transfer pipette. 

a. Do all but 4 plates. (So if you have 7 plates, do only 3 plates and do the 

other 4 later in Step 13. 

4. Carefully and slowly add 163uL of media into wells. 

5. Repeat Steps a and b for each plate. 

6. Label one of the 50-mL tubes as ‘L’ for L2K. 

7. Add Opti-MEM media the volume calculated from 2d to the two 50-mL tubes. 

8. Add L2K the volume calculated in 2b into 50-uL tube labeled ‘L’. 

9. Set and start timer 5 minutes. 

10. During the 5 minutes: 

a. Add volumes of plasmid calculated in 2f to other unlabeled 50-uL tube. 

i. Keep pipet in this unlabeled tube. 

b. Prepare 50mL reservoir. 

c. Transfer Opti-MEM media calculated in 2e into sterile 50mL reservoir. 

11. Transfer the solution containing the plasmid into the tube label ‘L’. 

12. Set and start timer 20 minutes. 

13. During the 20 minutes: 
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a. Remove media from cells into waste container using transfer pipette. 

b. Carefully and slowly add 163uL of media into wells. 

c. Repeat Steps a and b for each plate. 

14. Remove any amounts of media left in reservoir with plastic pipette. 

15. Transfer L2K-plasmid solution into reservoir 

16. With new set of pipette tips, carefully and slowly add 32 uL of media into wells. 

17. Place plates back in incubator. 

18. Put everything away. 
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APPENDIX C 

LUCIFERASE ASSAY DAY 3: ADDING SAMPLES TO CELLS 

 

1. Warm Advanced-MEM media (henceforth, just media). 

2. Look at your plates with the microscope to determine how confluent and spread-out 

they are. There shouldn’t be any open spaces anywhere such as the center of the well. 

3. Use 96-well plates with U-shape bottom for the following:  

4. For each compound (including T3), add 1.5mL to an epindorf tube. Add 1.5uL of the 

1mM solution to each tube. This becomes your 1 µM solution that will be used in 

Table 1. 

5. Close the lid of each tube in the hood before centrifuging them in the lab. 

6. Use the following tables for T3 (Table 1). Do one plate at a time! 

Table 1. Dilution Series for T3 

Rows Media Volume (uL) Dilution (uL) 

1 200uL of 1uM T3  

2 144 36 of 1 

3 144 36 of 2 

4 144 36 of 3 

5 144 36 of 4 

6 144 36 of 5 

7 144 36 of 6 

8 144 36 of 7 

N.C. = Negative Control 

 

7. Take one plate containing cells from the incubator and label the lid to identify the 

sample you’re adding. 

8. Remove current media from the cells. 

9. Add 50uL of media to each row. 
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a. Add media to cells very gently to avoid displacing the cells from the surface. 

10. Add 130uL of media to rows 10 & 11. 

11. Using same set of pipettes, transfer diluted (Table 1) samples to plate. 

a. Start with row 9. 

12. When you are done, place the plate back into the incubator. 

13. Repeat from Step 6 for the next plate. 

14. Record the time that you are done. 
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APPENDIX D 

LUCIFERASE ASSAY DAY 4 

 

 

 

1. Add water and lysis buffer to tube. Vortex. 

2. Allow the substrate you removed to thaw. You might even take these tubes out before 

making the lysis buffer. 

3. Take two plates from the incubator into the lab.  

4. At the lab, label each reservoir: Lysis buffer; PBS buffer. 

5. Add PBS buffer to reservoir. 

6. Using transfer pipette, move media from the plate and discard into a waste bucket. 

a. Do not discard pipette tips yet. 

7. Using new multi-channel pipette, slowly add 180 uL of PBS buffer to the wells. 

a. Discard pipette tips. 

8. Using transfer pipette, remove the PBS buffer from the plates. 

9. Add the lysis buffer to the labeled reservoir. 

10. Add 50uL of lysis buffer to these empty wells containing cells. 

a. Do not allow tips to touch the wells of the plates! 

11. Place plate on the Rotator and tape it down on all four sides. Press 305 and press enter 

and allow the rotator to begin rotator. Do this for 12 minutes (keep track with timer). 

12. Turn on the computer for the luminometer. Turn on the luminometer.  
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13. When the computer is on, double-click on the Veritas loco. A screen will come up 

with menus. Click on the one that reads something like “Open saved protocol”. 

Double-click on “60 wells 12 seconds” 

14. When the time is up on rotator, look at the wells and see if the cells have come off. 

Briefly place the plate on the vortex and allow it to vortex until the cells have come 

off the surface. 

15. Using the multi-channel pipette, add 25 uL of the sample containing the lysis buffer 

to white plates. Start from Row 11, then down until the last one, which would be Row 

2. 

16. By this time, the substrate should be thawed. Make sure they are before proceeding to 

the next step. 

17. Open the lids to each tube containing the substrate. Using a 5mL pipette, remove the 

substrate and add to the labeled reservoir. 

18. When you have added all the substrate solution, mix well by gently pipetting up and 

down 5 to 10 times. 

19. Before you add substrate to the first row, set the timer for 3 minutes. 

20. Using multi-channel pipette, add 25uL to the first row of the white plate (already 

containing your lysis buffer containing sample). When you do this, press start to start 

the 3-minute countdown. 

21. When you are done, swirl it gently. When you have one minute left, place the white 

plate in the luminometer. Place the A1 in the upper right corner of the lumninometer. 

Close the lid and wait for the 3 minutes. 
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22. When it is time, press the start button on the computer and allow the luminometer to 

read the plate. 

23. When it is done, take out the plate and repeat these steps starting from Step 25. 

24. But before you start reading the next plate, highlight the box in the excel sheet where 

the next set of sample will be first read. 

25. When you are entirely done, save the numbers to another excel file. Basically, copy 

the section containing the numbers to another file. Name this file by the date. In this 

case, name it November 3. 

26. Clean up everything when you are done. 
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APPENDIX E   

LB MEDIA AND AGAR PLATES 

 

 

LB Media: 

1. Add 1L Nanopure Water to beaker. 

2. Add 20 grams LB broth. 

3. Mix by swirling. 

4. Place ‘sponge’ stopper over lid of beaker. 

5. Place aluminum foil over lid. 

6. Autoclave 

7. Allow liquid to cool. 

 

Note: You can make smaller volumes, so use same weight/volume ratio of LB 

broth/water. 

 

LB-Agar Plates (containing Ampicillin): 

1. Add 1L Nanopure water to beaker. 

2. Add 20 grams LB broth 

3. Add 15 grams broth 

4. Mix by swirling. 

5. Place ‘sponge’ stopper over lid of beaker. 

6. Place aluminum foil over lid. 
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7. Autoclave 

8. Allow liquid to cool.  

-Do not allow liquid to completely cool.  

-When you can place wrist on the beaker, it is warm enough to add ampicillin.  

-When you wait too long, ‘slumps’ or solids will begin to form in the solution. 

9. Add 1,000uL of 100 mg/mL of ampicillin to the solution. Mix by swirling. 

10. Place petri-dishes on bench. Do not throw away bag because you will reuse it. 

11. Turn flame on. 

12. Sterilize tip of beaker with flame.  

13. Slowly pour solution into petri-dishes.  

-Pour until you have half in the dish. Go to the next one. 

-Avoid bubbles in the petri-dish 

14. When you add agar solution to each plate, allow them to solidify. 

15. If there are any bubbles formed, place them towards the flame until the bubbles are 

removed. 

16. Place each dish upside down. 

17. Label each dish “LB+Amp” and place today’s date on them. 

18. Leave on bench upside down overnight. 

19. Next day, place the petri-dishes back into the bag and place in the cold room. 

 -When you store it, make sure the dishes are upside down. 
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Note: You can make smaller volumes, so use same weight/volume ratio of LB broth and 

agar with water. Same with Ampicillin: Above is for 1L solution, or 1,000mL solution. 

So, the ampicillin volume ration is 1,000uL of 100mg/mL to 1,000mL water. So, if you 

are making 500mL of solution, add 500uL of 100mg/mL ampicillin. 
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APPENDIX F 

 

MEDIA FOR HEPG2 

 

 

Place each of the following in the water bath until each is warm or thawed. 

 

 

1.  500mL Advanced MEM (Invitrogen, Cat#: 12492-021) 

2.  50mL FBS (Hyclone, Cat#: SH30070.03 ) 

 -After it has thawed, mix by inverting before adding to the media. 

3.  5mL 200mM L-Glutamine 

 -When warm, mix the solution to homogenize. 

 

Mix the solution well with a pipette before using the media. 
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APPENDIX G  

MEDIA FOR TE671 

 

Before you start: 

 Turn on water bath in Room 4-- to allow it to reach 56
o 
C. 

 

Place each of the following in the water bath until each is warm or thawed. 

 

1.  500mL Advanced D-MEM (Invitrogen, Cat#: 12491-023) 

2.  25mL FBS (Hyclone, Cat#: SH30070.03) 

 -After it has thawed, mix by inverting before adding to the media. 

3.  50mL Heat Inactivated Horse Serum (Invitrogen, Cat#: 16050-114) 

 -Place Horse Serum in water bath in Room 4-- for 30 minutes to heat-inactivate. 

4.  5mL 200mM L-Glutamine 

 -When warm, mix the solution to homogenize 

5.  5mL Penicillin-Streptomycin (Invitrogen, Cat#: 15140-122) 

6.  100uL 10mg/mL Amphotericin-B (Sigma, Cat#A9528) 

 

Mix the solution well with a pipette before using the media. 
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APPENDIX H  

FREEZING CELLS 

 

MATERIALS 

 

1. Appropriate media for cells + 10 percent FCS (37 °) 

2. Defined media + 5-10 percent FBS + 10 percent DMSO 

3. PBS Buffer 

4. Pan-EDTA solution (thaw, bring to 37) 

5. Sterile: cryotubes (NUNC) 

      Pasteur pipets 

      10 ml pipets 

blue tips for P-1000 

centrifuge tubes (15 ml blue top; 50 ml orange top) 

6. Pipetman P-1000 

7. Ice bucket (filled with ice) 

 

PROCEDURE 

 

1. Assemble materials, warm all solutions, label cryotubes with cell type, date (2 per 

plate). 

2. Aspirate media off plates/flasks. 

3. Rinse with 5 ml PBS Buffer. Aspirate off. 

4. Repeat step 3 two more times. 
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5. Add Pan/EDTA to cover bottom (3 ml/T75 flask, 2 ml/100 mm plate) 

6. Check cells every few minutes until cells lift off bottom. (Can gently agitate to lift 

cells). 

7. Add media + 10 percent FCS to flask, using 3 times the volume of Pan/EDTA used. 

8. Transfer cells to centrifuge tube and cap tightly. 

9. Spin down cells for 4 minutes. (If cannot be spun immediately, place centrifuge tube 

on ice). 

10. Carefully aspirate media above pellet. 

11. Resuspend pellet in media + FCS + DMSO, using 2 ml per plate of cells. 

12. Using P-1000, transfer 1 ml to each cryotube, being careful not to get cells suspension 

where top screws on. Cap tightly. 

13. Place cryotubes on ice. 

14. Transfer cryotubes into styrofoam container. Place in –70° freezer overnight. 

15. Transfer cryotubes to liquid nitrogen freezer for long-term storage. 

16. Record cylinder, cane number, cell type and number of cryotubes on Liquid Nitrogen 

Storage Sheet. 
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APPENDIX I 

PRODUCTS AND MATERIALS 

 

VWR Order 

Catalog 

Number 

Microlite Luminescence Microtiter Plates 62403-126  

BD Falcon* Multiwell Flat-Bottom 96-well 

Plates 21100-006  

Microtiter* 96-Well Plates 62402-910  

BD Falcon* Multiwell Flat-Bottom 6-well 

Plates 62406-161  

BD Falcon Tissue Culture Dish 25382-166 

VWR* and VWR Signature* Bevel Point Pipet 

Tips 53508-810 

Centrifuge Tube 15mL CS500 62406-200 

VWR Reservoir, 50mL CS200 89003-692 

VWR* Micro Cover Glasses 48366-227  

Reagent Reservoirs, Sterile 89003-692 

Disposable Reagent Reservoirs, Nonsterile 82026-354  

Centrifuge Bottles with Caps, Polycarbonate 21020-094 

Empore* Extraction Disks (C18) 55004-098 

VWR* Disposable Microcentrifuge Tubes 20170-170  

Acrodisc* Syringe Filters, 13mm, Pall* Life 

Sciences 28143-982 

Bottle-Top Vacuum Filters 28199-296 

Disposable Serological Pipets: 5mL 53300-421  

Disposable Serological Pipets: 10mL 53300-523  

Disposable Serological Pipets: 25mL 53300-567  

  

Invitrogen Corporation 

Catalog 

Number 

Lipofectamine™ 2000 Transfection Reagent 11668-019 

Trypsin-EDTA (0.25% Trypsin with EDTA 

4Na) 25200-056 

Advanced MEM 12492-021 

Advanced D-MEM 12491-023 

Opti-MEM® I Reduced-Serum Medium 31985-070 

L-Glutamine 21051-024 

Horse Serum 16050-114 

Penicillin-Streptomycin 15140-155 
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Sigma-Aldrich 

Catalog 

Number 

Ampicillin sodium salt  A9518-5G 

Trypan Blue solution  T8154-100ML 

  

  

Promega Corporation 

Catalog 

Number 

Luciferase Assay Reagent E1483 

Passive Lysis Buffer E1941 
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Hyclone 

Catalog 

Number 

US Defined Fetal Bovine Serum SH30070.03 

  

Qiagen, Inc. 

Catalog 

Number 

EndoFree Plasmid Giga Kit 12391 

  

Bio-Rad Laboratories 

Catalog 

Number 

Ready Gel Tris-HCL Gel 161-1102 

Immuno-Blot PVDF Membrane 162-0174 

Kaleidoscope Prestained Standards 161-0324 

  

GE Healthcare Bio-Sciences Corp. 

Catalog 

Number 

ECL Western Blotting Detection Reagents RPN2109 

Hyperfilm ECL (5 × 7 inches) RPN1674K 
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APPENDIX J 

PEAK ABSORBANCE DETERMINATION FOR β-GALACTOSIDASE ACTIVITY 

 

 Absorbance values of chorophenol-red at various wavelengths were measured to 

determine the peak wavelength to measure β-galactosidase activity of wastewater 

samples (Figure J.1).  A wavelength of 570 nm elicited the greatest response. A 

wavelength of 480 nm and less elicits high absorbance values. 
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Figure J.1.  Absorbance of Chorophenol-red at Various Wavelengths. 
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APPENDIX K 

DOSE RESPONSE OF TESTOSTERONE IN YEAST CELLS 
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Figure K.1.  Temporal Response of Yeast Cells to Testosterone.  Absorbance was 

measured at three different times after CPRG was added to the yeast cells.  The highest 

measurable absorbance was achieved in six hours after CPRG was added. 
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APPENDIX L  

POSITIVE CONTROL DATA 
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Figure L.1.  Positive Control for Figures 3.7.1; 3.7.2; and 3.7.3. 
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Figure L.2.  Positive Control for Figure 3.7.5. 
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Figure L.3.  Positive Control for Figures 3.7.6 and 3.8.1. 
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Figure L.4.  Positive Control for Figures 4.6.1 and 4.6.2. 

 



 

 

213

0

1

2

3

4

5

6

7

8

9

1.E-12 1.E-11 1.E-10 1.E-09 1.E-08 1.E-07 1.E-06

Concentration [M]

F
o

ld
 I
n

d
u

c
ti

o
n

 
Figure L.5.  Positive Control for Figure 4.1.1A. 
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Figure L.6.  Positive Control for Figure 4.1.1B. 
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Figure L.7.  Positive Control for Figure 4.2.1A. 
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Figure L.8.  Positive Control for Figure 4.2.1B 
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Figure L.9.  Positive Control for Figure 4.3.1 
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Figure L.10.  Positive Control for Figure 5.1.2. 
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Figure L.11.  Positive Control for Figures 5.1.3 and 5.1.4. 
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Figure L.12.  Positive Control for Figures 5.2.2; 5.2.5; and 5.2.6. 
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Figure L.13.  Positive Control for Figures 5.2.3 and 5.2.4 
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APPENDIX M 

SUPPLEMENTAL FIGURES 

 

 
Figure M.1. BPA is a weak ligand for the TR with an EC50 of 200 µM (Moriyama et al., 

2002). 
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Figure M.2. One µM BPA was antagonistic to thyroid hormone mediated activity in 

TSA-201 cells when they were transfected with either Gal4-TRβ/Gal4-Luc or Gal4-

TRα1/Gal4-Luc plasmids (Moriyama et al., 2002). 
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Figure M.3. Hydroxylated forms of mono-ortho PCBs (4(OH)-2’,3,3’,4’,5’-pentachloro 

biphenyl) suppressed transcriptional activity at 0.1 nM in CV-1 (African Green Monkey 

Kidney Fibroblast) cells that were cotransfected with DR4-Luc/TRβ1 plasmids (Iwasaki 

et al., 2002).  
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Figure M.4. Arochlor 1254, 4(OH)-2’,3,3’,4’,5’-penta CB, and 4(OH)-2’,3,3’,4’,5-hexa 

CB, at 0.1 nM and 2,3,3’,4,4’,5-hexa CB  at 1 nM concentrations suppressed TR-

mediated transcription in CV-1 cells that were cotransfected with F2-TK-Luc/TRβ1 

plasmids (Miyazaki et al., 2004). 
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Figure M.5. CHO-K1 (hamster Chinese ovary) cells cotransfected with either pZeo-TRα1 

or pZeo-TRβ1 with a reporter plasmid, pIND-TREpal, can respond to T3 at 1 nM but not 

to tetrabromo-BPA or tetrachloro-BPA (Kitamura et al., 2004). 
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Figure M.6. Tetrabromo-BPA and tetrachloro-BPA exhibited anti-thyroid activities, 

suppressing transcriptional activity of 10
-8

 M T3 when the cells were transfected with 

either TRα1 or TRβ1 (Kitamura et al., 2004). 
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