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Abstract 

Transthyretin (TTR) is a tetrameric protein involved in the extracellular transport 

of various compounds including thyroid hormones and retinol (vitamin A). 

Misfolded and aggregated TTRs (agTTR) contribute to amyloidogenic diseases 

such as senile systemic amyloidosis and familial amyloid polyneuropathy which 

are characterized by extracellular deposition of transthyretin-containing amyloid 

fibrils. The main objective of this thesis project was to examine the cellular 

toxicity of agTTR as it relates to amyloidogenic disease. Novel evidence is 

provided—through multiple biochemical and cellular experimental strategies—for 

disruption of cell membrane structure and function, and induction of oxidative 

stress, by agTTR relative to normal TTR or non-TTR controls. Cells treated with 

agTTR had a decreased capacity to bind filipin and were deficient in receptor-

mediated endocytosis of the circulatory iron-carrier protein, transferrin (Tf). 

Increased levels of pro-oxidative species including hydrogen peroxide and nitrite, 

and lower levels of antioxidant factor such as glutathione and catalase, were 

detected upon agTTR treatement of different human cell lines. Cytosolic fractions 

of cells treated with agTTR exhibited decreased total antioxidant potential; and 

such a decrease could be moderated by redox modulators such as apocynin and 

NG-monomethyl-L-arginine. Hypotheses were also proposed and tested in 

relation to more basic physiological studies of TTR cellular receptors and 

endocytic transport. Biochemical evidence is provided for a TTR endocytic 
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pathway that is different from the well-established clathrin-mediated endocytosis 

of Tf, and likely represents a caveolar endocytic pathway. Moreover, through 

chemical crossslinking and ligand blotting experiments, evidence was obtained 

for a novel somatic cell membrane TTR receptor. 

 

 

Key words:  transthyretin; protein aggregation; amyloid; cellular toxicity; 

oxidative stress; membrane structure and function; receptor-mediated 

endocytosis. 
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Executive Summary 

Transthyretin (TTR) is a tetrameric protein involved in the extracellular transport 

of thyroid hormones and other ligands including natural and synthetic aromatic 

compounds. In the circulation, TTR can interact with another nutrient/hormone 

carrier, retinol-binding protein; and, thereby, TTR is also involved in retinol 

(vitamin A) transport. TTR is produced and secreted mainly by the liver (plasma 

TTR source) and choroid plexus (cerebrospinal fluid TTR source). 

Misfolded and aggregated wild-type and mutant TTRs (agTTR) can 

contribute to amyloidogenic diseases such as senile systemic amyloidosis and 

familial amyloid polyneuropathy (FAP). Several TTR mutations have been found 

to be associated with FAP. The main objective of this thesis work was to examine 

the cellular toxicity of agTTR as it relates to amyloidogenic disease. Another 

objective was to involve more basic studies of TTR cellular receptors and 

endocytic transport. Evidence is provided—through multiple biochemical and 

cellular experimental strategies—for disruption by agTTR of cell membrane 

structure and function, and of cellular redox balance. A major finding in relation to 

membrane-related cell function was that agTTR, but not normal TTR, inhibits the 

well-characterized endocytic transport of the circulatory iron-carrier protein, 

transferrin (Tf). In terms of pro-oxidative effects, agTTR increased the cellular 

production of several reactive chemical species and decreased antioxidant 

resources relative to cells treated with normal TTR. In terms of more basic 

physiological studies, biochemical evidence is provided (a) for a novel somatic-

cell TTR receptor, and (b) for a TTR endocytic pathway that is different from the 

well-established clathrin-mediated endocytosis of Tf.  
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Chapter 1  
 
Introduction and Main Objectives 

1.1  Overview of project and main objectives 

Transthyretin (TTR; former name, prealbumin) is a homotetrameric protein, a 

dimer of dimers, that can directly bind thyroid hormones and other compounds. 

TTR, produced by liver and secreted into blood is one of the circulatory thyroxine 

(T4) carrier proteins. TTR is also a component of the cerebrospinal fluid (CSF) 

produced by the choroid plexus. In the CSF TTR is the main T4 carrier. Some of 

the extracellular TTR also participates indirectly in retinol (vitamin A, retinoid pro-

hormone) transport by forming a complex with retinol-binding protein (RBP).  

Misfolded and subsequently aggregated TTRs (agTTR) can contribute to 

amyloidogenic diseases such as familial amyloidotic polyneuropathy (FAP), 

familial amyloid cardiomyopathy, and senile systemic amyloidosis (SSA). These 

TTR-related amyloidogenic diseases are characterized by extracellular 

deposition of TTR-containing amyloid fibrils in various organs and tissues. In this 

context, it is interesting to note that TTR can also have anti-amyloidogenic 

properties in the context of Alzheimer’s disease (AD): mice (Tg2576) that over-

express TTR exhibit suppressed brain manifestations of AD (Stein  et al., 2002).  
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 As part of this thesis project, cellular toxicity mechanisms of agTTR were 

investigated by examining their effects on cellular endocytic transport and other 

plasma membrane properties, as well as aggregate-induced pro-oxidant 

activities. One major overall aim of the work was to gain further insight into 

possible toxicity mechanisms by which agTTR contributes to amyloidogenic 

diseases; there is much uncertainty regarding such mechanisms. In addition to 

possible pathological relevance, another part of the project was more 

physiological in scope and involved basic studies of the cellular transport of TTR, 

especially of its receptor-mediated endocytosis. There is uncertainty and 

controversy regarding cell surface TTR receptors and the pathways that TTR can 

take into the cell (endocytosis). 

      The specific hypotheses presented in the sections that follow were tested 

in relation to the two main objectives: (1) to better understand the cellular 

receptor(s) and receptor-mediated endocytic transport of TTR, and (2) to gain 

insight into the cellular toxicity of TTR aggregates as it relates to the TTR 

amyloidogenic diseases. Figure 1-8 at the end of this chapter presents a 

schematic overview of the project and hypotheses. 

A better understanding of the molecular mechanisms through which some 

TTR structures mediate cellular toxicity is important in the development of 

potential inhibitors that prevent the formation, or promote the disruption, of toxic 

TTR structures, and in other therapeutic interventions to decrease or prevent the 

effects of cellular toxicity. Based on common amyloidogenic disease principles, 
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knowledge of TTR-related pathological mechanisms may also be applicable to 

other amyloidogenic proteins and diseases. 

1.2 Background information 

This research project was centered upon the cellular toxicity of agTTR and, in a 

more physiological context, on TTR cellular transport. The results of the project 

have implications for amyloidogenic neuropathies, oxidative and membrane 

toxicity mechanisms, as well as endocytic transport of hormones, nutrients, and 

other compounds. Background information related to these topics and 

implications is given in the sections below.  

1.2.1 Structure, production, transport, and physiological 
functions of transthyretin 

1.2.1.1 TTR Structure 

TTR is a tetrameric protein with a molecular mass of about 55 kDa. Each 

14 kDa monomer consists of 127 amino acid residues which are arranged in one 

alpha helix and two β sheets (Figure 1-1). The β sheets are composed of eight 

(A-H) anti-parallel β strands, typically labeled as DAGH and CBEF. The β strands 

are connected by loops to form a β barrel structure. Dimers are formed through 

hydrogen bonds between H-H and F-F strands of two monomers (Blake et al., 

1978). Homotetramers are composed of two dimers through hydrophobic 

interactions between the AB loop of one monomer and the H stand of the 

adjacent dimer (Blake et al., 1978).  
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Figure 1-1: Crystal structure of wild-type TTR. 

TTR is composed of four identical subunits (a loop of each subunit is labeled, 1-4). Each 
subunit contains eight beta-strands (arrows/arrow heads) arranged in two sheets (CBEF, 
DAGH; shown for the upper foreground subunit) and one alpha-helix (coiled shape). The 
quaternary, homotetrameric structure contains a central channel in which thyroid 
hormone (T) and other compounds can bind. TTR can also form a complex with retinol-
binding protein (RBP, not shown). The following are the locations of some amyloidogenic 
and non-amyloidogenic mutations upon the structure of TTR: V30M, β-strand B; L55P, 
β-strand D; D74H, β-strand E; T119M β-strand H. Source of TTR molecular structure: 
Wikimedia (copyright-free). 

1.2.1.2 TTR production and its physiological hormone/nutrient 
transport functions 

Transthyretin TTR is produced by the liver and secreted into the circulation. In 

the central nervous system, the choroid plexus produces TTR and secretes it into 

T CBEF 

DAGH alpha-
helix 

3 4 

2 1 
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the cerebrospinal fluid (CSF). TTR can also be produced by the pigment 

epithelium of the retina and, as recently reported, by the skin (Adly et al., 2010) 

and peripheral nerve Schwann cells (Murakami et al., 2010). The human 

physiological concentration of TTR in the adult is about 0.22-0.44 mg/ml (Ritchie 

et al., 1999). The majority of TTR is degraded in the liver, muscle, skin and 

kidney (Makover et al., 1988). 

TTR transports about 15 percent of total plasma thyroxine (T4) and plays 

an important role in thyroxine homeostasis (Woeber et al., 1968; Sousa et al., 

2000). Other thyroxine carrier proteins include albumins and thyroxine-binding 

globulin. In the CSF, TTR is the major T4 carrier protein. 

Other compounds including toxins (e.g., polychlorinated biphenyls), drugs 

(e.g., diflunisal), and phytochemicals (e.g., resveratrol) can also bind to the 

central T4-binding channel of TTR. Another TTR ligand is the circulatory vitamin 

A carrier protein RBP; most but not all circulatory RBP is complexed with TTR 

(Raz et al., 1970; Naylor et al., 1993; Green and Green 1994a and 1994b; also 

reviewed in Vieira 1998a). RBP association with TTR helps decrease the loss of 

circulating RBP-retinol through glomerular filtration. Moreover, the role of TTR in 

vitamin A (retinol) delivery to cells has been postulated to be a major reason for 

the importance of TTR in some brain functions such as memory formation 

(Brouillette and Quirion, 2008). 
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1.2.1.3  TTR membrane binding and its endocytic transport  

The presence of specific cell surface TTR receptors have been reported for 

various cell types: rodent hepatocytes, human neuroblastoma, lung, liver, and 

kidney cell lines (Divino et al., 1990), human and rat hepatoma lines (Sousa and 

Saraiva 2001), avian oocytes (Vieira et al., 1995), rodent ependymoma cells 

(Kuchler-Bopp et al., 2000), and a rodent yolk sac epithelial cell line (Sousa et al., 

2000). In the cases where the receptor size (molecular mass) was characterized, 

the receptor species identified in the different cell types appear to be different. 

Assuming interaction with tetrameric TTR, there is evidence for possible cell 

surface receptors varying in size from about 35 kDa (Sousa and Saraiva 2001) to 

600 kDa (Sousa et al., 2000; Fleming et al., 2007). The largest of these, ~600 

kDa is the multi-ligand receptor megalin. Megalin can interact with another 

membrane protein cubilin, and together they can bind a large number of 

ligands—over 50 have been identified—including TTR (e.g., Christensen et al., 

1995; Sousa et al., 2000); but most of these ligands have more specific cell 

surface receptors apart from the multi-ligand megalin/cubilin receptors. 

Moreover, there is a study that provides evidence that plasma membrane lipid 

structures, not protein receptors, are involved in TTR binding (Hou et al., 2005). 

Thus, at present, the identity and relative importance of membrane binding 

components for TTR and agTTR remains incompletely understood; it is likely that 

there are multiple components in different cells, and perhaps multiple 

components even within the same cells.  
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          Endocytosis is the process by which extracellular molecules get into cells.  

About ten different endocytic pathways have now been proposed (Doherty and 

McMahon, 2009). Most of these are not well characterized. Clathrin-mediated 

endocytosis (CME) is currently the best understood of these endocytic pathways. 

Often the endocytic pathways are divided into two main categories: CME and 

clathrin-independent endocytosis. Figure 1-2 is a simplified schematic of the 

major steps of CME. 

In CME, binding of an extracellular ligand to the receptor on the cell 

surface can trigger formation of clathrin-coated pits (CCPs) or movement of the 

receptor into preformed pits. Many proteins are involved in the various stage of 

the CME process (reviewed by Doherty and McMahon, 2009): CCP assembly 

(e.g., clathrin, AP-2, epsin, amphiphysin and other adaptor proteins), membrane 

invagination and fission (e.g., amphiphysin, SNX-9, cortactin, and dynamin).  

Following fission (detachment from the plasma membrane), the clathrin coat 

disassembles and endocytic vesicles fuse with each other and other membrane-

bound compartments to form endosomes. Then the membrane fission-fusion 

process continues into other endosomes (e.g., late endosomes) and lysosomes. 

Endocytosed extracellular factors (cargo) can ultimately be degraded in 

lysosomes or, alternatively, recycled to cell membrane and back out of the cell.  

Some examples of clathrin-independent  endocytosis are caveoae-

/caveolin 1-dependent, clathrin-independent carrier/GPI-AP enriched early 

endosomal compartment (CLIC/GEEC), IL2Rβ pathway, Arf6 dependent, fotillin-

dependent, phagoctosis, macropinocytosis, circular dorsal ruffles, and entosis 
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(Doherty and McMahon, 2009). Some ligands such as cholera toxin B, GPI-

linked proteins, MHC I molecules, are internalized in a cholesterol-dependent 

manner not related to CME. 

There is an interest in identifying small molecules that disrupt the function 

of proteins or protein complexes (cf. Gura, 2000) including interference with the 

endocytosis transport process. Some examples of CME disruptive chemicals 

include 1-butanol (Boucrot et al. 2006), sucrose (at hypertonic concentrations, 

Nandi et al., 1982; Heuser and Anderson 1989), and chlorpromazine (Wang et 

al., 1993). Filipin is a compound that inhibits caveolae-/caveolin 1-depenent 

(Rothberg et al., 1992) and Arf6 dependent endocytosis, but not CME (Kang et 

al., 2009). Dynasore, a dynamin inhibitor, inhibits CME (Henley et al., 1998) and 

other dynamin-dependent processes such as caveolae-/caveolin 1-dependent, 

CLIC/GEEC (Lundmark et al., 2008) and IL2Rβ pathway (Lamaze et al., 2001), 

but not Arf6-associated endocytosis (Naslavsky et al., 2004). 

The pathway by which cells internalize TTR and its associated ligands is 

not well defined. Some studies (Fleming et al., 2009; Vieira et al., 1995), but not 

others (Kuchler-Bopp et al., 2000), provide evidence for receptor-mediated 

endocytosis via CME (more background information on CME is provided in 

section 1.2.2; Doherty and McMahon (2009) provide a recent review of endocytic 

pathways). It is likely that different TTR endocytic pathways are used in different 

cell types, and perhaps even within the same cell type under different regulatory 

states. TTR internalization may also be modulated by the presence or absence of 
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ligands such as RBP and T4 (Sousa and Saraiva 2001c; Huang and Vieira, 

2006; Sousa et al., 2000).  

There is evidence that TTR endocytosis is important in terms of nerve 

regeneration in nerve crush injury of mice and neurite outgrowth in rat PC12 

pheochromocytoma cells (Fleming et al., 2009). In these experiments, nerve 

regeneration was impaired in nerve crush injury of TTR knock-out (KO) mice, and 

could be rescued by addition of exogenous TTR (Fleming et al., 2009). 

Moreover, neurite outgrowth did not occur when cells were incubated with serum 

from TTR KO animals; but there was growth when purified TTR was added to the 

KO serum (Fleming et al., 2009). If the added, purified TTR was made 

incompatible for endocytosis by linking to large (1 µm-diameter) polystyrene 

FluoSpheres, however, neurite outgrowth was abolished (Fleming et al., 2009). 

Assuming that the TTR coupled to FluoSpheres maintained normal functions, an 

interesting question arises from these results: why is the internalization of TTR by 

cells necessary for neurite outgrowth? The neurite outgrowth function of TTR 

may be related to delivery of its ligands—thyroid hormone, RBP and retinol—that 

have a wide range of regulatory functions in cells (cf. memory formation in 

Section 1.2.1.2 above). There are other possibilities, for example, the internalized 

TTR-receptor complex may provide a critical cell signal that is required for the 

observed growth (cf. Vieira et al., 1996). In any case, this example serves to 

emphasize the importance of endocytosis for cell function. 
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1.2.2 Endocytic transport of nutrients with relevance to the 
current TTR studies 

Endocytosis is the process by which extracellular molecules get into cells, and 

represents a form of interaction between the cell and its external milieu. 

Endocytotic activity is important in many physiological and pathological 

processes; e.g., it is involved in nutrient transport, cell signal transduction, and 

invasion of cells by microbes (see also TTR example in section above). Many 

endocytic transport studies involving circulatory proteins are performed in a 

comparative context; and the most commonly used protein standard for 

comparison is transferrin (Tf), the circulatory iron carrier. Tf endocytosis is briefly 

discussed below. Moreover, as mentioned in sections above, some circulatory 

TTR interacts with RBP and, thus, may influence the cellular uptake of vitamin A. 

In this context, vitamin A endocytosis is also briefly discussed below.  

1.2.2.1 Transferrin endocytosis 

Transferrin (Tf) is a circulatory iron carrier protein. The CME of Tf occurs in most 

cell types—including the A431 epidermoid cells that were extensively used in for 

this thesis project—and is a well characterized process (Ward et al., 1982; 

Hopkins and Trowbridge, 1983; Rapaport et al., 2006; Thomas-Crusells et al., 

2003; Tan et al., 2010). Figure 1-2 is a simplified schematic of the major CME 

steps for Tf. 
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Figure 1-2:  Clathrin-dependent, receptor-mediated endocytosis of Tf 

 

Tf (grey square) binds to its extracellular receptor (TfR) and the complex moves 

into clathrin-coated pits. Fission of these pits produces endocytic vesicles (small, 

thin-lined circle) that can fuse with early endosomes (EE). Further endocytic 

trafficking can lead to late endosomes (LE) and lysosomes (LY), or to recycling 

endosomes (RE) or to the trans Golgi network (TGN). After Tf loses its iron in the 

endosomal system, it (and its receptor) can recycle back to the plasma 

membrane and out of the cell.  
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1.2.2.2  Vitamin A and RBP endocytosis 

Vitamin A (retinol) is transported in the circulation by RBP and most, but not all, 

of the RBP, in turn, interacts with TTR (Vieira 1998b; Sousa et al., 2000; Raz et 

al. 1970). Retinoid is a general name that refers to vitamin A and its metabolites, 

e.g., retinols, retinals, and retinoic acids. Retinoids have a wide range of 

biological functions; and many of these are dependent on control of gene 

expression by retinoic acids. 

Both clathrin-mediated endocytosis and other non-clathrin-dependent 

pathways have been proposed for the internalization of RBP with its receptor. In 

A431 human epidermoid carcinoma cells, RBP endocytosis is significantly 

decreased by hypertonic sucrose, but not chlorpromazine, treatment of the cells 

(Huang et al., 2006); both of these treatments can inhibit CME but may also 

affect other endocytic pathways (Nandi et al., 1982; Wang et al., 1993; Heuser 

and Anderson 1989; Werbonatt et al., 2000; Herring et al., 2003). In rat liver 

cells, most of the endocytosed RBP does not co-localize with asialo-

orosomucoid, a ligand that enters liver cells via CME pathways (Malaba et al., 

1995). In avian oocytes, RBP has been detected in isolated clathrin-coated 

vesicles (Vieira et al., 1993). Figure 1-3 shows the circulatory TTR-RBP-retinol 

complex and various possibilities for endocytosis of one or more components of 

this complex. 
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Figure 1-3: The TTR-RBP-retinol complex and possible endocytosis 
mechanisms for its components. 

 
 

TTR can interact with RBP and thereby participates in the transport of retinol (R). 

Cell surface receptors for RBP, and cell surface receptor for TTR, have been 

identified. Because of TTR-RBP association, it is possible that receptor-mediated 

endocytosis of TTR leads also to internalization of RBP, and vice versa. 
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1.2.3 Amyloidogenesis and neurotoxicity 

Various proteins in the body are capable of aggregating and contributing to 

amyloidogenic disorders. About 20 such proteins have been identified, and some 

of them contribute to neuropathologies: e.g., beta-amyloid (Aβ) in Alzheimer’s 

disease, alpha-synuclein in Parkinson’s disease, TTR in familial amyloidic 

polyneuropathy (FAP). 

The building blocks of TTR amyloid fibrils are mainly derived from 

monomers (Cardoso et al., 2002); but there is evidence that tetramers (Redondo 

et al., 2000) and dimers (Matsubara et al., 2005) can also participate in 

amyloidogenesis. The misfolded monomers proceed to aggregate (agTTR) and 

give rise to oligomers, proto-fibrils and, ultimately, to extracellular amyloid 

deposits (Quintas et al., 2001). Misfolded proteins or peptides are thought to 

stack upon each other during aggregate and fibril formation (Nelson et al., 2006). 

Figure 1-4 shows the normal TTR tetramer and its potentially toxic derivatives 

including misfolded monomers, oligomers, and fibrils. TTR can dissociate or 

denature under various conditions such as changes in pH, temperature, and 

medium hydrophobicity, interaction with chaotropes and chaperones, and also 

upon exposure to oxidative stress. Misfolded monomeric TTR, oligomeric 

aggregates and protofibrils are proposed to have the greatest cellular toxicity 

(Sousa and Cardoso et al., 2001; Andersson et al., 2002), greater than the 

potential toxicity of mature fibrils. 
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  Amyloid is a term that refers to extracellular deposits of fibrils. Typically, 

amyloid components consist of the fibril protein (e.g., TTR), amyloid P-

component and proteoglycans (Maeda et al., 2001). Fibrils from various 

unrelated amyloidogenic proteins share some common characteristics, e.g., 

Congo red dye staining with green birefringence, binding of the fluorescent dye 

thioflavin T, and elongated fibril structures with unbranched architecture and 

cross-β structure (Westermark et al., 2005). A variety of biochemical methods are 

used for analysis of the protein aggregates and fibrils including turbidity 

measurements, dye binding (see above, and also Appendix), and gel filtration 

chromatography.   

            Interestingly, transthyretin has both amyloidogenic and anti-

amyloidogenic properties under physiological conditions (Schwarzman and 

Tsiper et al., 2004). TTR itself contributes to its own set of amylodogenic 

diseases; and it can sequester other amyloidogenic factors such as amyloid β 

and act as a protease upon these factors. Aggregation of amyloid β contributes 

to amyloid fibril formation in the brain which is a hallmark of Alzheimer’s disease. 

TTR can bind and cleave amyloid β (Costa et al., 2009), decrease subsequent 

amyloid formation (Schwarzman and Gregori et al., 1994), and decrease amyloid 

β toxicity in the brain (Costa et al., 2008). 
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Figure 1-4: Schematic relating TTR structures to physiological functions 
and toxic effects 

 

The normal, soluble tetrameric TTR structure has various physiological functions 

(see main text) including transport of nutrients/hormones: thyroxine and vitamin 

A. Toxic effects upon cells have been reported for abnormal TTR structures 

including monomeric forms, oligomeric aggregates, polymeric aggregates and 

fibrils. 
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1.2.3.1  TTR amyloid neuropathology  and mutant proteins 

TTR amyloidogenesis results in human diseases such as FAP (familial amyloid 

polyneuropathy), FAC (familial amyloid cardiomyopathy), and SSA (senile 

systemic amyloidosis). Patients with FAC exhibit progressive heart failure around 

the age of 40. In SSA, amyloid is deposited in the heart, lungs, liver and kidneys, 

typically in patients over 80 years of age. Interestingly, unlike the major 

contributions made by TTR mutations to FAC and FAP, the TTR component 

most involved in SSA amyloid is the wild-type form. 

Primary TTR amyloidosis with peripheral nerve involvement was initially 

reported in a series of 74 patients within 12 Portuguese families (Andrade et al., 

1952), and was later called FAP. FAP is autosomal dominant sensorimotor 

polyneuropathy, and has a relatively young age of onset, typically in the 30s 

(Araki et al., 1995). FAP symptoms typically begin with sensory and autonomic 

dysfunctions, and are followed by impairment of motor function. Pathologically, 

TTR-amyloid fibrils typically deposit in the dorsal root and autonomic ganglia, 

endoneurium, GI tract, skin, heart, and kidneys (Andrade et al., 1952; Said et al., 

1984). 

Over 100 different TTR mutations have been documented (Buxbaum Jet 

al., 2009). Many, but not all, promote oligmerization and fibril formation; some 

have no such effect, and others decrease the probability of such aggregation. 

Figure 1-1 provides information on the location of various mutants upon the 

quaternary TTR structure. Mutant TTRs have been considered to be the cause of 
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amyloid formation in FAP. Significant contribution of wild-type TTR, however, has 

also been reported for the amyloid fibrils from FAP patients, especially with V30M 

TTR mutation (Tsuchiya-Suzuki et al., 2010).  

1.2.3.2 Cellular toxicity of different TTR structures 

There is some evidence for oxidative stress and increased proinflammatory 

cytokines in FAP, even at early stages of the disease (Sousa and Cardoso et al., 

2001). Little is known, however, regarding the possible increased production of 

reactive chemical species or the increased depletion of endogenous cellular 

antioxidants. Many questions remain regarding the toxicity mechanisms of 

agTTR. Based on ex vivo studies using TTR mutants, it has been reported that 

those which exhibit increased aggregation and cytotoxicity are also the ones that 

exhibit increased binding to cell plasma membranes and membrane-like 

structures (Hou et al., 2005). Moreover, TTR mutants that exhibit increased 

aggregation, e.g., L55P and V30M, are known to increase membrane fluidity 

(Hou et al., 2005), and such changes may affect cell function and contribute to 

toxicity. Moreover, V30M TTR reportedly compromises cell membrane integrity 

and results in increased LDH release (Reixach et al., 2006). 

1.2.3.3 Therapeutic approaches to TTR toxicity and 
amyloidogenesis 

In terms of potential therapeutics, there is an interest in identifying anti-

amyloidogenic drugs or dietary supplements. Most of the work published to date 

involves dietary phytochemicals tested against amyloid-beta (amyloid-beta is 
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further discussed below, 1.2.3.4). Hirohata et al. (2007), for example, tested 

various dietary phytochemicals in assays of amyloid-beta fibril formation, fibril 

extension, and fibril destabilization (cf. Figure 1-6). The greatest inhibitory effects 

of the tested phytochemicals were observed upon the fibril formation step; but 

the flavonoids myricetin and quercetin exhibited inhibitory effects in all three 

steps (Hirohata et al., 2007). As an additional example, Ono et al. (2004) 

reported that curcumin and resveratrol inhibited of amyloid-beta fibril formation 

and enhanced fibril destabilization. 

Decreased cell viability that results from exposure to toxic forms of TTR is 

moderated by resveratrol, a stilbene phytochemical (structure in Figure 1-5): 2 

µM resveratrol decreased cell death by nearly half, if present along with the toxic 

TTRs over a period of five days (Reixach et al., 2006). There is also evidence for 

resveratrol-mediated decreases in cell death due to amyloid-beta (e.g., Savaskan 

et al., 2003).  

In addition to direct effects on aggregate formation and stability, another 

possibility for phytochemical protection against agTTR toxicity is related to the 

antioxidant effects of these compounds. If agTTR exhibits prooxidative effects, 

antioxidant phytochemicals may be beneficial in terms of neutralizing some of the 

reactive chemical species produced or otherwise moderating cellular oxidative 

stress and reestablishing redox balance. 
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Figure 1-5: Chemical structures of two phytochemicals that have been 
tested in relation to TTR amyloid fibril disruption or TTR 
aggregate-mediated toxicity. 

 
A flavonoid and a non-flavonoid phytochemical are shown: quercetin (a flavonol, 

left); resveratrol (a stilbene; right). These compounds are discussed further in the 

text. 

http://upload.wikimedia.org/wikipedia/commons/1/17/Resveratrol.svg
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Figure 1-6: Possible therapeutic strategies against TTR aggregates. 

Two possible strategies include disruption pre-formed aggregates (+) or decrease 
aggregate formation and proto-fibril extension (-).  
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1.2.3.4  Amyloid-beta 

Amyloid-beta (Aβ) peptide contributes to amyloid fibrils in Alzheimer’s disease, 

another age-related neurodegenerative disorder. Aβ peptide is produced by 

proteolytic digestion of amyloid precursor protein (APP); this process is shown 

schematically in Figure 1-7. 

In terms of cytotoxicity, there is evidence that Aβ, as reported for agTTR 

above, can change plasma membrane fluidity and, hence, influence membrane 

structure (Muller et al., 1995; Chochina et al., 2001). The potential contribution of 

such membrane changes to cell function (cf. Gimpl et al., 1997; Miyamoto et al., 

1990) and cytotoxicity is not well understood. Reportedly, TTR monomer can 

arrest further growth of Aβ aggregates in vitro (Du et al., 2010; see also 

references above). In this context, TTR may function as an anti-amyloidogenic 

factor that moderates the progression of Alzheimer’s and possible other 

amyloidogenic diseases.  
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Figure 1-7: Schematic overview of beta-amyloid formation 

The amyloid-β peptide is produced through β−secretase cleavage of its precursor protein 
(APP), mainly during APP endocytic trafficking. Extracellular amyloid-β can aggregate, 
and have toxic effects upon cells. 
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1.2.3.5  Endocytosis and protein aggregation/amyloid formation 

A functional endocytic transport system is important for the production of Aβ by 

cells (Carey et al., 2005; Friedrich et al., 2010; Cirrito et al., 2008). Expression of 

a mutant form of dynamin, a GTPase involved in membrane fission, inhibits 

several endocytic transport pathways and leads to decreased production or 

release of Aβ from cells (Carey et al., 2005; Cirrito et al., 2008). Friedrich et al. 

(2010) have recently provided evidence for clathrin-mediated endocytosis (CME) 

of Aβ and amyloid-beta fibril formation within cells. Such fibril formation could be 

inhibited by chemical modulators of endocytosis (Friedrich et al., 2010). Inhibition 

of normal dynamin-dependent endocytic function, separate from inhibition of 

CME, has also been shown to decrease beta-amyloid production and increase 

cell viability (Yu et al., 2010).  At present, the potential role that TTR endocytosis 

could have on agTTR formation in body is not known. 
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Figure 1-8: Overview of research and hypotheses tested. 

The major experiments to test each hypothesis (H) are indicated and organized in 
relation to the main points of information gained (rectangles). The numbers (e.g., 5a) 
indicate the corresponding hypothesis as presented in the respective chapters that 
follow (e.g., hypotheses H-5a and H5b are found in chapter 5). 

Cellular Toxicity of TTR Aggregates 

  H-5a,b  
 
- Membrane 
structure and 
function 

H-6a,b,c,d 
 
-Pro-oxidative 
actions 
- Cell 
metabolic 

 
 

TTR aggregation 
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-Endocytosis 
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TTR-receptors, & receptor-mediated transport 

 



 

26 

Chapter 2  
 
Materials and methods 

2.1 Chemicals and other reagents 

All the reagents used were of analytical grade and purchased from Sigma-

Aldrich, unless noted otherwise. Different or additional sources of some of these 

are as follows:  potassium chloride (Allied Chemical), acetic acid (Anachemia, 

Can), sodium Chloride (BDH), glycine (Bioshop), glycerol and sodium hydroxide 

(EMD Chemicals), sodium phosphate (Fisher), Amplex red hydrogen peroxide 

and catalase assay kits, DMEM, and fetal bovine serum (FBS) (Invitrogen, USA), 

DMEM containing 1 mM sodium pyruvate (ATCC), Biotinylated SDS-PAGE broad 

range standards (Bio-Rad), ECL Western blotting detection reagents and ECL 

Hyperfilm (GE Healthcare). Purified human TTR and polyclonal goat anti-human 

TTR IgG (delipidized antiserum) were both purchased from Sigma-Aldrich. 

2.1.1 Preparation of biotinylated proteins 

Purified TTR protein was biotinylated by incubation with biotinylation reagent, 

BNHS (Biotin N-hydroxysuccinimide ester) at a molar ratio of 1:5 (protein:BNHS). 

The reagents were mixed in an Eppendorf tube, vortexed, and incubated for 30 

min at room temperature. bTTR was then dialised with PBS using Slide-A-Lyzer 



 

27 

Dialysis Cassette (Thermo scientific) with membrane molecular-weight cutoff at 

2,000 Dalton. TBS was then added and the solution aliquoted and stored at -

80°C. Other biotinylated proteins were prepared by the same procedure. 

Biotinylated Tf was also purchased from Sigma-Aldrich. Biotinylated proteins 

were detected by blotting or ELISA procedures using streptavidin-HRP (Section 

2.3 below). 

2.1.2  Preparation of aggregated TTR 

agTTR was prepared by a standard procedure using acetate buffer 

(Hammarström et al., 2002). Briefly, 72.7 µM TTR was mixed with an equal 

volume of acetate buffer (pH 4.3) containing 100 mM KCl and 1 mM EDTA. TTR 

solution was incubated at 37oC for several days (see Appendix), typically a 

period of ten days. agTTR was, then, dialysed with PBS at pH 7.4 using Slide-A-

Lyzer Dialysis Cassette and stored at -20 oC. Turbidity was determined by 

absorbance at 400 nm and amyloid fibril formation by thioflavin assays 

(Appendix).  

2.2  Cells and cell preparations 

The human epithelial carcinoma cell line (A431) and Schwann cell-like line from 

human malignant peripheral nerve sheath tumor (sNF94.3) were obtained from 

American Type Culture Collection (ATCC). A431 cells were grown in Dulbecco’s 

Modified Eagle’s Medium (DMEM) (Invitrogen) and sNF94.3 cells in DMEM 

containing 1 mM sodium pyruvate. Both media were supplemented with 10% 
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fetal bovine serum, 100 U/ml penicillin and 100 µg/ml streptomycin (complete 

medium). Cells were maintained in humidified 5% CO2 incubator at 37oC. For 

sub-culturing, cells were detached from the original 100 mm plate (Corning, Can) 

with 0.25% (w/v) trypsin-EDTA and incubated at 37oC  for 5 to 10 min. Cells were 

then mixed with complete medium, and divided into new plates.  

2.2.2  Cell membrane preparations  

For the preparation of semi-intact cell membranes (SICM), cells grown on 

a 10-mm plate with confluency of approximately 80-90% were incubated in 

serum-free medium for half an hour at 37°C. Cells were washed with 2 ml of ice-

cold PBS which was followed by 2 ml of ice-cold KSHM (100 mM potassium 

acetate, 85 mM sucrose, 20 mM HEPES and 1mM magnesium acetate). Plates 

were scraped with cell lifter (Fisher Scientific, Ca) and cells were collected into 

an Eppendorf tube on ice. KSHM (typically a volume of 100-200 μl) was added 

twice to the plate to collect any leftover cells. Cells in the Eppendorf tube were 

centrifuged for 1 min at 14,000 rpm (Spectrafuge 16M). Supernatant was 

removed. Cell pellet was resuspended in an equal volume (typically 100-200 μl) 

of high sucrose-KSHM (100 mM potassium acetate, 0.75 M sucrose, 20 mM 

HEPES and 1mM magnesium acetate) and stored at -80°C. 
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2.3  Main experimental methods 

2.3.1  Identification of TTR receptors 

2.3.1.1 Chemical cross-linking of TTR receptors 

An SICM (semi-intact cell membrane preparation, see Section 2.2 above) tube 

was thawed on ice and centrifuged for 1 min at 14,000 rpm. The supernatant was 

removed and pellet was resuspended with 1 ml PBS and centrifuged as above. 

The rinsed pellet was resuspended in an equal volume (typically ~100 µl) of PBS 

and divided equally into three Eppendorf tubes on ice. TTR at 90 µM (50-fold 

competition controls) was added into the first tube which was followed by the 

addition of bTTR (final concentration 1.8 µM). bTTR (final concentration 1.8 µM) 

was added into the second tube. The third tube contained no biotin-labelled 

ligand (only the membrane suspension). The tubes were vortexed for 5 s and 

incubated overnight at 4°C with gentle mixing on a rocking platform. The 

membranes were then centrifuged for 30 seconds at 14,000 rpm. Supernatants 

were discarded and pellets were resuspended in 10x volume of PBS and 

centrifuged. After repeating the washing procedures, the resuspended 

membranes were vortexed for 5 s twice which was followed by the addition of 3 

µl of 5% glutaraldehyde into each tube. The tubes were immediately vortexed 

and placed on ice. 4× Laemmli Buffer (1× Laemmli buffer: 60 mM Tris-HCl, pH 

6.8, 10% glycerol, 2% SDS, 1% 2-mercaptoethanol and 0.002% bromophenol 

blue) was added into each tube to make 1× final concentration. Samples were 

heated at 95°C for 5 min and then cooled down to room temperature before 



 

30 

loading onto gels for SDS-PAGE. Proteins were then transferred onto 

nitrocellulose membrane and probed with Streptavidin-HRP. Signals were 

detected with enhanced chemiluminescence.   

2.3.1.2 Ligand Blotting of TTR receptors  

 The rinsed SICM pellet was resuspended in an equal volume of ST (detergent) 

buffer, typically ~100 µl, and then divided equally into three Eppendorf tubes. 

After the addition of 4x Laemmli buffer, Samples were heated with 4x Laemmli 

buffer for 5 min at 95°C and cooled down at room temperature. Aliquots of 

extracts were loaded onto 10% gels for SDS-PAGE and, then, electroblotted onto 

nitrocellulose membrane. Four nitrocellulose strips were cut and blocked in 3% 

BSA in PBS for 3 hours at room temperature. Then, strips were treated overnight 

at 4°C in the following conditions: First strip, 0.1 µg/µl bTTR only; second, no 

TTR (SICM only); and third, 0.1 µg/µl bTTR in the presence of 5 µg/µl sTTR.  

After 5 washes with PBS, proteins were probed with Streptavidin-HRP in PBS-

BSA. Signals were detected with enhanced chemiluminescence.     

2.3.2 Ligand binding to membrane preparations and cells 

2.3.2.1 Ligand binding to membrane preparations 

Membrane pellets were re-suspended in two volumes of PBS, and BSA was 

added to give a final BSA concentration of 0.02%. 5 µl of membrane suspension 

was used for protein content determination before the addition of BSA using 

Bradford assay. The resulting PBS-BSA-membrane suspension was divided into 
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three samples of equal volume (vortexing of the tube was performed before the 

removal of each sample volume to ensure equal amount of membranes). Then b-

ligand (e.g., bTTR or bTf) at the final concentration of 50 nM was added to each 

sample and incubated 16 h at 4oC with gentle mixing. The extracts were 

centrifuged at 14,000 rpm for 30 s at 4oC, followed by a pellet re-suspension with 

10x volume PBS-BSA solution containing 0.02% BSA. The extract was re-

centrifuged, and the resulting pellet was rinsed with PBS and then re-suspended 

with an equal volume of ST blocking buffer (pH 7.4). This extract was plated onto 

a 96-well plate (Sarstedt) pre-coated with 5 μg/ml anti-ligand IgG in 50 mM 

sodium bicarbonate buffer, pH 9.6 (see Section 2.3.3.1), and then incubated 

overnight at 4oC. After rinses and streptavidin-HRP probing as above, an OPD 

color reaction was performed to assess the captured biotin-labelled ligand. 

2.3.2.2 Ligand binding to intact cells 

Equal numbers of cells were incubated with serum-free medium for 4 hours at 

37oC and then washed twice in ice cold PBS, and once in ice cold SPB. Cell 

counting and protein content determination using Bradford assay were performed 

in two wells before the addition of SPB. Cells were placed on ice to prevent 

endocytosis of ligand and incubated with biotinylated ligands (bTf or bTTR or 

bRBP) for at least 4 hours at 4oC. After three ice-cold SPB washes, cells were 

lysed with 100 µl of ST detergent buffer. Lysates were plated onto a 96-well plate 

(Sarstedt) pre-coated with 5 μg/ml anti-ligand IgG in 50 mM sodium bicarbonate 

buffer, pH 9.6 (see Section 2.3.3.1), and then incubated overnight at 4oC. After 
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rinses and streptavidin-HRP probing as above, an OPD color reaction was 

performed to assess the captured biotin-labelled ligand. 

2.3.3 Endocytosis assays 

After incubation in serum-free medium for 4 hours, A431 cells in 96-well plates 

were incubated with biotinylated ligands (bTTR or bTf) in PBS-DMEM for 10 

minutes at 37oC. The cell plates were placed on ice, the PBS-DMEM was 

removed and 200 µl of ice cold acetate buffer at pH 3.0 was added to remove 

non-internalized ligands. The low pH wash was repeated and followed by pH 

neutralization with ice-cold PBS. Lysis buffer (ST) was added, and the 

endocytosed biotin-labelled ligand was captured on anti-ligand antibody-coated 

plates (see Section 2.3.3.2). Captured biotinylated ligands were then quantified 

by addition of Streptavidin-HRP, followed by the OPD color reaction.  

Treatment of cells with endocytic disruptors (see Chapter 3 for the 

compound and their concentrations) was performed prior to the addition of ligand 

and analyses of endocytosis.  

2.3.3.1 Preparation of antibody-coated plates 

96-well microplate wells were coated with 5 µg/ml anti-ligand antibody in 0.05 M 

carbonate/bicarbonate buffer at pH 9.6 for a minimum of 24 hours at 4oC. After 

rinsing the wells with PBS-0.005% Tween-20 three times, they were ‘blocked’ 

with 3% BSA in PBS and incubated for at least 2 hours at room temperature. 

Blocking solution was removed, wells were rinsed with PBS-0.005% Tween-20 
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three times, and then the wells were ready for plating of membrane or cell 

extracts (lysates). 

2.3.3.2 OPD color reaction 

The OPD color reaction was performed as follows: Cell lysates were loaded into 

the anti-ligand antibody-coated plate and incubated overnight at 4oC. Lysates 

were then removed, wells were rinsed with PBS-Tween three times, and 

streptavidin-HRP in blocking buffer was added. After a period of at least 4 h at 

room temperature, wells were washed with PBS-tween 20 as above. 

Chromogenic substrate solution was prepared by making 0.04% (w/v) o-

phenylenediamine (OPD) solution containing 50mM Na2HPO4 and 30mM sodium 

citrate at pH 5.0. H2O2 was then added to the chromogenic substrate solution to 

the final concentration of 0.02% (v/v) just before use. 150 µl of chromogenic 

substrate solution containing H2O2 was added to each well using a multi-channel 

pipetter.  When color change was apparent, the reaction was stopped with 50 µl 

of 2 N H2SO4. Measurement was recorded as absorbance at 492 nm minus 

absorbance at 630 nm. 

2.3.4 Structural and Bioinformatics studies of TTR 

2.3.4.1 Raman resonance spectroscopy 

Normal soluble TTR, agTTR and acetate buffer were prepared as described 

above. Fifty µl volumes of 73 µM sTTR, 73 µM agTTR or acetate buffer or water 

were placed on a carrier over the stage of an optical microscope and illuminated 
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with a monochromatic light from an Argon or Helium-Neon laser. Raman 

scattering was measured with light scattering at right angles to the incident 

radiation; the spectra were obtained through the use of a photo-multiplier 

detector. 

        Effects of laser sources, carrier materials and protein concentrations on 

Raman scattering of soluble and aggregated TTR were analyzed. The following 

conditions were compared: (i) excitation of the samples with a 514.4 nm Argon 

laser vs. a 633 nm Helium-Neon Laser; (ii) carrier materials of glass chamber 

(Metek) vs. silicon plate; and (iii) sTTR or agTTR concentrations of 2.9, 7.8, 8.9, 

25.9, and 73 µM. 

 

2.3.4.2  Bioinformatics based on amino acid biophysical 

Properties 

The hydropathy score for each amino acid was based on the values reported by 

Kyte-Doolittle (1982). For the hydropathy plot, protein sequence was scanned 

with a moving window size of 9 amino acids (e.g.,  of scores for amino acids 1-9, 

followed by the sum of 2-10, then the sum of 3-11, etc). At each position of amino 

acid sequence, the hydropathic index was modified by taking the summation of 

hydropathic scores of the amino acids within that given window to obtain the 

plots presented in Chapter 4.  

 

2.3.5  Filipin binding 
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A431 cells in 96-well plate were treated with soluble WT TTR (sTTR, control, 0.2-

1.2 µM), aggregated WT TTR (agTTR, 0.2-1.2 µM), or with transferrin (an 

additional control, 1.7 µM) for 60 minutes, 37oC, and rinsed with PBS-DMEM. 

Then the cells were incubated with filipin (5 µg/ml) in PBS-DMEM for 10 minutes 

at 37oC and rinsed with PBS. Spectrophotometry was measured at 492 nm with 

microplate reader. Results were expressed as percent of controls (transferrin and 

sTTR). 

 

2.3.6  Effects of TTR aggregates on bTf endocytosis 

 

A431 cells in 96-well plate were incubated with soluble WT TTR (sTTR, control) 

or aggregated WT TTR (agTTR) at a final concentration of 0.3 µM for 60 minutes, 

37oC, and rinsed with PBS-DMEM. The effects of agTTR and normal TTR on bTf 

endocytosis were analyzed by the same methods as those presented above 

bTTR endocytosis (2.3.3). 

 

2.3.7  Hydrogen peroxide production 

 

Hydrogen peroxide assays were performed based on the Amplex red method 

according to the manufacturer’s instruction (Molecular Probes, Canada). The 

conversion of amplex red (N-acetyl-3, 7-dihydroxyphenoxazine) to resorufin in 

the presence of H2O2 and peroxidase can be used as a sensitive probe for the 
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detection of trace H2O2 since resorufin shows strong fluorescence emission at 

585 nm or light absorbance at 571 nm.  

        A431 or sNF94.3 cells were treated with 50 µl of agTTR or TTR at 2.4 µM 

concentrations (or no TTR as another control) in Krebs-Ringer phosphate buffer 

(KRPG) for 30 minutes at 37oC. In parallel, some cells were treated with agTTR 

plus pretreatment with one of the following: 20 µM apocynin for 30 min, 2 mM 

sodium azide for 30 min, 200 µM L-NMMA for 1 h, TMPD and ascorbic acid (100 

µM and 0.2 mM, respectively) for 30 min. Reaction mixture (100 µl) containing 50 

μM Amplex Red reagent and 0.1 U/mL HRP in KRPG buffer was added to the 

above samples, hydrogen peroxide controls (0 to10 µM), and blanks (KRPG 

buffer alone). The total volume of each well was 150 µl. The plate was incubated 

at 37oC for 30 minutes. Light absorbance (A) was measured using a microplate 

reader. Results were expressed as 100 x (Asample – Ablank)/(Acontrol – Ablank). 

 

            2.3.8  Catalase assays 

 

Catalase, an intracellular antioxidant enzyme, exists primarily in peroxisomes 

and the cytoplasm of the eukaryotic cells. H2O2 produced in the cells is largely 

decomposed to oxygen and water through the action of catalase. Measurement 

of the unreacted H2O2 in the cell provides an estimation of the cytosolic catalase 

activity.  

        Catalase activity can be estimated based on the Amplex red method 

according to the manufacturer’s instruction (Molecular Probes, Canada). Amplex 
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red (N-acetyl-3, 7-dihydroxyphenoxazine) converts to resorufin in the presence of 

H2O2 and peroxidase enzyme. The signal of resorufin produced is negatively 

correlated with the residual catalase activity in the cell and catalase can be 

detected at levels as low as 50 mU/ml.  

        A431 or sNF94.3 cells grown in 6-well plate were incubated TTR or agTTR 

(or additional controls without TTR) in 2% FBS-DMEM for 4 hours. Final 

concentration of TTR and agTTR were 2.4 μM. In parallel, some cells were 

treated with agTTR plus pretreatment with one of the following: 20 µM apocynin 

for 30 min, 2 mM sodium azide for 30 min, 200 µM L-NMMA for 1 h, TMPD and 

ascorbic acid (100 µM and 0.2 mM, respectively) for 30 min. Cells were 

harvested with trypsin-EDTA and pelleted by centrifugation (at 1,000 g and 4°C 

for 5 min, Spectrafuge 16 M, Labnet). Pellets were resuspended in ice-cold 

extraction buffer containing 0.1% Triton-X in 0.1M potassium phosphate buffer 

(KPE) and subjected to three freeze-thaw cycles. After centrifugation of the cell 

suspension (at 3,000 g and 4°C for 4 min), 25 μl of supernatants (including non-

TTR-treated controls) or catalase standards (0 to 2,000 mU/mL) were added into 

wells of a 96-well microtitre plate, followed by the addition of 25 μl of 40 μM 

H2O2. After incubation for 30 minutes at room temperature, 50 μl of a mixture 

containing 100 μM amplex red reagent and 0.4 U/ml HRP was added into each 

well. Light absorbance was measured at 560 nm. Values of catalase activity were 

interpolated from the catalase standard curves and expressed by subtracting the 

sample value from that of negative control. 
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2.3.9  GSH assay 

 

The quantitative assays for GSH were based on the enzymatic recycling method 

in which GSH is oxidized by 5,5’-dithio-bis(2-nitrobenzoic acid) (DTNB) to form 

5’-thio-2-nitrobenzoic acid (TNB) and light absorbance is measured at 412 nm. 

(Rahman et al., 2006). Briefly, A431 or sNF 94.3 cells were treated with 2.4 µM 

sTTR or agTTRs (or additional control without TTR) for four hours in a 6-well 

plastic plate (Sarstedt, USA). In parallel, some cells were treated with agTTR 

plus pretreatment with one of the following: 20 µM apocynin for 30 min, 2 mM 

sodium azide for 30 min, 200 µM L-NMMA for 1 h, TMPD and ascorbic acid (100 

µM and 0.2 mM, respectively) for 30 min. Cells were harvested with trypsin-

EDTA and pelleted by centrifugation at 1,000 g and 4°C for 5 min (Spectrafuge 

16 M, Labnet). Pellets were resuspended in ice-cold extraction buffer containing 

0.1% Triton-X and 0.6% sulfosalicyclic acid in 0.1M potassium phosphate buffer 

(KPE) and subjected to three freeze-thaw cycles. The lysates were centrifuged at 

3,000 g and 4°C for 4 min, and supernatants were used for the assay.  

For the assay of total GSH content, a solution of 120 µl containing 0.34 

mg/ml DTNB and 1.65 units/ml glutathione reductase was added into the 20 µl of 

samples (including the blank control) or GSH standards (0 to 26.4 µM) for 30 

seconds in 96-well microtitre plate. 60 µl of 1.5 mg/ml β-NADPH was then added 

and light absorbance at 412 nm was measured. Values of total GSH were 

obtained by using the GSH standard curve and expressed as nmol/mg protein. 
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2.3.10  Nitrite and Nitrate assays 

 

Nitric oxide (NO) is difficult to measure because it is unstable and short-lived. 

The half-life of NO was estimated to be 1.8 ms in whole blood (Liu et al., 1998). 

In body fluids, oxidation of NO by oxygen gives rise to nitrite (NO2
-) (Ignarro et 

al., 1993). Both nitrite (Ignarro et al., 1993) and NO (Bryan et al., 2007), in the 

presence of oxyhemoprotein, can be further oxidized to nitrate (NO3
-). In addition, 

NO2
- can be reduced to NO in the presence of deoxyhemoproteins, xanthine 

oxidoreductase, acidic milieu, ascorbate and polyphenols under physiological 

and pathological conditions (Lundberg et al., 2008). 

      Nitrite and nitrate assays were performed according to published methods 

(Miranda et al, 2001). Prior to the experiments, A431 cells were incubated with 

DMEM containing 2% FBS for one day. For the nitrite assay, A431 or sNF94.3 

cells were treated with TTR or agTTR at 2.4 µM, or without TTR as an additional 

control, for 4 hours. In parallel, some cells were treated with agTTR plus 

pretreatment with one of the following: 20 µM apocynin for 30 min, 2 mM sodium 

azide for 30 min, 200 µM L-NMMA for 1 h, TMPD and ascorbic acid (100 µM and 

0.2 mM, respectively) for 30 min. 100 µl of culture media from above samples 

and nitrite standards (0 to 200 µM) were move to a new 96-well microplate and 

mixed with 100 µl of Griess reagent containing 1% sulfanilamide and 0.05% N-(1-

napthyl)-ethylenediamine (NEDD) for 45 min at room temperature. Light 

absorbance at 540 nm was measured. 
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For the total nitrate and nitrite assay (total NOx), 100 µl of 8 mg/ml 

vanadium trichloride (VCl3) was added to the 100 µl of nitrate standards (0 to 200 

µM) and to the 100 µl of culture media of the samples. The standards and 

samples were then processed by the same method as for the nitrite assay above. 

Values of nitrite and total NOx in the samples were obtained using the nitrite and 

nitrate standard curves, respectively. Nitrate was determined by subtracting the 

values of nitrite from total NOx. 

         

2.3.11 Hemin-based oxidation assay 

 

Pro-oxidant effects of agTTR were tested in a hemin-based oxidation assay. 

Hemin-based oxidation assay on TTR: Hemin was incubated with, agTTR or 

ddH2O in 96-well plate for one hour at 37 oC which was followed by the addition 

of H2O2 and TMPD. There was total volume of 200 µl in each well with the 

following concentrations: 1 µM hemin, 1 µM TTR or 1 µM agTTR, 1 mM H2O2 

and 100 µM TMPD. Absorbance at 611 nm was measured within 10 minutes.  

Hemin-based oxidation assay on cytosol extract: A431 or sNF94.3 cells were 

incubated with no treatment, 2.4 µM sTTR, 2.4 µM agTTR or 2.4 µM agTTR with 

pre-treatments for 4 hours at 37oC. Pre-treatments were 200 µM apocynin for 30 

min, 200 µM L-NMMA for 1h, 2 mM sodium azide for 30 min or 100 µM TMPD 

plus 0.2 mM ascorbate for 30 min. Cytosol extracts were obtained following the 

protocol of Wieckowski et al. (2009). All procedures were then performed on ice 

or at 4oC. Briefly, cells were trypsinized, scraped off the plate, centrifuged at 600 
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g and resuspended in buffers containing 225 mM mannitol, 75-mM sucrose, 0.1-

mM EGTA and 30-mM Tris–HCl at pH 7.4. Cell suspension was homogenized 

and centrifuged at 600 g to removed unbroken cells and nuclei. Cytosolic fraction 

was obtained from supernatant after centrifuge at 7,000g for 10 min. Then, 

hemin-base oxidation assay was performed as in the above-mentioned 

procedure, except that cytosolic extracts were substituted for TTR. 

 

2.3.12  MTT assay 

 

The reduction of the colorless triphenyltetrazolium chloride to insoluble, red 

formazan compound is commonly used as a viability/metabolic activity test for 

living tissues (Mattson et al., 1947). Tetrazolium salts can be reduced either 

inside the cell: e.g. 2-(4,5-dimethyl-2-thiazolyl)-3,5-diphenyl-2H-tetra-zolium 

bromide (MTT) and Nitro blue tetrazolium (NBT), or outside the cell: e.g. sodium 

2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)-carbonyl]-2H-

tetrazolium salt (XTT) and sodium 5-(2, 4-disulfophenyl)-2-(4-iodophenyl)-3-(4-

nitrophenyl)-2H-tetrazolium (WST-1). The mechanism of MTT uptake by the cell 

is not yet determined; but possibilities for endocytosis have been proposed (Liu 

et al., 1997), and may involve its positive charge on the tetrazol ring and plasma 

membrane potential (Reungpatthanaphong et al., 2003). Reduction of MTT is not 

confined to the mitochondria. Cytosolic reductants including NADH, NADPH, 

pyruvate, and succinate are all involved in the reduction of MTT in the cell 

(Berridge et al., 1993) whereas reduction of the cell-impermeable water-soluble 
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formazans such as XTT and WST occurs extracellularly through trans-plasma 

membrane electron transport (Berridge et al., 2005). MTT assay is a reliable and 

high-throughput method to evaluate the metabolic activity of living cells and can 

also be applied on the selection of effective drug treatment in the context of 

various diseases (Hayon et al., 2003). 

      The MTT (Methylthiazolyldiphenyl-tetrazolium bromide) assay for analysis of 

cytotoxicity was modified according to published methods (Plumb et al., 2004). 

A431 or sNF94.3 cells were treated with sTTR or agTTR at 2.4 µM concentration 

(and an additional, no-TTR control) in 96-well microtitre plates for 48 hours. In 

parallel, some cells were treated with agTTR plus pretreatment with one of the 

following: 20 µM apocynin for 30 min, 2 mM sodium azide for 30 min, 200 µM L-

NMMA for 1 h, TMPD and ascorbic acid (100 µM and 0.2 mM, respectively) for 

30 min. This was followed by addition of MTT (final concentration, 1 mg/ml in 

DMEM-2%FBS) for 4 hours at 37oC and protected from light. After removal of the 

MTT solution, 200 µl of DMSO and 25 µl of glycine buffer were added to extract 

the formazan in the cells. For the evaluation of reversibility of cellular metabolic 

activity, TTR solutions were replaced with fresh complete medium and cells were 

then incubated for a washout period of 24 hours (after the 48 hour treatment). 

Cells were then subjected to the procedures for MTT analysis (in DMSO-glycine 

buffer). Light absorbance (OD) at 570 nm was measured with microplate reader. 

Results of reduction activity change were expressed as percent reduction of MTT 

in the various TTR-treatments relative to those in the controls. 
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2.3.13  Aggregation assays 

   

2.3.13.1 Turbidity 

Denaturation of TTR in acid solution resulted in increased turbidity which was 

used to evaluate the amyloidogenicity of TTRs as previously reported 

(Hammarstrom et al., 2001). Typically, analyses of turbidity at different pH’s were 

performed by adding TTR (7.2 µM) into the following solutions and conditions: 

200 mM citrate buffer, pH 3.0, 37oC; 200 mM  acetate buffer, pH 4.3, 37oC; 10 

mM PBS, pH7.4, 37oC; and 10 mM PBS, pH7.4, 4oC. Each buffer contained 100 

mM KCl and 1 mM EDTA. Absorbance at 400 nm was measured for a time 

period of up to 220 hours for the 37oC incubations, and up to 280 hours for the 

4oC incubations. Turbidity ratio was expressed as the turbidity of TTRs at 

different conditions relative to the pH 4.3, 37oC, incubation. The pH 4.3, 37oC, 

aggregation conditions were used for the standard preparations of agTTR in all 

the relevant experiments that employ this aggregated form of TTR. 

 

  2.3.13.2  Thioflavin T binding 

The fluorescence of thioflavin T increases when this dye binds to amyloid fibrils 

(Krebs et al., 2005), and this characteristic can be applied to evaluate the 

formation of amyloid fibrils in proteins (Saito et al., 2005). Briefly, TTRs were 

prepared as in the turbidity assay above. Fluorescence was measured at room 

temperature in reaction mixtures containing 0.15 µM TTRs and 5 µM thioflavin T 

using a Picofluor fluorometer with excitation at 460 nm and emission between 
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515-575 nm. Fluorescent ratio was expressed as the fluorescence of TTRs at 

different condition divided by those at pH 4.3, 37oC (as mentioned above for 

turbidity assays). 

 

2.3.14  Bradford assay for protein determination 

 

Concentrations of specific proteins, or total protein in cell or membrane lysates, 

were analyzed by the Bradford method (Kruger, 1994) following the 

manufacturer’s protocol (Sigma-Aldrich). Briefly, 250 µl of Bradford reagent 

containing brilliant blue G in phosphoric acid and methanol was added to blank 

(buffer solution), protein standards (0 to 1.4 mg/ml of bovine serum albumin) or 

cell lysates from samples and controls, and incubated at room temperature for 30 

minutes. The absorbance at 595 nm was measured. Protein concentrations were 

interpolated against the albumin standard curve and expressed in units of mg/ml. 

      

          2.3.15  Statistical Analyses 

 

Data are presented as mean +/- standard error of the mean (SEM), unless noted 

otherwise. Statistical analyses were performed using either Student’s t-test, or 

one-way analysis of variance (ANOVA) using SPSS 17.0 software. The alpha 

level for statistical significant difference was 0.05. 
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Chapter 3  
 
Receptor-mediated endocytosis of transthyretin 

 

 

 

 

 

 

3.1 Introduction 

 

           This chapter presents basic physiological transport studies of TTR. There 

are many possible questions for investigation in this context, questions regarding 

the molecular interactions and receptors involved in TTR cellular uptake, the 

endocytic pathway that TTR and its receptor follow into the cell, the efficiency of 

uptake relative to that for other extracellular transport proteins such as transferrin 
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(Tf) and retinol-binding protein (RBP), the post-endocytic fate of intracellular 

TTR, and the potential cellular co-transport of TTR and RBP.  

There is some controversy, and several different results, regarding the 

nature of TTR-binding membrane components. There is evidence for specific 

TTR receptors (TTR-R) in each of several cell types:  a ~100 kDa TTR receptor 

on mouse ependymoma cell membranes (Kuchler-Bopp et al., 2000), a ~115-

kDa TTR receptor on avian oocyte membranes (Vieira et al., 1995), a TTR 

receptor of uncharacterized size in the human neuroblastoma, liver, kidney, and 

lung cell lines (Divino and Schussler, 1999), and a 90 kDa TTR-R complex in a 

human hepatoma line (Sousa and Saraiva, 2001) that could represent a 35 kDa 

receptor with the 55 kDa tetrameric TTR. In a rat yolk sac epithelial cell line, the 

~600 kDa membrane protein megalin has been identified as a TTR-R (Sousa et 

al., 2000). Megalin, however, is not specific for TTR; it is a multi-ligand receptor 

that binds many other ligands (see Chapter 1). Moreover, lipid structures (not 

protein receptors) in SH-SY5Y neuroblastoma cell membrane preparations seem 

to be the major TTR-binding components; removal of peripheral membrane 

proteins did not prevent the membrane binding of TTR (Hou et al., 2005). 

The endocytic pathways that lead to the cellular internalization of TTR are 

also poorly understood in most cell types with TTR receptors. Is it CME or a 

clathrin-independent pathway? There is evidence for CME in some cells (Fleming 

et al., 2007; Vieira et al., 1995) and for a non-clathrin pathway in another cell 

type (Kuchler-Bopp et al., 2000). Moreover, in some cell types where megalin is 

a potential mediator of TTR endocytosis, there is also some controversy 
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regarding the endocytic pathway of megalin, CME in some cases (Fleming et al., 

2007) but not others (Bento-Abreu et al., 2009). 

To further examine the bases of these controversies and questions, and to 

provide more insight into basic parameters of TTR transport physiology, receptor-

ligand binding and chemical cross-linking studies were performed using biotin-

labeled TTR and intact cells or cell membrane preparations. In addition, TTR 

transport studies were performed in cultured cells (endocytosis). 

 

3.1.1  Hypotheses tested  

 

Hypothesis 3a: Specific TTR receptors exist on a human epidermoid cell line 

(A431). Testing of this hypothesis through ligand-receptor chemical crosslinking 

and ligand binding assays has the potential to provide novel information about 

cell surface TTR receptor(s), e.g., molecular mass. 

 

Hypothesis 3b: TTR is endocytosed by a clathrin-mediated endocytic (CME) 

pathway in A431 cells. Testing of this hypothesis—with the use of endocytic 

inhibitors and comparisons with ligands known to follow CME—will provide novel 

information on TTR RME in A431 cells, and may help answer some of the current 

questions and controversies regarding different TTR endocytic pathways in 

different cell types TTR. 
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3.2 Results 

  

 3.2.1 Characterization of TTR receptors 

  3.2.1.1  Chemical cross-linking of TTR and cell 
             membranes 

Human epidermoid A431 cells and cell membrane preparations were incubated 

with biotin-labelled TTR (bTTR). bTTR-receptor complexes were chemically 

crosslinked using glutaraldehyde and, after electrophoretic separation, bTTR-

receptor complexes were identified using streptavidin-HRP conjugate followed by 

HRP-mediated enhanced chemiluminescence (ECL) reaction (see Materials and 

Methods, Section 2.3). As can be seen in Figure 3-1A, A431 cells have a bTTR-

receptor complex of about 165-175 kDa (2nd lane, bTTR). This ligand-receptor 

complex was effectively competed by a 50-fold molar excess of unlabelled TTR 

(1st lane, bTTR + TTR), a common specificity control in receptor studies. If an 

intermediate molecular mass of 170 kDa is used, this implies a receptor of about 

115 kDa bound to the 55 kDa TTR tetramer. 

 A431 cell membranes were also analyzed by ligand blotting with bTTR. In 

these experiments, the membrane proteins are separated by electrophoresis, 

transferred to a solid matrix (nitrocellulose) and probed with labelled ligand. The 

label on the ligand is then identified and quantified using streptavidin-HRP (and 

ECL) as above. Figure 3-1B shows that bTTR binds to a membrane component 

of ~115 kDa. As with the crosslinking experiments, the receptor signal could be 

competed by a 50-fold molar excess of unlabelled TTR (not recognized by 

streptavidin-HRP).
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A.  

 

            

B.                    

 
 

 

Figure 3-1:  Analysis of TTR receptors on A431 cell membranes using 
ligand blot and chemical cross-linking methods.  
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 (A) Cell membranes were incubated with biotin-labelled TTR (bTTR) in the presence or 
absence of a 50-fold molar excess of normal unlabelled TTR (TTR). After removal of 
unbound ligand, TTR-receptor crosslinking was performed with glutaraldehyde. After 
chemical crosslinking the proteins were subjected to electrophoresis and transferred by 
electrophoresis to a nitrocellulose membrane. The nitrocellulose-bound membrane 
proteins were probed using a streptavidin-HRP conjugate. A TTR receptor of about 115 
kDa was identified (170 kDa minus the 55 kDa represented by TTR). This receptor is 
likely the same as the 115 kDA species identified by ligand blotting below (assuming 
tetrameric TTR is part of the complex). (B) Cell membranes were subjected to 
electrophoresis and the membrane proteins were transferred by electrophoresis to a 
nitrocellulose membrane. The nitrocellulose-bound membrane proteins were incubated 
with biotin-labelled TTR (bTTR) in the presence or absence of a 50-fold molar excess of 
normal unlabelled TTR (TTR). Bound bTTR was detected using a streptavidin-HRP 
conjugate. A TTR receptor of about 115 KDa was identified which was consistent with 
the result shown in (A). 
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3.2.1.2  Comparative membrane binding studies 

To obtain an estimate for the total number of cell surface TTR receptors present 

on human A431 cells, binding experiments were performed on the cells at 4 

degrees Celsius (to avoid endocytosis) using biotin-labelled TTR (bTTR) and, as 

a standard, bTf. After removal of unbound ligand, total bound bTTR (and bTf) 

was quantified (see Materials and Methods, Chapter 2) by capture on anti-ligand 

IgG-coated plates. As shown in Figure 3-2, these cells may have about 30 to 40 

thousand fewer TTR receptors compared to Tf receptors if one assumes similar 

Kd and non-specific binding values. An estimate of a possible Kd based on total 

binding data suggests a value of about 7 nM, which is similar to the Tf Kd of 6 nM 

in these cells. 

 

3.2.2 Endocytosis of TTR 

 

As previously mentioned, TTR endocytic pathways are not well characterized in 

most cell types that have cell surface TTR-binding activity; and there are 

indications that both clathrin-dependent and clathrin-independent pathways can 

be taken by TTR in different cell types.  To analyze the endocytic transport 

pathway in human A431 cells, biotin-labelled TTR (bTTR) was added to the cells 

for a period of 5-30 minutes at 37 degrees Celsius. After TTR endocytosis over 

this time period, any remaining extracellular bTTR was removed, and the 

internalized bTTR quantified as above for binding assays. At the same time, 
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identical assays were performed using the well-characterized standard bTf as the 

ligand. 
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TTff  ::    Bmax  = 100,000 receptors/cell (Scatchard analysis)  

 

 

Figure 3-2: Comparison of bTTR and bTf total binding to A431 membranes 

 
Total number of bTf binding sites (Bmax) on A431 cells is known to be about 1 x 105 
(Vieira 1998b and references therein). If one assumes a similar Kd (cf. Divino and 
Schussler 1990; Results above) and non-specific binding, the result obtained may 
indicate the presence of fewer than 100,000 TTR receptors per A431 cell. 
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Comparisons were also made between the kinetics of TTR and Tf 

endocytosis. As shown in Figure 3-3, the amount of TTR and Tf accumulated by 

the cells during 5 and 10 min endocytosis periods was similar. After 30 min of 

endocytosis, however, there was about 25 percent less remaining quantifiable 

bTTR relative to remaining quantifiable bTf. 

To gain insight into the endocytic pathway followed by TTR, endocytic 

inhibitors were used. Cells were treated with these inhibitors before analyzing 

bTTR endocytosis for 5 min at 37 degrees Celsius.  Hypertonic sucrose has been 

frequently used to inhibit clathrin-mediated endocytosis (CME); although it likely 

interferes with some other endocytic pathways (see references below). As shown 

in Figure 3-4A, hypertonic sucrose did not significantly inhibit TTR endocytosis in 

the human A431 cells. RBP is another nutrient carrier whose endocytosis in 

A431 cells has been reported to be inhibited by hypertonic sucrose (Huang and 

Vieira, 2006); and Figure 3-4B shows such inhibition upon RBP endocytosis 

relative to TTR endocytosis. 

Tf is another nutrient carrier known to traffic through the CME pathway. As 

shown in Figure 3-5, hypertonic sucrose inhibits Tf endocytosis but not TTR 

endocytosis (p <0.05 for the comparison of these two ligands). Butanol changes 

many lipid interactions in the plasma membrane and affects general biophysical 

properties such as membrane fluidity; more specifically, it also inhibitis formation 

of phosphoinositide-4,5-biphosphate (PIP2) (Boucrot et al., 2006). Butanol 

treatment inhibited both Tf and TTR endocytosis. 
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Figure 3-3: Comparison of TTR and Tf endocytic efficiency in A431 cells.  

 
 

Accumulation of biotinylated ligands as measured after 5-30 min of endocytic activity at 
37oC. The data represent percent of total cell-bound ligand. Efficiencies are similar at 5 
and 10 min. At 30 min, when there is a greater potential contribution of recycling or 
degradation pathways, there are significant differences between the two ligands (p < 
0.05). White bar: bTTR; Black bar: bTf. 

 



 

56 

 

 

Figure 3-4: Comparison of RBP and TTR endocytosis in terms of sensitivity 
to hypertonic sucrose.  

 
(A) Accumulation of bTTR in A431 cells pre-treated without (black bar) or with (white 
bar) hypertonic sucrose. Raw data, absorbance units, representing levels of internalized 
TTR are shown. (B) Accumulation of bTTR (white bar) and bRBP (black bar) in A431 
cells pre-treated with hypertonic sucrose. These data are expressed as a percent of 
control without sucrose. Asterisk, p < 0.05 relative to bTTR. 
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Figure 3-5: Comparison of Tf and TTR endocytosis in terms of sensitivity to 
various chemical disruptors of endocytosis.  

 
 
Accumulation of biotinylated ligands at 37oC for 5 min was assessed after treatment of 
cells with one of the following endocytic disruptors: filipin (15 µg/ml), butanol (2% v/v), 
hypertonic sucrose (450 mM), and cytochalasin D (1 µM). White bar: bTTR; Black bar: 
bTf. 
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Filipin is a macrolide antifungal compound that binds preferentially to 

cholesterol and sphingomyelin-rich domains (‘rafts’) on cell membranes. It is a 

known inhibitor of the caveolar endocytic pathway. As shown in Figure 3-5, filipin 

inhibits TTR but not Tf endocytosis (p <0.05 for the comparison of these two 

ligands). 

Cytochalasin D inhibits actin polymerization and promotes actin 

depolymerization. It inhibits various steps in endocytic and post-endocytic 

trafficking pathways, and can have varying effects on endocytosis in different 

cells and with different ligands (Kumar et al., 2011; Gold et al., 2010; Gottlieb et 

al., 1993; Sandvig and van Deurs, 1990). As shown in Figure 3-5, cytochalasin D 

significantly inhibited TTR endocytosis but not that of Tf in these cells. The 

inhibition of TTR uptake by cytochalasin D was not as potent as the inhibition 

caused by filipin and exhibited greater variance. 

 

 

 

3.3 Discussion 

 The TTR receptor studies that were carried out as part of this thesis 

project have led to the identification and partial characterization of a TTR 

receptor on human A431 cells. Based on the size of this receptor, about 115 

kDa, it can be concluded that it is not the ~600 kDa Megalin. It is also different in 

size from the ~100 kDa TTR receptor reported for ependymoma cells (Kuchler-

Bopp et al., 2000) and the ~35 kDa (assuming TTR tetramer is ligand) TTR 
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receptor reported for a hepatoma cell line (Sousa et al., 2001). The data suggest 

that we have identified a new somatic cell TTR receptor, different in molecular 

mass from the three others reported to date in somatic cells. 

Based on molecular mass, the human A431 cell TTR receptor could be 

similar to that previously detected in avian oocytes (using avian TTR). Both are 

approximately 115 kDa. Confirmation of such possible similarity or identity would 

depend upon obtaining small amounts of the purified receptors from both sources 

and submitting them to protein sequencing, or preparing antibodies against one 

of these receptors and using such antibodies for testing interference of TTR 

binding.  

An estimate of 57-71 thousand TTR receptors per human A431 cell was 

obtained by comparative binding experiments using bTTR and bTf (assuming 

similar Kd and non-specific binding, see Results above). Working with a human 

hepatoma cell line (HepG2), Divino and Schussler (1990) obtained evidence for 

about 75 thousand TTR receptors per cell (binding capacity measured at 0 

degrees Celsius). In murine ependymoma cells, and estimate of 400 thousand 

TTR receptors/cell has been reported (Kuchler-Bopp et al., 2000). Table 3-1 

shows a comparison of TTR receptor numbers in different cell types. 
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Table 3-1. Comparison of estimates for the total number of cell surface 
TTR receptors in different cell types.  

Cell type TTR-receptors/cell References 

A431 (epidermal line) 57-71 x 10(3) Current study* 

HepG2 (liver line; 0oC) 75 x 10(3) Divino & Schussler (1999) 

HepG2 (liver line) 100-200 x 10(3) Divino & Schussler (1999) 

HepG2 (liver line; 37oC) 20 x 10(3) Divino & Schussler (1999) 

Ependymoma (brain) 400 x 10(3) Kuchler-Bopp et al. (2000) 

* rough estimate only; Kd and non-specific binding were not confirmed. 
Note. Estimates were obtained by binding at 4OC, unless noted otherwise. 
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The TTR endocytosis studies that were carried out have led to the 

characterization of a novel TTR endocytic transport pathway in human A431 

cells. Conditions that inhibit the endocytosis of two other nutrient carrier proteins, 

RBP and Tf, do not significantly inhibit TTR endocytosis. CME of Tf is well 

established in these and other cell types. This result suggests that the major TTR 

endocytic pathway in A431 cells is not CME, or not the same CME involved in Tf 

uptake in these cells. A variety of non clathrin-dependent pathways exist in 

different cell types (see Introduction, Chapter 1) including the caveolar pathway 

where membranes and vesicles are coated with caveolin (not clathrin). The 

compound filipin is a known inhibitor of the caveolar endocytic pathway. The 

results obtained with filipin (Figure 3-5) suggest the involvement of the caveolar 

pathway in TTR endocytosis. Filipin did not significantly inhibit the CME of Tf. 

These results that I obtained are in partial agreement with those reported in 

ependymoma cells (Kuchler-Bopp et al., 2000) where TTR did not co-localize 

with clathrin-coated vesicles; hypertonic sucrose, however, was found to inhibit 

TTR endocytosis in the ependymoma cells (Kuchler-Bopp et al., 2000). This 

latter result suggests that hypertonic sucrose is not specific to CME (cf. 

Werbonat et al., 2000, and additional references in Section 1.2.2.2) in 

ependymoma cells. Moreover, as mentioned above, the ~100 kDa TTR receptor 

in ependymoma cells is likely not the same as the ~115 TTR receptor in A431 

that I have identified.  

My results that a non-clathrin-dependent endocytic pathway such as 

caveolin-mediated endocytosis mediates TTR endocytosis in A431 cells differ 
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from those reported for murine dorsal root ganglia (DRG) neurons (Fleming et al., 

2009) in which Tf and TTR were found to colocalize in early endocytic 

compartments; and TTR endocytosis was inhibited in DRG neurons transfected 

with dominant-negative constructs of Eps15, an accessory protein in clathrin-

mediated endocytosis. Moreover, in another cell type, avian oocytes, TTR was 

detected in purified clathrin-coated vesicles (Vieira and Schnedier 1993). Overall, 

the current results on A431 cells help solidify the proposal that the same 

nutrient/hormone carrier protein, TTR, can be endocytosed through different 

pathways in different cell types, and open the possibility for multiple pathways 

even with the same cell type. My results do not rule out the possibility that a 

minor percentage of TTR enters through CME in A431 cells. In this context, 

cellular endocytic pathways for a given ligand-receptor complex may change in 

response to changes in cell function, differentiation, and exposure to stresses. 

My work also provides the first evidence for the involvement of the caveolar 

pathway in TTR endocytosis.  

Another interesting result obtained was that of the ~ 25% difference in 

remaining, quantifiable TTR relative to Tf after 30 min of endocytosis. The lower 

TTR signal after 30 min may be due to a relatively higher recycling rate of TTR or 

to targeting of the internalized TTR to lysosomes for degradation. In the latter 

case, this would represent another difference between TTR and Tf endocytic 

trafficking. The latter protein is mostly recycled out of the cell after removal of its 

ligand, iron.  A possible difference in post-endocytic trafficking between TTR and 
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Tf is also consistent with the differential effects of cytochalasin D (cf. Section 

3.2.2 above) 

 Besides clearance of thyroid hormones and other ligands that bind directly 

to the central channel of the TTR tetramer (see structures in Chapter 1), TTR can 

potentially mediate the delivery of another major physiological regulatory factor, 

vitamin A (retinoids). Vitamin A (alcohol form, retinol) has a specific carrier 

protein, RBP; and RBP can, in turn, for an association with TTR. Although 

various RBP-specific cell surface receptors have been identified in different cell 

types, there is evidence that in some cells such as oocytes, that vitamin A and 

RBP uptake may be mediated by a plasma membrane TTR receptor (Vieira et 

al., 1995; Vieira and Schneider 1993). It will be of interest to determine if the 

A431 TTR-R is also able to mediate the endocytosis of the TTR-RBP complex. In 

this context, TTR endocytosis mediated by the ~35 kDa TTR receptor (Sousa 

and Saraiva, 2001), but not that mediated by megalin (Sousa et al., 2000), is 

inhibited by the presence of RBP.  

 

 

3.3.1  Summary of results in relation to tested hypotheses 
 

 

Hypothesis 3a: Specific TTR receptors exist on a human epidermoid cell line 

(A431). The first characterization of TTR receptor on A431 cells has been 

performed. Evidence is provided using two different biochemical strategies for 

the existence of a ~115 kDa TTR receptor. 
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Hypothesis 3b: TTR is endocytosed by a clathrin-mediated endocytic (CME) 

pathway in A431 cells. Testing of this hypothesis—with the use of endocytic 

inhibitors and comparisons with ligands known to follow CME—has provided 

evidence that CME pathway taken by transferrin in A431 is not the same as the 

TTR endocytic pathway in these cells. Alternatively, novel evidence is provided 

for the involvement of a caveolar endocytic pathway in A431 TTR uptake. 
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Chapter 4  
 
Structural and bioinformatics studies of transthyretin 

 

 

 

 

 

 

4.1 Introduction 

 

Biophysical and bioinformatics studies were performed in an attempt to gain 

more insight into structural changes of TTRs, and the possible relation of such 

structural changes to aggregation and amyloidogenic disease severity.  

Raman scattering is an inelastic light scattering that occurs when a 

molecule exchanges energy with the incoming photon. After excitation, the 

illuminated molecule vibrates and emits a photon. The energy gradient between 
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the absorbed photon and the emitted photon by the molecule contributes to the 

Raman scattering. To obtain Raman spectra from samples, an optic microscope 

is linked with a spectrometer. The spectrometer provides light sources and the 

spectral detection elements, while the microscope provides optic focus and data 

collection from the sample for white light and spectral image information (Clark et 

al., 2006). Raman spectroscopy characterizes information on the protein 

structure including folding. The spectrum results from the vibration modes of the 

polypeptide backbone overlapped with bands of the side chain groups (Wen et 

al., 2007).  

Denaturation and misfolding of soluble TTR give rise to agTTR and 

amyloid fibril formation. In my study, I obtained Raman spectra both of normal, 

soluble TTR, and of agTTR. I wanted to determine if this Raman technique is 

useful to differentiate these forms of TTR. This work represents a novel approach 

to TTR structure in relation to its amyloidogenesis. 

In terms of bioinformatics, I used hydrophobicity scores of amino acids to 

predict which polypeptide segments within the TTR structure were most affected 

by specific mutations. This was done by summing the hydrophobicity scores in a 

moving 9-amino acid window along the TTR primary sequence. The main 

objective was to determine if the most aggressive amyloidogenic TTR mutations 

(e.g., L55P) also undergo the greatest change in regional hydrophobicity score. I 

wanted also to compare the implied structural changes among amyloidogenic 

and non-amyloidogenic mutations. This work was done using reported 

information of hydropathy (Kyte et al., 1982) and bioinformatics resources for 
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protein structural features, http://www.expasy.org/ cgi-bin/niceprot.pl? 

TTHY_HUMAN. 

 

 

4.1.1  Hypotheses tested 

  

Hypothesis 4a: Raman spectra of TTR can be determined and differ between 

normal TTR and agTTR.  

 

Hypothesis 4b: TTR structural changes that contribute to amyloidogenic disease 

can be analyzed through comparison of amino acid biophysical properties.  

 

 

 

 4.2 Results 

 

4.2.1 Raman spectroscopy 

 

This work was performed in collaboration with Dr. M. Chen, SFU Physics 

Department. Argon laser and Helium-Neon lasers were used for sample 

excitation. The former is a source of monochromatic light at 514.4 nm and the 

latter is a source of 633 nm light. Carriers of both glass (Metek) and silicon plates 

were used.  In relation to protein concentration, TTR at less than 9 µM did not 



 

68 

give strong enough signals; ultimately, a 73 µM was used to obtain the Raman 

spectra. 

Changes in the Raman spectra between TTR and agTTR were 

determined as shown in Fig 4-1. As detailed in the figure legend, some Raman 

signals were observed that were much stronger in the agTTR than in the normal, 

soluble TTR.   
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Figure 4-1: Raman spectrum of soluble and aggregated wild-type TTR.  

 
 
(A) Raman peaks in the Raman spectra of soluble TTR (top line _..) and  agTTR (second 
line from top ___), water (third line from top ---) and acetate buffer (bottom line …) in the 
wavelength range 350-2000 cm-1.  (B) After subtracting the spectra of acetate buffer 
from agTTR and that of water from sTTR, characteristic peaks at wavenumber 990 (thin 
arrow, ) and 1076 (arrowhead, ) appeared in both sTTR and agTTR, but not in 
acetate buffer and water. Furthermore, a Raman peak at 870 cm-1 (thick open arrow, ) 
and a broad band centre around 1640 cm-1 (thick open arrow, ) were the peaks with the 
greatest difference between agTTR (lower line ___) and sTTR (upper line _..). Excitation 
at 633 nm, Helium-Neon laser and calibration on silicon plate. 
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4.2.2 Bioinformatics 

 

The amino acid hydropathy values published by Kyte-Doolittle are based 

on the water-vapor transfer free energies and the interior-exterior distribution of 

amino acid side-chains in proteins (Kyte et al., 1982). In the plots that I prepared, 

protein sequence was scanned with a moving window size of 9 amino acids. At 

each position of amino acid sequence (group of 9 amino acids), the hydropathic 

index was modified by taking the sum of hydropathic scores of the amino acids 

within that given window. 

Figure 4-3 shows such hydropathy plots of wild-type TTR, and of the 

following mutant TTRs (the TTR structure in Chapter 1 indicates the approximate 

location of each mutant): 

V30M (methionine substitutes for valine at amino acid 

residue 30, http://expasy.org/cgi-bin/variant_pages/get-sprot-

variant.pl?VAR_007554), the most common mutant 

contributing to FAP; 

L55P: (proline substitutes for leucine at amino acid residue 

55, http://expasy.org/cgi-bin/variant_pages/get-sprot-

variant.pl?VAR_007569), the mutant with the most 

malignant/rapid clinical progression; 

T119M (methionine substitutes for threonine at amino acid 

residue 119), a protective mutant that decreases risk of 

amyloidogenesis (Sebastião et al., 2001); 



 

72 

D74H: (histidine substitutes for aspartic acid at amino acid 

residue 74, http://www.rcsb.org/pdb/results/results.do?out 

format=&qrid=425B415&tabtoshow=Current), a polymor-

phism of TTR with no known disease phenotype. 

 

Mutations that result in the largest deviation from the wild-type curve in the 

hydropathy plot predict changes in TTR secondary and tertiary structure. As 

shown in the figure, L55P exhibits the greatest (inferior) deviation from wild-type 

structure. These are consistent with the clinical observations that L55P is among 

the most aggressive TTR variants in FAP patients. 

   

http://www.rcsb.org/pdb/results/results.do?outformat=&qrid=425B415&tabtoshow=Current
http://www.rcsb.org/pdb/results/results.do?outformat=&qrid=425B415&tabtoshow=Current
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Figure 4-2. Hydropathy plot of wild-type and mutant TTRs.  

 

Hydropathic index differs in some amyloidogenic mutants (solid lines) relative to wild-
type TTR (dashed lines). Decreases in hydropathic index of the 9-amino acid windows 
were observed for amyloidogenic mutants such as V30M and L55P. A polymorphism 
variant, D74H, did not show a noticeable change from wild-type values. The protective 
mutant T119M showed an increase in hydropathic index compare with wild-type TTR. 
Overall, L55P exhibited the greatest deviation from wild-type structure. Secondary 
structures of the amino acids are depicted as follows: , α helix; , β strand and 

, loop. 
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 4.3 Discussion 
 

 

The objective of this work was to determine if these biophysical or informatics 

techniques could provide useful information in terms of differentiating wild-type 

TTR and various mutant TTRs or agTTR, and differentiating amyloidogenic from 

non-amyloidogenic mutant TTRs. At present, there is a need for development of 

techniques that may be useful in differentiating these forms and identifying 

structural components that may contribute to understanding why some mutant 

TTRs, but not others, result in amyloidogenic disease (FAP and FAC). 

In terms of Raman spectroscopy, TTR did exhibit characteristic inelastic 

light scattering at wavenumber 990 and 1076, and was observed in studies using 

different light sources (Argon and Helium-Neon laser) and carriers (glass 

chamber and silicon plate). We found that TTR concentrations above 9 µM were 

required in order to obtain measurable signals. A Raman peak at 870 cm-1 and a 

broad centre around 1640 cm-1 were found in agTTR but absent or much less 

pronounced in TTR (Fig. 4B). A Raman peak at 870 cm-1 implicates tryptophan, 

and suggests that the local environment of this amino acid changes in agTTR 

local environments (cf. Wen et al., 2007; e.g., differences in hydrogen bonding). 

The broad contour around 1640 cm-1 may represent changes in β-sheet structure 

(Dubois et al. 1999). Interestingly, β-sheet structure in protein aggregates can act 

as nucleation motif which results in further amyloid fibril formation (Dubois et al. 

1999). Further research is needed, however, to fully understand the exact 

structural changes represented by these signals. Overall, the results of TTR 
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Raman spectroscopy suggest that it is useful for revealing structural changes 

that may contribute to misfolding and aggregation of TTR. 

In the hydropathy plots of the bioinformatics approach, the observed 

deviations of some mutant TTRs from the wild-type structure, and the correlation 

of such deviations to amyloidogenic disease severity, indicates that such studies 

may also be useful. Over 100 such mutations have been documented; and of 

those that contribute to amyloidogenic disease, the extent of fibril deposition and 

disease severity can vary greatly. Thus, a more broad-range analysis of TTR 

mutants is warranted by my current results. 

Two pro-aggregative TTR mutants, L55P and V30M, can decrease fluidity 

of both natural plasma membranes and synthetic lipid liposomes (Hou et al., 

2005). Interestingly, the L55P mutant had a 2-3 fold greater effect on fluidity 

relative to the V30M mutant (Hou et al., 2005); this result is consistent with the 

relatively greater structural deviation from wild-type that I observed for L55P in 

the hydrophobicity plots. 

 

 

4.3.1  Summary of results in relation to tested hypotheses 
 

Hypothesis 4a: Raman spectra of TTR can be determined and differ between 

normal TTR and agTTR. Different TTR structures, agTTR versus TTR, were 

differentiated and may be related to misfolding and aggregation of the protein, 

and ultimately to its participation in amyloidogenic disease. 
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Hypothesis 4b: TTR structural changes that contribute to amyloidogenic disease 

can be analyzed through comparison of amino acid biophysical properties. 

Structural changes in TTR mutants were detected (relative to wild-type protein) 

and the extent of some of these changes appears to correspond to 

amyloidogenic disease severity.  
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Chapter 5  
 
Cell membrane toxicity of transthyretins and 
their aggregates 

 

 

 

 

 

 

5.1 Introduction 

 

This part of the research project deals with TTR-mediated changes in cell 

membrane structure and function; and these are related primarily to the cellular 

toxicity of agTTR. More specifically, possible effects of agTTR on cholesterol-rich 

membrane structures and on cell endocytic transport were examined. Normal, 

non-aggregated TTR was an important control for all of these studies. 
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Amyloidogenic forms of TTR have been reported to increase the fluidity of 

plasma membrane preparations and of synthetic lipid liposome, and display 

increased binding to cells (Hou et al., 2005). Such changes in binding and fluidity 

are correlated with the degree of cytotoxicity of the TTRs (Hou et al., 2005). At 

present, however, it is not known if such membrane changes can affect major 

membrane functions such as endocytic transport. This was one of the main 

questions that was examined experimentally in this part of the thesis project. 

Moreover, I sought to obtain the first evidence for membrane structural changes 

in an intact cell (A431 epidermoid carcinoma cell line). Previously, such changes 

have been reported only for cell membrane preparations (Hou et al., 2005; 

derived from the SH-SY5Y human neuroblastoma line). 

In terms of other, related research, changes in a lipid-ordered structural 

element of the plasma membrane, the cholesterol-rich lipid rafts, can activate the 

receptor for advanced glycation end products (RAGE) (Sousa and Du et al., 

2001). RAGE activation induces de novo synthesis of NF-κBp65 which overrides 

IκB-dependent negative feedback loop and sustains NF-κB activation in chronic 

disease (Bierhaus et al., 2001).  TTR-mediated RAGE activation stimulates MAP 

kinase signaling (Monteiro et al., 2006), production of proinflammatory cytokines 

(Sousa and Du et al., 2001), and endoplasmic reticulum (ER) stress signaling 

(Hou et al., 2007).  These responses are proposed to work together to induce 

cytotoxicity. 
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5.1.1  Hypotheses tested  

Hypothesis 5a: agTTR changes the filipin-binding (cholesterol-related structural) 

properties of cellular membranes. Testing of this hypothesis has the potential to 

provide novel information about the membrane disruptive and cytotoxic actions of 

amyloidogenic agTTR.  This hypothesis was tested by exposing cells to normal, 

soluble TTR (control) and to agTTR; possible changes in the level of filipin 

binding were measured. 

 

Hypothesis 5b: agTTR can change a major functional property of the cell 

membrane—endocytic transport. Testing of this hypothesis has the potential to 

provide novel information about the functional implications of membrane 

disruption by amyloidogenic TTRs and could provide evidence for a novel 

cytotoxicity mechanism. This hypothesis was tested by exposing cells to normal, 

soluble TTR (control) and to agTTR; possible changes in the receptor-mediated-

endocytosis (RME) of transferrin (Tf) were measured. An outline of the procedure 

is shown in Figure 5-1. 
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Figure 5-1:  Schematic of transferrin (Tf) endocytosis assay. 

 
 
As a test of membrane function, the well-established receptor-mediated endocytosis of 
Tf was used. After treatment of cells with potential endocytic modulators (e.g., agTTR), 
biotin-labeled transferrin (x-Tf) was added to cells and allowed to be internalized (5-10 
min, 37oC) by the cells. After removal of non-internalized x-Tf, the cells were lysed and 
subjected to quantification of x-Tf. (see Methods, chapter 2, for more details). 
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 5.2 Results 

 

5.2.1  Disruption of bTf endocytosis and comparison 

of total bTf binding to cells   

 

The effects of aggregated TTR on the receptor-mediated-endocytosis of Tf are 

shown in Figure 5-2, and compared to two controls: normal, soluble TTR (Fig. 5-

2A) and another control protein, albumin (Fig. 5-2B).  In the former case, agTTR 

decreased endocytic efficiency in the A431 cells by 21.7 +/- 5.1 % (p < 0.05) 

relative to treatments with the same initial concentration of normal TTR (Fig. 2A). 

With the latter control (albumin), endocytosis was decreased to a similar extent, 

24.5 +/- 8.7 % (p < 0.05). 

To confirm that the differences in endocytosis between sTTR- and agTTR-

treated cells were not the result of cell surface ligand-receptor disruptions or 

changes in the number of Tf cell surface receptors, binding assays on sTTR- and 

agTTR-treated cells (treatments identical to those for endocytosis assays) were 

performed with the same bTf ligand. The results (Fig. 5-3) show a slight increase 

in total bTf binding by cells treated with agTTR; this small difference between the 

agTTR and sTTR treatments, however, was not statistically significant (p > 0.05). 

There was no decrease in binding that could account for the decreased 

endocytosis. 
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A B  

 

Figure 5-2:  Effects of aggregated TTR on Tf endocytic transport. 

 

Endocytosis of biotin-labeled transferrin was analyzed (see also Section 2.3, Methods, 
and Fig. 5-1 overview schematic) in human A431 cells treated  with normal, soluble TTR 
(black bars), or agTTR (white bars), or as an additional control, albumin. (A) Results for 
the effects of agTTR are expressed as a percentage of those for TTR treatment (100%). 
(B) Results for the effects of agTTR and TTR are expressed as a percentage of the 
results from a control treatment with albumin (100%). Protein concentrations were 0.3 
µM. Asterisk indicates statistical significance (p < 0.05). 
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Figure 5-3:  Effects of aggregated and soluble TTR on transferrin binding to 
cells. 

 
 
Total binding of biotin-labeled transferrin was examined in cells treated (see Section 2.3, 
Methods) with soluble TTR (black bars) or agTTR (white bars). The results are shown in 
terms of absorbance units that represent the quantified, total bound bTf. The difference 
between the two treatments was not statistically significant (p >0.05). 
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Table 5-1 provides a quantitative comparison of endocytic efficiency, i.e., 

endocytosis corrected for binding (indicated by asterisk), in cells treated with 

normal soluble TTR and agTTR. 

 

 

5.2.2  Disruption of membrane cholesterol structures  

Possible membrane disruptions induced by treatment with agTTRs may be 

revealed by changes in membrane lipid structures or lipid levels. Such changes 

were examined by using filipin, a bacterial polyene macrolide (also an antifungal 

agent); analysis of filipin binding by cells is a well-established method for 

detection of membrane lipid rafts rich in sphingomyelin and cholesterol (Knorr et 

al., 2009). 

Figure 5-4 provides evidence for possible agTTR-mediated membrane 

disruptions that affect filipin-sensitive, cholesterol-rich structures. Relative to 

treatments with normal soluble TTR, cells treated with agTTR had a lower filipin-

binding capacity. A similar decrease in filipin binding was observed for agTTR-

treated cells relative to treatment with another control protein (Tf). The 

concentration dependence of agTTR on fillipin binding is shown in Figure 5-5.  

Concentrations above 1.2 µM (not shown) did not induce additional, significant 

decreases in binding.   
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Table 5-1. Effects of agTTR on endocytosis relative to the indicated 
controls.  

Parameter 
analyzed 
 
 

Control 
(100) 
 
 

% Control 
±  sem 
 
 

endocytosis TTR 78.3 +/- 5.1 

endocytosis albumin 76.8 +/- 8.3 

   

endocytosis* TTR 73.6 +/- 11.8 

endocytosis* albumin 72.2 +/- 14.7 

Asterisk* indicates endocytosis corrected for total cell surface binding of agTTR and TTR 
(TTR/agTTR ratio = 0.94 +/- 0.09). 
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Figure 5-4: Relative binding of filipin to A431 cells. 

Cells were incubated with agTTRs (aTTR) and two control proteins: normal soluble TTR 
(TTR) and transferrin (Tf) for 60 min at 37 oC. Total filipin binding was measured at 492 
nm spectrophotometrically in each case. The results are expressed as % of control for 
three different TTR and aTTR concentrations, 0.2, 0.6, and 1.2 µM, combined. The Tf 
concentration was 1.7 µM. 
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Figure 5-5: Effects of agTTR concentrations (aTTR) on A431 filipin 
binding. 

Cells were incubated with soluble TTR (control) or agTTR for 60 min at 37 oC, followed 
by addition of filipin. Total filipin binding was measured spectrophotometrically at 492 nm 
in each case. Three TTR and agTTR concentrations were tested (based on molecular 
mass of tetramer): 0.2, 0.6, and 1.2 µM. Asterisks indicate statistical significance, 
p<0.05. 
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5.2.3  Comparisons of membrane fluidity changes and 

endocytic transport  

 

Filipin interacts with cholesterol-rich membrane domains, and these liquid-

ordered regions generally have a lower fluidity (Lawrence et al., 2003; Sprong et 

al., 2001; Gimpl et al., 1997; Papanikolaou et al., 2005; Bergmann et al., 1984; 

Harding et al., 1983). As reported above, disruption of low-fluidity, cholesterol-

rich membrane rafts leads to lower filipin binding to membranes; and these 

structural changes likely increase the fluidity of the membrane (cf. Hou et al., 

2005).  The above results correlate increased membrane fluidity and decreased 

endocytic transport efficiency. In Table 5-2, we show data from our own studies 

and from those reported in the literature to provide a quantitative comparison of 

the correlation between increases in membrane fluidity and decreased in 

endocytic transport. The available data relates these two membrane properties to 

treatment of cells with primary alcohols (see also discussion). The results of 

Table 5-2 indicate that 20-30 percent increases in membrane fluidity correlate 

well with the 20-40 percent decreases in endocytic transport of Tf. 
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Table 5-2.  Effects of primary alcohols on endocytosis and membrane 
fluidity.   

 
Parameter 
analyzed 
 
 

 
 
Modulator 

Effect    
(% control) 
 

Remarks (Ref) 
 

Membrane fluidity butanol ↑ 24 % 200 mM (1) 
  ↑ 24 % 200 mM (2) 
 benzyl alcohol ↑ 29 % > 80 mM (3) 
    
    
Tf endocytosis butanol ↓ 28.6 +/- 7.5 % 220 mM, 5 min (4) 
  ↓ 42.8 +/- 3.8 % 220 mM, 10 min (4) 
 benzyl alcohol ↓ 45 % 10mM (5) 
  ↓ 20 % 10mM (6) 
    
 
References and notes: (1) Lasner et al., 1995; (2) Almeida et al., 1986; (3) Metcalfe 
1970; (4) Fong and Vieira, current work; (5) Sainte-Marie et al., 1990; (6) Giocondi et al., 
1995. 

Note: The relevant concentrations are 200-220 mM for butanol, 10-80 mM for benzyl 
alcohol; results represent estimates based on reported data except for our experimental 
results on butanol treatment and bTf endocytosis. 
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 5.3 Discussion 

 

Previous studies have provided evidence for membrane disruption potential of 

various TTRs. Misfolded, aggregated TTRs such as L55P that contribute most to 

severe forms of FAP have increased affinity for membrane preparations, and 

disrupt membrane and liposome fluidity (Hou et al., 2005). My results showing an 

effect of agTTR on filipin binding are consistent with membrane disruption 

mediated by agTTRs. Filipin is a polyene macrolide compound with known 

affinity for 3-β-hydroxysterol (in cholesterol-rich membrane structures) to form 

planar sterol-filipin complexes and peristomal rings of sterols (Orlandi et al., 

1998). The alteration of cholesterol-rich microdomains prevents cholesterol-

dependent membrane raft formation and membrane raft-dependent endocytosis 

(Orlandi et al., 1998). The result of decreased filipin binding (Fig. 5-4) suggests 

that agTTR can either decrease the abundance of such cholesterol-rich 

membrane structures or change some biophysical properties of such raft 

structures to ones that bind less filipin (e.g., access of filipin to such structures 

may be decreased).  

The receptor-mediated endocytosis (RME) of transferrin (Tf) represents a 

well-characterized experimental strategy for analyses of clathrin-mediated 

endocytic (CME) transport in human A431 cells and many other cell types 

(Harding et al., 1983; Ward et al., 1982; Hopkins and Trowbridge, 1983; 

Rapaport et al., 2006; Thomas-Crusells et al., 2003; Tan et al., 2010). A 

schematic of the endocytosis method is shown in Figure 5-1.  I used Tf CME to 
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assess endocytic function of A431 cells. Taken together, my results indicate that 

agTTR can significantly decrease the efficiency of Tf RME through a mechanism 

that is independent of cell surface Tf-TfR interaction effects. Inhibition of Tf CME 

by agTTR may be due to membrane disruptions as suggested by changes in 

filipin binding (Figure 5-4) and membrane fluidity (Hou et al., 2005). It will be of 

interest to determine if membrane function disruptions due to agTTR are 

restricted to CME or can also occur with other endocytic pathways (different 

endocytic pathways are reviewed by Doherty and McMahon 2009, and presented 

in Chapter 1). 

We have also compared reported data on the changes in membrane 

fluidity induced by alcohols, with our own other reported analyses of the effects 

that these same alcohols have on Tf endocytosis. Table 5-2 provides a novel 

correlation of these fluidity-endocytosis effects. The data in table 5-2 also support 

our suggestion that agTTR can inhibit Tf endocytosis through changes in 

membrane fluidity.  

 

 

5.3.1  Summary of results in relation to tested hypotheses 
 

 

Hypothesis 5a: agTTR changes the filipin-binding (cholesterol-related structural) 

properties of cellular membranes. agTTRs changed the filipin-binding 

(cholesterol-related) properties of cellular membranes. This result is consistent 

with previously reported membrane structural changes mediated by 

misfolded/aggregated TTRs. 
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Hypothesis 5b: agTTR can change a major functional property of the cell 

membrane—endocytic transport. agTTRs inhibited a functional property of 

cellular membranes: the well-characterized clathrin-dependent receptor mediated 

endocytic transport  of transferrin. This is the first evidence for any such 

functional membrane effect.  
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Chapter 6  
 
Pro-oxidative effects of transthyretins and 
their aggregates 

 

 

 

 

 

 

 6.1 Introduction 

 

     Oxidative stress often results from an imbalance between antioxidant 

activities and production of reactive species such as ROS (reactive oxygen 

species), and leads to cell damage. Genetic material, lipids, enzymes, and other 

types of bio-molecules are susceptible to damage by reacting with these unstable 

chemical species. Oxidative damage is involved in the aging process and in 
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several types of diseases including some cancers, cardiovascular, and 

neurodegenerative diseases. ROS include superoxide (O2
•-), hydroxyl radical 

(OH•), and hydroperoxides (R-OOH, including hydrogen peroxide, H2O2). There 

are also reactive chemical species, mainly nitrogen-centered species (RNS), that 

are not based on oxygen. RNS include nitric oxide (NO•), nitrite (NO2
-), nitrate 

(NO3
-), and peroxynitrous acid (OONO-). Various environmental and cellular 

factors can contribute to oxidative stress by changing the levels of intracellular 

reactive chemical species and antioxidants: irradiation, heat, shearing forces, 

expression of mutant proteins, inflammation, production of some cytokines and 

other cell signaling factors, etc. 

In the cell, oxygen is a potent oxidizing molecule that can be reduced to 

superoxide by various enzymes, e.g. NADPH oxidases (NOX) and nitric oxide 

synthases (NOS). O2
•- can be converted to hydrogen peroxide and oxygen 

through a spontaneous chemical reaction which is accelerated by superoxide 

dismutases (SOD). H2O2 can be converted to water and oxygen by catalases or 

peroxidases. Transition metal ions such as iron can catalyze the conversion of 

hydrogen peroxide to hydroxyl radical in the Haber-Weiss reaction. O2
•-, in the 

presence of nitric oxide, converts to highly reactive peroxynitrite, ONOO-.. 

Among ROS, H2O2 is a diffusible pro-oxidant molecule (reduction potential 

of 0.32 V and intracellular half-life of 10-5 sec; Giorgio et al., 2007), and can be 

used as an indicator of oxidative stress. In addition, H2O2 (at relatively low levels, 

cf. nitric oxide below) can act as a second messenger and activate signaling 
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pathways inside the cell (Giorgio et al., 2007). H2O2 also mediates production of 

nitric oxide in endothelial cells (Cai et al., 2002). 

Nitric oxide targets intracellular transition metals, thiols, oxygen and other 

reactive species. It plays a dual role in that low levels protect, and high levels can 

damage, cells (Thomas et al., 2007). Stimulation of superoxide and hydrogen 

peroxide production by nitric oxide has been reported, e.g., in rat heart 

mitochondria and sub-mitochondrial particles (Poderoso et al., 1996). Proteins 

that undergo cysteine nitrosylation play an important role in cellular signal 

transduction and redox homeostasis (Jaffrey et al., 2001). S-nitrosylated TTR 

appears to have a greater tendency to form monomers, and increased 

amyloidogenicity, relative to unmodified TTR (Saito et al., 2005).   Nitric oxide is 

unstable, diffusion-limited, and short lived (Liu et al., 1998); in vivo, however, 

nitric oxide can auto-oxidize to nitrite and, in the presence of oxy-haemoproteins, 

to nitrate (Bryan et al., 2007). With a combination of nitrate reduction by 

vanadium and acidic Griess reaction, both nitric oxide metabolites—nitrite and 

nitrate—can be analyzed in cells (Miranda et al., 2001). I have used this 

experimental strategy in my current studies. 

When there is increased intracellular production of H2O2 and of other ROS 

and RNS, cellular redox homeostasis is challenged; and this process can lead to 

oxidative stress. An array of antioxidants and radical scavengers, however, help 

keep cells in a redox homeostasis; such antioxidants include small compounds 

such as glutathione (GSH) and various dietary antioxidants (e.g., vitamins C and 
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E, flavonoids and other phytochemicals) as well as enzymes such as superoxide 

dismutase, catalase, glutathione peroxidase, and thioredoxin.  

     GSH, an abundant intracellular antioxidant in mammalian cells, scavenges 

reactive species and is oxidized to glutathione-thiyl radical (GS•) in a process that 

eventually leads to formation of glutathione disulfide (GSSG) (Starke et al., 

2003). GSH can also be conjugated to the sulfhydryl moiety of intracellular 

proteins to form glutathione adducts (Leonard et al., 2009). Furthermore, efflux of 

intracellular GSH might be caused by the extrinsic pathways of apoptosis through 

the activation of death receptors (Franco et al., 2006). All these mechanisms 

contribute to the depletion of intracellular GSH (Franco et al., 2009). GSH 

depletion can result in cell death through a mitochondrial permeability transition 

(Armstrong et al., 2002), caspase-3 activation (Varghese et al., 2002), Bax 

oxidation (D’Alessio et al., 2005), cytochrome c oxidation (Brown et al., 2008), 

and down-regulation of TNF α-induced NF-κB activity (Lou et al., 2007). Cellular 

ratio of GSH/GSSG is typically indicative of the overall cytosol redox 

environment, and can be an indicator of cellular oxidative stress (Schafer et al., 

2001). GSSG can be reduced to GSH by glutathione reductase (GR) in the 

presence of reduced nicotinamide adenine dinucleotide phosphate (NADPH); 

and glucose-6-phosphate dehydrogenase (G6PD) is involved in the conversion 

of NADP+ to NADPH (Mehta et al., 2000). Perturbation of the GSH/GSSG 

balance can occur in conditions of oxidative stress, deficient G6PD and 

decreased NADPH. GSSG has also been shown to trigger apoptosis in 

neuroblastoma cells through the activation of c-JNK signaling (Filomeni et al., 
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2005). Thus, overall, decreases in GSH and increases in GSSG could be used to 

evaluate both intracellular oxidative stress and cellular toxicity.  

     Peroxides cause reversible post-translational modification on thiol proteins: 

protein sulfenic acid (RSOH) and, through nitric oxide, protein nitrosothiols 

(RSNOs). Cysteine-containing proteins are oxidized by peroxides to protein 

sufenic acid and, in the presence of higher peroxide concentration, to protein 

sulfinic acid (RSO2H) and protein sulfonic acid (RSO3H). Formation of the 

RSO2H product is almost irreversible, and that of RSO3H is irreversible. 

Intracellular proteins undergoing cysteine sulfenylation (Depuydt et al, 2009) and 

cystein nitrosylation (Jaffrey et al., 2001) play an important role in signal 

transduction and cellular redox homeostasis. Post-translationally sulfenylated 

and nitrosylated proteins are unstable and difficult to detect in living cells. 

However, a cell permeable probe, 4-(3-azidopropyl) cyclohexane-1,3-dione (DAz-

2), and biotin-switch technique could be used to tag protein sulfenylated (Leonard 

et al., 2009) and nitrosylated (Forrester et al., 2009) amino acids in cells, 

respectively.  

Oxidatively damaged lipids and proteins are found in tissues with amyloid-

deposits in FAP patients (Ando et al., 2006). Misfolded and aggregated TTRs 

(agTTRs) have been shown to increase the production of RNS and promote 

protein nitration in neuronal primary cultures, and in nerves of FAP patients, 

respectively (Sousa and Du et al., 2001); but the potential involvement of ROS 

on agTTR-mediated toxicity was not known until my present thesis work. As 
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discussed in the sections that follow, my experiments have provided novel 

information on this aspect of agTTR-mediated toxicity.  

Hemin (ferric protoprophyrin), an oxidized form of heme, induces oxidative 

stress through its degradation by heme oxygenase to release iron (Li et al., 2009) 

or to produce free radicals through the reaction with peroxides (Huffman et al., 

2000).  Interference of NADPH cycling and depletion of glutathione by hemin has 

been reported for astrocytes (Laird et al., 2008). Heme can also interact with 

protein aggregates such as amyloid β and contribute to Alzheimer’s disease 

pathology; Aβ-heme complexes possess peroxidase activity that leads to 

oxidative damage (Atamna et al., 2006; Atamna and Boyle, 2000). In this context 

it is also interesting to note that TTR may also be able to bind hemin (Martone 

and Herbert 1993; Sousa et al., 2000). In exploring the potential pro-oxidative 

activity of TTR-hemin and in other oxidation assays, I used 

tetramethylphenylenediamine (TMPD) a reagent that changes color upon 

oxidation (cf. Sarti et al.,1992). 

In the experiments detailed below in which I measure levels of various 

pro-oxidants and antioxidants upon agTTR treatment. Several modulators of 

redox status were also used to treat cells: (a) apocynin, an inhibitor of NADPH 

oxidase, (b) sodium azide, a mitochondrial poison and inhibitor of COX, (c) L-

NMMA, an inhibitor of NOS, and (d) a general reductant system composed of 

TMPD plus ascorbate. 
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6.1.1  Hypotheses tested  

 

Hypothesis 6a: agTTR can induced oxidative stress in cells through increased 

production of reactive chemical species including RNS and ROS. Testing of this 

hypothesis has the potential to provide novel information (i) in terms of potential 

changes in ROS, which have not been previously examined in this context, and 

(ii) in terms of how widespread or restricted is the TTR-induced RNS production 

among different cell types. 

 

Hypothesis 6b: agTTR can induce oxidative stress in cells through depletion of 

two antioxidant factors, GSH and catalase enzyme activity. Testing of this 

hypothesis also has the potential to provide novel information; these two major 

cellular antioxidant factors have not previously been examined in this context. 

 

Hypothesis 6c: Cytosolic fractions of cells treated with agTTR have depleted 

antioxidant capacities. Testing of this hypothesis involves subjecting cells to 

normal soluble TTR or aggregated TTR, followed by preparation of a cytosolic 

fraction, and testing of the fraction in a standard oxidation (hemin-TMPD) assay.  

This will provide a novel and integrative evaluation of agTTR pro-oxidant effects; 

the result is relevant to both increased ROS production (Hypothesis 6a) and 

depletion of antioxidants (Hypothesis 6b). 
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Hypothesis 6d: Inhibitors of pro-oxidative enzymes and reactions can moderate 

agTTR-induced cellular oxidative stress. Testing of this hypothesis with the use 

of various inhibitors (apocynin, azide, L-NMMA) may provide further insight into 

the pathological prooxidative mechanisms of agTTR. 

 

 

 6.2 Results 

6.2.1  Production of hydrogen peroxide  

Potential involvement of ROS such as hydrogen peroxide in agTTR toxicity was 

unknown prior to this study. Both A431 epidermoid and sNF94.3 Schwann cell-

like tumor cells were treated with 2.4 µM sTTR, agTTR, or no TTR as control. 

Hydrogen peroxide was analyzed using an amplex red (N-acetyl-3,7-

dihydroxyphenoxazine) assay (cf. Zhou et al., 1997; see also methods in Chapter 

2). Treatment of A431 and sNF94.3 cells with agTTR (2.4 µM) resulted in a large 

increase of about 75 and 125 percent, respectively, in the cellular levels of 

hydrogen peroxide (Figure 6-1) relative to untreated controls. Treatment of the 

cells with normal, soluble TTR did not significantly increase hydrogen peroxide 

production relative to untreated controls. 

The effect of potential modulators—apocynin, TMPD-Ascorbate, L-NMMA, 

azide—of cellular redox balance was tested in the agTTR-induced increase in 

hydrogen peroxide levels. As shown in Figure 6-2, TMPD-ascorbate pretreatment 

has a major effect in modulating hydrogen peroxide levels relative to agTTR 

alone: increases of about 70 and 125 % in A431 and sNF94.3 cells, respectively.  



 

103 

A
 

 
B 

 
                  
Figure 6-1: agTTR treatments increase cellular hydrogen peroxide levels.  
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(A) H2O2 production was significantly higher in A431 cells treated with 2.4 µM 

agTTR than in those treated with the same concentration of normal, soluble TTR 

(sTTR). Another control (C) represents non-TTR-treated cells. For each 

treatment, n= 17. Asterisks indicate p<0.01 relative to each of the two controls (C 

and sTTR). (B) H2O2 production was significantly higher in a sNF94.3 cells 

treated with 2.4 µM agTTR than in those treated with the same concentration of 

normal, soluble TTR (sTTR). Another control (C) represents non-TTR-treated 

cells. For each treatment, n= 7. Asterisk indicates p<0.01 relative to each of the 

two controls (C and sTTR). 
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Figure 6-2. Effects of Apocynin, Sodium azide, L-NMMA or TMPD-Ascorbate 
on the H2O2 production in cells treated by aggregated TTR.  
 

(A) H2O2 production in A431 cells. Cells treated with agTTR (n=3) did not differ 

significantly to the co-treatments with apocynin (n=3, 20 µM), sodium azide (n=3, 

2 mM) and L-NMMA (n=3, 200 µM). Co-treatment with TMPD plus ascorbate, 

however, significantly increased H2O2 production (n=3, 100 µM, 0.2 mM), p 

<0.05. (B) H2O2 production in agTTR-treated sNF94.3 cells (n=6) did not differ 

significantly to the co-treatments with apocynin (n=6, 20 µM), sodium azide (n=6, 

2 mM) and L-NMMA (n=6, 200 µM). Co-treatment with TMPD plus ascorbate, 

however, significantly increased H2O2 production (n=6, 100 µM, 0.2 mM), p < 

0.05. 
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6.2.2  Catalase activity  

 

Catalase, an intracellular antioxidant enzyme, exists primarily in peroxisomes 

and the cytoplasm of eukaryotic cells. Through the action of catalase, H2O2 is 

largely decomposed to oxygen and water. Measurement of the unreacted H2O2 in 

the cell provides an estimation of the cytosolic catalase activity.  

Pro-oxidative factors can lead to depletion of catalase activity in cells, and 

such depletion can further result in increased oxidative damage. In the 

experiments that I performed, residual catalase activity was analyzed after 

treatment with agTTR, and compared to untreated and TTR-treated controls. 

Both A431 epidermoid and sNF94.3 Schwann cell-like tumor cells were 

analyzed. Treatment with agTTR (2.4 µM) resulted in a depletion of catalase 

activity relative to untreated controls in both cell types (Figure 6-3).  

The effect of potential modulators—apocynin, TMPD-Ascorbate, L-NMMA, 

and azide—of cellular redox balance was tested in the agTTR-induced catalase 

depletion. As shown in Figure 6-4, none of the four co-treatments had a 

significant effect in modulating residual catalase activity levels relative to agTTR 

alone. Multiple comparisons of the co-treatments, however, showed that residual 

catalase activity in treatments that included L-NMMA differed significantly as 

compared to those that included apocynin, or sodium azide, or TMPD-ascorbate 

(p<0.05) in A431 cells. 
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Figure 6-3: Effects of TTRs on residual catalase (CAT) activity. 
 
(A) A431 cells were treated with 2.4 µM agTTR or the same concentration of 

normal, soluble TTR (sTTR). Another control (C) represents non-TTR-treated 

cells. For each treatment, n= 9-10. Asterisks indicate p<0.05 relative to each of 

the two controls (C, and sTTR). (B) sNF94.3 cells were treated with 2.4 µM 

agTTR or the same concentration of normal, soluble TTR (sTTR). Another 

control (C) represents non-TTR-treated cells. For each treatment, n= 6. Asterisks 

indicate p<0.01 relative to each of the two controls (C, and sTTR). 
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Figure 6-4. Effects of Apocynin, Sodium azide, L-NMMA or TMPD-Ascorbate 
on the residual catalase capacity in cells treated with agTTR. 
 
 (A) Residual CAT capacity (% agTTR) of A431 cells. Cells were treated with 

2.4 µM agTTR (n=9) or with agTTR plus one of the following: apocynin (n=6, 20 

µM), sodium azide (n=10, 2 mM,), L-NMMA (n=6, 200 µM), TMPD and ascorbic 

acid (n=6, 100 µM and 0.2 mM, respectively). None of the treatments had a 

statistically significant difference relative to agTTR alone. Multiple comparisons 

showed that residual CAT capacity in treatments that included L-NMMA differed 

significantly as compared to those that included apocynin, or sodium azide, or 

TMPD-ascorbate (p<0.05). (B) Residual CAT capacity (% agTTR) of sNF94.3 

cells. Cells were treated with 2.4 µM agTTR (n = 3) or with agTTR plus one of the 

following: apocynin (n=3, 20 µM), sodium azide (n=3, 2 mM), L-NMMA (n=3, 200 

µM), TMPD and ascorbic acid (n=2, 100 µM and 0.2 mM, respectively). None of 

the treatments had a statistically significant difference relative to agTTR alone. 
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6.2.3  GSH levels  

 

Increased production of reactive chemical species such as hydrogen peroxide 

and RNS can lead to depletion of reduced glutathione (GSH) levels. GSH is a 

major endogenous cellular antioxidant. In the experiments that I performed, both 

A431 epidermoid and sNF94.3 nerve sheath tumor cells were treated with 

agTTR, and cellular GSH levels were analyzed. Treatment of A431 and sNF94.3 

cells with agTTR (2.4 µM) resulted in a decrease of about 60 and 20 percent in 

the cellular levels of GSH (Figure 6-5) relative to untreated controls, respectively. 

Treatment of the cells with normal, soluble TTR resulted in smaller changes in 

GSH levels in A431 cells and sNF94.3 cells that were not statistically significant 

relative to untreated controls. 

The effect of potential modulators—apocynin, TMPD-Ascorbate, L-NMMA, 

and azide—of cellular redox balance was tested in the agTTR-induced depletion 

of GSH levels. As shown in Figure 6-6, all four of these modulators resulted in 

significant (p less than 0.01) increases in GSH levels in both A431 and sNF94.3 

cells relative to agTTR treatment alone.  
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114 

 
 
Figure 6-5: Effects of TTRs on cellular GSH levels.  
 
 
(A). A431 cells were treated with 2.4 µM agTTR or the same concentration of 

normal, soluble TTR (sTTR). Another control (C) represents non-TTR-treated 

cells. For each treatment, n= 15. Asterisks indicate p<0.05 relative to each of the 

two controls (C, and sTTR). (B). sNF 94.3 cells were treated with 2.4 µM agTTR 

or the same concentration of normal, soluble TTR (sTTR). Another control (C) 

represents non-TTR-treated cells. For each treatment, n=31. Asterisks indicate 

p<0.05 relative to each of the two controls (C, and sTTR). 
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Figure 6-6. Effects of apocynin, sodium azide, L-NMMA or TMPD-ascorbate 
on GSH production in aggregated TTR-treated cells.  
 (A). Relative to treatments with only agTTR (control, n=7), GSH was significantly 

(p<0.01) higher in A431 cells treated with agTTR in the presence of apocynin 

(n=3, 322.3+/-10.4%), sodium azide (n=3, 392.0+/- 18.7%), L-NMMA (n=3, 

258.3+/- 8.6%), or TMPD plus ascorbate (n=3, 288.4+/-13.3%). (B) Relative to 

treatments with only agTTR (control, n=7, 100.0+/-11.9%), GSH was significantly 

(p<0.05) higher in sNF94.3 cells treated with agTTR in the presence of apocynin 

(n=3, 162.8+/-2.8%), sodium azide (n=3, 177.8+/-1.6%), L-NMMA (n=3, 169.7+/-

1.3%), and TMPD plus ascorbate (n=3, 202.6+/- 5.5%). * and ** indicate 

statistical significance, p < 0.05 and p < 0.01, respectively . 
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6.2.4  Nitric oxide production  

 

Nitric oxide (NO) is difficult to measure because it is short-lived. The half-life of 

NO was estimated to be 1.8 ms in whole blood (Liu et al., 1998). In body fluids, 

oxidation of NO by oxygen gives rise to nitrite (NO2
-) (Ignarro et al., 1993). Both 

nitrite (Ignarro et al., 1993) and NO (Bryan et al., 2007), in the presence of oxy-

hemoprotein, can be further oxidized to nitrate (NO3
-). In addition, NO2

- can be 

reduced to NO in the presence of deoxyhemoproteins, xanthine oxidoreductase, 

acidic milieu, ascorbate or polyphenolic antioxidants under physiological and 

pathological conditions (Lundberg et al., 2008). In the assay proposed by 

Miranda et al. (2001) nitrate can be reduced to nitrite by vanadium trichloride 

VCl3. Through the Griess reaction, nitrite undergoes diazotization with 

sulfanilamide in acid solution and, then, couples to N-1-naphthylethylenediamine 

to form a chromogenic diazo compound (Miranda et al., 2001). Both NO2
- and 

NO3
- are stable molecules for spectrophotometric detection in micromolar ranges; 

they reflect the status of NO in the system. 

I treated cells with agTTR and measured nitric oxide and nitrite levels; 

nitrate levels were calculated from these values. Both A431 epidermoid and 

sNF94.3 Schwann cell-like line were examined in these studies. Treatment of 

both cell types with agTTR (2.4 µM) resulted in an increase of about 20-40 

percent in the cellular levels of all three RNS (Figure 6-7) relative to untreated 

controls. Treatment of the cells with normal, soluble TTR did not significantly 

affect the three RNS levels in A431 cells and sNF94.3 cells relative to untreated 
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controls. All agTTR-mediated increases in the three RNS species were also 

significantly increased (p < 0.05) relative to TTR treatments with one exception, 

nitrate in A431 cells. 

The effect of potential modulators—apocynin, TMPD-Ascorbate, L-NMMA, 

azide—of cellular redox balance was tested on agTTR-induced RNS levels. As 

shown in Figure 6-8, levels of nitrite, nitrate, and total nitric oxide species in both 

cell lines were significantly decreased in the presence of the modulators relative 

to agTTR treatment alone, except for nitrite levels in the cells treated with sodium 

azide.  
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Figure 6-7.  Effects of aggregated TTR on endogenous RNS levels in A431 
and sNF94.3 cells.  
 

Cells were treated with sTTR or agTTR at 2.4 µM or no treatment (C) for 4 hours. 

For the nitrite assay (white bar), culture media from the samples were mixed with 

Griess reagent containing 1% sulfanilanmide and 0.05% N-(1-napthyl)-

ethylenediamine (NEDD) for 45 min at room temperature. For the total NO assay 

(black bar), 8 mg/ml of Vanadium chloride (VCl3) was added to the culture media 

before the same procedures for the nitrite assay (Abs 540 nm). Nitrate (middle, 

hatched bar) was determined by subtracting the values of nitrite from total NO. 

The results of endogenous NO release were expressed as ratio of each TTR 

treatment to C. (A) A431 cells. There were significant increase in nitrite (n=7, 

p<0.01), and total NO (n=7, p<0.05) release by agTTR relative to sTTR or C; 

nitrate release (n=7, p<0.05) with agTTR treatment differed significantly as 

compared to C only. (B) sNF94.3 cells. There were significant increase in nitrite 

(n=7, p<0.01), nitrate (n=7, p<0.05), and total NO (n=7, p<0.01) release by 

agTTR relative to sTTR or C. The asterisk represents all three of the agTTR 

bars. 
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Figure 6-8. RNS levels in agTTR-treated cells in the presence or absence of 
apocynin, sodium azide, L-NMMA or TMPD-ascorbate.  
 

The following RNS were analyzed: nitrite (white bars), total NO (black bars), and 

nitrate (middle, hatched bars). Results are expressed as ratios to cell treatments 

with agTTR only. (A) A431 cells were treated with 2.4 µM agTTR (n = 7) or with 

agTTR plus one of the following: apocynin (n=4, 20 µM), sodium azide (n=4, 2 

mM), L-NMMA (n=7, 200 µM), TMPD and ascorbic acid (n=4, 100 µM and 0.2 

mM, respectively). Nitrite was significantly lower in the presence of apocynin 

(p<0.01); nitrate, in TMPD plus ascorbate; and total NO, in apocynin (p<0.05) 

and TMPD plus ascorbate (p<0.01). (B) sNF94.3 cells were treated with 2.4 µM 

agTTR (n = 7) or with agTTR plus one of the following: apocynin (n=7, 20 µM), 

sodium azide (n=7, 2 mM), L-NMMA (n=7, 200 µM), TMPD and ascorbic acid 

(n=6, 100 µM and 0.2 mM, respectively). Statistically significant effects were as 

follows:  

(i) Nitrite, p<0.05 relative to agTTR, agTTR plus apocynin, agTTR plus 

L-NMMA, agTTR plus TMPD and ascorbic acid; 

(ii) Nitrate, p<0.01 relative to agTTR, agTTR plus apocynin, agTTR 

plus NaN3, agTTR plus L-NMMA, agTTR plus TMPD and ascorbic acid;   

(iii)  total NO, p<0.01 relative to agTTR, agTTR plus apocynin, agTTR 

plus NaN3, agTTR plus L-NMMA, agTTR plus TMPD and ascorbic acid.  

(iv)  Multiple comparisons showed that nitrite, nitrate and total NO were 

significantly lower in the presence of apocynin, sodium azide, L-NMMA or 

TMPD plus ascorbate; the one exception was sodium azide in the nitrite 

group. 
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6.2.5   Pro-oxidative effects of agTTR and agTTR-
induced changes in sNF94.3 cytosolic 
antioxidant capacity  

 

 

The preceding results suggest that agTTR can induce oxidative stress in cells by 

increasing the levels of pro-oxidants (e.g., hydrogen peroxide, nitrite, nitrate and 

total nitric oxide) and decreasing the levels of antioxidants (e.g., GSH and 

catalase). To obtain a more global measure of changes in whole cell antioxidant 

capacity, cells were treated with agTTR, and their crude cytosolic fraction was 

analyzed in a TMPD-heme-based oxidation reaction (see Methods in Chapter 2). 

As shown in Figure 6-9, cells treated with agTTR showed about a 20 percent 

increase in overall pro-oxidative activity relative to untreated or TTR-treated 

controls.  

The effect of potential modulators—apocynin, TMPD-Ascorbate, L-NMMA, 

and azide—of cellular redox balance was tested on agTTR-induced changes in 

cytosolic antioxidant capacity. As shown in Figure 6-10, all four of these 

modulators significantly decreased the agTTR-induced pro-oxidative effects on 

the sNF94.3 cells cells relative to agTTR alone. The effects of all four were 

statistically significant (p < 0.01). Azide and TMPD-ascorbate provided the 

greatest control of agTTR-induced oxidative activity, about a 50 percent 

decrease. 
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Figure 6-9: Cytosolic antioxidant capacity is lower in cells treated with 
agTTR.  
 

Heme-enhanced TMPD oxidation was analyzed in the presence and absence of 

cytosolic fractions prepared from sNF94.3 cells treated with either aggregated 

TTR (agTTR, 2.4 µM, n=12) or normal soluble TTR (sTTR, 2.4 µM, n=12), or 

without any such protein treatment (C, n=12). Multiple comparisons showed that 

cells treated with agTTR alone differed significantly from the control and sTTR 

treatment groups (p<0.01). 
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Figure 6-10. Decreased cytosolic antioxidant capacity in agTTR-treated 
sNF94.3 cells could be alleviated by apocynin, sodium azide, L-NMMA or 
TMPD plus ascorbate.  
 

sNF94.3 cells were treated with agTTR (2.4 µM, n=12) in the presence or 

absence of various inhibitors including apocynin (20µM, n=12), sodium azide (2 

mM, n=12), L-NMMA (200 µM, n=12), or TMPD plus ascorbate (n=12, 100 uM 

and 0.2 mM, respectively). All treatments resulted in a statistically significant 

decreases in the oxidation caused by agTTR alone, p<0.01. 
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6.2.6  MTT assay 

 

The pro-oxidative effects of agTTR might be expected to affect overall cell 

metabolic activity and viability. To assess these parameters, an MTT (2-(4,5-

dimethythiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay (cf. Reixach et al., 

2006) was performed in cells treated for two days with agTTR. As shown in 

Figure 6-11, both sTTR and agTTR treatments resulted in decreased MTT 

conversion, about a 30% and 60 % decrease, respectively. Only the former 

treatment, however, was statistically significant. 

  To test if the agTTR-induced decrease in MTT reduction was reversible, 

the same experiments were performed except that the A431 cells had a 24 hr 

recovery (washout) period before testing MTT reduction. As shown in Figure 6-

11, agTTR-treated cells were able to recover most of their MTT reduction 

(metabolic) activity in this time period. After the washout period, the differences 

between agTTR and the two controls, C and sTTR, were no longer statistically 

significant, p > 0.05.    
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Figure 6-11. Reversible inhibition of cellular metabolic activity by 
aggregated TTR.  
 

A431 cells were treated with either agTTR (2.4 µM, n=3) or normal soluble TTR 

(sTTR, 2.4 µM, n=3), or without any such protein treatment (C, n=3). Black bars: 
reduction of MTT was significantly decreased by agTTR treatment for 48 hours 

relative to C. Hatched bars: after the 48 hour TTR treatments, cells were 

incubated with fresh complete medium for a washout period of 24 hours. The 

capacity of MTT reduction was recovered after this washout period, p > 0.05 

relative to controls. Asterisk indicates a significant effect, p < 0.05, relative to C. 
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 6.3 Discussion 

 

The work reported here that I have done on cellular redox disruption by agTTRs 

provides much novel information regarding agTTR toxicity to cells, and may be of 

relevance to amyloidogenic diseases. Pro-oxidative effects of misfolded and 

aggregated proteins and peptides are considered to be central to the pathology 

of such diseases. 

Firstly, I provide evidence for increased production of reactive chemical 

species—the first ever evidence for increased levels of an ROS species, 

hydrogen peroxide, in two different human cell lines. Evidence is also provided in 

both cell lines for agTTR-induced increases in RNS, nitrite and nitrate. Thus, 

increased production of these reactive chemical species is likely to contribute to 

damage of critical biomolecules, and to the increased oxidative damage 

observed in TTR and other amyloidogenic diseases. 

 Secondly, my results provide evidence for decreased levels of cellular 

antioxidant components. The cellular levels of an antioxidant enzyme, catalase, 

and of a small antioxidant compound, glutathione, were both significantly 

decreased in agTTR-treated A431 and sNF94.3 cells. 

 The combined effects of increased levels of pro-oxidants and decreased 

levels of antioxidants in a cell would be predicted to disrupt redox balance and 

decrease the overall antioxidant capacity (reducing power) of the cell. Indeed, 

when I performed a more global test of cellular antioxidant capacity by examining 
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total cytosolic fractions in an antioxidant assays, there was a clear decrease in 

such capacity in cells treated with agTTR, but not in untreated cells or cells 

treated with normal TTR. 

Redox-modulating agents including apocynin, sodium azide, L-NMMA and 

TMPD plus ascorbate, were chosen to try to gain further insight into agTTR-

mediated oxidative stress. NAD(P)H oxidase catalyzes superoxide anion 

production from oxygen and NADPH. Apocynin, a specific NAD(P)H oxidase 

inhibitor, is capable of eliminating quinolinic acid-induced N-methyl-D-aspartate 

(NMDA) receptor toxicity through inhibition of NAD(P)H oxidase (Maldonado et 

al., 2010). Furthermore, apocynin reverses cardiac hypertrophy, albuminuria, and 

advanced oxidation protein products in angiotensin II–induced hypertension rats 

via inhibition of NAD(P)H oxidase and superoxide production (Rugale et al., 

2007). Sodium azide inhibits the electron transfer between cytochrome c oxidase 

(complex IV, COX) and oxygen; chronic azide exposure induces mitochondrial 

dysfunction (Berndt 2001).  Nitric oxide is synthesized from L-arginine catalyzed 

by NO synthases (NOS) (Vallance et al., 2002). L-NMMA, a nonspecific NO 

synthase inhibitor, is a potent vasoconstrictor. L-NMMA may be useful in some 

pathological situations because of its potent vasoconstrictor effects (Cotta et al., 

2000). TMPD (N, N, N’, N’-tetramethy-1,4-benzenediamine dihydro-chloride) is 

an oxidizable compound that serves as a reducing co-substrate for heme 

peroxidase. Ascorbate is an electron donor, and neutralizes free radicals in the 

body. The rate of ascorbate and TMPD oxidation is increased in the presence of 

cytochome c released from mitochondria with damaged outer mitochondrial 
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membrane (Brailovskaya et al., 2006). Table 6-1 provides a summary of my 

results for cellular changes induced by agTTR: increases in reactive chemical 

species (H2O2, nitrite, nitrate, or total nitric oxide), decreases in antioxidant 

capacity (e.g., GSH, catalase, and hemin-TMPD), and decreases in overall 

metabolic activity (e.g., MTT reduction). The four redox-modulating agents can 

counteract some of the pro-oxidative effects of agTTR. Moreover, the response 

to agTTR in the presence or absence of redox-modulating agents is similar in 

both A431 and sNF94.3 cells. 

Chronic high-level accumulation of pro-oxidants including RNS and ROS 

in the body can contribute to cell senescence and apoptosis and, over time, 

ageing-associated degenerative diseases (Harman et al.,1998; Giorgio et al., 

2007). Cellular antioxidants such as catalase, GSH, superoxide dismutase and 

thioredoxin protect cells from oxidative damage. Exhaustion of antioxidant 

capacity renders cells susceptible to oxidative damage. In FAP patients, agTTRs 

can initiate molecular signaling pathways and are capable of inducing 

inflammation in neuronal cells (Sousa and Saraiva et al., 2003). Increases in lipid 

peroxidation and protein carbonyl formation have been reported in FAP (Ando et 

al., 1997). Increases in both the expression of iNOS and nitrotyrosine staining 

have also been reported in nerves of FAP patients (Sousa et al., 2001b). 

However, the underlying mechanisms of agTTR toxicity and oxidative stress in 

FAP patients are still to be clarified. How might the enhanced production of 

reactive species (e.g., hydrogen peroxide and nitrous oxide) and the decreased 

antioxidant activities (e.g., GSH  levels, residual catalase activity, and cytosolic 
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reducing power) contribute to the neuropathology of agTTR in the body (e.g., 

contribution to familial amyloid polyneuropathy, FAP)?  Possibilities include the 

following:  

(i) Increased oxidative damage to TTR may contribute to increased risk of 

TTR amyloidogenesis; such a mechanism is reported for amyloid-beta 

and Alzheimer’s (Atamna et al., 2006).  

(ii) Increased oxidative stress may have secondary effects upon TTR 

amyloidogenesis such as effects on membrane integrity that could 

result in the intracellular or extracellular release of factors (e.g., 

cytochrome c) that contribute to the disease or to amyloid formation. 

(iii)  By overcoming the cells antioxidant capacity, agTTR-mediated 

oxidative stress may cause extensive damage in the neural tissues 

affected by FAP (as has been observed in FAP tissues, references 

above). For example, the normal function of enzymes and normal 

levels of metabolic activity may be compromised. 

(iv)  Oxidative stress (ROS) is known to interfere with basic cellular 

functions such as endocytic transport. In the context of the important 

role that endocytosis may have in amyloidogenic diseases (references 

in Chapter 1), pro-oxidative effects of agTTR may further interfere with 

such transport. 

 

  



 

132 

A 
A431 cells H2O2  

Residual 
catalase 
activity 

GSH  Nitrite Nitrate 
Total 
nitric 
oxide 

MTT 

agTTR alone I D D I I I D 

Apocynin NS NS I D NS D   

Sodium azide NS NS I NS NS NS   

L-NMMA NS NS I NS NS NS   

TMPD plus 

Ascorbate 
I I I NS D D   

  
B 
sNF 94.3 cells H2O2  

Residual 
catalase 
activity 

GSH  Nitrite Nitrate 
Total 
nitric 
oxide 

Hemin-
TMPD 

agTTR alone I D D I I I I 

Apocynin NS NS I D D D D 

Sodium azide NS NS I NS D D D 

L-NMMA NS NS I D D D D 

TMPD plus 

Ascorbate 
I NS I D D D D 

 

 

Table 6-1. Summary of effects on the production of reactive species (H2O2, 
nitrite, nitrate or total nitric oxide), antioxidant capacity (GSH, catalase and 
hemin-TMPD) and metabolic activity (MTT assay). 
Data are shown for A431 (A) and sNF 94.3 (B) cells. Cells were treated with 2.4 

µM agTTR or with agTTR plus one of the following: 20 µM apocynin, 2 mM 
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sodium azide, 200 µM L-NMMA, TMPD and ascorbic acid (100 µM and 0.2 mM, 

respectively). NS: not statistically significant; D: decrease and I: increase in the 

presence of redox-modulating agents as compared to those in agTTR treatment 

alone.  

 

 

 

 

Metabolic activity in the cells is also decreased by 48 h agTTR treatments as 

demonstrated by the MTT assay. These results are also consistent with a 

decreased reductive capacity in the cells (cf. Figure 6-9). The effects of agTTR 

on metabolic activity, however, were reversible and the cells could recover after a 

24 h washout period. This reversibility also imply that the cell is able to overcome 

some of the more general effects of agTTR-induced acute oxidative stress, and 

provides the possibility of a therapeutic window for the treatment of oxidative 

stress–associated cell damage due to agTTR. Some of the biomolecules 

damaged by agTTR-induced reactive species, however, are likely to be damaged 

irreversibly. Moreover, it is difficult to relate the 48 h reversibility to the long-term 

(years) time course the TTR amyloidogenic diseases. 

 

6.3.1  Summary of results in relation to tested hypotheses 
 

Hypothesis 6a: agTTR can induce oxidative stress in cells through increased 

production of reactive chemical species including RNS and ROS. agTTR can 

induce oxidative stress in cells through increased production of reactive chemical 

species: hydrogen peroxide (an ROS) and nitrous oxide (an RNS).  
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Hypothesis 6b: agTTR can induce oxidative stress in cells through depletion of 

two antioxidant factors, GSH and catalase enzyme activity. agTTR aggregates 

can also induce oxidative stress in cells through depletion of two antioxidant 

factors, GSH and catalase enzyme. 

 

Hypothesis 6c: Cytosolic fractions of cells treated with agTTR have depleted 

antioxidant capacities. agTTR disrupts overall cellular redox balance, and the 

antioxidant capacity of crude cell cytosolic fractions is greatly decreased.  

 

Hypothesis 6d: Inhibitors of pro-oxidative enzymes and reactions can moderate 

agTTR-induced cellular oxidative stress. Various inhibitors (apocynin, azide, L-

NMMA) provided evidence for the roles of some pro-oxidative enzymes in 

agTTR-mediated cellular oxidative stress. 
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CHAPTER 7: CONCLUSIONS AND FUTURE 

DIRECTIONS OF RESEARCH IN

 THE FIELD 

 

 

 

 

 

 7.1 Conclusions of the current study 

 

The main conclusions of this thesis are listed below. Most of these represent 

novel findings in this field of research. 

 

1. Based on molecular mass, a novel somatic cell TTR receptor has been 

identified using two different biochemical techniques. 

 

2. TTR endocytosis efficiency is similar to that of Tf at early endocytosis time 

points (5 and 10 min); but significant differences in ligand intracellular 
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accumulation arise at later times (30 min) due to differences in post-

endocytic processing. 

 

3. The A431 TTR endocytic pathway is inhibited by filipin, and likely 

represents a caveolar pathway. It is likely to be different from the clathrin-

dependent endocytic pathway taken by Tf in such cells. 

 

4. Raman spectral analysis is a useful technique for detecting changed 

structures in agTTR relative to normal TTR.  

 

5. Hydropathy plot comparisons (based on amino acid biophysical 

properties) of wild-type and four mutant TTRs show that L55P has the 

greatest deviation from the wild-type structural pattern. L55P is also the 

most aggressive of the TTR mutants examined in terms of FAP severity 

and early age of onset.  

 

6. Treatment of A431 cells with agTTR (relative to treatments with normal, 

soluble TTR) inhibits a major membrane functional property, Tf 

endocytosis. 

 

7. Treatment of A431 cells with agTTR (relative to treatments with normal, 

soluble TTR) inhibits filipin binding to the cell membranes; thus, agTTR 



 

137 

changes membrane biophysical properties, likely through increases in 

membrane fluidity. 

 

8. Treatment of A431 cells with butanol—a procedure known to increase cell 

membrane fluidity—also inhibits Tf endocytosis. 

 

9. Treatment of cells with agTTR (relative to treatments with normal, soluble 

TTR) significantly increases hydrogen peroxide release from cells. Two 

different cell types exhibited this effect of agTTR. 

 

10. Treatment of cells with agTTR (relative to treatments with normal, soluble 

TTR) significantly decreases cellular catalase activity. Two different cell 

types exhibited this effect of agTTR. 

 

11. Treatment of cells with agTTR (relative to treatments with normal, soluble 

TTR) significantly decreases cellular glutathione levels. Two different cell 

types exhibited this effect of agTTR. 

 

12. Treatment of cells with agTTR (relative to treatments with normal, soluble 

TTR) greatly increases nitrite and nitric oxide production in A431 and 

sNF94.3 cells 

 



 

138 

13.  Cytosolic fractions from agTTR-treated cells have a lower antioxidant 

capacity than those from the same cells treated with normal, soluble TTR 

 

14.  Cells treated with agTTR (relative to treatments with normal, soluble TTR) 

have a lower metabolic activity as assessed by MTT conversion. This 

decrease in metabolic activity (or viability), however, is still reversible after 

48 h of agTTR treatment. 

 

15.  Various inhibitors of pro-oxidative enzymes (L-NMMA, azide, apocynin) 

can moderate the agTTR-induced oxidative stress in cells. 

 

 

 

 7.2 Future directions of research in this field 

 

In terms of both the fundamental studies of TTR physiology and the pathology 

of TTR aggregates, future efforts in this field can be directed at the following 

questions that remain unanswered or only partly answered: 

 

1. Besides megalin, what is the identity of the other cell surface TTR 

receptors? Our results in A431 cells indicate the presence of a receptor 

that is of similar size (115-120 kDa) to the TTR receptor previously 
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characterized in oocytes. Are they the same protein species? What protein 

family does this receptor (or these receptors) belong to? 

 

2. Do all cells have TTR receptors? Do some cells have multiple TTR binding 

or endocytosis mechanisms, e.g., binding to protein receptors and 

membrane lipid structures, or binding to multiple receptors such the 115 

kDa TTR-specific receptor and the multiligand receptor megalin? 

 

3. The oocyte TTR receptor can also mediate the endocytosis of RBP (via 

TTR interaction). What is the effect of RBP complexation on the binding of 

TTR to the 115 kDa species and RME? 

 

4. Does saturation of the ligand binding sites on TTR with T4 or other ligands 

increase binding of TTR to its receptor and receptor-mediated 

endocytosis?  

 

5. What is the nature of the endocytic pathway taken by TTR and its cell 

surface receptor(s)? Do some cells have multiple TTR endocytosis 

mechanisms, e.g., CME and non-CME. 

  

6. Does endocytosed TTR recycle back out of the cell or is it degraded in the 

cell (or a combination of both)? 
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7. What biophysical changes do TTR aggregates cause on the cell 

membranes (especially in terms of cholesterol structures)? 

 

8. Besides, hydrogen peroxide, which other ROS are induced by misfolded 

and aggregated TTRs. 

 

9. How does agTTR induce hydrogen peroxide production or release? 

 

10. Does agTTR directly enhance oxidation of substrates in biochemical 

oxidation reactions and in cells in vivo? 

 

11. Which antioxidants (e.g., dietary phytochemicals) are most effective in 

counteracting agTTR-mediated prooxidative effects? 

 

12. Would amino-acid plots (cf. bioinformatics section) based on multiple 

biophysical properties of amino acids, e.g., molecular size, probability of 

occurrence in different secondary structure types, charge, etc, be more 

useful in terms of quantifying amyloidogenic potential of specific TTR 

primary sequence regions? 

 

13.  Is TTR endocytosis required for efficient agTTR formation in vivo? 
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14.  What factors contribute to aging-related onset of agTTR formation and 

amyloidogenesis (both for wt and mutant TTRs)?  

 

15.  What are the similarities in the toxicity mechanisms of amyloid-beta and 

agTTR? 

 

16.  Are membrane function disruptions due to agTTR restricted to CME, or 

can they also interfere with other endocytic pathways (e.g., caveolar or 

dynamin-independent pathways)? 
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Appendix A:  
 
Characteristics of TTR aggregation 

 

 

Formation of agTTR was followed and confirmed by measurements of 

turbidity and thioflavin T binding. Optimal aggregation conditions, based on these 

experiments, were used for preparing TTR aggregates for the experiments 

presented in this thesis (see Methods in Chapter 2). Figure A-1 shows the 

optimal turbidity formation that was observed in acetate buffer at pH 4.3, 37 

degrees Celsius.  

Binding of thioflavin T to amyloid fibrils (Saito et al., 2005) is known to 

produce strong fluorescence. To assess the presence of amyloid fibrils in vitro, 

solutions containing 0.15 µM agTTR, 5 µM Thioflavin T and 50 mM Glycine-

NaOH at pH 10 were examined using Picofluor Fluorometer. Fluorescence 

spectra were obtained under blue light excitation. Figure A-2 shows optimal 

fluorescence ratio of thioflavin T-TTR complex prepared at different pH and 

temperatures relative to those at pH 4.3 and 37 oC. 
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Figure A-1: Relative turbidity for wide-type TTR at different pH and 
temperature.  
 
TTR aggregation was measured by TTR turbidity. 7.2 µM TT was incubated with 

equal volume of citric acid buffer at pH 3.0, or acetate buffer at pH 4.3, or PBS at 

pH 7.4 in a cuvette at the indicated temperatures. Final TTR concentration was 

3.6 µM. Absorbance at 400 nm was measured after 214 hours. TTR aggregation 

was most efficient at pH 4.3, 37 oC (p < 0.01 relative to the others). 
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Figure A-2: Fluorescence ratio of the thioflavin T-agTTR complex prepared 
in buffers at different pH and temperature.  
 
TTR aggregation was prepared as in Figure A-1. Solutions containing 0.15 µM 

agTTR prepared at pH (3.0, 4.3 or 7.4) and temperatures (4 oC or 37 oC), 5 µM 

Thioflavin T and 50 mM Glycine-NaOH at pH 10 were examined using Picofluor 

Fluorometer. Fluorescence ratio of thioflavin T-TTR complexes from different 

conditions to those from pH 4.3 and 37 oC was measured. Fluorescence ratio 

was significantly increased in agTTR prepared at pH 4.3, 37 oC, relative to those 

at pH 3.0, 37 oC (p<0.05), and those at pH 7.4, either 0 oC or 37 oC (p<0.01).  
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