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Thyroid hormones (THs) are important hormones involved in 

developmental processes, including foetal brain maturation.  THs are also 

involved in the maintenance of homeostasis.  One in three people in Canada are 

considered to have some form of thyroid disorder.  One reason for the high level 

of thyroid disorders may be the increasing amount of anthropogenic chemicals 

released into the environment that affect normal hormone action. 

Amphibian metamorphosis is completely dependent on TH and provides a 

model to study such chemicals.  This thesis uses the Rana catesbeiana tadpole 

as a model to study potential TH disrupting chemicals by developing a novel 

screening assay called the cultured tail fin biopsy assay, or the “C-fin” assay.  

The C-fin assay uses tail biopsies from premetamorphic tadpoles, Taylor-Kollros 

stage VI-VIII.  The biopsies are cultured in serum-free media along with the test 

chemical for 48 hours.   

QPCR is used to measure the mRNA steady-state levels of selected gene 

transcripts.  Two TH-responsive gene transcripts were measured: the up-

regulated gene transcript, thyroid hormone receptor β (TRβ) and the down-
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regulated gene transcript, Rana larval keratin type I (RLKI).  Heat-shock protein 

30 (HSP30) and catalase (CAT) were used as indicators of cellular stress.  

Another model system used in this thesis is rat pituitary cells, or GH3 cells.  

QPCR was used to measure the mRNA steady-state levels of three TH-

responsive genes growth hormone (GH), deiodinase I (DIOI), and prolactin 

(PRL); heat-shock protein 70 (HSP70) was used as an indicator of cellular stress. 

Nanoparticles, used in various consumer products, were one class of 

chemicals examined.  Using the C-fin assay, nanosilver and quantum dots (QDs) 

caused perturbations in TH-signalling and also showed signs of cellular stress.  

There was no overt toxicity observed as was determined by the normalizer, 

house-keeping gene transcript, ribosomal protein L8.  The GH3 cells also 

detected TH disrupting effects by both nanosilver and QDs; however, nanosilver 

did not appear to cause cellular stress whereas QDs did. 

Nitrate and nitrite, major waterway contaminants, were also examined and 

there were no TH-perturbations observed using the C-fin assay. 

Finally, two antimicrobials used in many consumer products, triclocarban 

(TCC), triclosan (TCS) and its metabolite, methyl-TCS (mTCS) were examined 

using both the C-fin assay and GH3 cells.  Both the C-fin assay and the GH3 

cells determined mTCS to be more potent than TCS in disrupting TH action.  

TCC also caused perturbations in TH-signalling as well as causing a significant 

amount of cellular stress. 

Overall the C-fin assay and the GH3 cells proved to be excellent models in 

studying the potential disruptors of the TH axis.  The C-fin assay and GH3 cells 



v 
 

detected novel TH disruptors and gave further insight into already known 

disruptors of the TH axis. 
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Chapter 1: Introduction 

 

1.1 Significance of Research 

The thyroid hormones (THs), 3,5,3’,5’-tetraiodothyronine (thyroxine; T4) (Figure 

1.1) and 3,5,3’-triiodothyronine (T3) (Figure 1.1), are important signalling molecules in 

the endocrine system (Shi, 2000).  THs are important throughout all stages of life and 

act on nearly every cell in the body; THs are important for developmental processes and 

the maintenance of homeostasis.  Their release is controlled by the neuroendocrine 

system and is tightly regulated through feedback mechanisms (Figure 1.2).  THs are 

released from the thyroid gland, a butterfly shaped endocrine organ located in the 

anterior side of the neck.  The hypothalamus releases thyrotropin-releasing hormone 

(TRH) in humans, and corticotropin releasing factor (CRF) in amphibians, which 

stimulates the anterior pituitary gland to release thyroid-stimulating hormone (TSH), also 

known as thyrotropin.  TSH stimulates the thyroid gland to release T3 and T4, T4 being 

the major hormone produced by the thyroid gland.  T4, the transport form, is converted 

to T3, the effector or more biologically active form, in peripheral tissues by the 

deiodinase enzymes (Figure 1.1).  Once TH is released, it will not only act on its target 

tissues but it will also signal the pituitary gland and hypothalamus to stop releasing TRH 

or CRF, and TSH, respectively (Figure 1.2).  This negative feedback ensures the levels 

of TH are tightly regulated  
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Figure 1.1. Structure of thyroxine, triiodothyronine, reverse-triiodothyronine, 
diiodothyronine, and the deiodinase enzymes involved in the conversion of the 
thyroid hormone molecules.  Deiodinase I (DIOI) can remove iodine from both the 
inner and outer rings.  Deiodinase II (DIOII) removes iodine from the outer ring and 
deiodinase III (DIOIII) deiodinates the inner ring.  Adapted from (Bianco and Kim, 2006). 
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Figure 1.2. Hypothalamus-pituitary-thyroid signalling axis.  Release of thyrotropin 
releasing hormone (TRH; mammals) or corticotrophin releasing factor (CRF; 
amphibians) from the hypothalamus stimulates the release of thyroid stimulating 
hormone (TSH), also known as thyrotropin, from the anterior pituitary gland.  TSH 
causes the thyroid gland to release thyroid hormone (TH).  The control of thyroid 
hormone secretion is exerted by negative feedback where TH feeds back onto the 
hypothalamus and anterior pituitary to inhibit the release of TRH or CRF, and TSH, 
respectively.  Adapted from 
http://arbl.cvmbs.colostate.edu/hbooks/pathphys/endocrine/thyroid/physio.html, 2010. 
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(Dodd and Dodd, 1976; White and Nicoll, 1981; Kikuyama et al., 1993; Kaltenbach, 

1996; Denver, 1997). 

Currently over 100,000 manufactured chemicals are produced in the marketplace 

(Commission, 2006). Some of these chemicals are released into the environment 

intentionally, such as through agricultural processes, and some are released 

inadvertently through waste and from products in use. Beyond their toxic effects on 

organisms when present in high amounts, a number of these chemicals have adverse 

effects at sublethal concentrations such as acting as endocrine disrupting compounds 

(EDCs). Close to a hundred compounds have been classified as endocrine disruptors of 

the TH axis and many new chemicals are hypothesized to act as EDCs of TH action 

(Boas et al., 2006).  

The growing concern that polluting anthropogenic chemicals are potential 

disruptors of the TH axis has prompted organizations such as the U.S. Environmental 

Protection Agency (EPA), Environment Canada, and the Organisation for Economic Co-

operation and Development (OECD) to develop assays to assess the safety of newly 

created chemicals and those already present in the environment. The total dependence 

of amphibian metamorphosis on TH and the high degree of conservation of TH 

signalling pathway in vertebrates has led to the suggestion that metamorphosis can be 

used as a model for the detection of chemicals affecting the TH axis in vertebrates 

(Tata, 2007). This thesis develops a cultured tail fin biopsy or “C-fin” assay based upon 

the sensitivity of frog tissues to TH and identifies novel disruptors of TH action. By 

taking multiple tail fin biopsies per animal and then exposing each biopsy to a different 

treatment condition, the C-fin assay enables the screening of multiple chemicals 
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simultaneously while maintaining complex tissue structure and enabling the 

determination of biological variation of a response.  In addition to the C-fin assay, this 

thesis uses cell culture to look at the effects some of these chemicals have on the 

mammalian system.  

 

1.2 Thyroid Hormone Importance 

The TH plays a critical role in maintaining homeostasis and metabolic 

processes.  It regulates the metabolism of fats, proteins, and carbohydrates as well as 

body temperature (Tata, 2007).  TH is important for the normal growth and 

development of many organs, including the brain and heart, plays an important role in 

puberty, and is needed for the proper development of the gonads.   Perhaps the most 

important role TH plays is during embryo development and the few critical months 

after birth (Demonacos et al., 1996; Dorshkind and Horseman, 2000; Mariash, 2003; 

Silva, 2005; Calamandrei et al., 2006).   

The postembryonic period is the few months before birth and several months 

after birth and TH plays a critical role in the development that takes place during this 

time (Tata, 1993).  The thyroid gland, which synthesizes and secretes THs to the rest 

of the body, is developed 12 weeks after gestation; however, it is not until 20 weeks 

after gestation that significant TH production takes place.  TH levels begin to increase 

4 months before birth and reach a maximum peak at birth and will remain high for 

several months after birth (Figure 1.3B).  This surge in TH is critical for the proper 

brain development of the foetus and a deficiency in TH can lead to irreversible 

neurological defects and mental retardation (Hetzel and Dunn, 1989; Hetzel and 
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Mano, 1989; Porterfield and Hendrich, 1993; Tata, 1993; Hsu and Brent, 1998; 

Morreale de Escobar et al., 2004; de Escobar et al., 2007).   

There are many changes that occur during foetal development and these 

changes all occur in the presence of high plasma levels of TH.  The intestines change 

from a tubular structure in the foetus to a structure with extensive epithelial folding 

(Shi, 1996), the haemoglobin genes are changed from a foetal type to an adult type 

and there is significant increase in serum albumin levels.  The skin undergoes 

keritinization; there is induction of the urea cycle enzymes as well as complete 

extensive development and restructuring of the central nervous system (CNS) and 

peripheral nervous system (PNS).  The maturation of lungs is essential because the 

foetus changes its living habitat from aquatic to terrestrial (Tata, 1993; Atkinson et al., 

1994; Shi, 2000). 

 

1.3 Anuran Model and Metamorphic Program   

     Another developmental process completely regulated by TH is amphibian 

metamorphosis.  The anuran amphibian, the frog, undergoes extensive changes to 

metamorphose from a larval, aquatic, herbivorous tadpole into a juvenile, terrestrial, 

carnivorous frog.  Metamorphosis affects nearly every tissue or organ in the tadpole 

and many of these changes are similar to the changes foetuses undergo during 

postembryogenesis (Shi, 1996; Shi, 2000).   

This present study used the North American bullfrog, Rana catesbeiana (R. 

catesbeiana) tadpoles to study the effects chemicals have on the TH signalling 

pathway.  R. catesbeiana is found on every continent, with the exception of Antarctica, 
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which makes using them as a model organism relevant to most parts of the world 

(AmphibiaWeb, 2010; GlobalInvasiveSpeciesDatabase, 2010).  R. catesbeiana 

tadpoles are also large and make working with them easier, as there is more tissue 

available, and therefore, more genomic material available to work with.  Currently 

there is a decline of R. catesbeiana species in some parts of the world.    Anurans are 

also considered to be sentinel species because of their wide global distribution, their 

close proximity to potentially contaminated water, as well as their sensitivity to 

environmental pollutants (Kloas et al., 1999; Kloas, 2002).   

There are three major changes that take place during metamorphosis and these 

include: i) the death and resorption of larval type organs and tissues used only by the 

tadpole (eg. tail) ii) remodelling of the larval organs to adult form and function (eg. 

intestine), which involves the coordinated apoptosis of larval cells with the proliferation 

and differentiation of adult precursor cells, and iii) de novo development of new organs 

and tissues for adult use (eg. hindlimbs).   

Metamorphosis can be separated into 3 distinct periods: premetamorphosis, 

prometamorphosis, and metamorphic climax (Shi, 2000) (Figure 1.3A).  There are 

staging systems based on a tadpoles' morphology used to distinguish the different 

developmental stages a tadpole undergoes.  This manuscript uses the Taylor and 

Kollros (TK) system to refer to R. catesbeiana tadpole stages (Taylor and Kollros, 

1946).  Premetamorphosis (TK stages I-IX) is primarily for tadpole growth and takes  
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Figure 1.3. Stages of metamorphosis (A) and a graph outlining the increase in TH 
levels that take place at birth (B).  (A) These are the stages a tadpole undergoes 
when progressing through metamorphosis.  The levels of T3 increase in amount until 
metamorphic climax.  TRβ levels also increase to maximum levels during metamorphic 
climax.  RXRα and TRα are present during premetamorphosis; however, transcription 
is repressed due to the absence of TH.  Once TH is present, TH-responsive genes can 
undergo transcription.  Adapted from (Das et al., 2010).  (B) The surge in the TH levels 
that takes place around birth is very similar to the surge in TH levels that occurs in 
amphibians around the time of metamorphic climax.  Adapted from (Tata, 1993). 
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place in the absence of TH, as the thyroid gland is immature at this point; the tadpole is 

functionally athyroid.  There is also limited development of the hindlimbs, from 

undifferentiated mesenchyme cells, that occurs during premetamorphosis and the 

hindlimb buds continue to grow with the tadpole.  The next stage in development is 

prometamorphosis (TK X to XIX) and is characterized by the rising endogenous 

concentrations of TH due to the increase in growth of the thyroid gland.  The hindlimbs 

undergo morphogenesis at this stage and includes toe differentiation and rapid and 

extensive growth of the limbs.  The final stage in metamorphosis is metamorphic 

climax (TK stage XX to XXIV) and is the stage where TH reaches peak endogenous 

levels.  The surge in TH levels that takes place during this period is similar to the surge 

in TH levels that take place in humans just before birth (Figure 1.3) (Tata, 1993). The 

peak plasma concentrations reached for either T4 and T3 in R. catesbeiana are 

approximately 10 nM (White and Nicoll, 1981).   Many morphological changes take 

place during this period but perhaps the most striking is the apoptosis and complete 

resorption of the tail.  The gills also undergo resorption and the beginning of gill 

resorption takes place around the same stage or slightly earlier than tail resorption.  

The intestine changes from a tubular structure to a structure with many epithelial folds, 

which increases the surface area of the intestine to allow for more nutrient absorption.  

The intestine begins to undergo metamorphosis at around the onset of metamorphic 

climax and continues until the end of metamorphosis.  The end of the tail resorption 

marks the end of metamorphosis at TK stage XXV and TH levels begin to decrease to 

suprabasal levels in the juvenile at this point.  There are many other organs, which 

undergo changes during metamorphosis; the nervous system undergoes extensive 
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reorganization, which includes degeneration, de novo development, and differentiation 

(Dodd and Dodd, 1976; Shi, 2000). 

The process of metamorphosis is completely dependent on TH and can be 

inhibited by blocking the synthesis of TH or by removing the thyroid gland.  

Conversely, exposing premetamorphic tadpoles to exogenous TH, through injection or 

through exposure in the water, can precociously induce metamorphosis; removal of 

the thyroid gland or exposure to TH inhibitors can inhibit metamorphosis from 

occurring.    Not only can a tadpole be induced to undergo metamorphosis but the 

organs, such as the tail, of a tadpole can be exposed to TH in culture in vivo and 

undergo metamorphosis the same as it would naturally (Tata, 1968; Ji et al., 2007).   

As in humans, the secretion of TH is neuroendocrine control through the 

hypothalamus-pituitary-thyroid (HPT) axis (Figure 1.2).  In tadpoles, the hypothalamus 

responds to environmental stimuli and releases corticotropin releasing factor (CRF).  

CRF is the larval equivalent to mammalian TRH and acts directly on the pituitary 

thyrotropes and corticotropes to stimulate the release of TSH and adrenocorticotropin, 

respectively (Denver, 1998).  Once TSH is released, it acts on the thyrotropes of the 

thyroid gland to synthesize and release T4 and T3.  TSH is present in prometamorphs 

and increases in concentration at early metamorphic climax and then the levels drop, 

at the end of metamorphosis, to levels lower than found in the prometamorphic 

period.  The drop in TSH levels coincides with the peak TH levels.  The tadpole 

feedback system to control the levels of TH is similar to the humans HPT axis 

feedback system; TH inhibits both the release of TSH and CRF (Denver, 1997; Okada 

et al., 2000).   
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There are other hormones in the tadpole endocrine system, which are also 

involved in metamorphosis.  CRF stimulates the release of adrenocorticotropin 

releasing hormone (ACTH) from the corticotropes of the pituitary, and ACTH acts on 

the interrenal glands to produce the corticoid steroids, cortisone and aldosterone; both 

cortisone and aldosterone have binding sites present in the tail.  Corticoids act 

through their nuclear receptor, glucocorticoid receptor (GR), and are TH-inducible in 

the tail but repressed in the brain.  Cortisone and aldosterone concentrations have 

been shown to increase simultaneously with TH levels   (Jaffe, 1981; Krug et al., 

1983; Jolivet Jaudet and Leloup Hatey, 1984; Kikuyama et al., 1986; Tonon et al., 

1986; Kikuyama et al., 1993; Hayes, 1997).  Corticoids accelerate metamorphosis at 

high TH concentrations and antagonize metamorphosis at low TH levels (Hayes et al., 

1993; Kikuyama et al., 1993; Krain and Denver, 2004).   

Gonadal steroids, testosterone and estradiol, are thought to inhibit 

metamorphosis.  It is believed gonadal steroids act on the HPT axis, since these 

effects have only been observed in whole animals (Gray and Janssens, 1990; Hayes, 

1997).  In Xenopus laevis estrogen treated embryos, there was suppression of 

nervous system development suggesting that estrogen exposure inhibited brain 

development (Nishimura et al., 1997).  Estrogen has been shown to accelerate 

metamorphosis in Bufo bufo (Frieden and Naile, 1955).  In Silurana (Xenopus) 

tropicalis estrogen receptor (ER) transcript levels change throughout development 

with ERα low in the brain, liver, and gonad/kidney at Nieuwkoop and Faber (NF) stage 

51 (premetamorphosis) (Nieuwkoop, 1994) and ERβ high in the brain, low in the liver 

and gonad/kidney at NF stage 51.  At NF stage 60 (metamorphic climax) both ERα 
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and ERβ transcript levels were high in brain, liver, and gonad/kidney and their levels 

remained high throughout metamorphosis (Takase and Iguchi, 2007).  Also in S. 

tropicalis, sex steroid synthesis enzymes are active in embryos and exposure to an 

aromatase inhibitor affected expression of TR and DIO during early development 

(Langlois et al.).  Androgen receptor gene transcripts are positively regulated by T3 in 

S. tropicalis (Duarte-Guterman et al.) and blocking TH production with ammonium 

perchlorate during X. laevis development resulted in a female-biased sex ratio 

(Goleman et al., 2002) suggesting TH is involved in male development.  In the brain 

and gonad-mesonephros complex (GMC) of S. tropicalis, sex steroid related genes 

are responsive to TH, suggesting there is crosstalk between TH and sex steroids in 

the brain and the GMC (Duarte-Guterman and Trudeau; Duarte-Guterman and 

Trudeau).     

Prolactin (PRL) has been shown to be antimetamorphic. TH indirectly causes 

the pituitary lactotropes to release PRL. In the tadpole tail, the PRL receptor increased 

in expression at metamorphic climax. Exogenous PRL prevented TH-induced 

expression of TH receptors which inhibited the regression of the tadpole tail (Tata et 

al., 1991; Baker and Tata, 1992; Hasunuma et al., 2004).   

These additional hormones involved in metamorphosis play an important role in 

coordinating the metamorphosis of the different tissues and organs but only TH is 

capable of inducing the metamorphic process.  These additional hormones have 

specific actions at different concentrations of TH, and different metamorphic stages.  

Their control is dependent on the timing of metamorphosis, which is dependent on 

environmental stressors.  Therefore, at high levels of TH, a hormone may have 
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inhibitory or stimulatory effects on a specific tissue, but not have any effect on another 

tissue.  These specific actions of the hormone are dependent on the presence and 

level of receptors and downstream effectors.   

 

1.4 Thyroid Hormone Metabolism 

The actions of TH must be tightly regulated so the tadpole can undergo proper 

metamorphosis.  The levels and actions of TH are controlled at multiple levels. There 

are 3 ways in which TH is regulated: i) synthesis and secretion of TH in the thyroid 

gland, ii) proteins that bind TH and control the levels of free TH, and iii) metabolic 

enzymes which act on TH to either activate or inactivate it (Shi, 2000).   

THs are synthesized in the follicles of the thyroid gland (Figure 1.4).  The follicles 

are made up of thyrocytes, which surround a lumen that contains colloid which contains 

TH precursor, thyroglobulin.  Thyroglobulin contains many tyrosine residues.  The base 

of the thyrocytes is exposed to the circulating plasma and contains a sodium-iodine 

symporter pump; inorganic iodine (I-) is pumped into the thyrocytes from the plasma and 

diffuses across the apical side into the lumen.  The integral membrane enzyme, thyroid 

peroxidase, converts the inorganic iodine into active iodide and then iodinates the 

tyrosine residues on thyroglobulin.  The iodination of thyroglobulin produces 3-

monoiodinated (MIT) and 3,5-diiodinated (DIT) tyrosine residues.  Thyroid peroxidase 

then couples MIT and DIT to form TH.  MIT and DIT combine to produce T3; DIT and 

DIT combine to produce T4.  TH remains linked to the thyroglobulin protein to form the 

colloid.  TSH stimulates pinocytosis of the iodinated thyroglobulin protein from the 

colloid, inclusion, and fusion with the lysosomes.  T4 and T3 are released from 
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thyroglobulin through hydrolysis and T4 and T3 enter the blood stream.  Currently the 

exact mechanism of TH secretion from the follicular cells into blood is unknown; 

however, a recent study demonstrated that monocarboxylate transporter 8 (MCT8), a 

TH transmembrane transporter is localized at the basolateral membrane of thyrocytes 

and is involved in the secretion of TH from the thyroid gland in mice (Di Cosmo, 2010).  

 TSH up regulates the sodium-iodine symporter and the thyroglobulin protein 

within the thyrocytes.  The release of TH has a negative feedback effect on the pituitary 

to inhibit the release of TSH (Figure 1.2) (Denver, 1997; Levy et al., 1997; Fort et al., 

2007).  TH synthesis is highly conserved between mammals and anurans.  Currently 

the exact mechanisms whereby the developmental levels of plasma TH are regulated 

are unclear but it is believed to be a combination of growth and maturation of the thyroid 

gland, and hormonal cues. 

 T4 is the predominant form that is released from the thyroid gland; however, there 

is a small amount of T3, the more biologically active form that is released from the 

thyroid gland as well (Figure 1.4).  T3 can bind to its receptors at a 5-10 fold higher 

affinity.  About 30% of the T3 is released from the thyroid gland and the other 70% is 

produced in the target tissues' cells from T4 (Utiger, 1995; Fort et al., 2007).  T4 can be 

converted to T3 by the enzyme 5'-deiodinases, type I (DIOI) and type II (DIOII) (Figure 

1.1).  DIOI is the only deiodinase able to remove iodine from both the inner and outer 

rings (Fekkes et al., 1982).  In rat, DIOI is expressed in the liver, kidney, central nervous 

system (CNS), pituitary gland, thyroid gland, intestine, and placenta.  In humans, DIOI is 

absent from the CNS but is present in the liver, kidney, thyroid, and pituitary (Campos-

Barros et al., 1996; Nishikawa et al., 1998).  TH can increase the activity and transcript  
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Figure 1.4.  Schematic representation of the synthesis of thyroid hormone (TH; 
T3 and T4) in thyroid gland follicular cells, thyrocytes.  The thyrocytes surround the 
follicular lumen that contains colloid, which contains the TH precursor, thyroglobulin 
(Tg).  The base of the thyrocytes is exposed to the circulating plasma and contains a 
sodium-iodine symporter pump (NIS); inorganic iodine (I-) is pumped into the 
thyrocytes from the plasma and diffuses across the apical side into the lumen.  The 
integral membrane enzyme, thyroid peroxidase (TPO), converts the inorganic iodine 
into active iodide and then iodinates thyroglobulin.  Thyroid stimulating hormone (TSH) 
binds to its receptor (TSH-R) and stimulates pinocytosis of the iodinated thyroglobulin 
protein from the colloid.  TSH also up regulates the sodium-iodine symporter and the 
thyroglobulin protein within the thyrocytes.  The iodination of thyroglobulin produces 3-
monoiodinated (MIT) and 3,5-diiodinated (DIT) tyrosine residues.  TPO then couples 
MIT and DIT to form TH.  T4 and T3 diffuse into the plasma.  Adapted from (Boas et al., 
2006). 
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levels of DIOI in rats, mice, and humans (Berry et al., 1990; Berry et al., 1991); in 

humans, the DIOI gene contains two  TH response elements (TREs) in the 5’-flanking 

region of the gene (Toyoda et al., 1995; Jakobs et al., 1997; Jakobs et al., 1997; Zhang 

et al., 1998).  5-deiodinase (type III; DIOIII) inactivates T4 and T3 by the removal of an 

iodine molecule on the inner ring to produce reverse-T3 (rT3) and T2, respectively 

(Figure 1.1).  Reverse-T3 and T2 can be further deiodinated to produce T0 by both DIOII 

and DIOIII. The kidneys excrete T0 (Davey et al., 1995; St Germain and Galton, 1997).  

In R. catesbeiana 5’-deiodinase activity is regulated in a tissue- and stage-dependent 

manner.  The enzyme activity is not detected in the liver, kidney, or red blood cells, and 

low levels of activity are detected in the brain and heart.  The activity of 5’-deiodinase is 

highest during metamorphic climax, with the highest amount of activity found in tissues 

undergoing metamorphosis, and little activity present during pre- and 

prometamorphosis.  As mentioned above, 5'-deiodinase makes a more active form of 

TH by converting T4 into T3 and 5-deiodinase inactivates THs; therefore, it is important 

to regulate and balance the levels of both these enzymes.   

5-deiodinase activity is also regulated in a tissue- and stage-dependent 

manner.  5-deiodinase levels are high in the tail before resorption takes place, which 

is just prior to the peak activity levels reached by 5’-deiodinase (St Germain et al., 

1994; Becker et al., 1997).  

TH is removed from the plasma by uridine disphosphate glucoronyltransferase 

(UDP-GT) (DeVito et al., 1999).  UDP-GT is present in the liver and glucorodinates 

THs and causes them to be eliminated in bile.  UDP-GT is a major phase II 

biotransformation family of enzymes and is under control of the pregnane X receptor 
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(PXR).  PXR is a nuclear receptor that forms a heterodimer with 9-cis-retinoic acid 

receptors (RXRs) when binding to DNA (Chen et al., 2003).  There is very little free 

circulating TH in the blood plasma.  Most TH is bound by binding proteins (THBP). 

The THBPs include serum albumin, thyronine binding globulin (TBG), transthyretin 

(TTR), and lipoproteins (Shi, 2000; Fort et al., 2007).  THBPs play many important 

roles in regulating TH.  They act to increase the lifespan of TH, as a buffer for TH 

levels, and a reserve for TH (Shi, 2000).  TBG is the main THBP in humans and 

carries both T3 and T4, while in rodents THBPs are serum albumin and TTR, which 

only carries T4.  During metamorphosis, the major THBP in tadpoles is TTR and 

carries both T3 and T4; however, T3 binds TTR at a much higher affinity than T4.   

The lipophilic THs are thought to enter the cells through multiple ways, 

including: diffusion of free TH, diffusion as a complex with a THBP, or through active 

transport.  Recently there have been studies to suggest that TH enters the cell 

through active transport using amino acid transporters (Ritchie et al., 2003).  This was 

shown in R. catesbeiana blood cells where the aromatic amino acid transporter 

(system-T)-linked transporter actively imported TH into the cell.  

Once TH enters the cell, they are bound to cytoplasmic TH binding proteins 

(CTHBP).  CTHBP also play an important role in regulating TH.  CTHBPs have 

multifunctional roles (eg. Pyruvate kinases, myosin light chain kinase, and disulfide 

isomerase) and it is thought there are 4 roles CTHBPs have with respect to regulating 

TH signal transduction: i) import TH from the extracellular matrix to inside the cell, ii) 

intracellular TH metabolism ,iii) transport TH to the nucleus, and iv) buffer to modulate 

the free TH concentration (Shi, 2000).  
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1.5 Thyroid Hormone Receptors  

     The actions of TH are largely facilitated through the nuclear thyroid hormone 

receptor (TR), a member of the nuclear hormone superfamily (Tata and Widnell, 1966; 

Tata, 1967; Oppenheimer et al., 1979; Buchholz et al., 2006; Yen et al., 2006).  THs 

interact with the TRs to cause changes in gene expression.  THs are also known to 

act through non-genomic actions (Ji et al., 2007; Davis et al., 2008; Skirrow et al., 

2008); however, the majority of the actions of TH are through the TRs.  The TR is 

located in the nucleus and binds chromatin in both the absence and presence of TH. 

T3 binds TR with 5-10 fold higher affinity than T4 (Shi, 2000).  T4 is thought to only 

have biological effects once it is converted into T3 by DIOII (Figure 1.1), because 

inhibition of DIOII has been shown to also inhibit the biological effects of T4.  However, 

there is evidence that T4 has its own unique effects independent of conversion to T3 in 

the brain (Helbing et al., 2007). 

TRs were first cloned in 1986 in chicken and humans (Sap et al., 1986; 

Weinberger et al., 1986).  Vertebrates, including R. catesbeiana, have two TR genes 

(Davey et al., 1994; Bassett et al., 2003) on chromosome 17 and 3 that encode for 

TRα and TRβ, respectively.  TRα and TRβ bind T3 with similar affinities.  In humans 

and mice, the TRα locus encodes four proteins but only one, TRα1, is the true nuclear 

receptor (Figure 1.5).  TRα2, TRΔα1, TRΔα2 are antagonists of TRα1 because these 

isoforms bind to DNA but not to TH, which is a mechanism to suppress the expression 

of genes containing the thyroid hormone response element (TRE).  (Koenig et al., 

1989; Chassande et al., 1997; Plateroti et al., 2001).  The TRβ locus encodes 2 

receptors: TRβ1 and TRβ2.  TRβ1 and TRβ2 differ in length in the amino-termini 
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(Flamant and Samarut, 2003).  The rat TRβ locus also encodes TRβ3 and TRΔβ3 

isoforms (Williams, 2000).  R. catesbeiana is known to have one isoform of each gene 

(Helbing et al., 1992; Schneider et al., 1993; Davey et al., 1994).  Anurans express 

TRα during embryogenesis and it remains present throughout postembyronic 

development and metamorphosis.  TRβ is not present during embryogenesis and the 

levels have been found to increase with the increasing concentrations of TH (Figure 

1.3A) (Eliceiri and Brown, 1994). 

The TRs have five domains, A/B, C, D, E, and F, as listed from N-terminal to C-

terminal end (Figure 1.5).  There is a high-degree of conservation between the TR and 

other members of the nuclear hormone superfamily with differences in the hormone-

binding domain (Zhang and Lazar, 2000)).  The A/B domain, also known as the 

activation function (AF-1) domain, is variable in sequence (comparing TRα) and length 

(comparing TRβ isoforms).  The AF-1 can function to recruit coactivators independent 

of T3 (Yaoita et al., 1990).  The C domain is the DNA binding domain (DBD) and is the 

most highly conserved domain among other nuclear hormone receptors.  The DBD, 

which also serves as the dimerization domain, consists of 2 adjacent zinc fingers, 

which contains 2 histidine and 2 cysteine residues.  The DBD binds to TH response 

element (TRE) in the promoter or enhancer regions of TH-responsive genes (Yen, 

2001).  The D domain is the variable hinge region but also carries the nuclear 

localization signal as wells as transactivation and DNA binding functions.  The E 

domain, along with the F domain, is the ligand, or hormone, binding domain (LBD) and 

is highly conserved among TRs in different species but has a low  
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Figure 1.5.  Various isoforms encoded by the thyroid hormone receptor alpha 
(TRα) (A) and thyroid hormone receptor beta (TRβ) (B) genes.  The isoforms are 
generated through alternative splicing or use of different promoters.  This schematic 
represents the different domains involved TR function which include the DNA-binding 
domain (DBD; C) and hormone-binding, or ligand-binding domain (LBD; E); these are 
specifically present in TRα1, TRβ1, TRβ2, and TRβ3 proteins, which act as the true T3 
nuclear receptors.  TRα2 and truncated TRΔ lack either one of both of the DBD and 
LBD.  Co-factor binding domains are located in A/B, D, and E; dimerization domains 
are located in domains C and E.  AF-1 and AF-2 domains are important for 
transcriptional activation.   Adapted from (Kress et al., 2009). 
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level of homology among other members of the nuclear hormone receptor 

superfamily.  The E domain functions in transcriptional activation and repression 

(Yen, 2001). 

TRs can bind to DNA as monomers, homodimers with each other, or 

heterodimers with RXRs.  There are three RXRs: RXRα, RXRβ, and RXRγ.  The TR-

RXR heterodimer is considered to be the most stable and the facilitators of TH 

genomic action.  TR-RXR specifically recognizes the TRE and interacts with 

transcription factors (Wong et al., 1995).  TRs bind DNA in both the presence and 

absence of ligand and, unlike some other members of the steroid/TH nuclear receptor 

family, possess a dual function (Das et al.) in the activation and repression of genes 

depending upon TH status (Figure 1.3A). There is little or no binding of TR-RXR 

heterodimer to endogenous TREs during embryogenesis, but TRs are present from 

maternal stores in the oocyte and play an important role in conferring competence of 

tadpoles to respond to TH and in coordinating metamorphosis.  This will be discussed 

later in the chapter.  

TH can both up-regulate and down-regulate genes.  Up-regulated TH-

responsive genes are repressed in the absence of TH, and activated upon the addition 

of TH.  The binding of TR-RXR to TRE is independent of the presence of TH (Figure 

1.3A).  In the absence of TH, the TR-RXR heterodimer is bound to the TRE and also 

interacts with corepressors such as silencing mediators of receptors of TH (SMRT) and 

nuclear receptor corepressor (N-CoR).  SMRT and N-CoR interact with the LBD of both 

the TR and RXR and have been shown to form a complex binding to transcriptional 

repressor Sin3A, which in turns interacts with histone deacetylases (HDACs).  The 
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activity of the HDACs leads to a more compact chromatin structure, which can inhibit 

transcription (Yen, 2001; Yen et al., 2006; Yen et al., 2006).   

When TH is present, it binds to the TR and induces a conformational change in 

the protein.  Upon TH binding, corepressors are released and coactivators such as 

cAMP response element binding protein (CBP/p300), steroid receptor coactivators 

(SRC/p160), p300/CBP-associated factor (P/CAF) are recruited (Yen, 2001; Bassett et 

al., 2003)).  The AF-2 domain plays a critical role in interacting with the coactivators.  

These coactivators have intrinsic histone acetyltransferase (HAT) activity and can 

increase gene transcription.  Other coactivators that do not have intrinsic HAT activity 

are TR associated proteins (TRAPs) and Vitamin D receptor interacting proteins 

(DRIPs).  TRAP and DRIP form a mediator complex that is associated with the 

recruitment and activation of RNA polymerase II (Bassett et al., 2003). 

The mechanism of TH-down-regulated genes is not well understood.  In terms of 

TH-downregulated genes, the TR-RXR heterodimer complex is bound to the TRE in 

the absence of TH yet transcription is stimulated.  When TH is present and binds TR, 

transcription is inhibited.  It is thought the position of the TRE, creating a negative-TRE 

(nTRE), and different coregulators play a role in TH-downregulated genes.  nTREs are 

usually located close to the transcription start site or downstream of the TATA box. 

These have been found in TH-down-regulated genes such as TSH and TRH 

(Shibusawa et al., 2003). The absence of TH causes a different conformation of the TR 

on a nTRE than on a TRE associated with up-regulated genes, and still causes 

recruitment of corepressors such as SMRT and N-Cor even though there is high level 

of gene transcription taking place (Eckey et al., 2003).  
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cTH binding to TRs on nTREs causes HDAC recruitment followed by inhibition 

of transcription. The majority of the mechanism of TR gene regulation is based on in 

vitro studies (Buchholz et al., 2006).  Recently Wang et al (2009) demonstrated TH-up-

regulated and down-regulated gene mechanisms have more in common than 

previously thought.  In rat pituitary cells, T3 decreased transcription and increased HAT 

activity of the TSHα promoter, a known TH-down-regulated gene.  Histone H3K9 and 

H3K18, whose acetylations are associated with transcriptional activation, were 

acetylated in the negatively regulated TSHα promoter.  Chromatin immunoprecipitation 

assays showed the addition of T3 caused the release of a corepressor complex 

composed of HDAC3, transducin b-like protein (TBL1), N-CoR, and SMRT.  

Interestingly, an overexpression of the corepressors N-CoR and HDAC3 caused an 

increase of the T3-independent basal transcription.  This demonstrates there are many 

similarities between TH-up-regulated and –down-regulated genetic mechanisms (Wang 

et al., 2009). 

 

1.6 Thyroid Hormone Non-Genomic Actions 

As mentioned above, TH also has nongenomic actions, which are largely, 

mediated through signal transduction pathways, causing an effect without first 

affecting transription.  In mammalian cells, nongenomic actions are considered to be 

rapid and in the order of seconds to minutes; there is no requirement for protein 

synthesis to take place, and it is independent of nuclear TRs (Shi et al., 1996; Bassett 

et al., 2003; Davis et al., 2005; Davis et al., 2008).  The TH nongenomic mechanisms 

are equally responsive to T4 and T3 and in some cases more responsive to T4.  Some 
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of TH nongenomic actions include changes in cell morphology, respiration 

(mitochondrial function), and ion homeostasis.  TH exerts these effects through 

multiple pathways.  TH can bind to cell surface proteins, for example the cell surface 

protein integrin αvβ3 binds strongly to T4 (Davis et al., 2005).  Binding of T4 to integrin 

aVb3 affects cell-extracellular matrix interactions and triggers intracellular signalling 

processes (Davis et al., 2005).  TH also binds to cytosolic proteins and often these 

proteins have different functions, such as enzymes.  Binding of TH to these cytosolic 

proteins may have an effect on the additional functions of these proteins (Parkison et 

al., 1991; Shi et al., 1994).  Also, a small amount of the TRβ can exist in the cytoplasm 

and in TH-treated cells TRβ can form a complex with MAPK.  Unliganded TRβ can 

also interact with PI3K in the cytoplasm (Davis et al., 2005; Storey et al., 2006; Guigon 

and Cheng, 2009).   

Nongenomic actions and genomic actions of TH have been shown to crosstalk 

and there has been evidence to show the importance of interaction between kinase 

signaling cascades and TH signaling pathways in determination of cell and tissue fate 

(Skirrow et al., 2008).  Skirrow et al. (2008) showed roscovitine, a Cdk inhibitor, to 

prevent T3-induced regression of cultured R. catesbeiana tail tips suggesting 

phosphorylation is important in establishing the T3-dependent proapoptotic gene 

expression program.  Cyclin C, was also shown to be a novel T3-responsive gene, 

suggesting Cdk8 to be the most likely candidate involved in tail regression (Skirrow et 

al., 2008).  Another protein, which appears to play an important role in the regression 

of the tadpole tail, is protein kinase C.  Genistein, a tyrosine kinase inhibitor, 

prevented T3-induced regression in R. catesbeiana tadpole tails and T3-induced up-
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regulation of TRβ transcript levels, suggesting T3-induced tail regression is dependent 

on tyrosine kinase signaling.  Genistein effects were more potent within the first 24 

hours after T3-injection and less so 48 hours after injection, suggesting tyrosine kinase 

signaling may be important in the genetic program transition and phosphorylation 

events are also important in T3-induced tail tip regression (Ji et al., 2007).  Therefore, 

it appears both nongenomic and genomic actions play a role in mediating TH action 

and there is also evidence for crosstalk between the two actions. 

 

1.7 Regulation of Metamorphosis          

Metamorphosis is a complex program that requires different tadpole tissue and 

organs to develop de novo or resorb at specific time points throughout the 

metamorphic program.  THs control the diverse cellular processes that take place 

during metamorphosis and they also control the balance between cell proliferation and 

differentiation.  The diverse actions of THs on organ targets depend on: specific TR 

expression in the target organ, local transport and metabolism of T3 and T4, cell type, 

the developmental stage (progenitor or differentiated), pathophysiological state 

(normal or tumour cell), and cellular context (Kress et al., 2009).  THs and TRs play 

their roles by interacting with other signalling pathways in a cell-specific manner 

(Kress et al., 2009).  THs and TRs modulate cell proliferation through modification of 

expression of different genes/proteins involved in the cell cycle control: growth factors, 

cell surface receptors, proteins acting on cell membrane, transcription factors, and 

cyclins (Kress et al., 2009).   
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It is important for the de novo synthesis of the fore- and hindlimbs to be 

complete before the tadpole completely resorbs the tail.  Also, a tadpole must have 

functioning lungs before it loses function and resorbs the gills.  It is because of this 

critical sequence of events that the development of the hindlimbs begins to take place 

in premetamorphosis and the tail is not resorbed until metamorphic climax, where the 

complete resorption of the tail marks the end of metamorphosis (Shi, 2000).  Both TH 

and TR play key roles in regulating the timing of metamorphosis, with TR controlling 

the development of the tadpole in both the absence and presence of TH.  During 

embryogenesis, TR, RXR, and TH are not present.  The TH and TR do not regulate 

TH-inducible genes when the hormone and receptor levels are absent or low, allowing 

basal transcription (Figure 1.3A) to take place, which in turn allows for proper 

embryonic organ development (Eliceiri and Brown, 1994; Wong and Shi, 1995).  After 

tadpole hatching, TRα expression increases and reaches maximum levels around the 

time the tadpole begins to feed; RXR levels follow a similar pattern to the levels of 

TRα.  The TRα - RXRα heterodimers, when bound to TH-up-regulated genes, 

promote recruitment of corepressors and repression of gene transcription (Figure 

1.3A).  Unliganded TR-RXR in premetamorphic tadpoles regulates the timing for the 

initiation of metamorphosis to ensure the tadpole undergoes proper growth and 

prevents early metamorphosis (Puzianowska-Kuznicka et al., 1997; Sato et al., 2007). 

When TH levels begin to increase, the TR-RXR complex can activate TH-responsive 

genes, and metamorphosis begins to take place (Figure 1.3A). 

TRs control anuran growth and development before the onset of metamorphosis 

is to take place; however, once TH is present, TH levels play an important role in 
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controlling the timing of morphogenesis in different tissues at different stages 

throughout metamorphosis.  For example, the hindlimbs begin to develop de novo in 

premetamorphosis but the tail does not undergo tail resorption until late in 

metamorphosis.  The hindlimb development begins when T4 levels are at 1-2 nM and 

T3 is nondetectable (Leloup and Buscaglia, 1977).  CTHBP and 5-deiodinase are 

repressed and 5’-deiodinase activity is high (Shi et al., 1994; Becker et al., 1997).  

TRα, RXRα, and RXRγ are highly expressed followed by a reduction in their 

expression (Figure 1.3) (Wong and Shi, 1995).  Recently Trudeau’s group developed 

a complete developmental profile for TRs and DIOs (DIOI, DIOII, and DIOIII) during 

embryogenesis and early larval stages in S. tropicalis.  Whole embryos and larvae 

contain TRβ and all three DIO transcripts and TRα transcript only appear after 

gastrulation.  TRβ and TRα transcripts significantly increase before hatching.  TRs, 

DIOII and DIOIII transcripts were able to respond to T3 exposure in a dose dependent 

manner as early as NF stage 46 (feeding tadpole stage) (Duarte-Guterman and 

Trudeau).   

The TH-TR complex has a low Kd (0.1 nM), and therefore, only a small amount 

of T3 is needed to carry out this action.  Conversely, tail resorption begins to take 

place immediately following the point when peak TH levels are reached, which are 

approximately 10 nM.  CTHBP and 5-deiodinase levels are high and decrease 

following metamorphic climax when the tail resorbs.  5’-deiodinase activity increases 

after metamorphic climax is reached.  TRβ, RXRα, RXRγ are also increased in the tail 

during this time (Shi et al., 1994; St Germain et al., 1994; Becker et al., 1997; 

Veldhoen et al., 2002).  TRα transcript levels increase in R. catesbeiana 
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metamorphosing tadpole tails. Veldhoen et al. (2006) measured TRα and TRβ 

transcript levels in R. catesbeiana tadpole tail during natural metamorphosis and saw 

an increase of the transcript levels of both receptors.   Recent studies have shown 

TRα primarily plays a role in proliferating tissues, such as the limbs, where as TRβ is 

associated with regressing tissues such as the tail (Denver et al., 2008). 

Cofactors also play a role in regulating specific tissue responses.  Tissue 

content and promoter context can affect cofactor specificity.  For example, both the 

basic leucine-zipper motif-containing transcription factor (TH/bZIP) and the TRβ genes 

recruit the coactivator SRC3 in the intestine but only TH/bZIP recruits SRC3 in the tail 

(Paul et al., 2005).   

TH controls gene expression by activating and repressing genes within 

metamorphosing organs.  The direct response genes of TH, then in turn, affect the 

expression of down-stream genes, which have an effect to the cell fate and in the end 

lead to metamorphosis.  It is believed that some of TH direct response genes are 

ubiquitous throughout all tissues whereas other TH direct response genes are tissue 

specific (Shi, 2000). 

 

1.8 Environmental Contaminants - Disruptors of Thyroid Hormone Action      

Over the past 5 decades there has been increasing concern for human and 

wildlife exposure to the increasing amount of chemicals released into the environment.  

There is growing evidence to suggest many of these chemicals can act as endocrine 

disrupting chemicals (EDCs).  An EDC is a chemical, which has the potential to 

interfere with the endocrine system of wildlife and humans at ecologically relevant 
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concentrations.  They are exogenous substances that act like or on hormones in the 

endocrine system and disrupt the physiologic function of endogenous hormones.  

Traditional studies on environmental contaminants focused on the study of high-level 

concentrations of chemicals and their toxicity with respect to the causation of overt 

damage, cytotoxicity, mutagenesis, and genotoxicity.  Recently, the field of EDCs has 

grown and now a multitude of studies researched the consequences of low-dose 

exposures as well as the effects of mixtures of EDCs.   

The majority of EDC research has focused on the disruption of the 

hypothalamus-pituitary-gonadal axis and the reproductive functions in wildlife and 

humans; however, there is growing concern about chemicals, which may disrupt the 

hypothalamus-pituitary-thyroid axis.  It is estimated that 200 million people in the world 

and recent studies indicate that as many as 30% of Canadians have some form of 

thyroid disease (Thyroid Foundation of Canada, 2010); however, as many as 50% of 

people in Canada with thyroid disease are undiagnosed.  The most common 

abnormality is the development of goitre, an enlargement of the thyroid gland, due to a 

TH deficiency because of a lack of iodine.  Cretinism is also another disease 

associated with TH deficiency (Hetzel and Dunn, 1989; Hetzel and Mano, 1989).  

Cretinism is a mental deficiency and skeletal defects due to a lack of TH during foetal 

development (Hetzel and Dunn, 1989; Hetzel and Mano, 1989).  Hypothyroidism can 

also be caused by an autoimmune defect, which targets TH producing cells of the 

thyroid gland.  This type of hypothyroidism is known as Hashimoto’s disease 

(McConahey, 1972).  Conversely, hyperthyroidism is known as Grave’s disease 

(Thyroid Foundation of Canada, 2010).   
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TH deficiency can be caused for many reasons, some of that include a lack of 

iodine, removal of TH gland, or absence of the gland because of congenital defects 

(Thyroid Foundation of Canada, 2010); however, there is reason to believe there are 

chemicals humans and wildlife are exposed to which may disrupt the normal actions of 

the TH axis.  The Great Lakes are known to contain a large amount of EDCs and 

many top-level predator fish found have goitre (Leatherland, 1992).  Currently there 

are now over 100 naturally and synthetic substances that have been reported to have 

thyroid disrupting effects (Boas, Feldt-Rasmussen et al. 2006).   

TH disrupting chemicals can more specifically be defined as xenobiotics that 

alter the structure or function of the thyroid gland, alter regulatory enzymes associated 

TH homeostasis, or change circulating tissue concentrations of THs (Crofton et al., 

2005).  There are a wide range of EDCs that act through a variety of mechanisms and 

these include (known or suspected mechanisms of actions): substances known to 

inhibit thyroidal iodine uptake such as perchlorate, nitrates, and thiocyanate; 

compounds with direct actions on the TR such as polychlorinated biphenyls (PCBs), 

polybrominated diphenylethers (PBDEs), bisphenol-A (BPA), triclosan (TCS); 

compounds that displace T4 from the serum TTR such as PBDEs, hydroxylated PCBs; 

compounds that inhibit TPO activity such as isoflavones; compounds that decrease T4 

half-life by activating hepatic clearance enzymes such as organochlorine pesticides, 

dioxins and furans. Compounds that have direct actions on the TR or interact with 

THBP or CTHBP may have structural similarities to TH.  TH structure (Figure 1.1) 

resembles some polyhalogenated aromatic hydrocarbons (PHAHs) such as PCBs and 

brominated flame retardants (BFRs) and this could explain why PCB displaces T4 from 
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TTR and TBG, causing an increase in T4 excretion, as well as cause direct actions on 

the TR (Boas et al., 2006).  PCBs have also been correlated with decreased serum T4 

levels and increased TSH levels in numerous wildlife species as well as in rats and 

humans (Brucker-Davis, 1998; Leatherland, 2000; Zoeller, 2005; Boas et al., 2006).    

Several chemicals with known TH disrupting effects were examined in this 

thesis. Tetrabromobisphenol-A (TBBPA) (Figure 1.6A) is a type of BFR, which acts as 

a flame retardant which is commonly found in plastics, building materials, paints, and 

electronic equipment; it has structural similarity to T4 (Figure 1.1).  The use of TBBPA 

has been on the rise and between 1990 and 2000 the use of BFRs, and mostly 

TBBPA, has doubled (Law et al., 2006).    Similarly to PCBs, TBBPA decreased serum 

T4 levels in rats, which may be due to an increase in the activity of UDP-GT causing 

an increase in the glucoronidation of T4 and, therefore, increasing its removal through 

the bile (Legler and Brouwer, 2003).  TBBPA bound human TTRs with almost a 10 

times higher affinity than T4; TBBPA also has been shown to compete for human TR 

in vitro (Meerts et al., 2000; Kitamura et al., 2005; Kitamura et al., 2005).  TBBPA had 

an effect on metamorphosis inhibiting tail fin shortening and limb development in 

tadpoles (Kitamura et al., 2005; Veldhoen et al., 2006; Fini et al., 2007).  TBBPA has 

been detected in human plasma and foetal tissue (Thomsen et al., 2001; Ikezuki et al., 

2002; Schonfelder et al., 2002) indicating the developing foetus is exposed to TBBPA.  

Given the evidence that TBBPA disrupts the normal actions of TH and the important 

role TH plays during development, it is of concern TBBPA has been detected in 

foetuses.   
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Acetochlor (Figure 1.6B) is another chemical with detected endocrine disrupting 

abilities.  Acetochlor is an herbicide used at a rate of over 10 million kilograms per 

year primarily on corn crops (Barbash et al., 2001).  Although acetochlor does not 

have structural similarity to TH, it accelerated TH-induced precocious metamorphosis 

in Rana pipiens and Xenopus laevis (Cheek et al., 1999; Crump et al., 2002).  This 

chemical was shown to increase TRβ transcript levels in the tail fins of both Xenopus 

laevis and R. catesbeiana tadpoles (Veldhoen and Helbing, 2001; Crump et al., 2002).  

A cDNA array-based study showed that acetochlor increased TH-induced genes and 

attenuated the response of TH-responsive down-regulated genes (Helbing et al., 

2006).  In premetamorphic R. catesbeiana tadpoles exposed to acetochlor and TH, 

there was an increase in the transcript levels of both TRα and TRβ in the brain 

(Helbing et al., 2006).  The mechanism whereby acetochlor acts is presently unknown; 

however, studies have shown that acetochlor does not bind TRβ but can bind to the 

estrogen receptor (Cheek et al., 1999; Rollerova et al., 2000). 

Triclosan (TCS) (Figure 1.6C) is an antimicrobial agent found in numerous 

pharmaceuticals and personal care products (PPCPs).  TCS works by blocking the 

active site of enoyl-acyl carrier protein reductase enzyme (ENR), which is the 

essential enzyme in fatty acid synthesis (Heath et al., 2000).  TCS blocks ENR, an 

enzyme humans do not have, therefore, preventing the synthesis of bacterial cell 

membranes and division.  TCS can bioaccumulate in the tissues of wildlife and 

humans (McMurry et al., 1998; Levy et al., 1999; Heath and Rock, 2000).  TCS has a 

structural similarity to TH (Figure 1.1) and has been shown to have TH disrupting 

effects.  In R. catesbeiana premetamorphic tadpoles TCS accelerated T3-induced 
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metamorphic hindlimb development as well as decreased the transcription levels of 

the TRα and TRβ in tail fins (Veldhoen et al., 2006).  TCS also increased TH-induced 

TRβ transcript levels in X. laevis XTC-2 and tail cells (Fort et al.; Veldhoen et al., 

2006; Fort et al., 2010).  Not only has TCS been shown to have effects in anurans but 

it has also been shown to have TH disrupting affects in rats by decreasing serum T4 

levels (Paul et al.).  The mechanism by which TCS causes these adverse affects is 

currently unknown.  Not only has TCS been found in the environment but its biological 

metabolite, methyl-TCS (mTCS; Figure 1.6D), has also been found in the 

environment.  TCS and mTCS were detected in lakes and in a river in Switzerland at 

concentrations up to 74 and 2 ng/L, respectively (Lindstrom et al., 2002). However, 

there is very little research done on the endocrine disrupting abilities of mTCS.   

Also, another commonly used antimicrobial related to TCS is triclocarban (TCC; 

Figure 1.6E). TCC is also used in high amounts in PPCPs since 1957 and its use is 

estimated to be 1 million pounds per year (Sapkota et al., 2007).  With a half-life of 

108 days in aerobic soil, TCC can be inadvertently used as an agriculture pesticide 

(Ying et al., 2007).  Very little research has been done on TCC and its potential as an 

EDC, and no studies have investigated potential effects of TCC on the HPT axis.  

Recently, TCC increased the transcription of testosterone-regulated genes in human 

embryonic kidney 293 cells that lack critical steroid metabolizing enzymes (designated 

as 2933Y cells) (Chen et al., 2008).  TCC exposure also increased the size of 

testosterone-dependent organs, such as the prostate gland, when fed to rats (Chen et 

al., 2008).    Both TCS and TCC are readily absorbed from the gastrointestinal tract  
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Figure 1.6. Structure of tetrabromobisphenol A (TBBPA) (A), acetochlor (Ace) (B), 
triclosan (TCS) (C), methyl-TCS (mTCS) (D), triclocarban (TCC), (E) roscovitine 
(F), genistein (G), and Triac (F). 
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and oral mucosa (Maibach et al., 1971; Scharpf et al., 1975; Sandborgh-Englund et al., 

2006).  

Roscovitine (Figure 1.6F) is a cyclin-dependent kinase (Cdk) inhibitor.  It has 

been shown to induce cell cycle arrest both in late G1 and late G2 phase in tobacco 

cells (Planchais et al., 1997).  It has also been shown to specifically inhibit the activity 

of Cdk1, Cdk2, and Cdk5 of animal cells and is a competitive inhibitor of ATP binding 

(DeAzevedo et al., 1997; Meijer et al., 1997).  When cultured tail fins were exposed to 

both T3 and roscovitine, the tail fins did not undergo tail regression and the T3-induced 

increase of the TRβ transcript was prevented (Skirrow et al., 2008).  The mechanism is 

thought to occur through the inhibition of the transcription modulatory Cdk8/Cyclin C 

activity, possibly through negative effects on RNA Polymerase II (RNA Pol II) 

(Bregman et al., 2000; Skirrow et al., 2008). The effect of roscovitine was found to 

occur at the level of initiation rather than during tail regression where it prevented the 

establishment of the genetic program at the commitment point (i.e. 24-48 h of T3 

treatment) required for tail regression (Skirrow et al., 2008). 

Genistein (Figure 1.6G) is one of several known isoflavones found in a number 

of plants with soybeans and soy products like tofu and textured vegetable protein 

being the primary food source.  Genistein is a tyrosine kinase inhibitor, which has 

been shown to prevent T3-dependent tail regression likely through inhibition of protein 

kinase C activity and TRβ phosphorylation (Ji et al., 2007). 
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Triac (3,3’-5-triiodothyroacetic acid; Figure 1.6F) is a T3 analogue that was also 

used in this study.  Triac has a 8.8-fold higher affinity for TRβ than T3 (Messier et al., 

2001). 

 
1.9 Determination of Thyroid Hormone Disrupting Chemicals                 

In 2002, the World Health Organization (WHO), published criteria which outline 

whether an EDC can be considered a disruptor of the thyroid hormone action as 

follows: demonstrating a temporal relationship between exposures to the contaminant 

and changes in the HPT endpoints; demonstrating a strong association between 

exposure to the contaminant and effects on the HPT axis; demonstrating a consistent 

HPT response across multiple studies; determining the biological plausibility of the 

response; determining whether recovery of the HPT axis occurs following removal of 

the contaminant (Damstra et al., 2002).  There are numerous different endpoints that 

can be used to assess if a chemical is acting as a disruptor of TH action and these 

include: thyroid histopathology, measurements of plasma THBPs and THs, 

measurement of TH deiodination and metabolism, target tissue and receptor level 

endpoints.  This thesis focuses on the molecular level endpoints through the 

measurement of the steady state mRNA levels of TH-responsive genes using the 

method of real time quantitative polymerase chain reaction (QPCR).   

I studied the effects of known and potential TH-disrupting chemicals on the 

transcript levels of two different TH-response genes in the tail fin of R. catesbeiana 

using the C-fin assay developed in the lab.  TRβ is an up-regulated TH early response 

gene, regulated within 24 hours of TH treatment; Rana larval keratin type I (RLKI) is a 
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down-regulated TH early response gene.  RLKI was recently discovered in our lab. In 

R. catesbeiana tadpole tail fins exposed to TH, RLKI transcript levels decreased and 

its N-terminal caspase protein cleavage fragment increased (Domanski and Helbing, 

2007).  Two other gene transcript levels were measured, catalase (CAT) and heat 

shock protein 30 (HSP30).  Both CAT and HSP30 are indicators of cellular stress and 

they are both TH-responsive (Helbing et al., 1996; Kashiwagi et al., 1999; Valko et al., 

2006; Woolfson and Heikkila, 2009).  CAT is an enzyme, which is involved in the 

removal of reactive oxygen species (ROS), such as hydrogen peroxide from the cell 

by converting it into oxygen and hydrogen.  CAT activity has been shown to decrease 

just prior to the onset of tail apoptosis (Kashiwagi et al., 1999; Valko et al., 2006).  As 

discussed earlier, tail apoptosis is a key step in the metamorphic program and it can 

be triggered by the presence of ROS; a decrease in the activity of CAT would lead to 

an increase in ROS and therefore suggests CAT may play an important role in the 

mechanism of programmed cell death.  TH not only decreased the activity of CAT but 

also decreased the transcript levels (Kashiwagi et al., 1999).  HSP30 is a member of 

the heat shock protein family.  Heat shock proteins protect thermally- or chemically-

stressed cells and act as molecular chaperones (Fernando and Heikkila, 2000).  They 

restore cellular functions subjected to environmental stress, act as housekeeping 

proteins for proper cell growth, and they are often transient but necessary in the 

development and differentiation of specific tissues (Lindquist and Craig, 1988; Arrigo 

and Tanguay, 1991; Atkinson et al., 1993; Gernold et al., 1993; Tanguay et al., 1993).  

HSP30 transcript levels have been shown to increase in the liver in response to TH 

exposure (Helbing et al., 1996). 
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The concern for the increasing presence of TH disrupting chemicals in the 

environment has prompted research in this area and a need for screening assays, 

which can assess the safety of the chemicals being tested.  Anurans present an 

excellent model to study TH disruptors for many reasons.   

Tadpole metamorphosis provides observable and measurable morphological 

outcomes. Anurans have aquatic and terrestrial life stages, permeable skin, fewer 

active detoxifying enzyme systems than humans, and lack protective membranes 

(such as egg shells or amniotic membranes) during the critical stages of embryonic 

and larval development (Waring and Harris, 2005).  Premetamorphic tadpoles can 

respond to exogenous TH and have no endogenous production of TH, providing a true 

zero base line without inducing a disease state, as is the case for rodent models that 

require chemical or physical manipulation of the thyroid gland (Tata, 1968; Tata, 1993; 

Shi, 2000).  Premetamorphosis is the simplest stage to assess TH disruptors because 

the tadpole is not producing TH at this stage; however, the tadpole is still able to 

respond to TH.  It is the period when the tadpole is the most sensitive to TH.  Not only 

can whole tadpoles respond to exogenous TH, but also its organs can be cultured and 

exposed to TH and undergo the metamorphosis process.  Tail fins have previously 

been cultured in our lab and after exposure to TH, the tail tips underwent regression 

(Ji et al., 2007).   

Although anurans present an excellent model to study potential TH disruptors, it 

is also important to look at the effects these chemicals can cause in a mammalian 

system.  Another model used in this thesis is the GH3 cell line.  The GH3 cell line is a 

widely used rat pituitary somatolactrophic cell line originally isolated from the MtT/W5 
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pituitary tumour (Tashjian et al., 1970).  TH is critical for proper brain development and 

is responsible for neuronal proliferation, cell migration and differentiation in the 

developing mammalian brain (Oppenheimer and Schwartz, 1997; Bernal et al., 2003).  

As such, GH3 cells provide an excellent model to study potential TH disrupting 

chemicals, which may have a direct impact on TH actions on the brain.  The GH3 cell 

line possesses unique characteristics of the original differentiated tissue and these 

include: the ability to produce growth hormone (GH) and prolactin (PRL), ability to 

express intracellular TR in high amounts, and the ability to proliferate in response to 

TH (Samuels et al., 1988; Hohenwarter et al., 1996).  TH has been shown to up-

regulate GH mRNA levels in GH3 cells (Williams et al., 1991).  Recently Gutleb et al. 

developed (2005) an in vitro T-screen assay to identify potential TH disrupting 

chemicals using GH3 cells. This assay is based on TH-dependent cell growth of the 

GH3 cells.    A cell proliferation-based assay doesn’t provide indications of molecular 

mechanisms of TH disruption so this thesis used QPCR to measure the steady state 

mRNA levels of TH-responsive genes. The genes studied were TH-responsive up-

regulated genes, GH and deiodinase I (DIOI), and TH-responsive down-regulated 

gene, PRL.  Heat shock protein 70 (HSP70) transcript levels were also measured as a 

marker of cellular stress. 

 

1.10 Thesis Overview 

The amount of chemicals released into the environment is increasing and, 

therefore, there is a pressing need to study the potential effects of environmental 

contaminants.  This thesis takes advantage of the anuran metamorphosis system and 
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utilizes a novel assay, the cultured tail-fin biopsy (C-fin) assay.  The C-fin assay uses 

cultured premetamorphic R. catesbeiana tadpole tail fin biopsies and exposes these 

biopsies to chemicals of interest in the absence and presence of TH.  This study 

begins with the refinement of the C-fin assay and uses TRβ, RLKI, CAT, and HSP30 

mRNA as endpoints.   

After the establishment of the C-fin assay using previously studied chemicals, 

the thesis next studies the potential effects of nanoparticles.  Nanoparticles (NPs) are 

materials with at least one dimension between 1 and 100 nm.  NPs are found in a 

diverse range of products including electronics, optics, textiles, medical devices, 

cosmetics, food packaging, water treatment technologies, fuel cells, catalysts, 

biosensors, and agents for environmental remediation (Project on emerging 

nanotechnologies, 2009).  The use of NPs is greatly increasing and because of their 

small size, they exert different chemical and physical properties compared to their 

larger counterparts; however, there is little research looking at the different properties 

these materials possess.  This thesis uses the C-fin assay to study the effects 

nanosilver, cadmium-telluride quantum dots (QD), and nanozinc oxide has on TH 

action as well as on cellular stress.  GH3 cells were also used to measure the effects 

these NPs have on TH-mediated actions in a mammalian system.   

Finally, this thesis uses the C-fin assay to further examine into the thyroid 

disrupting effects of TCS, as well, examine the potential effects mTCS and TCC have 

on TH-mediated processes.  Again, the GH3 cells were exposed to all three of these 

chemicals to determine if these chemicals have an effect on a mammalian model.     
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This study demonstrates the benefits of a novel assay, which can detect 

chemical disruption on the TH-signalling pathway.  Using, this assay and a cell culture 

exposure assay, can help provide mechanistic insight into the actions of chemicals 

which disrupt the normal actions of the TH.  Not only does this thesis look into 

previously characterized disruptors of TH action but it also studies the TH disrupting 

effects of chemicals, which have previously not been studied in this context. 
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Chapter 2: Materials and Methods 

 

The following is a compilation of materials and methods used throughout the thesis.  

Additional materials and methods specific to a chapter will be found in the appropriate 

chapter. 

 

2.1 Experimental Animals 

Premetamorphic Rana catesbeiana tadpoles were caught locally (Victoria, BC) or 

purchased from Ward’s Natural Science Ltd. (St. Catherines, ON). Taylor and Kollros 

(TK) (Taylor and Kollros, 1946) stage VI–VIII animals were used . Animals were housed 

in the University of Victoria aquatics facility and maintained in 100 gallon fiberglass 

tanks containing recirculating water at 12°C with exposure to natural daylight. Tadpoles 

were fed daily with spirulina (Aquatic ELO-Systems, Inc., FL). Animals used in this study 

were treated and maintained in accordance with the guidelines of the Canadian Council 

on Animal Care. 

 

2.2 Organ culture of tail fin biopsies 

Preparation of the tail fin biopsy cultures was adapted from conditions described 

previously (Veldhoen et al., 2006; Ji et al., 2007). Premetamorphic (Taylor and Kollros 

(TK) stage VI-VIII (Taylor and Kollros, 1946)) R. catesbeiana tadpoles were euthanized 

in 0.1% tricaine methanesulfonate (Syndel Laboratories, Vancouver, BC, Canada) in 25 

mM sodium bicarbonate, and subsequently washed four times in 100 ml per tadpole in 

sterile magnesium-free (MFM) solution (7.5 mM Tris-HCl pH 7.6, 88 mM NaCl, 1 mM 
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KCl, 2.4 mM NaHCO3, 0.88 mM CaCl2).  Six to ten biopsies were obtained per animal, 

from the dorsal and ventral tail fins using a six mm dermal biopsy punch (Miltex Inc., 

York PA USA), to allow the assessment of six-ten treatments per animal. Biopsies were 

cultured in individual wells at 25ºC in air for 48 h in 24-well multi-well culture plates 

(Primaria, BD Biosciences) in 1 ml per biopsy of 70% strength Leibovitz’s L15 medium 

(Gibco, Invitrogen) supplemented with 10 mM HEPES pH 7.5, 50 units/ml penicillin G 

sodium, 50 μg/ml streptomycin sulfate (Gibco, Invitrogen), and 50 μg/ml neomycin 

(Sigma-Aldrich).  

For the chemical treatments, the media additionally contained the vehicle control, 

10 nM 3,3’,5-triiodothyronine (T3), or 10 nM T3 in combination with the test chemicals at 

different concentrations or an equal volume of the test chemical solvent. T3 was 

prepared as a 10-5 M stock in 400 µM NaOH and was applied at 1 μl/ml of media, giving 

a final concentration of 10 nM T3 (400 nM NaOH final). An equal volume of vehicle was 

applied to those treatments lacking T3. The vehicle concentration was kept constant 

throughout. All test chemical stocks, with the exception of nanoparticles, were prepared 

as 100X concentrates through serial dilutions in the indicated solvents (solvent 

concentration was kept constant) and stored at -20oC. 

Chemicals tested were obtained from Sigma-Aldrich Canada Ltd. (Oakville, ON) 

unless noted otherwise.   Test chemicals and their respective solvents included: 

acetochlor (2-chloro-N-(ethoxy-methyl)-N-(2-ethyl-6-methylphenyl) acetamide; CAS 

34256-82-1; 99.8% purity; AccuStandard) in methanol (CAS 67-56-1; 99.8% purity 

(0.05% H2O); Caledon, Edmonton AB Canada), genistein (CAS 446-72-0; 98% purity) in 

dimethyl sulfoxide (DMSO; CAS 67-68-5; 99.9% purity (0.1% H2O); ACP Chemicals 
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Inc.), roscovitine (CAS 186692-46-6; ≥98% purity) in  DMSO, tetrabromobisphenol A 

(2,2',6,6'-Tetrabromo-4,4'-isopropylidendiphenol; TBBPA; CAS 79-94-7; 99.8% purity; 

AccuStandard, New Haven CT USA) in DMSO, and Triac (3, 3’,5-Triiodothyroacetic 

acid; CAS 51-24-1) in DMSO.   

Chemicals prepared in water included: micron-cadmium telluride (micron-CdTe; 

<250μm; CAS 1306-25-8; 99.99% purity), micron-silver (particle size: 5-8 microns; CAS 

7440-22-4; 99.9% purity), silver nitrate (AgNO3; CAS 7761-88-8), sodium nitrate 

(NaNO3; CAS BP360-500g; Fisher), sodium nitrite (NaNO2; CAS S2252-500g; > 99.5% 

purity), and sodium gluconate (C6H11NaO7; CAS S-2054). 

NPs [nanosilver (CAS 7440-22-4; 99.1% purity), nanozinc oxide (CAS 8051-03-4; 

99.1% purity), and green quantum dots (QDs; CAS 1306-25-8; 99.1% purity)] 

manufactured to the specifications of 90% particles within the 1-10 nm diameter with the 

majority within the 3-5 nm range were purchased from Northern Nanotechnologies (now 

known as ViveNano, Toronto, ON) at a concentration of 0.8 µM. These particles were 

water soluble due to a proprietary carboxyl-functionalized coating common to all three. 

They were stored at 4ºC.   

Triclosan (5-chloro-2-[2, 4-dichloro-phenoxy]-phenol; TCS; CAS 3380-34-5; 

≥97% pure) and Triclocarban (3-(4-chlorophenyl)-1-(3,4-dichlorophenyl)-urea; TCC; 

CAS 101-20-10; 99% pure) were prepared in 400 µM NaOH and  in DMSO, 

respectively. Methyl-triclosan was a gift from Jeremy Wulff, Department of Chemistry, 

University of Victoria, and was prepared in DMSO.   

The biopsies were pretreated with 0.5 ml of the appropriate concentration of the 

test chemical in culture media for 2 h prior to the addition of T3.   After the 2 h 
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incubation, 0.5 ml of the appropriate concentration of the test chemical plus 20 nM T3 (in 

800 μM NaOH) were added into the wells giving a final concentration of 10 nM T3 (in 

400 nM NaOH).  For the wells not containing T3, 0.5 ml of the appropriate concentration 

of the test chemical plus 800 μM NaOH were added. Each test chemical stock was 

applied at 1 μl/ml medium giving final nominal concentrations as indicated in the text 

with a solvent dilution of 1:1,000.  At the end of the 48 h incubation period for each 

treatment, the biopsy was stored in 100 μl of RNAlater (Ambion Inc., Austin TX USA) for 

24 hours at 4oC and then transferred to -20ºC until processed for RNA.  

 

2.3 Cell Culture 

Rat pituitary cells originating from the GH3 cell line were purchased from 

American Type Culture Collection (ATCC; Manassas, VA, USA).  The cells were 

maintained in F-12 Kaighn’s medium (Gibco, Invitrogen) supplemented with 50 units/ml 

penicillin G sodium, 50 μg/ml streptomycin sulfate (Gibco, Invitrogen), 1 mM sodium 

pyruvate (Gibco,Invitrogen), and 10% foetal bovine serum (FBS; Gibco-Invitrogen).  

FBS was inactivated prior to use by heating at 60°C for 20 minutes.  All cell culture work 

was performed in a model 1106 Laminar Flow Hood (Forma Scientific, Waltham, MA, 

USA).  Cells were initially grown on a 10 cm diameter sterile culture dish (Sarstedt, Inc., 

Montreal, PQ, Canada) at 37°C in air and 5% CO2.  At confluence, the cells were 

harvested by the addition of 0.05% (w/v) trypsin (Gibco-Invitrogen) in 0.5 nM 

ethylenediaminetetraacetic acid (EDTA) to each 10 cm dish and plated on sterile Falcon 

6-well plates (VWR International) at 2×105 cells/well (1×105 cells/mL) in modified F-12 
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Kaighn’s media supplemented with penicillin streptomycin, sodium pyruvate and 10% 

heat-shocked FBS in 37°C in air and 5% CO2. Following 24 h incubation, the media 

was subsequently removed and the GH3 cells were washed three times with 2 mL/well 

sterile phosphate buffer saline solution (PBS).  F-12 Kaighn’s media supplemented with 

penicillin streptomycin, sodium pyruvate, and also containing 10% heat-inactivated 

hormone-stripped (charcoal/dextran stripped) FBS (Fisher, SH 30068.03) was then 

added (2 mL) and cells were incubated for a further 48 h at 37°C in air and 5% CO2. 

After this time, treatment of GH3 cells in the absence and presence of 10 nM T3 took 

place.   

For the chemical treatments, the media additionally contained the vehicle control, 

10 nM 3,3’,5-triiodothyronine (T3), or 10 nM T3 in combination with the test chemicals at 

different concentrations or an equal volume of the test chemical solvent. T3 was 

prepared as a 10-5 M stock in 400 µM NaOH and was applied at 1 μl/ml of media, giving 

a final concentration of 10 nM T3 (400 nM NaOH final). An equal volume of vehicle was 

applied to those treatments lacking T3. The vehicle concentration was kept constant 

throughout. All test chemical stocks, with the exception of the nanoparticles, were 

prepared as 100X concentrates through serial dilutions in the indicated solvents (solvent 

concentration was kept constant) and stored at -20oC. 

Chemicals tested were obtained from Sigma-Aldrich Canada Ltd. (Oakville, ON) 

unless noted otherwise.  NPs [nanosilver (CAS 7440-22-4; 99.1% purity), and green 

quantum dots (QDs; CAS 1306-25-8; 99.1% purity)] manufactured to the specifications 

of 90% particles within the 1-10 nm diameter with the majority within the 3-5 nm range 

were purchased from Northern Nanotechnologies (now known as ViveNano, Toronto, 
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ON) at a concentration of 0.8 µM. These particles were water soluble due to a 

proprietary carboxyl-functionalized coating common to all three. They were stored at 

4ºC.  The appropriate amounts of NPs were added to the media to obtain the test 

concentrations.   

Triclosan (5-chloro-2-[2, 4-dichloro-phenoxy]-phenol; TCS; CAS 3380-34-5; 

≥97% pure) and Triclocarban (3-(4-chlorophenyl)-1-(3,4-dichlorophenyl)-urea; TCC; 

CAS 101-20-10; 99% pure) were prepared in 400 µM NaOH and dimethyl sulfoxide 

(DMSO), respectively. Methyl-triclosan was a gift from Jeremy Wulff, Department of 

Chemistry, University of Victoria, and was prepared in DMSO.  Each test chemical stock 

was applied at 1 μl/ml medium giving final nominal concentrations as indicated in the 

text with a solvent dilution of 1:1,000.  2mL of media containing the appropriate test 

chemical was applied to the cells.  Cells were incubated in the test chemicals for 48 h 

followed by removal of the growth medium and addition of 1mL TRIzol to each well for 

isolation of total RNA as described below.    

 

2.4 Isolation of RNA, quantification of gene expression  

RNA was isolated using TRIzol reagent as described by the manufacturer 

(Invitrogen).  Mechanical disruption of the tail biopsies utilized 300 μl TRIzol reagent, a 

1 mm diameter tungsten-carbide bead, and safe-lock Eppendorf 0.5 ml microcentrifuge 

tubes in a Retsch MM301 Mixer Mill (Fisher Scientific) at 20 Hz two times for 1.5 min 

with the chambers being rotated in between the cycles. Twenty μg of glycogen (Roche 

Diagnostics, Laval PQ Canada) were added prior to isopropanol precipitation to 

maximize RNA yield. Isolated RNA was subsequently resuspended in 10 μl diethyl 



48 
 
 
 
pyrocarbonate (DEPC)-treated RNase-free water and stored at -70ºC. cDNA was 

synthesized from 5 μl (~0.5 μg) total RNA as per manufacturer’s protocol using the 

RevertAid H Minus First Strand cDNA Synthesis Kit (Fermentas) with minor 

modifications: RNA was first annealed with 200 ng random hexamer primer in the 

presence of dNTPs and then cDNA was synthesized by adding the mixture of reaction 

buffer, ribonuclease inhibitor and RevertAid H Minus M-MuLV reverse transcriptase and 

incubating at 25ºC for 10 min and then at 42ºC for 1.5 h. The tail biopsies cDNA 

products were diluted five-fold and the GH3 cell cDNA products were diluted 20-fold, 

prior to PCR amplification and stored at -20ºC.  Selected transcripts, designed using the 

computer software Primer Premier (version 5.00; Table 2.1) were analyzed using a 

MX3005P real-time quantitative PCR system (Stratagene, La Jolla CA USA). Each 15 µl 

amplification reaction contained 10 mM Tris-HCl (pH 8.3 at 20ºC), 50 mM KCl, 3 mM 

MgCl2, 0.01% Tween 20, 0.8% glycerol, 40,000-fold dilution of SYBR Green I 

(Molecular Probes Inc., Eugene OR USA), 200 µM dNTPs, 69.4 nM ROX reference dye 

(Invitrogen), the appropriate concentration of the test primer as listed in Table 2.1, 2 µl 

of diluted cDNA, and one unit of Hot Start Taq DNA polymerase (Fermentas). The 

thermocycle program for both gene targets included an initial enzyme activation step at 

95ºC (4 min) followed by 40 cycles of 95ºC denaturation (15 sec), appropriate annealing 

for each primer as listed in Table 2.1 (30 sec), and 72ºC elongation (45 sec). Controls 

lacking cDNA template and an inter-plate standard containing a mixture of cDNA were 

included to determine the specificity of target cDNA amplification as well as the quality 

of each QPCR run. Quadruplicate reactions were performed for each sample and data 

were averaged and normalized to the expression of the invariant control gene encoding 
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the ribosomal protein L8 using the comparative Ct method (Livak and Schmittgen, 

2001). The integrity of amplification reactions was confirmed by the presence of a single 

DNA product following gel electrophoresis and by amplicon sequencing. Additionally, 

the efficiency of the target amplifications was validated to be approximately equal 

allowing the use of the comparative Ct method.  

 

2.5 Statistical Analyses 

The C-fin data was non-parametric and statistical analyses were performed 

using SPSS Ver. 12.0 (Chicago, IL) software using the Kendall’s W and paired 

Wilcoxon tests since these data were generated from a repeated—measures type of 

experimental design. The types of comparisons made were as follows:  First, the test 

chemical results were examined relative to the vehicle control and, second, once it was 

verified that an expected TH-dependent response was obtained, the test chemicals in 

combination with T3 results were compared relative to T3 alone. In the latter case, the 

response to a test chemical in the presence of T3 was expressed as a fold change 

relative to the response to T3 alone of each individual to eliminate inter-animal variation 

thus enabling us to better identify chemical-induced perturbations relative to each 

individual’s ability to respond to T3 Therefore, the T3 values in this comparison were 

given a value of one and the graphs show the fold change relative to the T3-induced 

response.   

The GH3 cell data was non-parametric and statistical analyses were performed 

using SPSS Ver. 12.0 (Chicago, IL) software using the Kruskal Wallace and Mann-

Whitney U tests. 
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Table 2.1. QPCR Primer Information.  A list of the QPCR primers that are used in this 
thesis to measure the mRNA steady-state levels of selected transcripts.  Primers were 
designed using the computer software program Primer Premier (version 5.00). 



51 
 
 
 

Chapter 3: C-fin: A cultured frog tadpole tail fin biopsy approach for 

detection of thyroid hormone-disrupting chemicals 

 

Adapted for the thesis from: Hinther, A., Domanski, D., Vawda, S., and Helbing, CC.  C-

fin: A cultured frog tadpole tail fin biopsy approach for detection of thyroid hormone-

disrupting chemicals.  Environmental Toxicology and Chemistry 29 (2010), pp. 380–

388. 

 

3.1 Introduction 

The world’s development and industrial progress is increasingly adding 

anthropogenic chemicals into the environment.  The number of chemicals currently 

released into the environment has been estimated at over 100,000 (Commission, 2006).  

Some of these chemicals are released into the environment intentionally, such as 

through agricultural processes, and some are released inadvertently through waste and 

from products in use. Beyond their toxic effects on organisms when present in high 

amounts, a number of these chemicals have adverse effects at sublethal concentrations 

such as acting as EDCs at sublethal concentrations. The focus of research thus far has 

been mainly on EDCs of gonadal steroids with (anti-) estrogenic and (anti-)androgenic 

capabilities with relatively limited information regarding disruptors of TH action (Zoeller 

and Tan, 2007). Nevertheless, close to a hundred compounds have been classified as 

endocrine disruptors of the TH axis and many new chemicals are hypothesized to acts 

as EDCs of TH action (Boas et al., 2006).  
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The growing concern that polluting anthropogenic chemicals are potential 

disruptors of the TH axis has prompted organizations such as the U.S. Environmental 

Protection Agency (EPA), Environment Canada, and the Organisation for Economic Co-

operation and Development (OECD) to look at screening assays to assess the safety of 

newly created chemicals and those already present in the environment. The total 

dependence of amphibian metamorphosis on TH and the high degree of conservation of 

TH signalling pathway in vertebrates has led to the suggestion that metamorphosis can 

be used as a model for the detection of chemicals affecting the TH axis in vertebrates 

(Tata, 2006). Indeed, several metamorphosis-based assays using whole animal 

exposures are currently in the validation phase such as the amphibian metamorphosis 

assay (AMA) and the Xenopus metamorphosis assay (XEMA) (Fort et al., 2007) that are 

based upon developmental rate and thyroid histology, and the native species-based 

Rana catesbeiana metamorphosis assay  that is based upon morphological and 

molecular endpoints (Veldhoen et al., 2006). The OECD in their report on the AMA for 

the detection of thyroid active substances expressed the need for additional in vivo/in 

vitro assays to expand the battery of screening assays (OECD, 2006). Moreover, there 

is a substantial drive through the Interagency Coordinating Committee on the Validation 

of Alternative Methods (ICCVAM) to develop methods to reduce the use of animals in 

screening assays (The NICEATM-ICCVAM Five Year Plan (2008-2012) 

http://iccvam.niehs.nih.gov/docs/5yearplan.htm).  

We have previously developed a tail fin biopsy assay using Rana catesbeiana 

tadpoles which enables non-lethal tissue sampling from live animals and the 

assessment of exposure to thyroid active agents by examining mRNA transcript levels 
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of known TH-responsive genes such as TRβ (Veldhoen and Helbing, 2001; Veldhoen 

and Helbing, 2005). This method enables a repeated measures experimental design 

where a tail fin biopsy can be obtained from the same tadpole at multiple time points. 

Despite the advantages of this experimental design, only a single chemical treatment 

can be tested per animal, which is not conducive to a high throughput screening 

approach for multiple chemicals or conditions. 

This current study builds on the tail fin biopsy approach on a native amphibian 

tadpole by combining this concept with the fact that tadpole tissues can be successfully 

cultured (Veldhoen et al., 2006; Ji et al., 2007) to develop a cultured tail fin biopsy or “C-

fin” assay. By taking multiple tail fin biopsies per animal and then exposing each biopsy 

to a different treatment condition, the C-fin assay enables the screening of multiple 

chemicals simultaneously while maintaining complex tissue structure and enabling the 

determination of biological variation of a response. The C-fin assay is designed to 

determine direct effects on target tissue TH signalling by examining TH-responsive 

gene transcript levels.  Not only is the C-fin assay designed to study chemicals that are 

potential TH disruptors, it also allows us to look at the direct tissue effects a chemical 

has in the absence of TH thus providing further mechanistic insight. 

Herein, we examined a variety of known or potential TH agonists and antagonists 

including Triac (a TR agonist) (Messier and Langlois, 2000), genistein (an isoflavone) (Ji 

et al., 2007), roscovitine (a cyclin-dependent kinase (Cdk) inhibitor) (Skirrow et al., 

2008), the brominated flame retardant tetrabromobisphenol A (TBBPA) (Veldhoen et al., 

2006), and the herbicide acetochlor (Crump et al., 2002; Veldhoen et al., 2002) to 

determine the direct tissue effects of these chemicals using the C-fin assay. We used 
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quantitative real time polymerase chain reaction (QPCR) to assess TH-dependent 

transcript levels, TH-induced TH receptor β (TRβ) and RLKI, a TH-repressed Rana 

larval keratin type I transcript whose N-terminal protein fragment increases upon TH-

treatment in vivo (Domanski and Helbing, 2007). The C-fin assay was able to detect 

perturbations in TH-signalling within 48h of exposure demonstrating that this method 

has utility as a novel screen for TH disrupting chemicals. 

 

3.2 Results 

3.2.1 The C-fin assay 

Previous studies have shown the tail tissue to be a robust indicator of TH action 

and that premetamorphic tadpoles are more sensitive than prometamorphic tadpoles to 

TH disruption (Opitz et al., 2006; Zhang et al., 2006). The C-fin assay thus uses tail fin 

tissue from premetamorphic (TK stage VI-VIII) R. catesbeiana tadpoles, which are 

competent to respond to T3 but have not yet been exposed to the high levels of the 

endogenous TH that would occur in prometamorphosis. Up to eight 6 mm biopsies were 

taken from the dorsal and ventral tail fins of each tadpole and incubated in serum-free 

media in individual wells in a multiwell-plate (Figure 3.1). This allowed for the tissue 

from an individual animal to be exposed to multiple treatments. For example, as 

illustrated in Figure 3.1, eight biopsies from one animal enabled the testing of vehicle 

control, T3 alone, three concentrations of the test chemical and T3 in combination with 

the test chemical at the three concentrations. This experimental design permits the 

assessment of biological variation within a population and the detection of TH agonists 

and antagonists. Moreover, the individual response to TH can be normalized to the  
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Figure 3.1. Overview of the C-fin assay.  Eight biopsies of 6 mm in diameter are taken 
per individual premetamorphic Rana catesbeiana tadpole tail fin and placed into 
separate wells of a 24-well plate containing serum-free medium. These biopsies are 
then exposed to a total of eight different conditions.  A typical experiment consists of 
exposure to three different concentrations of test chemicals in the presence and 
absence of 10 nM T3 plus vehicle and T3 alone controls.  This experimental design 
enables the identification of individuals that do not respond to TH and focus upon those 
animals that demonstrated inherent TH responsiveness for assessing TH disruptive 
effects of a test chemical. Moreover, this experimental design maintains biological 
variation and tissue structure while reducing the number of animals by a factor of eight. 
Adapted from (Hinther et al., 2010A).   
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Figure 3.2. Sensitivity of the C-fin assay to T3 as assessed by TRβ and RLKI 
transcript levels.    Premetamorphic R. catesbeiana tadpole tail fin tissue biopsies 
were exposed to 0.01, 0.1, 1, 10, or 100 nM T3 or vehicle control (“0”) for 48 h and 
assessed for TRβ and RLKI transcript levels.  The bar graphs show the fold change in 
transcript levels relative to vehicle control as determined by QPCR (n=8). The medians 
are shown as solid black lines within the box and the box indicates the 25th and 75th 
percentiles. Outlier and extreme values are indicated by an open circle and asterix, 
respectively.  Increasing concentration of T3 is represented by the bevel. Significance is 
indicated by “a” for p ≤ 0.05 (Wilcoxon). Adapted from (Hinther et al., 2010A). 
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individual’s baseline value. At the end of the incubation period, the tissue was used to 

evaluate gene transcript or protein levels by QPCR or Western blot (Hinther et al., 

2010A), respectively.   

 We first determined the relative responses of the tail fin biopsies to different 

concentrations of the thyroid hormone, T3 (Figure 3.2). We examined the well-studied 

direct early response gene TRβ transcript, which has been used as a candidate 

biomarker for TH action in a number of studies (Veldhoen and Helbing, 2001; Helbing et 

al., 2006; Opitz et al., 2006; Zhang et al., 2006). In addition, we also examined a novel 

gene transcript encoding RLKI whose transcript and N-terminal protein fragment we 

have previously shown to be decreased and increased, respectively, in vivo  by this 

hormone (Domanski and Helbing, 2007). Figure 3.2 demonstrates the change in 

transcript levels with significant median elevation up to 20-fold in TRβ and a 3-fold 

reduction in RLKI transcript levels occurring at 1 nM T3 or higher after 48 h exposure.   

The results with RLKI represent one of very few examples of a transcript whose levels 

are substantially reduced upon TH exposure. 

 

3.2.2 Location of biopsy is independent of the T3-induced response 

We chose the 10 nM T3 concentration which represents the level measured 

previously in metamorphic climax tadpoles (Regard et al., 1978). The C-fin assay 

maximizes the use of the tail fin from an individual animal by taking multiple biopsies 

from a single tail. However it was necessary to evaluate whether there were any 

differences in TH-dependent responses between biopsies taken from these different 

locations.   As shown in Figure 3.3, seven different locations that covered the usual  
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Figure 3.3. Examination of uniformity of response to T3 across the tail fin tissue 
as analyzed by TRβ and RLKI transcript levels.    (A) Sampled locations within the 
tail fin used to test for a uniform response to T3. Biopsies (6 mm) “1” to “7” were 
exposed to 10 nM T3 for 48 h and compared to biopsy “C” exposed to vehicle control. 
Biopsies were exposed individually in serum-free organ culture medium in multi-well 
plates. (B) The bar graphs show the fold change in TRβ and RLKI transcript levels in 
the 10 nM T3- exposed biopsies (“1” to “7”) compared to vehicle control (“C”) as 
determined by QPCR. The data from two independent experiments are shown (n=16). 
The medians are shown as solid black lines within the box and the box indicates the 
25th and 75th percentiles. Outlier values are indicated by an open circle.   All T3-treated 
biopsies showed a significant increase (TRβ) or decrease (RLKI) in transcript levels 
relative to the vehicle control (p≤0.05) irrespective of sampling location, whereas no 
significant differences in response levels were observed between sampling locations 
(Wilcoxon). Adapted from (Hinther et al., 2010A).   
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Figure 3.4. Assessment of the effects of Triac and roscovitine on TRβ and RLKI 
transcripts in the C-fin assay.  Fold change in steady-state levels of the TRβ and 
RLKI transcripts relative to vehicle control as determined by QPCR in the absence (A), 
or presence (B) of 10 nM T3.  The results are expressed as fold change relative to the 
vehicle control (A) or to the T3-induced levels (B) as described in the Methods section. 
Tail fin biopsy samples were exposed to vehicle control (“0”), 10 nM T3 (“T3”), and the 
indicated test chemicals for 48 h before QPCR evaluation of TRβ and RLKI transcript 
levels. Test chemical concentrations were as follows: 1, 10, and 100 nM Triac; and 0.6, 
6, and 60 μM roscovitine. Only those individuals that demonstrated a T3-dependent 
increase or decrease in TRβ or RLKI transcript levels, respectively, were examined in 
this graph. Significance is indicated by “a” (p ≤ 0.05; Wilcoxon). Adapted from (Hinther 
et al., 2010A). 
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sampling region were assessed for changes in indicator transcript levels after the 

biopsies were exposed to 10 nM T3 for 48 h. An eighth biopsy was exposed to vehicle 

solution only. Uniform responses were observed with no statistical difference in 

response to T3 between locations for either transcript tested.  A similar response 

throughout the R. catesbeiana tail fin after TH induction has been shown before in 

biopsies taken from live tadpoles (Veldhoen and Helbing, 2001).  

 

3.2.3 Detection of disruption of TH action with the C-fin assay   

Numerous chemicals were tested that were previously implicated as disruptors of TH 

action using the C-fin assay. Because C-fin is a repeated measure type of experiment, 

we are able to identify individual animals’ responses to the test conditions. Since we 

were interested in evaluating TH-mediated responses, we first established whether or 

not a set of biopsies from an individual showed the ability to respond to T3 treatment. 

Seven to nine percent of animals were defined as failing to respond to T3 treatment (< 

2-fold increase in TRβ transcript or < 1.25-fold decrease in RLKI transcript; n=165 and 

164, respectively) and were not considered for evaluation of TH-disrupting activity.  Of 

the remaining 91-93% of TH-responsive animals, two comparisons were made: first, the 

test chemical results were examined relative to the vehicle control and, second, the test 

chemicals in combination with T3 results were compared relative to T3 alone. In the 

latter case, the response to a test chemical in the presence of T3 were expressed as a 

fold change relative to the response to T3 alone of each individual to better identify 

perturbations relative to the individual’s ability to respond to T3. Therefore the T3 values 

in Figures 3.4B and 3.5B are given a value of one.  
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Figure 3.5. Analysis of TBBPA and acetochlor for TH disrupting activity through 
assessment of TRβ and RLKI transcript levels. Fold change in steady-state levels of 
the TRβ and RLKI transcripts relative to vehicle control as determined by QPCR in the 
absence (A), or presence (B) of 10 nM T3.  The results are expressed as fold change 
relative to the vehicle control (A) or to the T3-induced levels (B) as described in the 
Methods section.  C-fin samples were exposed to vehicle control (“0”), 10 nM T3 (“T3”), 
and the indicated chemicals alone or in combination with 10 nM T3 for 48 h.  Biopsies 
were pre-treated with test chemical for 2 hours before the addition of 10 nM T3 or 
solvent. The chemical treatments were: TBBPA: 10, 100, and 1,000 nM; acetochlor or 
genistein: 1, 10, and 100 nM. Significance is indicated by “a” (p ≤ 0.05; Wilcoxon). 
Adapted from (Hinther et al., 2010A). 
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We compared the baseline levels of TRβ and RLKI transcripts within each animal 

and found a strong positive correlation (Correlation coefficient=0.311, p=0.0001, n=134) 

between these two transcripts. We also found a strong negative correlation between 

baseline level of each transcript compared to its T3-induced level (TRβ: Correlation 

coefficient=-0.391, p=0.0001, n=151; RLKI: Correlation coefficient=-0.211, p=0.005, 

n=145). 

Triac is a T3 analogue that can bind to TRs (Messier and Langlois, 2000).    At 1, 

10, and 100 nM, Triac increased TRβ transcript levels by a median 4-fold compared to 

vehicle control (10 nM, p=0.043) and reduced RLKI transcript levels between 3- to 8-fold 

(1 nM, p=0.018; 10 nM, p=0.012; 100 nM, p=0.012) (Figure 3.4A).  The T3-dependent 

reduction in RLKI transcript levels were further reduced by 2-fold (T3 + 1 nM, p=0.050; 

T3 + 10 nM, p=0.036) (Figure 3.4A) whereas Triac prevented full T3-dependent induction 

of TRβ transcript by 2-fold at the lowest concentration examined (p=0.043; Figure 3.4B).  

Roscovitine inhibits T3-dependent tail tip regression in culture at 60 μM and 

reduces TRβ transcript levels (Skirrow et al., 2008). We found that roscovitine 

decreases steady state levels of TRβ and RLKI transcripts by 5- and 2-fold, 

respectively, at this concentration (p=0.018 and 0.012; Figure 3.4A). Lower 

concentrations of roscovitine increased the levels of both transcripts up to 1.9-fold (TRβ; 

0.6 μM, p=0.028; 6 μM, p=0.043) and 1.5-fold (RLKI; 0.6 μM, p=0.036; 6 μM, p=0.036). 

The T3-dependent induction of TRβ transcript was eliminated (34-fold decrease; 

p=0.018) when 60 μM roscovitine was present, but not at lower roscovitine 

concentrations (Figure 3.4B). The T3-dependent reduction of RLKI transcript levels was 



63 
 
 
 
unaffected at any concentration although there was a marked increase in variation 

observed at 60 μM roscovitine (Figure 3.4B). 

We then tested the effects of three environmentally-relevant chemicals that have 

previously been implicated in disruption of TH action. TBBPA had no effect at any of the 

concentrations tested (10-1,000 nM; Figure 3.5) on TRβ and RLKI transcript levels. 

Acetochlor was tested at three concentrations of 1, 10, and 100 nM which span median 

and maximum concentrations measured in streams in the Midwestern United States 

(Scribner et al., 2000). Acetochlor enhanced the T3-dependent increase in TRβ 

transcript levels by 1.5-fold (1 nM, p=0.028; Figure 3.5B), but had no effect on its own 

(Figure 3.5A). RLKI transcripts were not affected (Figure 3.5).  

 In contrast to TBBPA and acetochlor, genistein (1-100 nM) had pronounced 

effects on the steady state levels of both transcripts. Genistein reduced the levels of 

TRβ transcripts by 3- to 34-fold (p=0.013, Kendall’s W) and RLKI transcripts by 1.2- to 

25-fold (p=0.003, Kendall’s W; Figure 3.5A). The T3-dependent induction of TRβ 

transcript levels was reduced by 2-fold upon administration of 10 nM genistein 

(p=0.043) and was strikingly reduced over 90-fold in the presence of 100 nM genistein 

(p=0.034; Figure 3.5B). The T3-dependent reduction in RLKI transcripts at 10 nM 

genistein (p=0.046) was also augmented to 8-fold upon co administration of T3 with 100 

nM genistein (p=0.043; Figure 3.5B). 
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3.3 Discussion 

There is a growing concern regarding the presence of pharmaceuticals and 

personal care products in the environment and their possible deleterious effects on 

wildlife and humans and there is a great need for the development of effective assays to 

detect disruption of TH action. The C-fin assay uses the organ culture of multiple tail fin 

biopsies from a native frog species as the basis of a novel screening tool which enables 

the assessment of effects on a highly responsive target tissue.  By taking multiple 

biopsies from each tadpole, every tadpole in essence is exposed to all treatment 

conditions, allowing the researcher to see the biological variation taking place within 

each experiment, while evaluating direct tissue effects of a chemical alone or in the 

presence of TH. C-fin is responsive to TH agonists and antagonists as indicated by 

exposure profiles upon administration of Triac and roscovitine (Figure 3.4) (Opitz et al., 

2006; Ji et al., 2007; Skirrow et al., 2008) each with different, yet possibly overlapping, 

mechanisms (Messier and Langlois, 2000; Skirrow et al., 2008).  

Previous studies on the flame retardant, TBBPA, demonstrated that this chemical 

had varied effects upon TH-mediated responses and a number of studies have reported 

agonist or antagonist activities that were hypothesized to be through binding to carriers 

such as transthyretin and/or the TRs (Meerts et al., 2000; Kitamura et al., 2005; 

Kitamura et al., 2005; Hamers et al., 2006; Veldhoen et al., 2006). TBBPA could 

potentiate certain TH-dependent responses in the Pacific tree frog and in rat pituitary 

GH3 cells (Hamers et al., 2006; Veldhoen et al., 2006).  However, in the Pacific tree 

frog, TBBPA only caused a significant change in the levels of the gelatinase A 

transcript, but not the TRβ transcript in the tail (Veldhoen et al., 2006).    Other studies 
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also did not observe potentiation of the TH-dependent response (Kitamura et al., 2002; 

Kitamura et al., 2005; Schriks et al., 2006). It should be noted that in most of these 

studies, far higher (μM) concentrations were used than in the present study. The 

majority of the literature, however, appears to indicate TBBPA has antagonistic effects 

on TH action possibly by interacting with the TRs, but again these studies used 

application concentrations in the μM range. For example, using a reporter gene assay 

with a TRE-luciferase reporter construct in PC12 mammalian cells expressing avian 

TRα1, TBBPA between 10 and 60 μM induced luciferase expression, but lost any effect 

above 60 μM (Jugan et al., 2007). In addition, when 0.3 nM T3 was added, TBBPA 

reduced the hormone-dependent induction of luciferase with an IC50 of 50 μM (Jugan et 

al., 2007). These findings indicate that TBBPA at high concentrations can probably bind 

to TRs; however, the absence of an effect of TBBPA on tail fins in this study suggests 

that a direct mode of action on the tissue is unlikely at lower concentrations. Additional 

factor(s) such as the hypothalamus-pituitary-thyroid axis, serum carrier proteins or 

deiodinases present in the whole animal might be more important.  

  Acetochlor acted as a weak agonist with respect to the TRβ transcript level in the 

presence of T3; however, no other significant effects were observed for acetochlor 

under the conditions used in the C-fin assay. Previous lines of evidence using intact 

tadpoles demonstrated that acetochlor disrupted TH-dependent processes. Acetochlor 

accelerated T3-induced precocious metamorphosis in the northern leopard frog tadpole, 

Rana pipiens (Cheek et al., 1999) and in Xenopus laevis premetamorphic tadpoles 

(Crump et al., 2002) and enhanced the steady state levels of TR transcripts in the tail of 
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precociously induced premetamorphic tadpoles (Crump et al., 2002) or naturally 

developing prometamorphic tadpoles (with elevated endogenous TH) (Helbing et al., 

2006). Turque et al (2005) showed a modest increase in green fluorescence in the 

brains of transgenic premetamorphic X. laevis tadpole carrying a TRE-containing 

TH/bZIP-EGFP reporter construct (Turque et al., 2005). The general weak to lack of 

response of acetochlor exposure in the C-fin context suggests that a direct tissue effect 

is most likely not the primary mechanism for this pesticide. The modest enhancement of 

TRβ transcript levels however is consistent, albeit weaker than, the whole animal 

observations. The lack of response of the RLKI transcript, the observation that 

acetochlor does not affect the levels of either transcript in the absence of hormone, and 

the lack of binding of human recombinant TR to acetochlor (Cheek et al., 1999) suggest 

that acetochlor’s effects are unlikely to be modulated through TRs, rather may be 

through alternate mechanisms requiring the intact animal. 

Genistein is a major isoflavone in soy products and is ingested in very high 

amounts by infants exclusively fed soy-based formulas.  The plasma isoflavone 

concentration of these infants is approximately 7 μM, approximately 300 times higher 

than in milk formula- or breast-fed infants (Setchell et al., 1998; Badger et al., 2002). 

Genistein has previously been associated with disruption of TH metabolism (Doerge 

and Sheehan, 2002) and we have recently shown that similar concentrations could 

influence T3 action directly on frog tadpole tissues possibly through targeting protein 

kinase C and the TR (Ji et al., 2007). The C-fin assay clearly demonstrated that 

genistein had profound effects on T3 signalling acting to accentuate TH-dependent 

repression events likely through these pathways (Ji et al., 2007). 
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The dependence of amphibian metamorphosis on TH has led to the suggestion 

that metamorphosis can be used to assess TH disruption. A number of research groups 

have used this premise to develop assays for the detection of TH-modulating 

compounds ranging from whole-animal morphological assays to assays based on 

germinal transgenic tadpoles with TRE-driven reporters. A central goal of this study 

included establishing a rapid, sensitive and amenable to high-throughput method for 

assaying TH agonists and antagonists. The C-fin assay fulfilled a number of important 

criteria such as low background with no interference from endogenous hormone, robust 

and statistically significant responses, dose dependence, and low threshold. The use of 

a single tadpole for multiple exposures reduces animal use and the multi-well format 

reduces reagent costs. Furthermore, having multiple animals all exposed to the same 

set of different treatments will provide information on biological variation in response to 

the individual treatments within the animal population. In this way, we were able to 

determine that approximately 7% of tadpoles are unable to respond TH treatment. This 

is in contrast to most metamorphic assays such as the Xenopus metamorphosis assay 

(XEMA) and the AMA where individual animal responses are not tracked (Fort et al., 

2007). The C-fin assay also requires a much shorter time frame than morphological 

evaluation.  

Despite its advantages, the C-fin assay based solely on the tail fin tissue is 

unable to determine TH disrupting effects that occur on the thyroid gland or the HPT-

axis; however the assay can still encompass a large range of potential interferences. 

These include interferences with TH degradation, with TH transport across the cell 

membrane, with binding to cellular proteins, and interferences with binding to the 



68 
 
 
 
receptors or coregulator associations. The limitation of this assay to certain levels of 

the TH pathway can also be helpful at suggesting possible modes of action. We have 

largely focused upon QPCR-based analyses in this study. However, it is important to 

note that C-fin is amenable to the use of protein biomarkers as well.  Additional protein 

analysis, such as with the RLKI cleavage fragment (Hinther et al., 2010A) could 

provide a fuller profile of mechanistic effects of a test chemical. The appearance of the 

N-term RLK I protein fragment occurred as early as 12 h with a 10 nM T3 dose in this 

organ-culture setting (Hinther et al., 2010A). The amount of fragment increased with 

time, with the 48 h time point having a substantially high level. This fragment also 

appeared at significantly elevated levels at 1 nM T3 within 48 h (Hinther et al., 2010A).  

Incorporation of protein analyses would not be difficult as half of the biopsy could be 

used to study transcript levels and the other half to study protein levels. With further 

refinements and the potential for expanding the transcript and protein endpoints, C-fin 

has the potential to become a significant addition to the battery of EDC tests needed to 

handle the ever-increasing challenge of chemical risk assessment and monitoring.  
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Chapter 4: Nanometals induce stress and alter thyroid hormone 

action in amphibia and mammalian cells at or below North American 

water quality guidelines 

 

The material in this chapter was adapted from and published in part in:  Hinther, A., 

Vawda, S., Skirrow, R. C., Veldhoen, N., Collins, P., Cullen, J. T., van Aggelen, G., and 

Helbing, CC. Nanometals induce stress and alter thyroid hormone action in amphibia at 

or below North American water quality guidelines. Environmental Science and 

Technology, 44 (2010), pp. 8314-21.  

 

4.1 Introduction 

Nanoparticles (NPs) are materials with at least one dimension of nanometer size.  

NPs are found in a diverse range of products including electronics, optics, textiles, 

medical devices, cosmetics, food packaging, water treatment technologies, fuel cells, 

catalysts, biosensors, and agents for environmental remediation.  Nanosilver has strong 

antibacterial properties and has a wide range of medical applications.  It is the most 

commonly used NP in consumer products representing approximately one quarter of 

NP-enhanced products on the market (Project on emerging nanotechnologies, 2009) 

including wound dressings, contraceptive devices, surgical instruments, and prostheses 

(Chen and Schluesener, 2008).  Quantum dots (QDs) are semiconductor NPs 

comprised of heavy metal compounds and are used in medical research and 

diagnostics as markers for selective imaging of tumour cells in living animals.  QDs are 
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also used for optical applications and in electronics (Gao et al., 2004). Nanozinc oxide is 

used in a variety of applications in electronics and personal care products, such as 

sunscreen (Jingxia et al., 2009).   

NPs are released into the environment from manufactured goods, manufacturing 

effluent, spillage during the shipping and handling of products, or through deliberate 

disposal (Handy et al., 2008; Handy et al., 2008).  The biological activity of NPs is 

dependent on many factors, some of which include size, shape, and surface properties 

(Oberdorster et al., 2005).  At the lower end of the nanoscale (1-10 nm), NPs exhibit 

unusual chemical and physical properties different from their larger sized counterparts.  

The small size of the NPs facilitates their cellular uptake and their high surface to 

volume ratio allows association with other molecules that could be carried into cells 

(Klein, 2007).   The inventory of NP-enabled consumer products has expanded from 

~200 in 2006 to over 1,000 in 2009 with an estimated 1,600 products by 2011 (Project 

on emerging nanotechnologies, 2009). An intermediate estimate of the amount of NPs 

released into the aquatic environment per year is 65 tonnes (Blaser et al., 2008). 

Despite the prevalence of NPs, information related to their biological effects is limited.   

Recent research in fish has revealed nanometals possess distinctive toxicity 

profiles, including transcriptome changes, relative to materials in larger or ionic forms 

(Griffitt et al., 2007; Chen and Schluesener, 2008; Chae et al., 2009; Griffitt et al., 2009). 

Despite the current information, there is no known information regarding the effects of 

NPs on amphibians. Being sensitive to toxic contaminants, amphibians are regarded as 

environmental sentinels (Houlahan et al., 2000).  Given the increasing amounts of NPs 

released into the environment and the previously published effects of NPs on fish, there 
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is reason to believe frogs may be affected by NPs.  Not only are frogs sentinel species 

but they also undergo a postembryonic metamorphosis from a tadpole into a frog in a 

process that is directly dependent on THs (Tata, 2006). Premetamorphic tadpoles are 

free living and fully formed, but do not produce measurable levels of THs, while 

prometamorphic tadpoles synthesize increasing amounts of THs leading to 

metamorphic changes (Shi, 2000). Premetamorphs are responsive to exogenous 

administration of TH inducing a precocious metamorphosis (Shi, 2000). 

The TH signalling pathway is highly conserved in vertebrates. THs are important 

in brain, nervous system, heart, and lung development in humans and regulate the 

postembryonic development of certain species of echinoderms, fish, and birds 

(reviewed in (Miller et al., 2009)). The TH-dependent changes occurring in the tissues of 

a tadpole metamorphosing into a frog is an excellent model for detecting chemicals 

affecting the TH axis in vertebrates (Tata, 2006).  Not only is it essential to assess the 

toxicity of NPs on frogs but it is also vital to examine their potential TH-disrupting 

capability.  We have recently developed an in vitro cultured tail fin biopsy or “C-fin” 

assay that allows direct tissue assessment of chemicals of concern on premetamorphic 

tadpole tail fin biopsies (Helbing et al., 2010; Hinther et al., 2010A). Herein, we use this 

C-fin assay in combination with quantitative real time polymerase chain reaction 

(QPCR) to evaluate the exposure effects of three NPs:  nanosilver, QDs, and nanozinc 

oxide, both in the absence and presence of TH-mediated gene regulation.  None of 

these particles have been examined previously for impact on frog tissues or as potential 

disruptors of TH action. Comparison of the biological effects of NPs to other forms of 
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elemental or ionic metals was also performed. Nanosilver effects were compared to 

ionic silver in the form of silver nitrate.   

Disruption of TH-action in the C-fin assay was assessed by measurement of 

mRNA abundance of transcripts encoding TH-induced TH receptor β (TRβ) and TH-

repressed Rana larval keratin type I (RLKI) (Domanski and Helbing, 2007).  We also 

determined the effects these chemicals had on cellular stress by measuring transcript 

levels of heat shock protein 30 (HSP30) (Helbing et al., 1996; Woolfson and Heikkila, 

2009) and catalase (CAT) (Kashiwagi et al., 1999; Valko et al., 2006).   

We also used another model system to assess the effects NPs have on TH 

action. We used GH3, or rat pituitary cells, to determine if the NPs had any TH 

disrupting activity to the cells.  GH3 cells are derived from rat pituitary and have been 

suggested for use as a TH-dependent cell proliferation-based T screen for TH disrupting 

chemicals. GH3 cells are a useful comparator to the C-fin assay because not only  is it a 

mammalian model but they also represent a simpler level of organization. 

In the GH3 cells, we measured the levels of TH-responsive transcripts, growth 

hormone (GH), deiodinase I (DIOI), and prolactin (PRL) and we examined the effects 

NPs had on stress by measuring the transcript, heat shock protein 70 (HSP70).  

Alterations in the steady-state levels of these transcripts corresponded to the specific 

type of NP and are suggestive of the potential for perturbing hormone-dependent 

postembryonic development, cell function, and inducing cellular stress.   
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4.2 Materials and Methods 

4.2.1 Particle Characterization 

NPs [nanosilver (CAS 7440-22-4; 99.1% purity), nanozinc oxide (CAS 8051-03-4; 

99.1% purity), and green QDs comprised of cadmium telluride (CAS 1306-25-8; 99.1% 

purity)] manufactured to the specifications of 90% particles within the 1-10 nm diameter 

range were purchased from Northern Nanotechnologies (now known as ViveNano, 

Toronto, ON) at a NP concentration of 0.8 µM (1.5 mg/mL for nanosilver and nanozinc 

oxide; 20 mg/mL for QDs). These particles were water soluble due to a proprietary 

carboxyl-functionalized coating common to all three. They were stored at 4ºC. The zeta 

potential of each NP was determined using a PALS Zeta Potential Analyzer Ver. 3.57 

(Brookhaven Instruments Corporation, Holtsville, NY).  Particle size and distribution 

information was provided by J. Dinglasan (ViveNano) using transmission electron 

microscopy and dynamic light scattering (DLS) measurements.  NP metal content was 

measured for the specific lots by ViveNano using inductively coupled plasma (ICP) 

analysis.  

 

4.3 Results 

4.3.1 NP Characterization 

The characteristics of the NPs used in this study were determined using a variety 

of methods. For nanosilver, TEM and DLS approaches revealed particle sizes of 2-6 nm 

and 10 nm respectively.  Silver comprised 29.29% of the mass of the NP as determined 

by ICP analysis.  The zeta potential of nanosilver was -41.14 mV ± 1.99.  TEM and DLS 

determined the QDs to have a particle size range of 2-10 nm and 10-15 nm, 
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respectively.  Cadmium comprised 8.98% (for the C-fin studies) and 10.62% (for the 

acute toxicity studies) of the total NP mass as measured by ICP analysis.  The zeta 

potential of the QDs was -54.10 mV ± 0.69.  Nanozinc oxide in the present study had a 

particle size range of 2-10 nM and 9 nM as determined by TEM and DLS, respectively.  

Zinc comprised 12.29% of the NP mass as determined by ICP analysis.  The zeta 

potential of nanozinc oxide was -67.34 ± 2.74.  The size of these metal particles were 

confirmed to be <10 nm, using TEM, when prepared in the culture medium used for the 

tail fin biopsies (Hinther et al., 2010B).  

 

4.3.2 TH-Response Gene Transcript Levels upon Exposure to Nanosilver, Quantum 

Dots, and Nanozinc Oxide 

In the first experimental set, we asked if equimolar amounts (0.1 to 10 nM) of the 

three NPs tested had differential effects on cultured tadpole tail fin tissue. TRβ transcript 

levels were decreased 2-fold by exposure to 10 nM nanosilver (p=0.012) compared to 

the control.  RLKI transcript levels were decreased up to 2-fold at the two highest 

concentrations tested (5 nM, p=0.028; 10 nM, p=0.018) compared to the control (Figure 

4.1A).   

To determine if NP exposure altered normal amphibian TH-dependent 

responses, cultured tail biopsies were exposed to T3 in the presence and absence of 

the NP. In the presence of 10 nM T3 alone, TRβ transcript levels increased by 10 ± 1.4-

fold (n=50; data not shown) and RLKI transcript levels decreased by 3 ± 0.2-fold (n=54; 

data not shown); results consistent with those reported previously (Hinther et al., 2010). 

The results for the T3-treated animals are expressed relative to the individual animal’s  
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Figure 4.1. QPCR analysis of thyroid hormone receptor β (TRβ) and Rana larval 
keratin type I (RLKI) transcript levels in the C-fin assay after exposure to 
nanosilver, quantum dots (QD), and nanozinc oxide in the absence (A) or 
presence (B) of 10 nM T3.    Tail fin biopsies (n=6-14) were exposed to vehicle control 
(0) and the indicated test chemicals for 48 h. Test chemical concentrations were as 
follows: 0.1, 1.0, 5.0, and 10 nM nanosilver and 0.1, 1.0, and 10 nM quantum dots or 
nanozinc oxide particles. The results are expressed as fold change relative to the 
vehicle control (A) or to the T3-induced levels (B) as described in the Methods section. 
The medians are shown as solid black lines within the box, and the box indicates the 
first and third quartiles. The whiskers indicate minimum and maximum values. Outlier 
(cases between 1.5 and 3.0 box lengths from the upper or lower edge of the box) and 
extreme values (cases >3.0 box lengths from the upper or lower edge of the box) are 
indicated by an open circle and asterisk, respectively. Increasing concentrations of test 
chemicals are represented by bevels. Significance is indicated by an ‘a’ (p< 0.05 relative 
to control; Wilcoxon). Adapted from (Hinther et al., 2010B). 
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response to T3 alone to better discern the responses to NP exposure within this context. 

Therefore, although animals responded to T3 treatment, the transcript levels were set to 

one (Figure 4.1B).  

Two distinct nanosilver concentration-dependent responses were observed. TRβ 

transcript levels increased (1.4-fold) when exposed to 0.1 and 1 nM nanosilver 

compared to T3 alone (1 nM, p=0.022) while the highest nanosilver concentration (10 

nM) attenuated the T3-induced increase in TRβ transcript levels (3-fold, p=0.012) 

compared to T3 alone (Figure 4.1B).  In contrast, the T3-dependent decrease in RLKI 

transcripts was magnified 3-fold (p=0.018) by co-exposure with 10 nM nanosilver 

compared to T3 alone (Figure 4.1B). 

Exposure to QDs alone decreased TRβ levels at 0.1 nM (1.3 fold, p=0.030) compared 

to the control and reduced RLKI transcript levels ~9-fold (p=0.0001, Kendall’s W; 0.1 

nM, p=0.001; 1.0 nM, p=0.0001; 10 nM, p=0.0001, Wilcoxon) (Figure 4.1A). QDs also 

reduced the T3-dependent induction of TRβ  transcript levels by 3-fold (p=0.0001, 

Kendall’s W; 10 nM, p=0.03, Wilcoxon) and further magnified the T3-dependent 

reduction in RLKI transcript levels up to 5-fold (p=0.0001, Kendall’s W; 1.0 nM, p=0.006, 

10 nM, p=0.0001, Wilcoxon) (Figure 4.1B). 

Nanozinc oxide had no effect on TRβ and RLKI transcript levels in the presence 

and absence of T3 (Figure 4.1). 
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Figure 4.2. QPCR analysis of heat shock protein 30 (HSP30) and catalase (CAT)  
transcript levels in the C-fin assay after exposure to nanosilver, quantum dots 
(QD), and nanozinc oxide in the absence (A) or presence (B) of 10 nM T3.  Tail fin 
biopsies (n=6-14) were exposed to vehicle control (0) and the indicated test chemicals 
for 48 h. Test chemical concentrations were as follows: 0.1, 1.0, 5.0, and 10 nM 
nanosilver and 0.1, 1.0, and 10 nM quantum dots or nanozinc oxide particles.  See 
Figure 1 legend for more graph details. Adapted from (Hinther et al., 2010B). 
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4.3.3 Stress Response Gene Transcript Levels upon Exposure to Nanosilver, Quantum 

Dots, and Nanozinc Oxide 

To determine if the response to NP exposure included a cellular stress 

component, we examined HSP30 expression.  Tail fin biopsies exposed to nanosilver 

showed a trend toward increased HSP30 transcript levels up to 3-fold (5 nM, p=0.025; 

Figure 4.2A). QDs induced a 38- and 123-fold increase in HSP30 transcript levels at 1.0 

and 10 nM, respectively (p=0.001, Wilcoxon for both; p=0.0001, Kendall’s-W; Figure 

4.2A). In contrast, nanozinc oxide had no effect on HSP30 transcript levels (Figure 

4.2A). 

Not only do the HSP30 transcript levels increase when exposed to stressors, but TH 

also increases HSP30 transcript levels (Helbing et al., 1996).  Treatment of biopsies 

with T3 resulted in a 7 ± 1.6-fold (n=78; data not shown) induction of HSP30 transcript 

levels relative to the vehicle control consistent with previously reported data (Helbing et 

al., 1996). Nanosilver and QDs both affected the T3-mediated HSP30 response (Figure 

4.2B).  Nanosilver increased the T3-induced response up to 11-fold (p=0.05, Kendall’s-

W; 5.0 and 10 nM, p=0.036, Wilcoxon) while QDs increased the T3-induced response by 

10 to 18-fold (p=0.0001, Kendall’s-W; p=0.030, 0.011, 0.0001, Wilcoxon for 0.1, 1.0, 

and 10 nM, respectively; Figure 4.2B).  Nanozinc oxide showed no significant changes 

in HSP30 transcript levels in the presence of T3 (Figure 4.2B).  

Metals also induce oxidative cellular stress (Kashiwagi et al., 1999; Valko et al., 

2006). Catalase (CAT) is an enzyme involved in the removal of H2O2 and a decrease in 

the expression or activity of this enzyme allows for the accumulation of reactive oxygen 

species, which could be deleterious to cells. Nanosilver exposure had a marginally 
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significant 1.5-fold reduction in CAT transcript levels at 10 nM (p=0.05, Wilcoxon) 

whereas QD exposure resulted in a significant reduction of CAT transcripts up to 2-fold 

(p=0.0001, Kendall’s W; p = 0.039, 0.001, 0.0001, Wilcoxon for 0.1, 1.0, and 10 nM, 

respectively; Figure 4.2A). Nanozinc oxide had no effect on CAT transcripts (Figure 

4.2A).  

TH induces oxidative stress and previous results have shown CAT transcript 

levels to decrease in response to TH treatment (Kashiwagi et al., 1999; Valko et al., 

2006).  T3 treatment alone resulted in a 1.3 ± 0.1-fold (n=78; data not shown) decrease 

in CAT transcript levels relative to the vehicle control which is consistent with previous 

reported observations (Kashiwagi et al., 1999). 

Nanosilver and QDs strengthened the T3-induced reduction of CAT transcripts by 

up to 2-fold (nanosilver: p=0.001, Kendall’s-W; 10 nM, p=0.012, Wilcoxon; QDs: 

p=0.002, Kendall’s-W; p=0.026, 0.001, Wilcoxon for 1.0, and 10 nM, respectively; 

Figure 4.2B).  Nanozinc oxide did not affect CAT transcript levels (Figure 4.2B). 

 

4.3.4 GH3 cell TH- and Stress Response Gene Transcript Levels upon Exposure to 

Nanosilver and QDs 

The effects of nanosilver and QDs were tested using GH3 cells, to see if the 

effects were similar in a mammalian system.  We tested the effects of nanosilver and 

QDs in both the absence and presence of TH by measuring the steady-state levels of 

selected transcripts.  GH, DIOI, and PRL are TH-responsive transcripts and we tested 

HSP70 transcript to assess if there was a stress response associated with the exposure 

of nanosilver and QDs.   
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In total, the GH3 cells were exposed to 5 different chemical exposures 

(nanosilver, QDs, TCS, mTCS, and TCC) for this thesis.  In these experiments, GH and 

DIOI transcript levels consistently increased in response to T3 treatment.  PRL transcript 

levels did not consistently increase in response to T3 treatment and HSP70 transcript 

levels were either decreased of unaffected by T3 treatment.   

GH3 cells were exposed to 0.1, 0.5, 1, 5, and 10 nM nanosilver in the absence 

and presence of 10 nM T3 (Figure 4.3).  There was significant cell death at 10 nM 

nanosilver and we were unable to obtain enough quality mRNA in order to measure the 

levels of selected transcripts (data not shown).  Overall significant differences were 

observed for DIOI and HSP70 (p=0.0001 for both, Kruskal-Wallis).   

T3 treatment alone resulted in 2.8 fold increase in GH (p=0.046, Mann-Whitney 

U), a 26-fold increase in DIOI transcript (p=0.002, Mann-Whitney U), and a 5-fold 

decrease in the HSP70 transcript (p=0.005, Mann-Whitney U), relative to vehicle 

control; PRL transcript levels were not significantly changed with T3 treatment alone.   

Exposure to nanosilver alone did not cause any overall significant changes in the 

levels of GH, PRL, and HSP70 transcripts (Figure 4.3).  In contrast, DIOI transcript 

showed overall significance and was significantly decreased at 0.5, 1, and 5 nM 

nanosilver by 1.5-fold (p=0.025, Kruskal-Wallis; p=0.036, Mann-Whitney U), 1.6-fold 

(p=0.021, Mann-Whitney U), and 2.8-fold (p=0.014, Mann-Whitney U), respectively, 

relative to the vehicle control (Figure 4.3). 

When co administered with T3, nanosilver did not show any overall significance 

with all four transcripts.  There was no significant change from the normal response to 

evident exposure to 5 nM nanosilver drastically reduced the variation in the responses  
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Figure 4.3.  QPCR analysis of growth hormone (GH), deiodinase I (DIOI), prolactin 
(PRL), and heat shock protein 70 (HSP70) transcript levels in GH3 cells exposed 
to nanosilver in the absence and presence of 10 nM T3.  GH3 cells were exposed to 
vehicle control (0) and the indicated test chemical for 48 h.  Test chemical 
concentrations were 0.1, 0.5, 1, and 5 nM for nanosilver. Exposure to 10 nM nanosilver 
resulted in extensive cell death (data not shown). Statistical significance of the mean 
relative fold change values compared to the vehicle control is denoted by ‘a’ (p ≤ 0.05, 
Mann-Whitney U) and relative to T3 treatment by ‘b’ (p ≤ 0.05, Mann-Whitney U).  See 
Figure 1 legend for more graph details. 
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T3 observed with DIOI, PRL, and HSP70 transcripts (Figure 4.3). However, it was of all 

transcripts examined (Figure 4.3) and significantly reduced GH by 16-fold relative to T3 

treatment alone (p=0.014, Mann-Whitney U).  

GH3 cells were exposed to 0.1, 0.5, 1, and 5 nM of QDs in the absence and 

presence of 10 nM T3 (Figure 4.4).  There was significant cell death at 5 nM and 10 nM 

QDs and we were unable to obtain enough quality mRNA in order to measure the levels 

of the selected transcripts (data not shown).  Overall significance was observed with all 

4 transcripts tested (p=0.0001, GH; p=0.0001, DIOI; p=0.034, PRL; p=0.0001, HSP70, 

Kruskal-Wallis).   

T3 treatment alone resulted in similar trends observed in Figure 4.3 with a 3-fold 

increase in GH transcript levels relative to vehicle control (p=0.004, Mann-Whitney U) 

and a 12-fold increase in DIOI transcript levels relative to vehicle control (p=0.004, 

Mann-Whitney U) although PRL transcripts were elevated, but not significantly 

compared to the vehicle control (Figure 4.4), a similar pattern observed in Figure 4.3. 

HSP70 transcript levels were not changed in response to T3 treatment in this 

experiment (Figure 4.4) as in contrast to the significant decrease in HSP70 transcript 

levels in response to T3 treatment.   

Exposure to QD alone resulted in significant changes within the DIOI and HSP70 

transcripts (p=0.002 and p=0.0001, respectively, Kruskal-Wallis); there was no 

significant changes within the GH and PRL transcripts when cells were exposed to QD 

alone.  Exposure to 0.5 and 1 nM QDs significantly decreased the transcript levels of 

respectively, relative to vehicle control (Figure 4.4).  QD exposure significantly  
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Figure 4.4.  QPCR analysis of growth hormone (GH), deiodinase I (DIOI), prolactin 
(PRL), and heat shock protein 70 (HSP70) transcript levels in GH3 cells exposed 
to quantum dots (QD) in the absence and presence of 10 nM T3.  GH3 cells were 
exposed to vehicle control (0) and the indicated test chemical for 48 h.  Test chemical 
concentrations were 0.1, 0.5, and 1 nM for QD.  Exposure to 5 and 10 nM QDs resulted 
in substantial cell death and transcript determinations were not possible (data not 
shown). Statistical significance of the mean relative fold change values compared to the 
vehicle control is denoted by ‘a’ (p ≤ 0.05, Mann-Whitney U) and relative to T3 treatment 
by ‘b’ (p ≤ 0.05, Mann-Whitney U).  See Figure 1 legend for more graph details. 



84 
 
 
 
DIOI by 5.5-fold (p=0.016, Mann-Whitney U) and 9.2-fold (p=0.006, Mann-Whitney U), 

increased the HSP70 at 0.5 and 1 nM by 4-fold (p=0.006, Mann-Whitney U) and 24-fold 

(p=0.006, Mann-Whitney U), respectively, relative to vehicle control (Figure 4.4).  No 

effects on GH or PRL transcripts were observed (Figure 4.4). 

Coexposure of QDs with T3, caused significant changes in the GH (p=0.009, 

Kruskal-Wallis), DIOI (p=0.014, Kruskal-Wallis), and HSP70 (p=0.0001, Kruskal-Wallis) 

transcript levels.  When the cells were exposed to both hormone and QD, there was an 

increase in HSP70 transcript levels, as was observed without T3 present, of 4-fold (0.5 

nM QDs p=0.018, Mann-Whitney U) and 26-fold (1 nM QDs p=0.006, Mann-Whitney U), 

respectively, relative to T3 treatment alone (Figure 4.4).  Similarly, GH transcript levels 

were significantly increased upon coexposure of T3 with 0.5 and 1 nM QDs relative to T3 

treatment alone by 5.9-fold (p=0.006, Mann-Whitney U) and 5.3-fold (p=0.006, Mann-

Whitney U), respectively, (Figure 4.4).  PRL transcripts did not show any significant 

effects when exposed to QDs in this context, but a trend reminiscent of the GH and 

HSP70 transcript responses was evident (Figure 4.4). In contrast, the transcript levels of 

DIOI were significantly decreased (p=0.037, Mann-Whitney U) by 3-fold relative to T3 

treatment alone at the highest concentration of QDs tested in the presence of T3 (Figure 

4.4). 

 

4.3.5 Context within Water Quality Guidelines 

Given that the above C-fin experiments used the same number (molarity), 

functionalization (carboxyl) and sizes of NPs, the observed differential responses to 

these NPs were likely due to the metal composition. Safety guidelines for drinking water 
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and supporting aquatic life exist for silver, cadmium, and zinc. The United States 

drinking water guidelines generally concur with the Canadian guidelines and are less 

stringent for the support of aquatic life compared to the Canadian guidelines (EPA, 

2006; EPA, 2009).      

The current Canadian Council of Ministers of the Environment (CCME) 

guidelines for zinc are 30 μg/L for supporting aquatic life (CCME, 2007) and 5 mg/L for 

drinking water (Health Canada, 2008). In the C-fin above experiments, the 

concentrations of nanozinc oxide tested ranged from 0.1 nM – 10nM NP (equivalent to 

0.19 mg/L -19 mg/L of NP) and were equal to a metal concentration range of 23 μg/L – 

2.3 mg/L.  Thus, nanozinc oxide exposure did not show any effects at concentrations 

bracketing current North American guidelines.  

In contrast, the current CCME guideline for sustaining aquatic life for silver is 0.1 

μg/L.  There is no upper limit given for silver in drinking water as it is not considered a 

human health risk (Health Canada, 2008). The current CCME guideline for cadmium is 

0.017 μg/L and the Health Canada drinking water guideline for cadmium is 5 μg/L. In 

the above experiments, the NP metal ranges tested were 0.055 - 5.5 mg/L silver and 

0.22-22.0 mg/L cadmium for the C-fin assay experiments.  For the GH3 cell 

experiments the NP metal range tested was 0.055 – 5.5 mg/L silver, where cell death 

occurred at 5.5 mg/L and transcript data could not be obtained.  For the GH3 cell 

experiments with QDs, the NP metal range was 0.22 – 11 mg/L cadmium where cell 

death occurred at 11 mg/L cadmium and transcript data could not be obtained.  Given 

there were sufficient indications that lower concentrations of these two NPs may affect  
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Figure 4.5. QPCR analysis of thyroid hormone receptor β (TRβ) and Rana larval 
keratin type I (RLKI) transcript levels in the C-fin assay after exposure to 
nanosilver, micron-silver, and silver nitrate in the absence (A) or presence (B) of 
10 nM T3.  Tail fin biopsies (n=6-14) were exposed to vehicle control (0) and the 
indicated test chemicals for 48 h. Test chemical concentrations were applied in 10-fold 
increments ranging from 0.06 μg/L - 6 μg/L nanosilver particles, micron-silver and silver 
nitrate. See Figure 1 legend for more graph details. Adapted from (Hinther et al., 
2010B). 
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target endpoints, we performed additional exposures using metal concentrations that 

bracketed the respective silver and cadmium limits for supporting aquatic life. 

 

4.3.6 TH- and Stress Response Gene Transcript Levels upon Exposure to Low 

Concentrations of Nanosilver 

In the second set of C-fin experiments, we used a concentration of nanosilver 

particles ranging from 0.06 μg/L – 6 μg/L (equivalent to 0.018 μg/L – 1.8 μg/L silver).   

While there was no effect of nanosilver on TRβ and RLKI transcript levels on its own 

(Figure 4.5A), the T3-dependent increase in TRβ transcript levels was elevated an 

additional 2.2-fold in the presence of 6 μg/L nanosilver (p=0.036; Figure 4.5B).  

Moreover, the T3-dependent repression of RLKI transcript levels was attenuated up to 

1.7-fold (p=0.025, 0.6 μg/L; p=0.093, 6.0 μg/L; Figure 4.5B). 

Micron-silver was tested at similar metal concentrations as nanosilver to 

determine if the effects observed with the nanometal were dependent on particle size.  

Micron-silver exerted no significant effects on TRβ and RLKI transcript levels (Figure 

4.5A) even in the presence of T3 (Figure 4.5B). 

Given the possibility that the effects observed with nanosilver could be due to the 

presence of the silver cation, we exposed biopsies to equimolar amounts of ionic silver 

in the form of silver nitrate. In general, silver nitrate showed little effect on TRβ and RLKI 

transcript levels (Figure 4.5) except for a 1.7-fold attenuation in the T3-dependent 

increase in TRβ transcript levels at the lowest silver nitrate concentration tested 

(p=0.028;Figure 4.5B). 
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Figure 4.6. QPCR analysis of heat shock protein 30 (HSP30) and catalase (CAT) 
transcript levels in the C-fin assay after exposure to nanosilver, micron-silver, 
and silver nitrate in the absence (A) or presence (B) of 10 nM T3.  Tail fin biopsies 
(n=6-14) were exposed to vehicle control (0) and the indicated test chemicals for 48 h. 
Test chemical concentrations were applied in 10-fold increments ranging from 0.06 μg/L 
- 6 μg/L nanosilver particles, micron-silver and silver nitrate. See Figure 1 legend for 
more graph details. Adapted from (Hinther et al., 2010B). 
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Nanosilver did not cause any significant changes to the HSP30 and CAT 

transcript levels in both the absence and presence of T3 (Figure 4.6).  Micron-silver also 

showed no significant effects on either the HSP30 and CAT transcripts although there 

was greater variation observed in the levels of HSP30 transcripts in the micron-silver  

exposures (Figure 4.6).  Silver nitrate exposure elicited a 4-fold (p=0.063) and 9-fold 

(p=0.018) increase in HSP30 transcript levels at 0.6 and 6.0 μg/L, respectively (Figure 

4.6A).   

 

4.3.7 TH- and Stress Response Gene Transcript Levels upon Exposure to Low 

Concentrations of QDs 

QDs were examined at a NP concentration range of 0.25 – 25 μg/L (equivalent to 

0.022 μg/L – 2.2 μg/L cadmium). TRβ transcript levels increased by 1.4-fold in the 

presence of T3 at 0.25 μg/L (p=0.028) compared to the control (Figure 4.7B).  The QDs 

did not show any other significant changes in TRβ and RLKI transcript levels in the 

absence or presence of T3 (Figure 4.7). We tested micron-sized cadmium telluride 

(micron-CdTe) to evaluate if the effect observed with QDs was due to chemical 

composition (both are made with CdTe) or associated with size.  Tail fin biopsies 

exposed to micron-CdTe showed no significant changes in TRβ and RLKI transcript 

levels (Figure 4.7).   

QDs did not elicit a stress response at the lower concentrations tested with 

HSP30 and CAT transcript levels remaining unchanged regardless of T3 status (Figure 

4.8). Micron-CdTe did not cause significant changes in the HSP30 and CAT transcript  
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Figure 4.7. QPCR analysis of thyroid hormone receptor β (TRβ) and Rana larval 
keratin type I (RLKI) transcript levels in the C-fin assay after exposure to quantum 
dots (QDs) and micron-cadmium telluride (micron-CdTe) in the absence (A) or 
presence (B) of 10 nM T3.    Tail fin biopsies (n=6-14) were exposed to vehicle control 
(0) and the indicated test chemicals for 48 h. Test chemical concentrations were applied 
in 10-fold increments ranging from 0.025 – 2.5 μg/L QDs or  micron-CdTe. See Figure 1 
legend for more graph details. Adapted from (Hinther et al., 2010B). 
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Figure 4.8. QPCR analysis of heat shock protein 30 (HSP30) and catalase (CAT) 
transcript levels in the C-fin assay after exposure to quantum dots (QDs) and 
micron-cadmium telluride (micron-CdTe) in the absence (A) or presence (B) of 10 
nM T3.    Tail fin biopsies (n=6-14) were exposed to vehicle control (0) and the indicated 
test chemicals for 48 h. Test chemical concentrations were applied in 10-fold 
increments ranging from 0.025 – 2.5 μg/L QDs or  micron-CdTe. See Figure 1 legend 
for more graph details. Adapted from (Hinther et al., 2010B). 
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levels in both the absence and presence of T3 (Figure 4.8). However we did observe an 

increasing trend in HSP30 transcript levels (2.5 μg/L, p=0.093).  

 

4.4 Discussion 

The present work shows frog tissue responds to nanosilver and QDs exposure 

by exhibiting signs of cellular stress through alterations of HSP30 and CAT transcripts.  

We observed indications of cellular stress at concentrations of 0.22 mg/L cadmium and 

2.75 mg/L silver and higher in the context of nanoparticles (Figure 4.2).  This cellular 

stress response was independent of TH status (Figure 4.2) and appears to be related to 

the metal composition of the NP since nanozinc oxide had no effect at similar NP 

concentrations.   

The HSP70 transcript levels were measured in the GH3 cells as an indicator of 

cellular stress.  HSP70 proteins act as a molecular chaperone and prevents proteins 

from misfolding and aggregating during de novo synthesis and under stressful 

conditions (Gray et al., 1999; Papp et al., 2003); however prolonged high levels of 

HSP70 proteins can be detrimental and has been shown to be cytotoxic in the absence 

of stress to rat pheochromocytoma cells (Arispe et al., 2004; Li and Mak, 2009).  HSP70 

proteins levels will increase in response to a stress event but further stress events show 

little increase in HSP70 protein levels (Theodorakis et al., 1999).  HSP70 mRNA half-life 

is 1 hour in cells after stress (Theodorakis and Morimoto, 1987; De Maio, 1999) and a 

parallel decrease in HSP70 mRNA levels was shown with an accumulation of HSP70 

protein levels.  Balakrishnan and De Maio (2006) showed HSP70 protein can bind 

HSP70 mRNA possibly as a mechanism to limit its protein expression and the decrease 
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in mRNA levels is thought to be dependent on the HSP70 protein levels (Balakrishnan 

and De Maio, 2006).   

The HSP70 transcript levels either decreased or were unaffected with T3 

treatment alone.  SinceT3 can increase the levels of heat shock proteins in amphibian 

tail fins and liver, there is reason to believe HSP70 protein levels did increase in the 

GH3 cells following T3 treatment (Ghisari and Bonefeld-Jorgensen, 2005); however, the 

short half life of its mRNA and the 48 hours exposure period, could explain why we 

observed a inconsistent decrease in HSP70 transcript levels relative to the control.   

Nanosilver did not induce cellular stress as observed by the HSP70 transcript 

levels (Figure 4.3). These observations indicate that mammalian cells are less sensitive 

to these nanoparticles than frog tissue. However, the mammalian cells showed marked 

cell death at 5 nM NP and above, which was not observed in the tail biopsies 

suggesting that the mammalian cells have a very narrow window of response before 

marked cytotoxicity is evident.  

The rat pituitary cells showed signs of cellular stress when exposed to QDs at 

concentrations equivalent to 1.1 mg/L cadmium and higher through the perturbations in 

the HSP70 transcript levels (Figure 4.4).  Previous literature supports this by showing 

that there are both stimulatory and inhibitory T3-responsive elements in regulation of the 

expression of the PRL gene in GH3 cells (Day and Maurer, 1989) and may explain the 

variable steady-state PRL transcript levels in response to T3 treatment.   

From the little toxicological information that exists, nanosilver appears to target 

the mitochondria through unknown mechanisms, increasing oxidative stress, and 

contributing to cell membrane damage in skin, respiratory system, liver, and the 
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gastrointestinal tract (Chen and Schluesener, 2008). Nanosilver may interact with 

protein and enzyme thiol groups and affect transcription in bacteria (Chen and 

Schluesener, 2008). However, these data are difficult to extrapolate to other systems 

and in many cases are not environmentally-relevant. Chen and Schluesener (2008) 

noted that nanosilver may affect gene and protein expression in human skin cells similar 

to QDs (Chen and Schluesener, 2008; Zhang et al., 2008) though no studies have 

examined this to date. Cadmium is a highly toxic metal and this is reflected in the lower 

allowable concentrations in drinking water and in regulations for supporting aquatic life 

(EPA, 2006; EPA, 2009; Health Canada, 2008; CCME, 2007). It is a constituent of many 

QDs in current use with a variety of formulations available that could further influence 

their toxic effects (Hardman, 2006). In general, cytotoxicity in mammalian cells has been 

observed in the micromolar (mg/L) range (Lovric et al., 2005; Lovric et al., 2005; 

Hardman, 2006) which is consistent with our observations with the GH3 cells. 

Not only did we see a cellular stress response, we also observed evidence that 

nanosilver and QDs may affect TH signaling pathways important in frog development at 

a wider range of concentrations than was observed for cell stress indicators. Alteration 

of the transcriptome is an essential component in TH-mediated tadpole metamorphosis 

(Shi, 2000) and part of the change in the tail transcriptome includes an increase in TRβ 

transcripts and a decrease in RLKI transcripts (Domanski and Helbing, 2007). There is 

considerable precedent linking TRβ transcript levels to progression through TH-

dependent metamorphosis where perturbations from expected levels are indicative of 

altered postembryonic development (Crump et al., 2002; Opitz et al., 2006; Veldhoen et 

al., 2006; Zhang et al., 2006; Helbing et al., 2007; Helbing et al., 2007; Ji et al., 2007; 
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Skirrow et al., 2008).  In the present study, significant changes in TRβ and RLKI 

transcripts were observed upon exposure to nanosilver and QDs over several orders of 

magnitude. The patterns observed could be categorized into two general groupings 

defined by the concentration range of the NP. 

In the first experimental set, both TRβ and RLKI transcript levels were decreased 

in response to nanosilver and QD exposure at the higher concentrations tested (≥0.22 

mg/L QDs and ≥2.75 mg/L nanosilver; Figure 4.1) which corresponds to the 

concentrations when cellular stress responses were also observed. The presence of T3 

may have afforded some protection to this decrease, but the pattern was similar 

regardless of the hormone status of the cultured tail fin biopsies (Figure 4.1). Both 

stress and hormone response pathways can influence each other (Helbing and 

Atkinson, 1994) and the C-fin data suggest exposure to NPs activates stress response 

pathways to different degrees, which, in the presence of TH, modulates the hormone-

dependent regulation of gene expression.  NP aggregation with proteins has been 

demonstrated to alter protein conformation (Klein, 2007) and the observation that 

HSP30 transcript levels increase upon nanosilver and QD exposure may be an 

indication of increased protein aggregation that can occur during a stress event (Abdulle 

et al., 2002). Some selectivity in biological response must be present due to the 

inherent properties of the NPs examined because not all NPs behaved in the same way. 

It should be noted these stress responses are not due to a general toxic effect 

since none of the treatments or concentrations examined in the present study resulted 

in an alteration in the levels of the normalizer mRNA transcript encoding ribosomal 

protein L8 (p=0.301, Kruskal-Wallis), while we observed clear indications that other 
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transcripts encoding protein products involved in TH signalling and/or stress were 

uniquely affected.  Indeed, the concentrations at which effects were observed in the C-

fin experiments were orders of magnitude lower than the LC50 values determined in 

whole animals. The LC50 value of silver as silver nitrate was determined to be 0.25 

mg/L, while that of nanosilver was 0.95 mg/L nanoparticle (equivalent to 0.28 mg/L 

silver) (Hinther et al., 2010B).  No mortality was observed in tadpoles exposed to 100 

mg/L QDs (equivalent to 10.6 mg/L cadmium) (Hinther et al., 2010B).  Decreased TH-

inducible transcript levels associated with stress events has previously been reported 

presumably as a part of the cellular stress response (Helbing and Atkinson, 1994). 

Again, with the GH3 cells, we also observed perturbations in TH-signalling 

pathways as well as a cellular stress response.  As mentioned above, there were no 

indications of cellular stress when the GH3 cells were exposed to nanosilver, since 

there were no perturbations seen in the HSP70 transcript levels (Figure 4.3).  In the 

presence of TH, nanosilver caused perturbations in the GH transcript levels at the 

highest concentration of nanosilver tested (5 nM nanosilver) but did not affect any of the 

other TH-responsive transcripts tested in the presence of TH.  It is interesting that there 

was a drastic drop in the GH transcript levels at 5 nM nanosilver in the presence of TH 

(and indications of a similar trend with DIOI and PRL transcripts) but we did not detect 

an increase in HSP70 transcript levels (Figure 4.3).  It therefore appears that nanosilver 

is affecting the hormone-mediated pathway without inducing cellular stress.  Additional 

evidence for perturbation of TH-signalling pathway was observed in the marked 

decrease in DIOI transcripts upon exposure to nanosilver alone (Figure 4.3).    
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Exposure of GH3 cells to QDs resulted in a similar induction of cellular stress 

pattern that we observed with the C-fin assays (compare Figures 4.1 and 4.4). Where 

there was a cellular stress response, we also saw perturbations in TH-signalling 

pathways. DIOI transcripts decreased in the presence or absence of TH while GH 

transcripts were increased to levels higher than those expected by T3 induction alone 

(Figure 4.4).  DIOI enzyme is responsible for the deiodination of the hormone’s inner 

and outer ring. This enzyme activity results in the activation of thyroxine (T4), but in 

these experiments, T3 was used. Thus the increase in DIOI transcripts by T3 could be 

part of a mechanism to inactivate the hormone to T2 (Berry et al., 1990; Berry et al., 

1991). With this in mind, a concurrent decrease in T3-induced DIOI transcript levels by 

QDs could result in a delayed inactivation of T3 manifested by the significant increase of 

GH and trends towards increased PRL transcripts (Figure 4.4).  

As with the C-fin assay data, levels of the normalizer mRNA transcript encoding 

ribosomal protein L8 in GH3 cells were of normal quality and quantity where overt cell 

death was not noted, while we observed clear indications that other transcripts encoding 

protein products involved in TH signalling and/or stress were uniquely affected.  It is 

clear that both nanosilver and QDs exerted some effects in terms of disrupting the 

actions of TH at the transcript level that is not due to overt toxicity.  The mechanisms 

through which these NPs enact their TH disrupting effects is unclear but are at a cellular 

level and could perhaps occur upstream of TRs by NPs interacting with TH before it 

enters the cell or through affecting TH half-life.  The effects NPs have on whole animals 

are yet to be determined. 
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Keeping the impact of NP exposure on aquatic organisms in mind, we performed 

a second set of C-fin exposures centred around metal levels currently set for water 

quality guidelines. In the range of 0.6 to 550 μg/L nanosilver (Figures 4.1 and 4.5), a 

different trend was observed compared to the higher concentrations tested in the 

present study that was dependent upon TH status reminiscent of a non-monotonic 

“inverted-U” type of response characteristic of endocrine disruption (Gore et al., 2006). 

The expected T3-dependent increase in TRβ transcript levels was significantly 

enhanced within this NP concentration range while the usual T3-dependent reduction in 

RLKI transcript levels was attenuated (Figures 4.1 and 4.5). This pattern was only 

weakly observed at the lowest concentration of QDs tested (0.25 μg/L Figure 4.7) 

suggesting that the phenomenon observed may be more specific to nanosilver. These 

T3-dependent effects were not observed upon exposure to silver nitrate, micron-silver, 

and micron-CdTe suggesting that metal composition as well as particle context (nano 

instead of micron or ionic) determines cellular response.   

During frog postembryonic development, many gene transcripts are increased in 

response to elevated endogenous levels of TH of which TRβ represents a classic 

example. In these up-regulated genes, TR forms a heterodimer with the retinoid X 

receptor (RXR) and this complex binds to its TH response element (TRE) in the target 

gene.  In the unliganded state, the TR-RXR complex binds to corepressors and 

functions as a negative regulator to repress the basal gene transcription.  Upon ligand 

binding, the corepressors are released and coactivators are recruited that include 

histone acetyl-transferases (HATs), which facilitate gene transcription (Lee and Yen, 

1999; Shi, 2009).  
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In contrast, there is little information known about genes that are down-regulated 

in response to TH exposure, such as RLKI, with thyroid stimulating hormone (TSH) 

being one of the few better known examples.  Similar to TH-mediated up-regulated 

genes, corepressors are recruited by the unliganded TR-RXR heterodimer to the gene 

promoter and are associated with histone deacetylases (HDACs). However, in this 

context, the gene is active for mRNA transcription. When TH is present, corepressors 

are released and there is an apparent increase in histone H3 acetylation, which results 

in decreased transcription (Wang et al., 2009). The underlying mechanisms of this TH-

mediated dual control of gene regulation remain enigmatic.  However, the nature of the 

impact of nanosilver exposure on transcript levels suggests a possible mechanism of 

action that involves affecting the recruitment of coactivators to TR-containing 

transcriptional complexes required for TH-mediated gene response (Lee and Yen, 

1999).  If true, this would represent a novel target and mechanism of action for NPs at 

lower concentrations. 

From the classical toxicological perspective, the tested NPs are not particularly 

toxic relative to their bulk counterparts. However, in the case of nanosilver and QDs, 

these NPs are clearly able to alter the expression levels of key mRNA transcripts that 

suggest a possible deleterious effect on the organism. Adjusting the nanosilver and QD 

NPs for metal content, the effects observed on the TH signalling pathway fall at or 

below current North American water guidelines (EPA, 2006; EPA, 2009; Health Canada, 

2008; CCME, 2007). Given that the water quality guidelines apply safety factors of 10 to 

100 on the most sensitive toxicological endpoint, these data suggest that the values 

generated need to be reassessed on a broader range of species and endpoints. Thus 
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the present study points to another form of toxicity that must be addressed for 

nanomaterial safety. With QDs revolutionizing medical imaging and cell biology, and 

nanosilver appearing in a variety of medical and consumer products including hand 

sanitizers, textiles, and washing machines, the present study provides a note of caution 

in their use, particularly during sensitive life stages, as they may alter stress pathways 

and critical hormone-mediated cellular function. 
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Chapter 5:  Nitrite and nitrate do not induce stress or disrupt thyroid 

hormone action in Rana catesbeiana cultured tadpole tail fin tissue 

 

5.1 Introduction 

Currently over 100,000 manufactured chemicals are produced in the marketplace 

(Commission, 2006).  Many of these chemicals have endocrine disrupting abilities and 

more specifically, are disruptors of the thyroid hormone axis.  Most endocrine disruptors 

can be classified as plasticizers, pesticides, industrial chemicals, heavy metals, or plant 

and fungal compounds; however, ions such as nitrate (NO3) and nitrite (NO2) have been 

shown to have endocrine disrupting abilities as well (Crain, 2000; Sampat, 2000; Gray 

et al., 2001).   

In the USA, the current public health maximal level for safe drinking water is 10 

mg/L nitrate (measured as NO3-N) and 1 mg/L nitrite (NO2-N) (US, 2006; CCME, 2007; 

HealthCanada, 2008; US, 2009).  In Canada, the Canadian Council of Ministers of the 

Environment (CCME) guideline for the protection of aquatic life has set the maximum 

level of nitrate at 13 mg/L (NO3
-/L) in freshwater and 16 mg/L (NO3

-/L) in marine water; 

the level for nitrite in freshwater is 60 µg/L (NO2
-/L) and there is no level set for marine 

water (US, 2006; CCME, 2007; HealthCanada, 2008; US, 2009).  Health Canada has 

set the maximal allowable concentration in drinking water at 10 mg/L nitrate (NO3-N) 

and 3.2 mg/L nitrite (NO2-N) (US, 2006; CCME, 2007; HealthCanada, 2008; US, 2009).  

Nitrate concentrations have been found as high as 25 mg/L NO3-N in surface waters 
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and 100 mg/L NO3-N in ground water, yet there is currently no guideline for the 

protection of wildlife (Rouse et al., 1999; Camargo et al., 2004).   

Environmental nitrate can come from many sources and these include green 

leafy vegetables (physiological effects of dietary nitrate in vegetables are mitigated by 

co-occurring vitamin C), preservatives in meat and fish, agriculture fertilizer, waste from 

animal production and burning fossil fuels, industrial effluent, and wastewater treatment 

plant discharges (Rouse et al., 1999; Camargo et al., 2004; De Groef et al., 2006).   

In aquatic environments, nitrogen exists in four forms: ammonium ion, ammonia, nitrite, 

and nitrate, listed from most to least toxic.  Although nitrate is the least toxic form of the 

four, it is the most stable and therefore the most abundant.  Under aerobic conditions, 

ammonia and ammonium can be oxidized to nitrite by Nitrosomonas bacteria, and then 

to nitrate by Nitrobacter and Nitrospira bacteria (Sharma and Ahlert, 1977).  When 

oxygen is low, denitrifying bacteria can use nitrate as a terminal electron acceptor and 

make nitrogen gas (N2) (reviewed in (Camargo et al., 2005)).   

Aquatic animals are exposed to nitrate and nitrite through ingestion or epithelial 

absorption across skin or gills (Onken et al., 2003).  High levels of these contaminants 

cause methemoglobinemia, also called “brown blood” disease in fish and amphibians 

and “blue baby” syndrome in humans.  Methemoglobin is formed from nitrate/nitrite-

induced oxidation of hemoglobin, which prevents normal oxygen binding and leads to 

hypoxia (Porter et al., 1999).  Toxicity of nitrite and nitrate depends on body size and 

developmental stage, increases with increasing concentration and exposure time and 

decreases with water salinity and environmental adaptation (Rouse et al., 1999; 

Camargo et al., 2004). 
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In addition to the toxic effects of nitrate and nitrite, exposure to these chemicals 

has been shown to adversely affect the thyroid hormone (TH) axis in multiple vertebrate 

species, including rodents and anurans (reviewed in (Edwards et al., 2006)).  Nitrate 

can competitively depress iodine uptake in rats with alterations in thyroid gland 

morphology and function (Wyngaarden et al., 1952; Wyngaarden et al., 1953).  High 

doses of nitrate for five months caused goitre and depressed serum T4 and T3 in 

exposed male rats (Zaki et al., 2004).  Likewise, tadpoles exposed to nitrate exhibit 

altered metamorphic development, suggesting that TH-signalling is affected by nitrate 

(Xu and Oldham, 1997; Edwards et al., 2006; Ortiz-Santaliestra and Sparling, 2007).  

These observations may be explained, in part, because nitrate and nitrite compete with 

iodine uptake, transport, and retention in the thyroid gland, and can impair thyroid 

hormone synthesis, especially at high doses (Crow et al., 2001; Hampel and Zollner, 

2004).  

Given that amphibian metamorphosis from a tadpole into a frog is completely 

dependent on TH, tadpoles provide an excellent model for studying chemicals which 

may disrupt the TH-signalling pathway.  There are three major changes that take place 

during metamorphosis and these include: i) the death and resorption of larval organs 

and tissues used only by the tadpole (eg. tail), ii) remodelling of the larval organs to 

adult form and function (eg. intestine), which involves the coordinated apoptosis of 

larval cells with the proliferation and differentiation of adult precursor cells, and iii) de 

novo development of new organs and tissues for adult use (eg. hindlimbs) (Shi, 2000). 

The 3 stages in metamorphosis are: premetamorphosis, prometemorphosis, and 

metamorphic climax (Shi, 2000).  During, premetamorphosis, tadpoles are not 
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producing any TH but can be precociously induced to undergo metamorphosis through 

exposure to TH (Shi, 2000).  Not only can whole tadpoles respond to TH and undergo 

metamorphosis, but also their organs can be cultured and respond to TH.  Cultured tail 

fins exposed to TH, have been shown to undergo apoptosis (Ji et al., 2007; Skirrow et 

al., 2008).   

Most studies of the effects of nitrate and nitrite on amphibian metamorphosis 

have used whole-animal assays.  The ability of these chemicals to affect signalling at 

the cellular level in TH-responsive tissues has not been investigated, although this is an 

additional mechanism by which nitrate and nitrite could disrupt metamorphosis.  This 

study uses the recently developed “C-fin” assay to expose Rana catesbeiana 

premetamorphic tadpole tail fin biopsies to nitrate and nitrite with or without T3 to 

determine if nitrate and nitrite are affecting TH-signalling within a TH-responsive tissue.  

We assessed TH-signalling by quantifying steady state levels of TH-responsive gene 

transcripts, thyroid hormone receptor β (TRβ) and Rana larval type I keratin (RLKI), as 

well as cellular stress markers, heat shock protein (HSP30) and catalase (CAT).  

Alteration of the transcriptome is an essential component in TH-mediated tadpole 

metamorphosis (Shi, 2000) and part of the change in the tail transcriptome includes an 

increase in TRβ transcripts and a decrease in RLKI transcripts (Domanski and Helbing, 

2007). There is considerable precedent linking TRβ transcript levels to progression 

through TH-dependent metamorphosis where perturbations from expected levels are 

indicative of altered postembryonic development (Crump et al., 2002; Opitz et al., 2006; 

Veldhoen et al., 2006; Zhang et al., 2006; Helbing et al., 2007; Helbing et al., 2007; Ji et 

al., 2007; Skirrow et al., 2008).  
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5.2 Results  

 Using the C-fin assay, 6 mm tail biopsies were exposed to nitrate and nitrite in 

the absence and presence of T3.  T3 treatment alone increased the TRβ transcript levels 

by 10-fold ± 1.5 (n=23; data not shown) and decreased RLKI transcript levels by 3-fold ± 

0.5 (n=27; data not shown), results consistent with those previously reported (Hinther et 

al., 2010A; Hinther et al., 2010B).  After exposure to 0.5 and 5 mg/L NO2-N (in the form 

of NaNO2) for 48 h did not have any effect on the TH-responsive gene transcripts, TRβ 

and RLKI, in the absence (p=0.683 and 0.257, respectively; Kendall’s W) or presence of 

T3 (p=0.282 and 0.751, respectively, Kendall’s W; Figure 5.1). Exposure to the 5 mg/L 

sodium control (in the form of sodium gluconate (Na-G)) also did not result in a 

significant effect (p=0.300 – 0.875, Wilcoxon; Figure 5.1).  

Exposure to 5 and 50 mg/L NO3-N (in the form of NaNO3) did not result in a 

change in TH-responsive transcript levels in the absence (p=0.565 and 0.913, 

respectively, Kendall’s W) or presence of T3 (p=0.066 and 0.529, respectively, Kendall’s 

W). However, a greater degree of variation in the RLKI transcript was observed in the 

presence of 10 nM T3 at the higher nitrate concentration. The 50 mg/L sodium control 

(in the form of sodium gluconate (Na-G)) in this experiment had no effect as well 

(p=0.480-1.000, Wilcoxon; Figure 5.1). 

Exposure to 0.5 and 5 mg/L NO2-N did not affect HSP30 and CAT transcript 

levels in the absence (p=0.444 and 0.185, respectively, Kendall’s W) or presence of T3 

(p=0.570 and 0.779, respectively, Kendall’s W) (Figure 5.2). T3 treatment alone 

increased the HSP30 transcript levels by 3.5-fold ± 1.5 (n=31; data not shown) and did 

not alter the CAT transcript levels (n=32; data not shown), results consistent with those 
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Figure 5.1.  QPCR analysis of thyroid hormone receptor β (TRβ) and Rana larval 
keratin type I (RLKI) transcript levels in the C-fin assay after exposure to nitrite 
and nitrate in the absence (A) or presence (B) of 10 nM T3.  Tail fin biopsies (n=14-
16) were exposed to vehicle control (0) and the indicated test chemicals for 48 h. Test 
chemical concentrations were as follows: Nitrite: 5 mg/L sodium (in the form of sodium 
gluconate (Na-G)), 0.5 mg/L nitrite (in the form of NaNO2), and 5 mg/L nitrite; nitrate: 50 
mg/L sodium (in the form of sodium gluconate (Na-G)), 5 mg/L nitrate (in the form of 
NaNO3), and 50 mg/L nitrate.   The results are expressed as fold change relative to the 
vehicle control (A) or to the T3-induced levels (B) as described in Chapter 2 section. The 
medians are shown as solid black lines within the box, and the box indicates the first 
and third quartiles. The whiskers indicate minimum and maximum values. Outlier (cases 
between 1.5 and 3.0 box lengths from the upper or lower edge of the box) and extreme 
values (cases >3.0 box lengths from the upper or lower edge of the box) are indicated 
by an open circle and asterisk, respectively. Increasing concentrations of test chemicals 
are represented by bevels. Significance is indicated by an ‘a’ (p ≤ 0.05 relative to 
control; Wilcoxon). 
 



107 
 
 
 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2. QPCR analysis of heat shock protein 30 (HSP30) and catalase (CAT) 
transcript levels in the C-fin assay after exposure to nitrite and nitrate in the 
absence (A) or presence (B) of 10 nM T3.  Tail fin biopsies (n=15-16) were exposed to 
vehicle control (0) and the indicated test chemicals for 48 h. Test chemical 
concentrations were as in Figure 5.1. The results are expressed as fold change relative 
to the vehicle control (A) or to the T3-induced levels (B) as described in the Methods 
section.  See Figure 5.1 legend for more detail. 
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previously reported (Hinther et al., 2010A; Hinther et al., 2010B).  Exposure to 5 mg/L 

Na-G also did not result in a significant effect (p=0.438 – 0.717, Wilcoxon; Figure 5.2).  

Exposure to 5 and 50 mg/L NO3-N did not result in a change in stress-responsive 

transcript levels in the absence (p=0.282 and 0.819, HSP30 and CAT transcripts 

respectively, Kendall’s W) or presence of T3 (p=0.074 and 0.819, respectively, Kendall’s 

W; Figure 5.2). Exposure to 50 mg/L Na-G had no effect on the stress-responsive 

transcripts (p=0.796-1.000, Wilcoxon; Figure 5.2). 

 However, it should be noted that a high degree of variation was observed 

between individual animal HSP30 transcript levels upon exposure to nitrite and this 

variation was even more apparent upon exposure to nitrate (note the log10 scale in 

Figure 5.2). This variation was not observed in the presence of T3 (Figures 5.2).   

 

5.3 Discussion 

 We exposed tail fin biopsies to nitrate and nitrite and measured the effects of 

these chemicals on TH-responsive and cellular stress-related gene transcript levels.  

The C-fin assay is useful in that it can give on an indication of the mechanism whereby 

a chemical may or may not be acting.  Given that there were no marked effects with 

nitrate and nitrite as detected by the C-fin assay with respect to TH-responsive gene 

transcripts, this study indicates that nitrate and nitrite do not affect the TH axis through 

direct changes in TRβ and RLKI gene expression at the tissue level.  It is interesting 

that nitrate and nitrite did not cause significant cellular stress due to their known toxic 

nature.   
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 There have been multiple studies reported that suggest nitrate has an effect on 

the thyroid axis; however, the majority of these studies were whole animal exposures.  

Toad tadpoles (Bufo bufo) exposed to nitrate began and completed metamorphosis 

earlier and grew faster than controls (Xu and Oldham, 1997).  Rana cascadae exposed 

to nitrate metamorphosed more slowly than controls but emerged from the water at the 

same time even though they were not developmentally ready (Marco and Blaustein, 

1999).  Edwards, McCoy et al. 2006 showed that Bufo terrestris tadpoles completed 

metamorphosis earlier in nitrate-contaminated laboratory water (0 – 30 mg/L NO3-N in 

reverse-osmosis purified water with salts added back for osmotic balance), but were 

delayed when exposed to 30 mg/L NO3-N in spring water.  Altered iodine uptake 

following nitrate exposure was shown in fish and in bulls (Lahti et al., 1985; Zraly et al., 

1997).  Additionally, adult bulls orally exposed to nitrate had depressed thyroid activity 

and sheep exposed to nitrate developed goiters (Zraly et al., 1997; Kursa et al., 2000).  

Ortiz-Santaliestra and Sparling (2007) showed that nitrate at 100 mg/L (NO3
-/L) 

increased larval mortality and reduced the growth of developing southern leopard frog 

tadpoles.  Nyctibatrachus major and Fejervarya limnocharis tadpoles exposed to 

increasing concentrations of nitrate (0.1 - 5 mg/L NO3-N) exhibited increasing rates of 

abnormalities, including a swollen body and head, paralysis, vertical swimming, and 

intestinal haemorrhaging (Krishnamurthy et al., 2008).  Given these studies it is clear 

that nitrate has detrimental effects through alterations in osmotic balance and/or TH 

signalling.  In whole animals, nitrate can impair the TH-axis by competing with the 

transport of iodine into cells of the thyroid gland at the sodium-iodide symporter (NIS); 
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DeGroef et al. (2006) showed that the two ions generated similar steady state inward 

currents. 

The C-fin assay results demonstrate that the negative impact of nitrate and 

nitrite on the thyroid axis is not mediated through changes in transcription of TRβ or 

RLKI in TH-responsive target tissue.  TRβ and RLKI transcript levels have been shown 

to increase and decrease, respectively, in the tail fin during metamorphosis.  TRβ is a 

known direct TH response gene and because nitrate and nitrite are not perturbing TRβ 

transcript levels, the present study suggests that nitrate and nitrite may not directly 

target TRs.  It is, however, possible that nitrate acts directly on other tissues such as 

the thyroid gland. The recent description of a tadpole thyroid gland organ culture 

system (Opitz et al., 2006) may assist in determining if this indeed is the case.   

Additionally, nitrite and nitrate could act as nitric oxide donors (Guillette and 

Edwards, 2005; Hannas et al., 2010).  Nitric oxide donors have been shown to mimic 

the ability of T4 to suppress catalase activity associated with tail shortening and 

apoptosis in vitro (Kashiwagi et al., 1999).  This suggests a non-genomic mechanism 

by which nitrate and nitrite could speed up metamorphosis by acting on T4-responsive 

tissues in tadpole tails.   
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Chapter 6: Evaluation of triclocarban, triclosan, and its metabolite, 

methyl-triclosan for thyroid hormone disruptive effects in frog and 

mammalian systems 

 

6.1 Introduction 

Triclosan (TCS) and triclocarban (TCC) are broad-spectrum, synthetic, lipophilic, 

antimicrobial agents used in a variety of personal care products (PCPs).  TCS was 

originally introduced in 1972 as an active ingredient in a surgical scrub for professional 

health care and is now used in antibacterial mouthwash and toothpaste, detergents, 

shampoos, deodorants, plastic cutting boards, sports equipment, textiles and furniture; 

TCC is mostly added to antibacterial soaps and body washes (Tierno, 1999; Bester, 

2003; Sabaliunas et al., 2003).  TCS works through the inhibition of the enzyme enoyl-

acyl carrier-protein reductase (ENR), which catalyzes an essential lipid biosynthesis 

step in membranes of Gram-positive and Gram-negative bacteria, as well as in many 

types of fungi (Heath et al., 2000).  TCC acts predominantly against Gram-positive 

bacteria (McDonnell and Pretzer, 1998; McMurry et al., 1998; Heath et al., 2000). 

 TCC typically accounts for 2% by weight of antimicrobial soaps, whereas TCS 

accounts for a lower amount in the range of 0.1-0.3% by weight although some 

formulations used in hospitals can be as high as 5% (Sabaliunas et al., 2003).  

Approximately 45% of liquid and bar soaps contain these antimicrobials and it is 

estimated that approximately 1 million pounds of TCC are produced for the US market 

per year (Perencevich et al., 2001; Sapkota et al., 2007).  Because of the large amount 
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of use of these antimicrobials, there is widespread environmental contamination.  TCS 

and TCC have been detected in wastewater effluent in the US, UK, and Japan. They 

have been detected at microgram per litre levels in both the US and Switzerland (Koplin 

et al., 2002; Lindstrom et al., 2002; Halden and Paull, 2005).  Not only are humans 

exposed to these antimicrobials through environmental contamination, but TCS and 

TCC are also readily absorbed through the gastrointestinal tract and oral mucosa.  It 

has been reported that 0.39% (0.54mg) of an average 138 mg of TCC applied to the 

entire body was absorbed after a typical whole-body shower lather (Scharpf et al., 

1975).  TCC is absorbed through the forearm with the abdomen, scalp, and scrotum 

allowing almost total absorption (Maibach et al., 1971; Scharpf et al., 1975; Sandborgh-

Englund et al., 2006).  TCS has been found at levels as high as 2,000 μg/kg lipid in 

human breast milk and has also been found in urine samples from young girls 

(Adolfsson-Erici et al., 2002; Dayan, 2007; Wolff et al., 2007).   

Not only can TCS bioaccumulate in the tissues of wildlife species, but its 

biological metabolite, methyl-TCS (mTCS), has also been detected in fish exposed to 

wastewater (Balmer et al., 2004).  Methyl-TCS is an environmental methylation product 

of TCS; however, the environmental fate of TCS and mTCS are quite different, with 

TCS being easily degraded by photolysis and mTCS being much more persistent 

(Lindstrom et al., 2002). 

TCS is structurally similar to thyroid hormone (TH) (Figure1.1 and Figure 1.6C) 

and there have been several studies looking at the effects TCS has on thyroid-mediated 

processes.    Exposure of Rana catesbeiana tadpoles to TCS resulted in accelerated 

TH-dependent metamorphosis as well as decreased expression of TH receptor β (TRβ) 
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transcript (Veldhoen et al., 2006). Xenopus laevis XTC-2 cells coexposed to TCS and 

TH showed an increase in the mRNA levels of TRβ and TH receptor α (TRα) (Veldhoen 

et al., 2006). Moreover, Xenopus laevis premetamorphic tadpoles exposed to TCS 

through prometamorphosis exhibited an increase in TRβ transcript levels in stage-

matched tadpoles at metamorphic climax (Veldhoen et al., 2006; Fort et al.). This same 

study also found tadpole development was significantly accelerated upon exposure to 

TCS although thyroid morphology and thyroxine levels were unchanged (see (Helbing 

et al., 2010) for further information).  

In mammals, TCS decreased the levels of thyroxine (T4), triiodothyronine (T3), 

but did not affect the levels of thyroid stimulating hormone (TSH) when fed to rats 

(Crofton et al., 2007; Zorrilla et al., 2009; Paul et al., 2010).  Evidence suggests TCS 

may upregulate hepatic catabolism of THs, which may lead to the decreased levels of 

circulating T4 and T3 (Crofton and Zoeller, 2005; Crofton, 2008).  

 In addition, recent studies also found evidence TCC and TCS disrupt steroid 

hormone action.  TCC was shown to enhance testosterone -induced androgen 

mediated transcription in the presence of testosterone.  It also increased the size of 

male sex accessory organs in castrated male rats when they were fed both testosterone 

and TCC (Chen et al., 2008).  TCC also potentiated the estrogen receptor-α-mediated 

signal transcriptional activity induced by estradiol (Chen et al., 2008).  TCS was shown 

to be a weak androgen when tested in Oryzias laptipes (Foran et al., 2000).  Since TCC 

altered the transcriptional activity of the androgen and ERα receptor, there is potential 

that other nuclear receptor signal transduction systems could also be affected (Chen et 

al., 2008).  The TH receptors, TRβ and TRα, are nuclear receptors, and therefore, may 



114 
 
 
 
be affected by TCC.  The mechanism of TCS is still unclear and further studies are still 

needed looking into the effects TCS has regarding the actions of TH.  Since mTCS is an 

abundant biological metabolite of TCS, it is also important to study the effects mTCS 

has on the TH system.     

 Our laboratory recently developed a screening assay, which allows high 

throughput screening of potential endocrine disrupting chemicals.  The in vitro cultured 

tail fin biopsy (“C-fin”) assay uses cultured premetamorphic Rana catesbeiana tadpole 

tail fin biopsies  that are responsive to TH exposure (Hinther et al., 2010A).  Using the 

C-fin assay, we studied the effects TCS, mTCS, and TCC have on TH-responsive gene 

transcripts in both the absence and presence of TH.  This study also used rat pituitary 

(GH3) cells to study the effects these chemicals may have on TH-responsive gene 

transcripts in the absence and presence of TH. 

 In the present study, we used quantitative real time polymerase chain reaction 

(QPCR) to measure the effects of TCS, mTCS, and TCC on frog tail fin biopsies and 

mammalian cells.  Disruption of TH action was assessed by measurement of the mRNA 

abundance of TH-induced TH receptor β (TRβ) and TH-repressed Rana larval keratin 

type I (RLKI) (Domanski and Helbing, 2007).  We also determined the effects of these 

chemicals on cellular stress by measuring the transcript levels of the heat shock protein 

30 (HSP30) and catalase (CAT).  Using the GH3 cells, we measured disruption of TH-

action through the measurement of mRNA levels of TH-induced growth hormone (GH), 

deiodinase I (DIOI), and prolactin (PRL).  We determined the cellular stress effects of 

these chemicals by measuring the transcript levels of the heat shock protein 70 

(HSP70).   Alterations in the steady-state levels of these transcripts corresponded to the  
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specific type of chemical and are suggestive of the potential for perturbing hormone-

dependent postembryonic development.                

         

6.2 Results 

6.2.1 Mammalian cell exposures 

GH3 cells were exposed to each TCS, mTCS, and TCC in both the presence and 

absence of 10 nM T3 to examine the effects that these chemicals have on the levels of 

GH, DIOI, PRL, and HSP70 transcripts after 48 h of exposure. In the first experimental 

set, GH3 cells were exposed to 1-1,000 nM TCS (Figure 6.1). Overall, significant 

differences were observed for GH, DIOI and HSP70 transcripts (p=0.0001 for all, 

Kruskal-Wallis). The ~3- and 6-fold increase in GH and DIOI mRNAs relative to the 

vehicle control, respectively, upon exposure to T3 (leftmost bar, Figure 6.1; p=0.0001 for 

both; Mann-Whitney U) was the sole contributor to the observed significance. Therefore, 

TCS did not alter the hormone-dependent induction of either transcript nor did it have an 

effect on basal levels in the absence of T3 (Figure 6.1).  

PRL transcripts have previously been shown to be increased or decreased by TH 

treatment depending upon the cell type (Forman et al., 1988). Overall, PRL transcripts 

did not show a significant difference (p=0.105, Kruskal-Wallis) (Figure 6.1). PRL 

transcript was a borderline responder to T3 treatment, if responding at all. In most 

experiments, no significant alterations in PRL transcript levels were observed (compare 

Figures 4.3 and 4.4 and Figures 6.1-6.3). Where a significant increase was observed, it 

was very modest at 1.4-fold (p=0.011, Mann-Whitney U) (Figure 6.1) relative to vehicle 
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Figure 6.1.  QPCR analysis of growth hormone (GH), deiodinase I (DIOI), prolactin 
(PRL), and heat shock protein 70 (HSP70) transcript levels in GH3 cells exposed 
to TCS. These cells (n=5-17) were exposed to vehicle control (0) or 1, 10, 100, and 
1000 nM TCS in the absence and presence of 10 nM T3 for 48 h. The results are 
expressed as fold change relative to the vehicle control. The medians are shown as 
solid black lines within the box, and the box indicates the first and third quartiles. The 
whiskers indicate minimum and maximum values. Outlier (cases between 1.5 and 3.0 
box lengths from the upper or lower edge of the box) and extreme values (cases >3.0 
box lengths from the upper or lower edge of the box) are indicated by an open circle 
and asterisk, respectively. Increasing concentrations of test chemicals are represented 
by bevels.  Statistical significance of the mean relative fold change values compared to 
the vehicle control is denoted by ‘a’ (p ≤ 0.05, Mann-Whitney U) and relative to T3 
treatment by ‘b’ (p ≤ 0.05, Mann-Whitney U). 
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control. In the presence of T3 treatment, 1,000 nM TCS significantly increased PRL 

transcript levels relative to T3 treatment alone by 2-fold (p=0.006, Mann Whitney U) 

(Figure 6.1). 

In contrast, exposure to TCS resulted in a significant alteration in HSP70 

transcript levels (p=0.0001, Kruskal-Wallis; Figure 6.1). This was due to multiple factors. 

First, TCS treatment alone increased HSP70 transcript levels (p=0.007, Kruskal Wallis 

for control and TCS only concentrations) at 1 and 10 nM relative to the vehicle control 

by 2.6-fold (p=0.044, Mann-Whitney U) and 1.5-fold (p=0.034, Mann-Whitney U), 

respectively.  Exposure to 1,000 nM TCS resulted in the slight reduction of HSP70 

transcript levels relative to the vehicle control by 1.2-fold (p=0.050, Mann-Whitney U) 

(Figure 6.1).   

T3 treatment alone reduced the HSP70 transcript levels relative to vehicle control 

by 9.1-fold (p=0.009, Mann-Whitney U), but this response to hormone was largely 

unchanged by administration of TCS (p=0.393, Kruskal-Wallis for T3 and T3 plus TCS 

concentrations) (Figure 6.1). 

In the second experimental set, GH3 cells were exposed to 1-1,000 nM mTCS 

(Figure 6.2). All four gene transcripts showed significant changes among all treatments 

(GH p=0.0001; DIOI p=0.0001; PRL p=0.013; HSP70 p=0.001; Kruskal-Wallis) (Figure 

6.2). Closer examination of the data revealed that 1,000 nM mTCS treatment 

significantly reduced GH transcript levels by 2.1-fold (p=0.025, Mann-Whitney U) 

(Figure 6.2) while no effect of mTCS was observed on DIOI transcripts (Figure 6.2). In 

contrast, mTCS affected PRL and HSP70 mRNA abundance (p=0.02 and 0.004,  
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Figure 6.2.  QPCR analysis of growth hormone (GH), deiodinase I (DIOI), prolactin 
(PRL), and heat shock protein 70 (HSP70) transcript levels in GH3 cells exposed 
to mTCS. These cells (n=3-8) were exposed to vehicle control (0) or 1, 10, 100, and 
1000 nM mTCS in the absence and presence of 10 nM T3 for 48 h. The results are 
expressed as fold change relative to the vehicle control. Statistical significance of the 
mean relative fold change values compared to the vehicle control is denoted by ‘a’ (p ≤ 
0.05, Mann-Whitney U) and relative to T3 treatment by ‘b’ (p ≤ 0.05, Mann-Whitney U). 
Further graph details are presented in the Figure 6.1 legend. 
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respectively; Kruskal Wallis for control and TCS only concentrations). Specifically, 100 

and 1,000 nM mTCS reduced PRL transcript levels significantly relative to vehicle 

control by 1.6-fold (p=0.016, Mann-Whitney U) and 2.8-fold (p=0.014, Mann-Whitney U) 

(Figure 6.2) and HSP70 transcript levels were significantly increased by 1 and 10 nM 

mTCS by 2.8-fold (p=0.046, Mann-Whitney U) and 3.3-fold (p=0.005, Mann-Whitney U), 

respectively (Figure 6.2). 

The response to T3 alone was similar to experimental set 1 for GH and DIOI of 

transcripts with 3.6-fold (p=0.006, Mann-Whitney U) and 19-fold (p=0.004, Mann-

Whitney U) increases, respectively (Figure 6.2). Analysis of the T3 exposed set of cells 

showed both transcripts approaching significance (p=0.093 and 0.061 respectively, 

Kruskal-Wallis). The major contributing factor was a marked reduction in the T3-induced 

response of both transcripts (7.9-fold, p=0.014; 35-fold, p=0.014, respectively; Mann-

Whitney U) when the cells were coexposed to 1,000 nM mTCS (Figure 6.2).  

The reduction in PRL transcript levels observed with mTCS exposure alone was 

also observed at the highest concentration tested in the presence of T3 where 1,000 nM 

mTCS significantly reduced the PRL transcript levels relative to T3 treatment alone by 

18-fold (p=0.025, Mann-Whitney U) (Figure 6.2). 

T3 treatment alone did not significantly alter the HSP70 transcript levels (Figure 

6.2). However, there was a significant effect of TCS detected in the context of T3 

treatment (p=0.015, Kruskal Wallis) where exposure to 10 nM mTCS increased HSP70 

transcript levels by 3.6-fold relative to T3 treatment alone (p=0.021, Mann-Whitney U) 

(Figure 6.2). 
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Figure 6.3.  QPCR analysis of growth hormone (GH), deiodinase I (DIOI), prolactin 
(PRL), and heat shock protein 70 (HSP70) transcript levels in GH3 cells exposed 
to TCC.  These cells (n=6) were exposed to vehicle control (0) or 10, 100, and 1000 nM 
TCC in the absence and presence of 10 nM T3 for 48 h. The results are expressed as 
fold change relative to the vehicle control. Statistical significance of the mean relative 
fold change values compared to the vehicle control is denoted by ‘a’ (p ≤ 0.05, Mann-
Whitney U) and relative to T3 treatment by ‘b’ (p ≤ 0.05, Mann-Whitney U). Further 
graph details are presented in the Figure 6.1 legend. 
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In the third experimental set, GH3 cells were exposed to 10-1,000 nM TCC 

(Figure 6.3). TCC exposure resulted in significant changes in all four transcript 

abundances (p=0.0001 for all, Kruskal-Wallis) (Figure 6.3).  TCC significantly reduced  

GH transcript levels relative to the vehicle control (p=0.021, Kruskal-Wallis) with 1,000 

nM TCC resulting in a significant decrease relative to vehicle control by 1.6-fold 

(p=0.004, Mann-Whitney U) (Figure 6.3). TCC significantly reduced DIOI transcript 

levels relative to the vehicle control (p=0.002, Kruskal-Wallis) with 1,000 nM TCC 

resulting in a significant decrease relative to vehicle control by 2.6-fold (p=0.004, Mann-

Whitney U) (Figure 6.3). Moreover, TCC significantly reduced PRL transcript levels 

relative to the vehicle control (p=0.001, Kruskal-Wallis) with 1,000 nM TCC resulting in a 

significant decrease relative to vehicle control by 2.2-fold (p=0.004, Mann-Whitney U) 

(Figure 6.3). Finally, the most marked response to TCC exposure was evident with the 

HSP70 transcripts (p=0.0001, Kruskal-Wallis) where TCC reduced HSP70 transcript 

levels relative to vehicle control at 10, 100, and 1,000 nM TCC by 2.2-fold (p=0.025, 

Mann-Whitney U), 6.3-fold (p=0.004, Mann-Whitney U), and 2.9-fold (p=0.004, Mann-

Whitney U), respectively (Figure 6.3). 

Again, the response to T3 was similar to Figures 6.1 and 6.2 for the GH and DIOI 

transcripts (2.3-fold, p=0.004; 7-fold, p=0.006, Mann-Whitney U) (Figure 6.3). PRL 

transcript abundance was unchanged while T3 treatment alone reduced the HSP70 

transcript levels relative to vehicle control by 2.9-fold (p=0.004, Mann-Whitney U) 

(Figure 6.3). Thus the response to T3 varies between none to a decrease in mRNA 
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abundance in comparing the different experimental sets. Additional experiments (data 

not shown) also confirmed this observation. The reason for this is not clear.  

Coadministration of T3 and TCC resulted in significant changes in all four 

transcripts relative to T3 alone (GH p=0.002; DIOI p=0.037; PRL p=0.001; HSP70 

p=0.0001; Kruskal-Wallis; Figure 6.3). GH, DIOI and PRL mRNAs showed lesser 

induction levels in the presence of 1,000 nM TCC (3.1-fold, p=0.004; 1.8-fold, p=0.028; 

11-fold, p=0.004, respectively; Mann-Whitney U) (Figure 6.3). 

TCC altered the HSP70 transcript levels at all concentrations tested when 

coadministered with T3.  At 10 and 100 nM TCC, HSP70 transcript levels were reduced 

relative to T3 treatment alone by 3.9-fold (p=0.004, Mann-Whitney U) and 1.5-fold 

(p=0.037, Mann-Whitney U), respectively.  At 1,000 nM TCC, HSP70 levels were 

increased by 2.5-fold relative to T3 treatment alone (p=0.004, Mann-Whitney U) (Figure 

6.3).   

 

6.2.2 Amphibian organ culture exposures 

In the C-fin assay, four of the eight tail biopsies from each individual tadpole were 

exposed to solvent control and three concentrations of TCS (1, 10, and 100 nM), mTCS 

(1, 10, and 100 nM), or TCC (10, 100, and 1,000 nM).  TRβ and RLKI transcript levels 

were not significantly affected by TCS treatment alone (Figure 6.4A).  The TRβ 

transcript was significantly increased at 10 nM mTCS by 1.4-fold (p=0.028, Wilcoxon) 

relative to vehicle control with a tendency toward increased levels over the 

concentration range tested (p=0.178, Kendall’s W) while RLKI transcripts were  
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Figure 6.4.  QPCR analysis of thyroid hormone receptor β (TRβ) and Rana larval 
keratin type I (RLKI) transcript levels in the C-fin assay after exposure to 
triclosan, methyl-triclosan, and triclocarban in the absence (A) or presence (B) of 
10 nM T3.  Tail fin biopsies (n=8-24) were exposed to vehicle control (0) and the 
indicated test chemicals for 48 h. Test chemical concentrations were as follows: 1, 10, 
and 100 nM triclosan or methyl-triclosan, and 10, 100, and 1,000 nM triclocarban.  The 
results are expressed as fold change relative to the vehicle control (A) or to the T3-
induced levels (B) as described in the Methods section. Significance is indicated by an 
‘a’ (p≤ 0.05 relative to control; Wilcoxon).  See Figure 6.1 legend for more graph details. 
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marginally increased upon exposure to 1 nM mTCS by 1.3-fold (p=0.050, Wilcoxon) 

relative to vehicle control (Figure 6.4A).  TCC exposure did not affect TRβ  transcript  

levels whereas RLKI transcript levels were significantly decreased (p=0.021, Kendall’s 

W) with 1,000 nM TCC showing a 1.5-fold reduction (p=0.001, Wilcoxon) relative to 

vehicle control (Figure 6.4A).   

The remaining four biopsies from each animal were exposed to 10 nM T3 or 10 

nM T3 plus three concentrations of TCS (1, 10, and 100 nM), mTCS (1, 10, and 100 

nM), or TCC (10, 100, and 1,000 nM).  This level of hormone alone increased TRβ 

transcript levels by 15-fold ± 3-fold (n=41; data not shown) (mean=9.6±0.8; median=7.8; 

n=50) and reduced RLKI transcript levels by 3-fold ± 0.03-fold (n=38; data not shown); 

results consistent with those reported previously (Hinther et al., 2010A; Hinther et al., 

2010B).  Since we wished to determine whether TCS, mTCS, and TCC exposure 

altered TH-dependent responses of biopsies from each individual animal, we expressed 

the T3/test chemical exposure data relative to the transcript levels obtained with T3 

alone (Figure 6.4B).  In the presence of T3, TCS, mTCS, and TCC did not significantly 

affect the steady-state levels of TRβ and RLKI transcript levels (Figure 6.4B). 

HSP30 and CAT transcript levels were measured as indicators of cellular stress.  

Exposure to 1 and 10 nM TCS significantly increased the HSP30 transcript levels 

relative to vehicle control by 4.5-fold (p=0.010, Wilcoxon) and 3.7-fold (p=0.050, 

Wilcoxon), respectively, with an overall tendency towards significance over the 

concentration range (p=0.074, Kendall’s W) (Figure 6.5A).  CAT transcript levels were 

increased upon exposure to TCS (p=0.050, Kendall’s W) with the 10 nM TCS increasing 

CAT levels by 2.4-fold (p=0.026, Wilcoxon) (Figure 6.5A).  HSP30 transcript levels were  
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Figure 6.5. QPCR analysis of heat shock protein 30 (HSP30) and catalase (CAT)  
transcript levels in the C-fin assay after exposure to triclosan, methyl-triclosan, 
and triclocarban in the absence (A) or presence (B) of 10 nM T3.  Tail fin biopsies 
(n=8-24) were exposed to vehicle control (0) and the indicated test chemicals for 48 h. 
Test chemical concentrations were as follows: 1, 10, and 100 nM triclosan or methyl-
triclosan, and 10, 100, and 1,000 nM triclocarban.  The results are expressed as fold 
change relative to the vehicle control (A) or to the T3-induced levels (B) as described in 
the Methods section.  Significance is indicated by an ‘a’ (p≤ 0.05 relative to control; 
Wilcoxon).  See Figure 6.1 legend for more graph details. 
significantly decreased with 10 nM mTCS treatment by 1.6-fold (p=0.028; Wilcoxon) 

relative to vehicle control while CAT transcript levels were not significantly affected by 
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mTCS (Figure 6.5A).  TCC significantly increased the HSP30 transcript levels 

(p=0.0001, Kendell’s W; p=0.0001 for 1,000 nM, Wilcoxon) whereas CAT transcript 

levels were increased at 1,000 nM TCC by 1.29-fold (p=0.042, Wilcoxon) (Figure 6.5A).  

HSP30 transcript levels have been shown to increase when exposed to TH (Helbing et 

al., 1996; Hinther et al., 2010A).  Treatment of biopsies with T3 resulted in a 10 ± 4-fold 

(n=41; data not shown) induction of HSP30 transcript levels relative to the vehicle 

control, consistent with previously reported data (Helbing et al., 1996; Hinther et al., 

2010A).  TH induces oxidative stress and previous results have shown CAT transcript 

levels to decrease in response to TH treatment (Kashiwagi et al., 1999; Hinther et al., 

2010B). T3 treatment alone resulted in a 1.4 ± 0.3-fold (n=45; data not shown) decrease 

in CAT transcript levels relative to the vehicle control, which is consistent with previous 

reported observations (Kashiwagi et al., 1999; Hinther et al., 2010B).   TCS and mTCS 

did not have an effect on the T3-induced levels of HSP30 and CAT transcripts (Figure 

6.5B).  In contrast, HSP30 transcripts levels were significantly increased upon exposure 

to TCC (p=0.004, Kendall’s W) with the increase occurring at 100 and 1,000 nM TCC 

(7.5-fold, p=0.028; 6.2-fold, p=0.001, respectively; Wilcoxon) relative to T3 treatment 

alone (Figure 6.5B).  T3-induced levels of CAT transcripts were not significantly 

changed by TCC treatment (Figure 6.5B). 

 

6.3 Discussion 

 TCS is an abundant bactericide and has been shown to be present in urine and 

breast milk (Adolfsson-Erici et al., 2002; Dayan, 2007; Wolff et al., 2007).  TCS has 

been detected in wastewater treatment plant effluents in North America, Europe and 
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Australia at concentrations ranging from 0.12 to 9.3 nM, with the highest mean 

concentration of 4.0 nM in the US (Ying et al., 2007).  Given the structural similarity of 

TCS to TH, there is concern for its effect on TH-mediated pathways.  Recent studies 

have shown TCS to have an effect on TH-mediated anuran metamorphosis and TH-

associated gene expression at environmentally-relevant concentrations.  TCS has also 

been shown to decrease circulating T4 levels, in a dose dependent manner, when fed to 

rats.  Veldhoen et al. (2006) showed TCS to accelerate T3-mediated metamorphosis, 

based on hindlimb morphology, when Rana catesbeiana tadpoles were exposed to 

TCS.  Veldhoen et al. (2006) also observed a decrease in the TRβ gene transcript 

levels in the tail fins of exposed tadpoles; XTC-2 cells were also exposed to TCS in the 

absence and presence of TH and TCS was shown to alter the gene transcript levels.  

The results of the XTC-2 cells suggest the whole animal does not have to be present to 

elicit the effects of TCS.  This current study, however, did not show effects with respect 

to TH-responsive gene transcripts when the tail biopsies or cultured GH3 cells were 

exposed to TCS.  The differences in results may be due to the nature of the cells and 

tissue types used in the respective studies.  

It is interesting to note, although TCS did not alter the TH-responsive gene 

transcript levels, in either models tested, it did elicit a cellular stress response in the 

biopsies as indicated by the altered CAT, HSP30, and HSP70 transcript levels. This 

suggests a possible mechanism for TCS accelerating metamorphosis in intact Rana 

catesbeiana tadpoles through a stress response.  

It is known stress can accelerate metamorphosis.  Environmental stress can lead 

to an increase in corticotropin releasing hormone (CRH), which then can further 
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stimulate the thyroid system (Denver, 1997).  Scaphiopus hammondii tadpoles were 

exposed to water reduction, representing a desiccating environment, and showed an 

increase in T3 and T4, as well as corticosterone followed by external metamorphic 

change.  This response was rapid and occurred within 48 hours after exposure to the 

reduction in water volume (Denver, 1998).   

Heat shock proteins have been shown to protect thermally or chemically stressed 

cells (Schlesinger, 1990).  Metamorphosis is a drastic process which involves a fine 

balance between cell proliferation, differentiation, and degradation.  Heat shock proteins 

have been shown to increase in the liver of R. catesbeiana tadpoles exposed to T3, 

which suggests there is crosstalk between the regulation of heat shock proteins and the 

metamorphic program (Helbing et al., 1996).  Previous studies have also shown 

catalase activity and transcript levels to decrease in Rana japonica tadpole tails when 

exposed to T3.  The decrease in catalase activity results in an increase in hydrogen 

peroxide, which causes oxidative stress.  The oxidative stress might activate the 

cysteine-dependent aspartate-directed protease-3, leading to apoptosis (Kashiwagi et 

al., 1999).  Whether the induction of a stress response by TCS is the mechanism 

contributing to accelerated metamorphosis remains to be determined, however, another 

possibility for explaining the lack of TH-response effects of TCS in the models tested 

here compared to previous studies could be the bacterial methylation product, mTCS, 

may have conferred TH-disrupting properties rather than the parent compound. 

The present study showed that mTCS increased the levels of both TH-

responsive gene transcripts, TRβ  and RLKI, in the tail biopsies and disrupted GH, DIOI, 

and PRL transcript levels in the GH3 cells. Thus, mTCS was capable of acting at a 
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cellular level in an intact tissue and cell line.  It would be worthwhile to study the whole 

animal effects of mTCS on frog tadpoles particularly since mTCS is more persistent in 

the environment (Lindstrom et al., 2002). 

We also found TCC disrupted the transcript levels of TH-responsive genes in the 

GH3 cells and in the tail fin biopsies. A modest effect was observed for RLKI transcript 

(Figure 6.5) but no effect on TRβ transcript was observed in the frog tissue. The 

mammalian cells showed an effect in all three TH-responsive transcripts (GH, DIOI, and 

PRL) but only at the highest concentration (1,000 nM). Overall, our results are 

consistent with the speculation that TCC may act on nuclear hormone receptors given 

the previous effects TCC had on androgen, estrogen, and cortisone mediated pathways 

(Chen et al., 2007; Chen et al., 2008). 

CAT, HSP30, and HSP70 transcript levels were all affected by TCC exposure at 

concentrations as low as 1 nM (Figures 6.3 and 6.5). These results suggest that TCC is 

acting at a cellular level on the tail fin tissue and may be triggering a stress response. 

The clear reduction of HSP70 transcripts in the GH3 cells in several of the treatment 

conditions suggests the cellular capacity to respond to stress events may also have 

been affected.  Another possibility for the reduction of the HSP70 transcript levels 

following TCC treatment is the reduction in HSP70 transcript levels could be a result of 

a stress response caused by TCC.  High levels of HSP70 proteins can be detrimental to 

the cell (Arispe et al., 2004).  HSP70 mRNA half-life is 1 hour in cells after stress 

(Theodorakis and Morimoto, 1987; De Maio, 1999) and a parallel decrease in HSP70 

mRNA levels was shown with an accumulation of HSP70 protein levels.  Balakrishnan 

and De Maio (2006) showed HSP70 protein can bind HSP70 mRNA possibly as a 
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mechanism to limit its protein expression and the decrease in mRNA levels is thought to 

be dependent on the HSP70 protein levels.  Since the chemical exposure was 48 hours 

in length, TCC could have caused a stress event, and increased HSP70 transcript 

levels; however, at the time point the transcript levels were measured, the HSP70 

mRNA levels could have already decreased (Figure 6.4). It should be noted that the 

cellular stress as observed with TCC was not due to overt toxicity because the 

normalizer gene transcript, ribosomal protein L8, was of good quality and quantity as 

compared to other studies (Chapters 3-5; (Hinther et al., 2010A; Hinther et al., 2010B)).  

Given the observed effects in cell and organ culture, examination of the effects of TCC 

on postembryonic development of frog tadpoles is warranted. 
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Chapter 7: Discussion and Future Directions 

Presented in this thesis is a novel assay to screen the growing number of 

anthropogenic chemicals released into the environment that may have disrupting effects 

on the thyroid hormone axis.  There are many advantages to using the C-fin assay.  For 

example, tail fin biopsies are taken from R. catesbeiana tadpoles at the premetamorphic 

stage, when these animals produce no confounding endogenous THs. Studies of TH 

action using mammalian model systems typically rely on physical or chemical ablation 

of the thyroid gland to abolish endogenous THs, however these methods lead to 

disease states in the animals. The use of premetamorphic tadpoles in the C-fin assay 

thus allows true determination of chemical effects in the absence of TH in perfectly 

healthy animals. Moreover, these tadpoles are at a very sensitive period in their lifetime 

and act as sentinel species in aquatic environments, where they are constantly exposed 

to xenobiotics absorbed through their skin.  Furthermore, we can mimic a 

prometamorphic state by administering exogenous TH to determine any perturbations in 

the normal TH transcriptional response.   

There are also benefits to using intact tail biopsies as opposed to a cell line 

because the tissue has not been transformed in any way and is a true representation of 

the complex tissue organization and extracellular interactions including inherent 

biological variation.  The anuran metamorphosis model also has the advantage of 

independent tissue responsiveness to THs, allowing the ex vivo use of organs and 

tissues as screening tools for chemically-induced perturbations in TH signalling, both in 

the presence and absence of exogenous THs.  
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Through the use of intact tail biopsies from stage VI-VIII R. catesbeiana tadpoles, 

it is possible to expose one animal to multiple treatments.  Not only does this reduce the 

number of animals used per experiment, but it also allows the normalization of each 

individual’s response across treatments to minimize inter-individual variation and 

determine each individual’s biological response.  More specifically, one can determine if 

there is a bimodal response taking place, where some of the animals’ transcript levels 

are increasing in response to a chemicals treatment, and other animals’ transcript levels 

are decreasing in response to the same treatment.  This would indicate differential 

responses to the test chemical within the group of animals used in the exposure.   

The C-fin assay can also give us mechanistic insight into chemical action.  If 

anomalies are observed for a given chemical of interest, then it can be concluded that 

the chemical is acting at a cellular level in a TH-responsive tissue, independent of TH 

synthesis and transport.  However, an important caveat of this assay is that the 

converse does not necessarily hold true; lack of significant effects as assessed by C-fin 

does not imply that a chemical will not interfere with TH signalling in the context of an 

intact animal or a different tissue.    

This thesis demonstrated the usefulness of the C-fin assay in the context of 

screening specific nanochemicals (nanosilver, QDs, and nanozinc oxide) for their 

potential TH-disrupting effects.  The industrial production and use of nanoparticles has 

been drastically increasing, and due to their small size they have very different chemical 

and physical properties than their larger non-nano sized counterparts.  In spite of this, 

little research has investigated potential deleterious effects of these particles. This 

thesis demonstrated nanosilver and QDs can both cause perturbations in the TH axis at 
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the transcriptional level in R. catesbeiana.   Though a cellular stress response was 

induced, as measured via changes in HSP30 and CAT transcript levels, within the C-fin 

assay, it is interesting to note overt toxicity did not occur, as the uniform quality and 

quantity of the mRNA steady-state levels of a housekeeping gene (ribosomal protein 

L8) were not affected by nanoparticle exposure.  This further demonstrates the 

importance of having a complex tissue, as the NP-induced stress response was not 

detected within the GH3 cell line. 

Chapter 3 of this thesis demonstrates the sensitivity of the C-fin assay in 

detecting perturbations in the TH axis at the transcriptional level by measuring the 

mRNA steady-state levels of two TH responsive genes, TRβ and RLKI.  In addition, the 

usefulness of this assay could easily be extended to proteomic analyses of the changes 

occurring as a response to chemical exposures. For instance, it would be interesting to 

look at the RLKI protein fragment levels after exposure to NPs.  Further studies will 

have to be conducted to fully understand the mechanism through which these NPs are 

causing the perturbations in the transcript levels tested. The future use of other 

experimental approaches, such as microarrays and chromatin immunoprecipitations 

(ChIPs), will be beneficial in supplementing the data obtained using the C-fin assay, as 

they will provide more comprehensive mechanistic information about specific endocrine 

disruptors.  Microarrays, for example, can provide additional information as to other 

genes affected by these chemicals, thus providing insight into the pathways that are 

being disrupted.  ChIPs can be used to detect EDC-dependent changes in transcription 

complex composition at specific thyroid-responsive promoters.  Experiments in our lab 

are currently underway to determine whether nanosilver binds T3 and/or affects cellular 
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T3 uptake.  Also, whole animal exposures are being performed with nanosilver, thus 

other affected tissues and pathways may soon be discovered.  

Another group of chemicals examined in this thesis were the antimicrobials TCC 

and TCS, and the bacterial TCS metabolite methyl-TCS (m-TCS). These were assayed 

for their TH-disrupting potential both by the C-fin assay and through exposures in 

mammalian GH3 cells.  Methyl-TCS appeared to be more potent as a thyroid disruptor 

than TCS, and TCC also showed evidence of possible endocrine disruption. Although 

the underlying mode of action for this perturbation remains unclear, manipulation of 

cellular stress pathways may be one component.  In order to further elucidate the 

mechanistic details, microarray and ChIP analyses would also be beneficial in this 

context. Examination of the effects of these chemicals on other tissues and in the intact 

animal is also warranted. 

An additional level of complexity in the field of EDC studies arises from the fact 

that several of these potential disruptors occur together in nature. Thus combinatorial 

effects should be taken into account, as these chemicals could be causing synergistic 

(more than additive) effects when simultaneously present in the environment. The 

opposite situation, attenuation of effects by chemical mixtures, could also hold true. To 

investigate these possibilities within the scope of the present work, the effects of TCS, 

TCC, and mTCS should be investigated in combination with the nanoparticles.  This 

would represent a particularly salient chemical mixture since TCS/TCC is commonly 

found in toothpaste and nanosilver is now being manufactured into toothbrushes; this 

allows people to be exposed to both these chemicals simultaneously.  The potential 

interactions of these chemicals are not known.  
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This thesis provides additional information to the endocrine disrupting field by 

investigating novel TH disrupting chemicals as well as further studying known TH 

disrupting chemicals.  This thesis focused on the disruption of steady-state mRNA 

transcript levels; however, the mechanism of perturbation has yet to be determined.  

Due to these chemicals’ large production volumes, further investigation is warranted in 

order to determine exactly how these chemicals exert their effects and whether it will 

adversely affect the health of humans and wildlife.  
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Appendix 1: Abbreviations 

°C  Degree Celsius  
μ  micro  
μl  microlitre  
aa  Amino acid  
Ace  Acetochlor  
ACTH  Adrenocorticotropin releasing hormone  
AF-1  Activation function 1 domain  
AgNO3 Silver Nitrate 
AR  Androgen Receptor 
BFR  Brominated flame retardants  
bp  Base pair  
BTEB  Basic transcription element binding protein  
cAMP  Cyclic adenosine monophosphate  
CAT Catalase 
CBP  CREB-binding protein  
CCME Canadian Council of Ministers of the Environment 
Cdk  Cyclin-dependent kinase  
cDNA  Complementary deoxyribonucleic acid  
C-fin Assay Cultured Tail Fin Biopsy Assay 
CREB  cAMP-response element-binding protein  
CRF  Corticotropin releasing factor  
CTD  C-terminal domain  
CTHBP  Cytoplasmic TH binding proteins  
Da  Dalton  
DBD  DNA binding domain  
DEPC  Diethylpyrocarbonate  
DIO Deiodinase 
DIOI Deiodinase I 
DIOII Type II 5‟-deiodinase  
DIOIII Type III 5-deiodinase  
DIT  3-5-diiodinated tyrosine  
DLS Dynamic Light Scattering 
DMSO  Dimethylsulfoxide  
DNA  Deoxyribonucleic acid  
dNTP  Deoxynucleotidetriphosphate  
DRIPs  Vitamin D receptor interacting proteins  
EDC  Endocrine-disrupting compound  
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EDTA  Ethylenedinitrilo-tetraacetic acid  
ECM  Extracellular matrix  
EGF  Epidermal growth factor  
EPA  U.S. Environmental Protection Agency  
ERE  Estrogen response elements  
ER  Endoplasmic reticulum  
ERα  Estrogen receptor alpha  
ERβ  Estrogen receptor beta  
EtOH  Ethanol  
GH  Growth hormone  
GH3 Growth Hormone Cells 
GR  Glucocorticoid receptor  
GRE  Glucocorticoid response element  
h  hour  
HAT  Histone acetyltransferase  
HDAC  Histone deacetylase  
H2O2 Hydrogen Peroxide 
HPT  Hypothalamus-pituitary-thyroid axis  
HRE  Hormone response element  
HSP30 Heat Shock Protein 30 
HSP70 Heat Shock Protein 70 
I-  Inorganic iodide  
ICP inductively coupled plasma  
k  kilo  
KCl  Potassium chloride  
Kd  Dissociation constant  
kDa  kiloDalton  
LBD  Ligand binding domain  
LB medium  Luria-Bertani medium  
LC50 Lethal Concentration 50 (having 50% chance causing death) 
m  milli  
M  molarity  
MAPK  Mitogen-activated protein kinase  
MAPKK  Mitogen-activated protein kinase kinase  
mg  milligram  
MgCl2  Magnesium chloride  
micron-CdTe Micron-Cadmium Telluride 
micron-Ag Micron-Silver 
min  minute  
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MIT  3-monoiodinated tyrosine  
ml  millitre  
mM  millimolar  
mRNA  Messenger RNA  
mTCS methyl-Triclosan 
mV millivolts 
NaCl  Sodium chloride  
Na-Glu Sodium Glucose 
NaH2PO4H2O  Sodium phosphate  
NaHCO3  Sodium bicarbonate  
Na-NO2 Sodium nitrite 
Na-NO3 Sodium nitrate 
NaOH  Sodium hydroxide  
N-CoR  Nuclear receptor co-repressor  
NF Niewkoop and Faber 
NIS sodium-iodine symporter pump  
nm  nanometre  
NP Nanoparticle 
NR  Nuclear receptor  
nTRE  Negative TRE  
OECD  Organisation for Economic Co-operation and Development  
ORF  Open reading frame  
P/CAF  p300/CBP-associated factor  
p160/SRCs  Steroid receptor co-activators  
PCB  Polychlorinated biphenyls  
PCR  Polymerase chain reaction  
PESC Environment Canada’s Pacific Environmental Science Centre 
PI3K  Phosphatidylinositol 3-kinase  
PHAH  Polyhalogenated aromatic hydrocarbon  
PKC  Protein kinase C  
ppb parts per billion 
ppm parts per million 
PRL  Prolactin  
pTRE  Positive TRE  
QD Quantum Dot 
QPCR  Quantitative real-time polymerase chain reaction  
RAR  Retinoic acid receptor  
RBCs  Red blood cells  
RLKI  Rana catesbeiana larval type I keratin  
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RNA  Ribonucleic acid  
RNA Pol II  RNA Polymerase II  
rT3  Reverse T3  
RT-PCR  Reverse transcription-PCR  
RXR  9-cis-retinoic acid receptor  
s  second  
SDS  Sodium dodecyl sulfate  
SDS-PAGE  Sodium dodecyl sulfate-polyacrylamide gel electrophoresis  
SH3  Src homology 3 domain  
SMRT  Silencing mediators of retinoid and thyroid hormone receptors 
SRC  Steroid receptor coactivator  
STAT  Signal transducer and activator of transcription  
T2  Diiodothyronine  
T3  3,5,3‟-Triiodothyronine  
T4  3,5,3‟,5‟-tetraiodo-L-thyronine; Thyroxine  
Taq  Thermus aquaticus  
TBBPA  Tetrabromobisphenol A  
TBG  Thyronine binding globulin  
TBP  TATA box binding protein  
TCC Triclocarban 
TCS  Triclosan  
TEM transmission electron microscopy  
Tg Thyroglobulin 
TH  Thyroid hormone  
TH/bZIP  TH-Responsive basic leucine zipper transcription factor  
TK  Taylor and Kollros  
TPO thyroid peroxidase  
TRAP  Thyroid hormone receptor associated protein  
TRE  Thryoid hormone response element  
TRH  Thyrotropin releasing hormone  
TR  Thyroid hormone receptor  
TRβ Thyroid hormone receptor beta 
TRα Thyroid hormone receptor alpha 
TSH  Thyroid stimulating hormone  
TTR  Transthyretin  
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Appendix 2: Primer Information 
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Species Primer dCt Slope
Rana catesbeiana TRβ 0.01* 
Rana catesbeiana RLKI 0.08* 
Rana catesbeiana HSP30 0.06* 
Rana catesbeiana CAT 0.04* 
Rattus norvegicus GH 0.001** 
Rattus norvegicus DIOI 0.03** 
Rattus norvegicus PRL 0.04** 
Rattus norvegicus HSP70 0.09** 

*As compared to UL8A with a primer efficiency of 113% 
**As compared to UL8B with a primer efficiency of 96% 


