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ABSTRACT
Selenium (Se) plays an important role in metabolism through incorporation during
translation as the amino acid selenocysteine into selenoproteins. Thioredoxin reductases
(TrxRs) and glutathione peroxidases (GPXs) are well characterized families of

selenoproteins with important antioxidant and redox functions. Dietary Se may occurin
organic (e.g. selenomethionine [Semet]) or inorganic (e.g. sodium selenite [SeL)),

forms. Boths forms of Se must be reduced to a compoundsimilar to hydrogen selenide
in selenocysteine synthesis order to be incorporated into active selenoproteins. The
major form of dietary Se is Semet which is metabolised through sulphur amino acid
(SAA) pathways.

Homocysteine (Hcy) is an intermediate of methionine metabolism that is metabolized
through SAA pathways and high levels are associated with a number ofdiseases,
including renal failure. In patients with chronic kidney disease (CKD) levels of Hcy
increase as the disease progresses. Patients with CKD often have proteinuria, increased
production of cytokines and decreased levels of some selenoproteins. The aim ofthis
work was to examine potential interactions between Hcy and Se in humanrenal

proximaltubular cells (PTC) in order to determine whether high Hcy levels might lead

to reduced selenoprotein content and influence pro-fibrotic pathways.

Immortalised PTC (HK2 cells) were used in a model in which the Se levels were

manipulated by supplementation with different forms and concentrations of Se. Two

forms of supplement were used, Semet and SeL and two controls, a negative control

with no added Se and positive control in which cells were exposed to Se in FCS.Cells

were also exposed to varying levels of Hcy and albumin to mimic the conditions seen in

patients with CKD.

A dose dependant increase was seen in cytoplasmic GPX1 and TrxR activities in HK2

cells with SeL and Semet supplementation. When cells were deprived of Se GPX1 and

TrxR activities and content were diminished while the release of monocyte

chemoattractant protein 1 (MCP-1), a powerful chemokine, was increased. Hcy

exposure caused significant reduction in GPX1 and TrxR activities in cells

supplemented with Semet that was not seen in cells supplemented with SeL. Hcy

exposure also enhanced the DNA binding activities of transcription factor NF-«B and

AP-1 andincreased the proportion of thioredoxin 1 (Trx1) found in the oxidized form

in the cytoplasm of Semettreatedcells.

These data indicate that elevated Hcy levels interfere with Se metabolism where Semet

is the source of Se. This appears to occur through competition in the transulphuration

pathway of SAA metabolism. The increased MCP-1 content and enhanced NF-«B and

AP-1 DNA binding activities seen in Semet but not SeL supplemented cells also

suggests that these cells were exposed to increased oxidative stress potentially due to

the decrease in GPX1 and TrxRactivities. In contrast, exposure ofcells to albumin with

high Hcy increased the release of MCP-1 which was associated with an increase in

GPX1 and TrxRactivities in SeL supplementedcells, suggesting that albumin exposure

caused an increase in oxidative stress but also enhanced MCP-1 production through a

pathway unrelated to changes in GPX1 and TrxRactivities.
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Chapter 1

Introduction

“I know onething; that I know nothing”

Socrates, from Lives of Eminent Philosophers
 

The overall aim of the work in this thesis was to examine the interactions between

homocysteine (Hcy) andselenium in renal proximal tubular cells (PTC) as an approach

to understand the importance of selenium in healthy and diseased kidneys. This chapter

will provide the background to these studies by describing the basic structure of the

kidney, the factors that govern progression to chronic kidney disease (CKD) and the

common metabolic pathways of selenium and Hcy.

1.1 KIDNEY

The kidney is the major excretory organ of mammals andplays a central role in amino

acid metabolism (Tizianello ef al., 1980). The principal function is the removalof toxic

waste products, and excess water and sodium from the blood, by producing urine,

through whichit maintains whole-body homeostasis (Wright et al., 2004).

1.1.1 The kidney structure

The basic structure of the kidney is shown in Figure 1.1. The renal fibrous capsule is

composedofthree distinct regions, the renal cortex, the medulla and the pelvis. Blood

enters the kidney via the renal artery and through the hilume reaches into the renal

capsule. The renal cortex is the outer most layered region and contains millions of

nephrons. Some nephrons lay completely within the cortex and are called cortical

nephrons, while others lay in both the cortex and the medulla and are called

juxtamedulary nephrons. The nephrons are the filtering units that form urine. The
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kidney produces urine which travels through the ureters to the bladder where it is

drained.

Fibrous capsule

Renal cortex   
Renal medulla

Renal artery

Renal pelvis
Renal vein

Renal pyramid
in renal medulla

Ureter

Figure 1.1 The gross structure of a cross section of the kidney (Adapted from the

Urinary System, Chapter 27- McGraw-Hill Higher Education ©2006).

1.1.2 Nephron Structure

Each nephron is the functional unit of the kidney and has vascular and tubular

components (Lote, 2000). The structure of the nephron is shown in Figure 1.2 and

consists of the renal capsule, known as Bowman’s capsule, and the renal tubules. The

Bowman’s capsule lies in the cortex and contains the primary filtering device of the

nephron, the glomerulus. The glomerulus encloses a cluster of microscopic blood

vessels —capillaries- and it is a semi-permeable membrane,allowing water and soluble

wastes to pass through to the capsular space. Therenaltubule(lies in the cortex and the
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medulla of the kidney and) consists of the convoluted tubule and the loop of Henle. The

renal tubule starts from the cortex and continues in the medulla where it forms a loop

and returns in the cortex. The initial segment of a renal tubule, located in the cortex, is

the proximal convolutive tubule, the portion of the tubule in the medulla is the loop of

Henle andthe portion ofthe ascending limp of the tubule that reaches the cortex it is the

distal convolutive tubule. The distal convolutive tubules of many nephrons join a

commoncollecting duct in the cortex. The collecting ducts run in parallel with the loop

of Henle down through the medulla and empty into the ureter at the tips of the renal

pyramids.

convotuted Distat
tubule Bowman's convoluted

   

 

  Loop of Henle

   

 

Collecting
tubule   

Figure 1.2 Diagram of the nephron (Taken from the Urinary System, Chapter 27-

McGraw-Hill Higher Education ©2006).

1.1.3 Nephron function

Blood pressure forces water and small molecules to be filtered from the glomerulus and

collected in Bowman’s capsule. Peptides and amino acids with a molecular weight of

less than 50,000 are readily filtered at the glomerulus and 99% of them are effectively

readsorbed by the PTC (Haraldsson ef al., 2008). The PTC take up and metabolise

proteins and aminoacids and then return them to the circulation while secreting urine,

toxins and waste products; the loop of Henle and the renaldistal convolutive tubules
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processthe urine, and waste products are excreted by the distal convolutive tubules into

the collecting tubules and henceinto the ureter. These tubular metabolic processes can

be complex, with PTC playing a key role in renal amino acid handling by producing and

exporting certain amino acids while simultaneously taking up and degrading others

(Karim et al., 2005).

1.1.4 The proximal tubular structure

The proximal tubule cells, as with all duct systems which perform a transepithelial

transport of solutes, are characterized by a morphological polarity of the membranes

(Steddon and Ashman, 2006). On one side are the apical basement membranes, which

surround the lumen of the tubule, and on the other side are the peritubular capillaries

which interact with the blood supply. The apical basement membraneofthe cell has a

brush boarder of microvilli which greatly increases the surface area available for

absorption (Lash ef al., 2006). At the brush border membrane there are transport

processes for basic amino acids, glutamic and aspartic acids, neutral amino acids,

glycine, cysteine and B and y aminoacids.

1.1.5 Proximal tubular function

Unltrafiltration takes place in the glomerulus but small plasma proteins and unbound

amino acids are not retained by the glomerularfiltration barrier and pass to the tubular

lumen and are taken up by the brush border membrane of the PTC (Figure 1.3). This

reabsorption process occurs via a receptor-mediated endocytosis. It mainly occurs via

specific ligand binding to the multiligan receptors megalin and cubulin (Birn and

Christensen, 2006). Once internalized, megalin is returned to the uptake pool via

recycling endosomes, whereas the small peptides are degraded in the lysosomesto their

constitutive amino acids and then released to the blood stream or further metabolised to

CO> and water (Birn and Christensen, 2006). The humanrenal tubule is a complex

metabolically active epithelial system that plays a critical role in the maintenance of

internal homeostasis (Moretef al., 2007).
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Progressive loss of the renal tubules is associated with compensatory tubular

hypertrophy. Maintenance of the normal architecture and biological functions of the

kidney depends on well integrated cellular and extracellular matrix structural

interactions. Any alteration in the composition and structure of the extracellular matrix

has important consequences on the functional integrity of the nephron (Abrassef al.,

1999; Waller and Nicholson, 2001).
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Figure 1.3 Proximal tubular reabsortion and secretion of peptides and amino
acids. (pink arrows indicating amounts of peptides and aminoacidsfiltered at the

glomerulous and taken up by the PTC,blue arrows indicating processed amino

acids secreted backto the tubular lumen for ultimate secretion).

1.2. CHRONIC RENAL FAILURE

Chronic renal failure (CRF) is a progressive non-reversible renal disease where thereis

a progressive loss of normal kidney function that leads to end stage renal disease

(ESRD). Patients with ESRD demonstrate extensive tubulo-interstitial fibrosis (TIF)

require hemodialysis and ultimately a kidney transplant.
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A number of morphologic changes in renal structure are associated with chronic renal

failure. Alterations in the glomerulus can include the deposition of preformed immune

complexes (antigen-antibody) in the glomerular capillary wall, thickening of the

basement membrane, mesanginalcell proliferation, extracellular deposition of proteins,

and infiltration of immune and inflammatory cells (Fischer and Lager, 2006).

Alterations in the tubulo-interstitium can include mononuclear cell infiltration (e.g.

macrophages, lymphocytes), tubular cell degeneration and atrophy, and interstitial

fibrosis. These lesions occur in various renal disorders in humans (Yan e¢ al., 2003;

Ohashi et al., 2002). In diseased kidneys progression to ESRD is determined by TIF

rather than the severity of the glomerular lesion (Razzaque and Taguchi, 2002; Bohle et

al., 1979).

1.2.1 Tubulo-interstitial fibrosis

Independently of the underlying renal damage, TIF is a hallmark in renal disease; with

varying degrees of mononuclear inflammatory cell infiltration, is the final common

histopathologic pathway for the majority of kidney diseases that progress towards end-

stage renal failure (Bohle ef a/., 1990; Shalamanovaefa/., 2007). TIF has been widely

documented (Diamondet al., 1998; Wangetal., 1999; Inaet al., 2002; Chevalier et al.,

2009) and is characterized by the stimulation and proliferation of interstitial fibroblasts

resulting in the production and deposition of large amounts of extracellular matrix

(Eddy, 1989; Eddy and Giachelli, 1995).

1.2.2 CRF andproteinuria

Proteinuria and progression of different renal diseases are often linked. Chronic renal

failure (CRF) has consistently been associated with abnormalities in plasma and

intracellular amino acid concentrations. The presence of excess plasma proteins in the

urine is an early and important indicator of kidney disorder. Increased urinary excretion

of protein is a marker of poor outcome for chronic renal disease (Cravedi ef al., 2007).

This condition, known asproteinuria or albuminuria, since albumin is the main protein

found in the urine, is currently under major debate regarding the mechanisms involved
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and their potential to progress into renal insufficiency. One of the proposed mechanisms

involves dysfunction at the glomerular level, i.e. increased glomerular permeability to

proteins, whereas the other involves dysfunction in uptake and metabolism of proteins

at the PTC level. Nevertheless, data on the pathophysiology of progression are very

limited. In in vivo and in vitro models of albumin overload there is increased

production of proinflammatory molecules, matrix genes and profibrogenic cytokines

such as monocyte chemoattractant protein-1 (MCP-1), transforming growth factor-B

(TGF-f), interleukin-8 (IL-8), endothelin-1 (ET-1) and regulated on activation normal T

expressed and secreted (RANTES) (Strutz and Neilson, 2003; Bruzzi et al., 1997;

Morigi et al., 2002; Nakajima et al., 2004; Rustom ef al., 1998; Rustom et al., 2001;

Rustom et al., 1992; Zoja et al., 1998). Therefore through activation of these molecules

it is suggested that proteinuria leads to hypermetabolism andtriggering of multiple

mediators of tissue injury, tubule-interstitial oxidative stress, inflammation and scarring

(Perico et al., 2005; Rustom ef al., 2001) over time. Recent studies by Alvarez et al.,

(2007) have supported the importance of renal tubular metabolism in pathogenic kidney

disease processes by correlating the magnitude of proteinuria with that of tubule-

intertial injury and rate of decling kidney function. In addition, as previously

demonstrated by others (Perico etal., 2005; Becker and Hewitson, 2000; Bohleef al.,

1979), proteinuria is a well knowninsult associated with increased oxidative stress and

inflammation in renaltissue.

1.2.3 CRF andinflammatory mediators

Proximal tubular cells might have an important role in the tubulo-interstitial

inflammatory process observed in many renal diseases (Remuzzi and Bertani, 1998).

Human PTC in vitro produce large amounts of cytokines (IL-6) and tumor necrosis

factor-a (TNF-a) (Boswell et al., 1994; Baud et al., 1992; Kapper ef al., 2002),

chemokines (IL-8, MCP-1) (van Kooten and Daha, 2001; Prodjosudjadi et al., 1995),

and adhesion molecules (intercellular adhesion molecule-1 and vascular cell adhesion

molecule-1) (Brandy ef al., 1995). Elevated levels of cytokines and chemokines have

been documented in both PTC andinfiltrating inflammatory cells in various forms of

7
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glomerulonephritis and tubulo-interstitial nephritis and have been suggested to

contribute to progressive renal failure in vivo (Topaloglu, 2005; Bosutti et al., 2007).

1.2.3.1 Chemokine: Monocyte chemoattractantprotein 1

Several aspects of the role of inflammatory mediators in the progression of TIF have

been assessed. Cytokines are endogenous inflammatory and immunomodulating

proteins that have been found to play a pivotalrole in defense, inflammation, and injury

due to a variety of stimuli (Segerer ef a/., 2000). A large numberof specific and non-

specific endogenous inhibitors of cytokines also exist, as do groups of cytokines that

have predominantly inflammatory or anti-inflammatory actions. Persistent and elevated

levels of circulating cytokines are the result of either an ongoing stimulus,or a failure of

the normal host regulatory mechanism. The CC chemokine MCP-1 is secreted by

mononuclearcells and various non-leukocytic cells, including endothelial cells, vascular

smooth muscle cells and resident renal cells, auch as PTC and mesangial cells (Van

Kooten et al., 1999; Prodjosudjadi et al, 1995; Luster, 1998; Egido, 1999) and is

thought to be involved in the progression of TIF. Available evidence suggests that an

early increase in MCP-1 levels plays a major role in the progression of tubulo-

interstitial injury in a variety of disease models (Simmonsef a/., 2004). Furthermore,

they reveal that pro-inflammatory cytokine expression may play an importantrole in the

subsequent pathogenesis and progression of kidney disease.

1.2.3.2 Cytokines

While the production of cytokines was once thought to be the exclusive domain of

immunecells, there has been increased appreciation in recent years that their synthesis

can take place in mostcell types - both immune and non-immune (Himmelfarb eg al.,

2004; Stenvinkel ef al., 2005). In the kidney, sources of cytokines include proximal

tubular epithelial cells, fibroblasts, smooth muscle cells, as well as inflammatory cells

such as macrophages and lymphocytes.
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1.2.3.2.1 TNF-a

TNF-a is a pivotal 17 kDa pro-inflammatory cytokine produced by most cell types that

is found proximally in the inflammatory cascade, and stimulates production of a number

of other cytokines such as IL-6 and IL-8 (Stenvinkele¢ a/., 2005). TNF-a has a variety

of effects including: stimulation of endothelial proliferation, increased expression of

endothelial adherence molecules, and activation of fibroblasts. TNF-a has also been

shownto play a pivotal role in a numberof kidney disease models (Stenvinkelet al.,

2005; Descamps-Latschaet al., 1995; Sato et al., 2004).

Regulation of TNF-a production occurs at multiple levels. Among the factors known to

affect transcription are oxygen free radicals, cytokines such as TNF-a and IL-1B, and

NF-«B. However,transcription alone does not ensure TNF-a protein production, due to

significant post-transcriptional regulation. For example, TNF-a message is one of a

number of mRNA's whosestability and translation is highly regulated by 3' untranslated

UArich elements. Regulation of the biologic effects of TNF-a also occurs at the level

ofits' receptors. Circulating soluble TNFreceptorsI and II (the extracellular domains of

the mouse p55, human p60 and mouse p75, human p80respectively) (Broidef al., 2001)

are constitutively secreted by monocytes and macrophages, and can increase in response

to a numberof stimuli (Black, 2002; Reddy ef al., 2000; Tilg et al., 1994). At low

concentrations soluble TNFR's have been found to stabilize TNF-a and prolong its

biologic function, whereasat high concentrations they reduce TNF-a biological activity.

1.2.3.2.2 IL-6

Another 22-30 kDa cytokine is IL-6, involved in the regulation of the immune response

and inflammation that is produced by a variety of cells. Usually IL-6 increases in

response to earlier response cytokines such as TNF-a and IL-1 as well as factors that

induce a variety of transcription factors including NF-«B and AP-1. IL-6 induces a

variety of diverse responses including synthesis. As with TNF-a, IL-6 has been found to

be elevated in plasma ofpatients with CRF, and elevatedcirculating levels of IL-6 have
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been reported as correlated with increased mortality (Tilg et a/l., 1994; Luo et al., 2009;

Miharaet al., 1998).

1.2.3.3 Transcription factors

1.2.3.3.1 NF-KB

The higher eukaryotic transcription factor NF-«B activates the transcription of a wide

variety of genes in response to a range of stimuli, including bacterial and viral infection,

ultra-violet light, inflammatory cytokines and ROS. Mammalian NF-«B is a multi-

subunit protein consisting of at least 5 subunits including p50, p65 (Rel-A), RelB and

p52 (Bowie and ONeill, 2000). In unstressed conditions NF-«B exists in an inactive

form in the cytoplasm bound to an inhibitor protein I-kB. NF-«B is activated by the

rapid phosphorylation of I-«B by I-«B kinase atserine residues.I-«B is then targeted for

degradation by the ubiquitin proteosome pathway. The exact mechanism by which

oxidative stress can cause phosphorylation and dissociation of I-KB are not fully

understood. Phosphorylation of I-kB has been demonstrated in response to various

cytokines including interleukin-1 (IL-1) and tumor nectosis factor (TNF), whereas

hydrogen peroxide has been shownto directly increase NF-«B activation in somecells

(Li and Karrin, 2000). It has also been reportedthat a critical cysteine residue in the p50

subunit is highly sensitive to oxidation and this might be part of the mechanism by

which NF-«B is activated (Nishi et a/., 2002). NF-«B activates the transcription of a

diverse range of genes including those involved in inflammatory processes and immune

responses and also antioxidant defence enzymes. Studies have demonstrated that NF-

«B is involved in the up-regulation of PTC responseto oxidative stress (Shalamanovaer

al., 2007).

1.2.3.3.2 AP-1

AP-1 is a redox-sensitive transcription factor which has two DNA binding subunits; c-

Fos and c-Jun. Classically AP-1 exists as a c-Jun-c-Fos heterodimerbutit can also exist

as a c-Jun-c-Jun homodimer. Activation of AP-1 requires de novo synthesis of DNA
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binding subunits. Stimuli such as oxidative stress have been shown to increase DNA

binding activity of AP-1. Similar to NF-«B, AP-1 hascritical cysteine residues in both

the c-Jun and c-Fos subunits that are sensitive to oxidation and may play a role in

activation and inactivation of AP-1 (Jackson et al., 2002). Similar to NF-KB, AP-1 has

been demonstrated to be sensitive to both oxidants and antioxidants, whereby high

concentrations of either have been demonstrated to activate DNA binding (Zhouetal.,

2001).

1.2.4 CRF andoxidative stress

Reactive oxygen and nitrogen species (ROS) are important physiological regulators of

redox processes and are increasingly implicated in the progression of different renal

diseases (Jackson et al., 2002; Nakajimaet al., 2004). Increased generation of ROS has

been reported to lead to maladaptive responses to oxidative stress and/or in gene

expression in PTC but data in support ofthis are limited (Ishola et al., 2006; Morigiet

al., 2005; Nakajima et al., 2004). Unbalanced generation of ROSplays a role in the

progression of different renal diseases by the local nephrotoxic potential of oxidative

stress and nitrosylation reactions (Wilcox and Gutterman, 2005).

1.2.5. Hyperhomocysteinemia (association with disease risk)

Hyperhomocysteinemia (HHcy) refers to a state of elevated circulating levels of the

sulfur-containing amino acid Hcy. Homocysteine is homologous to cysteine but

differing by one extra CHgroup in the carbon chain andit is long knownforits role in

the transsulfuration and methyltransfer reactions. The significance of Hcy clinically is

being recognized since it has emerged as an independent risk factor for premature

cardiovascular morbidity and mortality in the general population and in CRFpatients

(Aksoy et al., 2006; Perna et al., 2004; Heinz et al., 2009; Vizzardi et al., 2009;

Doncheva et al., 2007). Dubbed “the cholesterol of the nineties” by media

homocysteine is thought to be thrombophilic and to damage the vascular endothelium

(Langnmanet al., 1999).

11
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The clinical relevance of hyperhomocysteinemia wasoriginally recognized in children

with cystathionine-B-synthase (CS) deficiency, an inborn error of metabolism that

causes homocystinuria. This rare autosomal recessive disease is characterized by

extremely high plasma total homocysteine concentrations and vaso-occlusive disease

leading to death at an early age (Langman and Cole, 1999; Blundell et a/., 1994; Mudd

et al., 1975). Subsequent epidemiological and prospective studies in the general

population established the relationship between mild to moderate

hyperhomocysteinemia and early-onset vascular disease in coronary, cerebrovascular,

and peripheral arteries (Nygard et al., 1997; Wald et al., 1998). Patients with CRF

commonly have increased plasma Hcy levels, exhibit proteinuria and

glomerulosclerosis. While some studies have found an association between elevated

Hcyandcardiovascularrisk, others have noted that this association is largely attenuated

by adjustment for kidney function. Indeed, several studies of patients with kidney

failure have found that lower Hcylevels predict mortality (Urquhart and House, 2007).

1.2.5.1 Hyperhomocysteinemia and CRF

Hyperhomocysteinemia is consistently found in patients with reduced kidney function

from the early stages of CRF (Hultberg et al., 1993; Friedmanetal., 2001; Pernaet al.,

2004). This is of concern, since numerousretrospective and prospective studies have

consistently found that hyperhomocysteinemia is an independentrisk factor contributing

to the high incidence of fatal and non-fatal cardiovascular disease (CVD) in CRF

patients (Pernaet al., 2004; Heinz et al., 2009; Vizzardi et al., 2009; Donchevaet al.,

2007). The prevalence of hyperhomocysteinemia in hemodialysis (HD) and peritoneal

dialysis patients is ~75-95% (Pernaefal., 2004; Donchevaet al., 2007) andtherelative

risk for CVD events and death increases by 1% with each |umol/L increase in tHcy in

CRFpatients (Bostom, 2000). This relative risk appears to be slightly lower than that

reported for hyperhomocysteinemic individuals with normal kidney function (Boushey

et al., 1995).

12
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Plasma Hcyconcentrations are approximately 10% higher in men than in womenin the

general population (de Bree ef a/., 2001) and in HD patients (Juskowaet al., 2002) and

may result from larger muscle mass in men. In addition, estrogen is thought to lower

total Hcy (tHcy) levels, since concentrations are lower in pregnancy andhigher post-

menopause (Nakhai Pour et al., 2006; Boxmeer ef al., 2008). Plasma tHcy

concentrations increase with age in both men and womenin the general population, and

is thought to be due to decreasing renal function with increasing age (Elshorbagyef al.,

2007).

Starting at a plasma Hcy concentration of approximately 15 uM the risk of CVD

increases, following a linear dose-responserelationship with no specific threshold level

(Gortz et al., 2004). Elevated plasma Hcy levels (>12 uM; moderate HHcy) are

considered cytotoxic and are found in 5 to 10% of the general population and in up to

40% of patients with vascular disease (Stanger et a/., 2003). In addition, several case-

control and prospective studies have indicated that HHcyis an independentrisk factor

for atherosclerotic disease in predialysis patients and those with ESRD.

Homocysteine levels rise and cardiovascular risk increases with declining kidney

function but the underling pathological mechanism of high Hcy levels is unknown.

Several observations however support the view that high plasma Hcy levels are more

likely to be the consequence than the cause in renal dysfunction (van Guldener, 2006).

Twopotential processes could explain HHcy in CRF. Thefirst is a defective clearance

or metabolism by the kidneys themselves (van Guldener and Stehouwer, 2003), and the

second is an impairment in whole body Hcy metabolism. In order to explain these

hypotheses a more detailed understanding of the Hcy metabolism is necessary.

1.3 HOMOCYSTEINE METABOLISM

In contrast to the relatively limited understanding of the pathology of high Hcy, a

wealth of information exists concerning the metabolism of homocysteine. This is due to

the fact that Hcy is an endogenousintermediate of the essential amino acid methionine.

Its production occurs in all tissues and is metabolised through sulphur amino acid
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(SAA) pathways. An overview of the metabolic pathway of Hcy is shownin Figure 1.4.

As depicted in Figure 1.4 Hcy can be transmethylated, re-methylated or

transsulphurated. All the enzymes involved in transmethylation, re-methylation and

transsulphuration pathways are found within the cytoplasm , with only the exception of

those enzymesinvolved in the oxidation of a-ketobutyrate. However, there are distinct

differences in the tissue enrichment of these enzymesin different organs (Houseef al.,

1999; Bridges and Zalups, 2004). In addition, although transmethylation and re-

methylation occur in all tissue organs, transsulphuration of Hcy is specific to certain

tissue organs. Studies on humans (Williams and Schalinske, 2007; Finkelstein, 1990)

and rats (Alberto et al., 2007) found a significantly increased activity of all the enzymes

involved in the transsulphuration pathway in the liver, kidney and pancreas. This is not

surprising, considering the central role these organs plays in amino acid synthesis and

metabolism. Additional studies concluded that Hcy metabolism in the kidneys occurs

predominantly through the transsulphuration pathway and more specific in the proximal

tubular cells (Donnelly, 2001; House et al., 1999; van Guldener and Stehouwer, 2005).

Transmethylation SAH

Homocysteine Methionine

  Remethylation  
Transulphuration

 v
Cysteine

Figure 1.4 Simplified diagram of metabolic pathways for Homocysteine.
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1.3.1 Transmethylation of homocysteine

Asillustrated in figure 1.5, the first step in the metabolism of methionine involves the

activation to the S-adenosylmethionine (SAM), via the well conserved enzyme (House

et al., 1999) SAM synthetase.In all living organisms SAM is the major methyl donor

for numerous transmethylathion reactions, including the synthesis of creatine from

guanidoacetic acid, the methylation of glycine to form sarcosine, the methylation of

DNA to RNA,and the synthesis of neurotransmitters, including norepinephrine. The

product of the transmethylation reactions is S-adenosylhomocysteine (SAH) and is

hydrolyzed to adenosine and Hcythrough the action of SAH hydrolase. SAH hydrolase

is a reversible enzyme, with the direction of SAH synthesis being favoured

thermodynamically (De La Haba and Cantoni, 1959). However, the rapid metabolism of

adenosine via adenosine deaminase and adenosine kinase, ensures the direction of SAH

hydrolysis, thus the production of Hcy. This is a critical regulatory point as SAHis a

potent inhibitor of transmethylation (Zappia et al., 1969). Therefore, it is essential for

Hcy to metabolise further through re-methylation back to methionine or

transsulphuration, a committed pathway to cysteine formation.It is also valuable to state

that the transmethylation pathwayis the only pathway for Hcy synthesis in mammals.

Methyl donor

J

SAH

SAM

SAMSynthetase
SAH Hydrolase Transmethylation

“
Methionine

__. Adenosine <—~
Inosine <

Homocysteine

Figure 1.5 The transmethylation pathway of homocysteine
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1.3.2 Remethylation of homocysteine

Homocysteine remethylation proceeds via two separate pathways, in which it acquires a

methyl group primarily from 5-methyltetrahydrofolate (5-MTHF) or from betaine to

regenerate methionine (Pernaet al., 1996; Townsendet al., 2004; van Gulderner, 2005).

In the remethylation pathway (Figure 1.6), the reaction with 5-MTHFis catalyzed via

cobalamin-dependant methionine synthase, which is Vitamin Bj2 dependant, and

requires folate in its active form as the methyl donor. On the other hand, betaine/Hcy

methyltransferase (MT) catalyzes the transfer of the methyl group from betaine to Hcy,

thus forming methionine, and this methyl transfer is independent of the folate pool

(Winkelmayer et al., 2005). It utilizes betaine as a methyl donor. 5-MTHF is

synthesized from 5,10-MTHFin a reaction catalyzed by MTHF reductase (MTHFR).

The methyl group of 5-MTHFderives from the corbon source serine. The remethylation

of Hcy represents a conversion of the carbon skeleton and sulphur atom from the

original methionine compound.

Remethylation

Homocysteine Methionine

    Betaine

5-MTHF THE

Serine

MTHFR

5, 10-MTHF Glysine

Figure 1.6 The remethylation pathways of homocysteine
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1.3.3 Transsulphuration of homocysteine

The catabolism of the carbon and sulphur groups of methionine and Hcy occursvia its

oxidation through the transsulphuration pathway (Figure 1.7). The first step involves the

conversion of Hcy to cystathionine. This is through the action of the Bs —dependant

cystathionine-B- synthase (CS) enzyme and at the presence of serine. The reaction is

irreversible and the produced cystathionine is degraded via cystathionine-y-lyase (CL)

and forms the dispensable amino acid cysteine, a-ketobutyrate and ammonium (NH4)

(House et al., 1997; van Guldener et al., 2001). The cysteine formed contains the

original sulphur moiety from the methionine and Hcy and the carbon skeleton from

serine (Lindner et al., 2002; Wilcken ef al., 1981) and can be utilized for protein

synthesis, glutathione synthesis or it can be further metabolised to taurine, glutathione

and inorganic sulphates. The carbon skeleton of methionine and Hcy,in the form of a-

ketobutyrate is oxidized in the mitochondria through either the pyruvate dehydrogenase

or branched-chain keto acid dehydrogenase complex (Paxtonef al., 1986).

The transulfuration pathwaytherefore, effectively eliminates potentially toxic Hcy when

methionine regeneration is a low priority. The hypothesis that HHcy in CRF is caused

by loss of an active Hcy catabolism in tubular cells seems likely since the glomerulus

can supply large quantities of Hcy to the tubules. /n vivo study in rats, using the

arteriovenous difference technique, shown that the Hcy concentration in renal vein was

20% lower comparedto that in the aorta in postabsortive rats (Bostom et al., 1995). This

indirectly proves the existence of renal Hcy catabolism, since Hcy urinary excretion is

minimal. The magnitude ofthe arteriovenous difference suggests uptake and conversion

of the filtered Hcy fraction only. In contrast to these observations, the renal

arteriovenous difference was not significant in humans (van Guldeneref a/., 1998). In

the healthy general population, a greater proportion of Hcy is catabolized via

transsulphuration during periods of adequate intake, whereas most of the Hcy is

remethylated to methionine during periods of fasting (van Guldener er al., 1999; de

Meer ef al, 2002). Thus transulphuration is thought to maintain normal Hcy

concentrations postprandially, while remethylation maintains normal Hcy
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concentrations under fasting conditions. Whether Hcy metabolism occurs in the human

kidney in non-fasting or uremic conditions remainsto be investigated, but so far there is

no evidence that loss of Hcy disposal is the cause of HHcy in humanswith renalfailure

(Bostom and Lathrop, 1997; Houseet al., 1997; Van Guldeneret al., 2003).

Homocysteine

Serine CS

Transulphuration
Ww

Cystathionine

CL

a- ketobutyrate + NH,  Vv
Cysteine

/\\
Further Metabolism

Protein synthesis, glutathionine,ctc...

Figure 1.7 The transulphuration pathway of Homocysteine.

1.3.4 Renal homocysteine metabolism

It has been established that the kidney possessesactivity of both transsulphuration and

remethylation pathway enzymes andstudies have been able to provide strong evidence

aboutthe specific localisation of these enzymes within the kidney (Houseetal., 1999).
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Based on the use of specific localised enzyme markers, in the proximal orin the distal

tubules in rat kidney, and in situ hybridization techniques, the enzymes of renal Hcy

metabolism are located in the proximal tubules (Houseef al., 1999). These data are also

consistent with the enrichment pattern of many enzymes of amino acid metabolism

(Angermuller and Fahimi, 1988), including those involved in serine metabolism (House

et al., 1997). Homocysteine metabolism in renal isolated cortical tubules was highly

dependant on the serine concentration in the medium. As previously shown in Figure

1.7, serine reacts with homocysteine to form cystathionine. Furthermore, serine serves

as a one carbon donorfor the methylenetetrehydrofolate (MTHF) synthesis (Figure 1.6).

Various studies demonstrated that the remethylation pathway is not the major pathway

for the metabolic disposition of Hcy in rat and human kidneys. Furthermore, in isolated

renal cortical tubules it was shown that Hcy metabolism was highly dependent on the

serine concentration in the medium (Budyet al., 2006).

1.3.4.1 Folate and vitamin B,2 insufficiency

The role of vitamin deficiencies as contributing factors in a defective whole body Hcy

metabolism was studied by measuring their plasma levels and looking at the plasma

Hcyresponse following vitamin B)2 supplementation (Robinsonef a/., 1996; Bostom et

al., 1995b). Plasmalevels of folate, vitamin Be and cobalamin are generally adequate in

renal failure patients but are insufficient to prevent HHCy. Homocysteine levels can be

lowered with supplementation of folate, vitamin Bs and vitamin B,2 (Marcus et al.,

2007). Folic acid and B vitamins decrease Hcylevels in the population but whether they

lower mortality is unclear. In renal patients, of the three vitamins, folate has been the

most effective in lowering Hcy levels. Plasma Hcy concentrations can be reduced by

administrations of folic acid in doses ranging 1 to 15mg per day. In more than 50% of

the cases, however, the Hcy concentration remains above 154M (van Guldener and

Robinson, 2000). In a recent study, combined treatment with folic acid, vitamin Bo and

vitamin Bj. in high doses reduced Hcylevels but did not improve survival or reduce the

incidence of vascular disease in patients with CKD or ESRD (Jamison ef al., 2007).

While the results from an ongoing study in renaltransplant patients is anticipated, there
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is not sufficient evidence currently to recommendtreatmentofall chronic renal patients

with folic acid, vitamin Bs or vitamin Bj (Birn, 2008).

1.3.4.2 Altered renal amino acid metabolism

Serine

Considerable abnormalities in amino acid metabolism occur in CRF (Cibulka and

Racek, 2007) which may be exacerbated by aminoacid and vitamin losses into dialysate

(Dukkipati and Kopple, 2009; Lim and Kopple, 2000), and may contribute to

hyperhomocysteinemia in CRF. Serine is required for both remethylation and

transsulphuration of Hcy, serving as the sourse of 1-carbon units for methyl groups

required in the remethylation of Hcy, and directly condensing with Hcy in the

transsulphuration pathway (Hong ef al., 1998). Serine is synthesized from

gluconeogenicprecursors, or from glycine in a vitamin Bg dependant reaction (Martinez

et al., 2000), and the amountof serine consumedin the diet has no influence onserine

synthesis (Cibulka and Racek, 2007).

The proximal tubules of the kidneys are the primary site of endogenousserine synthesis

(Cibulka and Racek, 2007), therefore, diminished active kidney massleads to low serine

concentrations in plasma, erythrocytes (RBC) and muscle of CRF patients (Divino Filho

et al., 1997; Tizianello et al., 1980; Bergstrom et al., 1990; Bostom et al., 1995b; Hong

et al., 1998; Suliman ef al., 2000). The HD process further reduces plasma serine

concentrations by 21% (Suliman ef al., 1997; Lim and Kopple, 2000). This limited

availability of serine could potentially reduce homocysteine catabolism via

remethylation or transulphuration in CRF and affect the ability of folate, vitamin By2

and Bg supplementation to normalise plasma Hcy concentrations. Bostom efal., (1995b)

are one of the few studies that involved oral serine supplementation (3g/day for a week)

in CRF patients. While the investigators reported no significant effect on plasma Hcy

concentrations, although plasmaserine increased significantly, the small study sample

(n=4) does not permit conclusions to be drawn regarding serine supplementation.
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Methionine

Plasma sulphur aminoacid concentrations are abnormal in CRF, and HD treatmentfails

to fully correct these amino acids abnormalities (Bergstrom ef al., 1990). Plasma

methionine concentrations have been found to be significantly decreased (Suliman er

al., 1997), or similar in HD patients compared with healthy controls (Hongef a/., 1998;

Henning et al., 1999; Suliman et a/., 2000). Plasma methionine concentration was

reported by Hong et al., (1998) to be directly associated with plasma Hcy

concentrations, although that was not confirmed in the study by Henningef al., (1999).

The discrepancy among these findings may be attributed to variable amino acid loss

during HD process, depending on the type of membrane used (Sulimaner a/., 1997; Lim

and Kopple, 2000). In addition,dietary protein from animalsourceshasa relatively high

methionine content and therefore, plasma methionine intake. High dose folic acid

(15mg/d) and vitamin Bs supplementation did not have a significant effect on plasma or

RBC methionine concentrations (Suliman et a/., 2000). These data suggest that any

additional methionine that was generated by Hcy remethylation, following B-vitamin

supplementation, was subsequently converted to SAM and / or used for endogenous

protein synthesis and resulted in no net change in plasma methionine concentrations.

Cysteine

Plasma cysteine concentrations were not elevated in hyperhomocysteinemic patients

with normal kidney function studied by Honget a/., (1998). However, plasma cysteine

and cystathionine concentrations were consistently elevated in CRF, and correlated

directly with Hcy levels (Bostom ef al., 1996; Hong etal., 1998; Henningef al., 1999).

High dose folic acid (15mg/d) and vitamin Be supplementation led to significant

reduction in plasma Hcy/ cysteine concentrations in HD patients (Sulimanef al., 1999)

reflecting enhanced Hcy catabolism to cysteine via the transsulphuration pathway.

However, this B vitamin supplementation did not fully normalise plasma Hcy

concentration. A single HD treatment cleared ~40% of plasma Hcy concentrations

(Suliman et al., 1997). The elevated concentrations of cysteine in CRF and in HD

patients between HD treatments, could lead to feedback inhibition of the enzyme CSat
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the step in the transsulphuration pathway where Hcy condenses with serine to form

cystathionine and potentially limits any further increase in Hcy catabolism.

Cysteine is also the precursor of taurine. Lower plasma and muscle taurine

concentrations in the presence of elevated plasma Hcy concentrations have been

observed in HD patients compared with healthy control subjects (Divino Filhio et al.,

1997; Suliman et al., 1997; Suliman ef al., 2000). It was suggested that the taurine

deficiency may be due to blocked taurine synthesis from the transulphuration pathway,

or limited dietary taurine intake. However, other studies reported normal or elevated

taurine concentrations in HD patients (Smolin ef al., 1987). The patients investigated by

Suliman ef al., (1997, 2000) did not receive vitamin supplements whereasthose in the

study by Smolin efal., (1987) did take supplements providing 1mg/d folate and 10mg/d

vitamin Bs. The inconsistent reports of taurine deficiency in HD patients mayberelated

to insufficient vitamin Bg for Hcy transulphuration and taurine synthesis amongpatients

studied by Suliman ef al., (1997, 2000). The clinical relevance of taurine deficiency in

HDpatients is unknown.

In addition to studies on vitamin and homocycteine levels in patients with CRF,

selenium levels in CRF patients with cardiovascular complications were also measured.

Data indicated a low selenium concentration in patients with CRF compared with

healthy volunteers (Loughrey et al., 1994). Other studies had shown decreased plasma

GPX activity in patients with CRF on dialysis which wasrelated to kidney function

(Kingsley et al., 1998). Plasma GPX activity can be completely attributed to the

selenium-dependentextracellular glutathione peroxidase (GPX3) andit is synthesized in

the kidney by the PTC (Takahashi ef a/., 1987; Takahashi ef al., 1990). In addition,

selenium is metabolised through sulphur amino acids pathways which are common with

the metabolic pathways of Hcy. Therefore in the next section I am going to discuss the

metabolism of selenium in the kidney and the function of selenoproteins in the PTC.
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1.4 SELENIUM

Selenium (Se)is a trace element that was discovered by Jéns Jacob Berzelius, a Swedish

chemist, in 1817 who namedit after the moon goddess, Selene, in Greek. Today, almost

200 years later, selenium is known primarily for its antioxidant activity, and forits

chemoprotective, anti-inflammatory and antiviral properties (Rayman, 2000; Arthur e¢

al., 2003). It is well established as an essential trace element with a unique role and

fundamental importance to human’s health (McKenzie et al., 2002; Zachara, 1992).

Selenium wasfirst shown to be essential for human health in the 1970s when Keshan

disease, an endemic cardiomyopahty in parts of China, was shown to be caused by a

combination of severe Se deficiency and viral infection (Beck et al., 1998; Korn ef al.,

2000). There are about 24 to 26 selenoprotein genes in mammalian genome and with

alternative splicing they give rise to 30 Se containing proteins in mammals and itis

believed selenium exerts its beneficial effects through these (Gladyshev and Kryukov,

2001). Unlike other metal elementsthat interact with proteins as a co-factor selenium is

inserted co translationally into protein as part of the amino acid selenocysteine (Sec)

(McKenzie etal.,2002).

1.4.1 Selenium availability and compounds

Selenium has been suggested to play a role in a number of physiological and

pathological processes: in immune function, viral suppression (Beck et al., 2003;

Broomeet al., 2004; Sheridan ef al., 2007), male fertility, thyroid function, and as an

anticancer agent (Rayman, 2002; Whanger, 2004). The entry point of selenium into

animals is via plants, which absorb the elementin an inorganic form from thesoil (Frost

and Lish, 1975). On a global scale, selenium availability in the soil varies between

areas. Therefore, human dietary Se intake varies throughout the world. Although the

very low intakes (<10ug/day)that result in severe symptoms such as Keshandisease are

rare, suboptimal Se intake is more common.

According to recent studies, many countries in Europe andother parts of the worldstill

have a dietary selenium intake below what is recommendedby health regulatory bodies
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(Combs and Lu, 2001; Rayman, 2005). For example, in the United Kingdom and other

parts of Europe, Se intake is estimated at about 301g/day, well below the current

reference nutrient intake of 75 and 60u1g/day for men and womenrespectively (Brownet

al., 2000). In United States, however, where the dietary intakes are higher than in many

other countries, the current recommendation is 55ug/day. These recommendations were

based on the plasma GPX optimal enzyme activity (Duffield et al, 1999; Thomson

1993); however, a recent study indicates that higher selenium intake is required to

obtain full expression of selenoprotein P (Xia et al., 2005). Relatively lower selenium

status has been linked to many conditions, such as increased cancer and infection risk,

male infertility, decrease in immune and thyroid function, and several neurologic

conditions, including Alzheimer’s and Parkinson’s disease (Rayman, 2000). Low

selenium content is observed in volcanic regions and regions with “acid soil” such as

the southeast parts of the United States (Mushak 1985, Surai ef a/. 2006). Low selenium

intake has been linked with a numberof diseases, including colon and prostate cancer

(Rayman, 2002; Whanger 2004).In addition, low Se intake has been linked to cancer

susceptibility, and Se supplementation to above 200p1g/day has been reported to reduce

cancer mortality (Clark ef al., 1996). The presence of other elements, such as sulphur,

also negatively affects the uptake of selenium from plants (Jonnalagadda and Rao,

1993; Terry ef al., 2000). Consequently, selenium intakes in such areas, and where the

food is produced mainly locally have been documentedto cause overt deficiency-linked

disorders in animals and humans (Abrahams, 2002). Nevertheless, in many parts of the

world, Se intakes although not low enough to cause Se deficiency, they are also not

sufficient for optimal health. For example, a human supplementation trial has shown

that an additional daily intake of 100 ug Se, as sodium selenite, above U.K levels leads

to changesin viral handling (Broomeet al., 2004), which suggests that selenium intake

is suboptimalfor responseto viral infection. Recently, two prospective studies of ageing

populations have demonstrated an association betweenSe status, as assessed by plasma

Se, and subsequent cancer mortality (Akbaraly ef al., 2005; Ray et al., 2006). Twolarge

selenium supplementation trials, the Selenium and Vitamin E Cancer prevention Trial

and the Phase III Randomized Evaluation of Convection Enhanced Delivery of IL-13-

PE38QQR with Survival Endpointtrial, are now in progress to assess the extend to
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which Se supplementation has health benefits in cancer prevention (2008). In addition,

suboptimal Se intake may affect susceptibility or outcome of other clinical conditions,

such as thyroid diseases and AIDS (Beckett and Arthur, 2005; Whanger, 2004). The

effects of selenium on the organism are concentration dependant, ranging from essential

to antioxidant when in nanomolar-micromolar range to potentially prooxidant at

concentrations above what is required for maximal selenoprotein synthesis (Vinceti ef

al., 2001). At even higher concentrations, selenium compounds may accumulate and

redox cycle with intracellular thiols, leading to oxidative stress and damageto cellular

components, thus having toxic effects (Rikiishi, 2007).

In plants, selenium is converted to the organic form of selenomethionine (Semet) and

selenocysteine (Sec). Selenomethionine is the major organic seleno-compoundin cereal

grains, grassland legumes and selenium enriched yeast used for selenium

supplementation. Selenium absorption from food is efficient since there is no

homeostatic control mechanism for its absorption. Thirty percent of selenium is stored

in the liver, 15 % in the kidney, 30 % in the muscle, 10 % in the plasma and the

remainder throughout other organs (Hac et al., 2003). Selenomethionine is generally

thought to be the most bioavailable form of selenium and serves as a major precursor

for Sec synthesis in animals. However, following supplementation, this form can

substitute in tissue proteins for methionine (Combs and Combs, 1984). The metabolism

of different forms of selenium and the pathway of selenium incorporation into proteins

is rather complex andis presented in the following sections.

1.4.2 Selenium incorporation and metabolism

Selenium biology is complex in that its effects on the organism range from essential to

toxic. Thus, highly controlled mechanisms must bein place to sustain optimal levels of

selenium accumulation within cells, both in the form of free selenium compounds,and,

importantly, incorporated within selenoproteins. In the regulation of selenoprotein

synthesis, selenium is itself a key regulatory point for its incorporation into

selenoproteins and acts predominately at post-transcriptional levels, although a recent
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demonstration showedits action at the transcriptional level (Squires and Berry, 2008). A

simplified overview of selenium metabolism is shown in figure 1.8. Selenium can be

obtained from the diet, as seen in section 1.4.1, as the organic form of Semet or the

inorganic form of selenite. Both of these forms, through different metabolic pathways,

are converted to a compoundsimilar to hydrogen selenide in selenocysteine synthesis.

Selenomethionine competes with methionine for absorption on the gut surface, and is

incorporated and stored in body proteins that contain methionine. It can also be

converted to selenocysteine. Selenocysteine, is viewed as an analog of cysteine, and is

probably the most “biologically active” form of selenium in proteins (Arthur ef al,

1997). The difference between the two amino acids is that at physiological pH, the

selenol group of Sec exists in the more reactive, ionized, form whereas the thiol group

of cysteine is protonated and less reactive (Stadtman, 1996). Consequently, selenium

compounds are metabolised to more reduced states, whereas sulphur compounds

become more oxidized. These differences are proposed to account for the antioxidant

and some of the cancer-preventing effects of selenium. Selenocysteine through

transulphuration pathway is degraded to hydrogen selenide. Sodium selenite is also

metabolised to hydrogen selenide. The reason all selenium compounds need to be

converted to a compoundsimilar to hydrogen selenide is because hydrogen selenideacts

as a precursorfor selenoprotein synthesis (Abdulahef al., 2005).

1.4.2.1 Selenium metabolism in the renal proximal tubularcells

The majority of selenoprotein synthesis is via conversion of Semet to selenocysteine

and as mentioned in section 1.4.2 this is through SAA pathway analogous to the

pathway discussed in detail in section 1.3.1 for the conversion of methionine to

cysteine. In particular selenoprotein synthesis is through the transulphuration pathway

which occurs only in certain tissues with kidney as one of them. In addition to this,

stored selenium and available selenium levels are high in the kidney. Therefore it is

very likely that the kidney plays an important role in selenium metabolism and, since

the transulphuration pathway occurs in the proximal convolutive tubules of the kidney,

this role is particularly in the proximal tubules. A detailed pathway of selenium
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metabolism in presented in Figure 1.8. Despite the many potential health benefits of

selenium, the means by which this element promotes better health are only just

beginning to be elucidated (Hatfield and Gladyshev, 2002; Gladyshev, 2001)
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1.4.3 Selenocysteine biosynthesis and incorporation into selenoproteins

Selenoprotein synthesis is an evolutionary conserved process. Selenium is co-

translationally inserted into the growing polypeptide chain as the amino acid

selenocysteine (Sec). The biosynthesis of Sec and its incorporation into selenoproteins

in response to UGA condonare distinctive from the other 20 aminoacids.

First, unlike the other 20 aminoacidsin the genetic code, Sec is synthesized universally

on its own tRNA. Hence, Sec tRNA is unique in that it controls the expression of the

entire selenoprotein family, a phenomenon that has not been reported for any other

tRNA species (Béck, 2001; Carlson and Hatfield, 2002; Xu et al., 2007b). Sec

biosynthesis initiates with the attachment ofserine to the Sec tRNA. Consequently, the

tRNA wasdesignated Sec tRNA "5° (Lee et al., 1989; Leinfelderef al., 1989). Using

serine as an intermediate, the Sec tRNA'S*S* yields Seryl-t-RNA®"S* via seryl

tRNA synthetase. The phosphoseryl tRNA kinase phosphorylates the complex and the

phosphate is then replaced by the selenium donor selenide (H2Se-P), which is thought to

be activated by selenophosphate synthetase (SPS). The resulting molecule is the

[Ser]Sec
selenocysteyl- tRNA , which delivers the Sec into the growing polypeptide chain

(Kim and Stadtman, 1995).

Second, Selenocysteine is the 21° genetically encoded amino acid, translated into

proteins by reading of the opal UGA codonin the coding region of the messenger RNA

(mRNA)(Lee ef al., 1989). In most mRNAs UGAcodesfor the stopping oftranslation

and its interpretation as a sense codonto incorporate Sec requires a specific stem-loop

structure, called the SECIS (Sec-insertion sequence) element, within the 3’-UTR of

selenoproteins’ mRNA. The SECIS element is recognized by the SECIS Binding

Protein 2 (SBP2) which then recruits the Sec-specific elongation factor (EFsec)

(Fagegaltier DN er al., 2000; Tujebajeva RM et al., 2000; Small-Howard and Berry,

2005). A schematic representation of Sec incorporation into selenoproteins is shown in

Figure 1.9.

The complete picture of the Sec biosynthesis pathway in eukaryotes was very recently

defined (Xu et al., 2007) and a remarkable aspect of Sec biosynthesisis that the process
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requires the enzyme SPS2, whichitself is a selenoprotein, suggesting that it is involved

in the autoregulation of its own biosynthesis (Guimaraesef al., 1996).

 

Figure 1.9. Mechanism ofSec insertion into selenoproteins (see text). Sec-tRNA is

shown in a complex with EFsec and SPB2 and the SECIS elementthat is ready for

donation to the ribosomal A site to be decoded by UGA. Once the Sec-tRNA

complex is donated to the A site, Sec-tRNAis transferred to the peptidyl site and

Sec is incorporated into the nascent selenopeptide (From Berry, 2005).

1.4.4 Selenoproteins

The absolute requirement for both a UGA codon and the SECIS for selenoprotein

synthesis has provided the basis for bioinformatic searches of genome datain order to

predict novel selenoproteins (Hatfield and Gladyshev, 2002). Based on

_

these

predictions, a number of novel mammalian selenoproteins have been identified, and in

some cases purified and assigned functional characteristics (Dickiy et al. 2007;

Fergusonef al., 2006). In functionally characterized selenoenzymes, Sec is part of the

catalytic group within their active site and is directly involved in redox reactions (Zhong

and Holmgren, 2000). Although the functions of many selenoproteins are not yet

elucidated, at least three selenoproteins, TrxR1, TrxR2 and GPX4,are essential forlife,

as demonstrated in knockout mouse models (Zhonget al., 2000). The best characterized

selenoproteins are the glutathione peroxidases (GPXs), the thioredoxin reductases

(TrxRs) and deiodinases (DIOs), and selenoprotein P (SEPP).
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Redox regulation has emerged as an essential regulatory process of many pathways in

cell biology (Ghezzi, 2005; Linke and Jakob, 2003). Disruption of the intracellular

redox balance leads to a state of oxidative stress, during which proteins, nucleic acids,

lipids and other macromolecules can accumulate severe damage. Oxidative stress

appears to be a major factor in ageing and has been implicated in numerous diseases

such as Alzheimer’s, diabetes and cancer (Aliev et al., 2002; Berlett and Stadtman,

1997; Kovacic and Jacintho, 2001)

1.4.4.1 Glutathione peroxidase family

The first mammalian protein shown to incorporate selenium in the form of

selenocysteine into its catalytic site was glutathione peroxidase 1 (GPX1) and it was

assumed to be associated with the antioxidant activity of selenium (Forstrom et al.,

1978). Analysis of the selenoproteomeidentified six glutathione peroxidases, five of

them in mammals: the ubiquitously expressed cytosolic GPX (GPX1) (Flohe er al.,

1973), the phospholipid hydroperoxide GPX (GPX4) (Thomas and Girotti, 1988)

including a sperm nuclei-specific protein (Borchert ef al., 2003), plasma GPX (GPX3)

(Takahashi et a/.,1990), gastrointestinal GPX (GPX2) (Wingler and Brigelius-Flohe,

1999) and one in humans, GPX6, that is restricted to the olfactory epithelium and

embryonic tissues (Kryukov et al., 2003; Brigelius-Flohe, 2006). Glutathione

peroxidases are well known for catalyzing the reduction of hydrogen peroxide and

organic hydroperoxides, thus protecting cells from oxidative damage (Seiler et al.,

2008). GPXs 1-3 are homotetrameric proteins with a subunit molecular mass of about

22-25kDa, whereas GPX4 is a 20- to 22kDa monomeric enzyme (Lu and Holmgren,

2009). GPXs are widely believed to be major components of the human antioxidant

defense. GPX1 and GPX2 have antioxidant functions, protecting cells from oxidative

stress; knock-out mice lacking both GPX1 and 2 are more susceptible to oxidative

challenge (Chu et al., 2004; Lu and Holmgren, 2009). However, GPX4appears to have

a complex range of functions in protection from oxidative stress, lipoxygenase

metabolism, and sperm function (Brigelius-Flohe, 1999; Ran et al., 2004).
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1.4.4.1.1 Glutathione peroxidase 1

A complicated picture for the physiologic functions of this ubiquitous cytosolic enzyme

has been suggested from several studies on genetically modified mice (Lei and Cheng,

2005; Schweizer and Schomburg, 2005). Generally, GPX1 can metabolize hydrogen

peroxide and some organic hydroperoxides, but not fatty acid hydroperoxide in

phospholipids (Lu and Holmgren, 2009). Earlier studies showed that GPX1 was a major

mediator of the protective effects of selenium when oxidative stress was induced in

mice subjected to paraquat and H2O> (Chenget al., 1998; de Haan et al., 1998). This is

likely achieved by preventing the oxidation of NADPH, NADH,lipids and proteins

(Cheng ef al., 2003). However, since studies on mice deficient to GPX1 showed no

increase in oxidative stress or sensitivity to hypoxia and GPX1 deficient mice were

healthy and fertile, it has been suggested that GPX1 plays a limited role under

physiological conditions and during normal development(Hoef al., 1997). Responses

of transgenic mice lacking or overexpressing GPX1 have suggested novel roles for

GPX1in relation to both reactive oxygen species and reactive nitrogen species as well

as a link to insulin-mediated effects (Lei ef a/., 2007). In addition, studies on GPX1

knockout and transgenic mice have associated GPX1 with protection against virus

infection. Beck et al., (1998) demonstrated that GPX1 knockout mice developed

cardiomyopathy that resembled Keshan disease when infected with a benign

Coxsackievirus. Zhao et al., (2006) showed that some retroviruses such as HIV have

been found to encodeviral glutathione peroxidase homologues in their genome (vGPX).

However, this enzymeis thought to enhance virulence and promote viral replication by

inhibiting ROS-induced apoptosis when expressed. Therefore it creates controversy

since a vast amount of studies have linked selenium with inhibition of progression to

HIV disease via boosting the immune system, decreasing mortality in HIV-infected

patients and increasing the cytokine production (Rayman, 2005). There is an increasing

amount of experimental evidence to suggest that the risk of some cancers could be

influenced by reduced levels of GPX1 through a reduced antioxidantrole or possibly

through the modulation of DNA repair and cell-survival molecules (Nasr e¢ al., 2004).

On the other hand, studies on transgenic mice overexpressing GPX1 had showed

enhanced tumorincidence. This is, probably because of a decrease in ROS-mediated
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apoptosis and an increasein cell proliferation (Arthur, 2000). Thus, in order to obtain

beneficial effects, GPX1 must be maintainedat a balancedlevel.

1.4.4.1.2 Glutathione peroxidase 3

Glutathione peroxidase 3 (GPX3) is a glycoprotein purified and characterized from

human plasma in 1987 (Takahashi et a/., 1987). It is the extracellular memberofthe

family of selenoproteins and it is often referred to as plasma glutathione peroxidase.

Although several tissues express GPX3 mRNA,the major source of plasma GPX3is the

kidney. Chronic renal failure reduces plasma GPX activity and anephric individuals

have very low plasma GPX activity and plasma GPX3 protein whichis increased after

kidney transplantation (Avissar et al., 1994, Whitin et al., 1998; Yoshimura et al.,

1996). GPX3 is made up of four subunits, each of 23 kDa based on SDS-PAGE and a

predicted subunit size of 25.3 kDa based on its cDNA sequence (Takahashief al.,

1990), with the incorporated Se present as selenocysteine and a glycosylated N-terminal

region (Marnett ef al., 1987; Takahashi et a/., 1987). In studies in humans and mice,

GPX3 has been foundin blood plasma (Takahashi et al., 1987), breast milk (Avissaret

al., 1991), in fluid lavaged from lung (Avissar et al., 1994; Cohenet al., 1993), and in

amniotic and exocoelomic fluid surrounding the developing mouse embryo (Kingsley et

al., 1998). Transcripts for GPX3 were found athigh levels in the proximaltubules of the

kidney in humans and mice (Avissar ef al., 1994; Kingsley et al., 1998; Maser et al.,

1994), and lower amounts in lung,heart, and intestine (Avissar et al., 1994; Chu et al.

1992; Kingsley et al., 1998; Yoshimura ef al., 1991). Strong evidence suggests that

plasma GPX makes up around 20% oftotal selenium based on column chromatography

methods (Deagen ef al., 1993). GPX3 is synthesized and secreted by somecell lines,

including the Caki-2 kidneycell line and the Caco2 colon carcinomacell line (Avissar

et al., 1994). GPX3 in vitro reduces organic hydroperoxides, phospholipid

hydroperoxides, and hydrogen peroxide (Takahashi ef al. 1987; Yamamoto and

Takahashi, 1993). Studies in mice that overexpress GPX3 suggested a protective

extracellular antioxidantactivity for GPX3. Mice that overexpressed GPX3, with 2-fold

more plasma GPX activity, were protected against both renal ischemia-reperfusion
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injury - an injury to the kidney - and acetaminophen toxicity- an injury to the liver

(Ishibashiet al., 1999; Mirochnitchenkoef al., 1999).

Immunohistochemistry data of GPX3 in sections of human kidney showed the

predominantlocalization of GPX3 to be in the extracellular space near the basolateral

membranes of tubular cells. Basolateral secretion of GPX3, was consistent with a

localization in the interstitial fluid and the tubular epithelia had a lighter staining of

GPX3, whereas the glomeruli was negative for GPX3. The localization of GPX3

contrasted with that of GPX1, where the tubular epithelia of the kidney were the

predominant site of GPX1 staining, with none in the extracellular fluid or interstitial

space (Avissaret al., 1994; Kingsleyef al., 1998).

Several studies on GPX3 knockout mice have confirmed that deletion of GPX3 had no

effect on selenium concentration in liver, brain, testis, muscle, or the whole body and no

effect on its urinary excretion. However, deletion of GPX3 has shown to cause a

decrease in kidney selenium concentration due to a lack of GPX3in the kidney and not

due to decreased supply of selenium (Avissaret al., 1994).

1.4.4.1.3 Glutathione peroxidase 4

The primary biological role of GPX4, unlike other glutathione peroxidases, is to protect

against lipid peroxidation and function in eicosanoid metabolism (Ursini et al., 1987a ;

Ursini et al., 1987b). Phospholipid hydroperoxide glutathione peroxidase functions to

reduce directly fatty acid hydroperoxides that are esterified to phospholipids (Ursini ez

al., 1985),-by using electrons from protein thiols as well as from glutathione, in

mammalian cells (Imai and Nakagawa, 2003). It has also been shown to reduce the

hydroperoxides of cholesterol and cholesterol ester in membranes and low-density

lipoproteins (LDL) (Thomasefal., 1990a; Thomaset al., 1990b). This role of GPX4 in

the prevention of LDL oxidation is important for the prevention of cardiovascular

disease, since oxidized LDL can be taken up by endothelial cells and macrophages in

the arterial walls thus leadingto the first stages of atherosclerosis (Holoveter al., 1994).

GPX4 is present in cytosolic, mitochondrial, and nuclear isoforms with differential
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tissue distribution. In rats fed a selenium deficient diet GPX4 activity was only reduced

to about 25% in liver, kidney and lung whereas GPX1 was reduced by 75% (Weitzel et

al., 1990; Lei et al., 1995). Targeted disruption of GPx4 is embryoniclethal. Cells from

GPX4 heterozygous mice are more sensitive to oxidative stress induced byirradiation,

paraquat, tert-butylhydroperoxide, and H20, demonstrating a unique andessential role

of GPX4in cellular differentiation during embryonic development, as well as being an

essential antioxidant in mammalian cells (Imai et a/., 2003; Yant et al., 2003).

Although GPX4 is a universal antioxidant enzyme protecting membrane lipids, more

recent data suggest that the nuclear isoform of GPx4 has a role in chromatin

condensation and structural stability of sperm chromatin thus contributing in sperm

maturation and male fertility by acting as a protein thiol peroxidase (Conrad et al.,

2005). Selenium depletion studies of rodents have clearly demonstrated the importance

of this trace element in male fertility (Olson ef a/., 2004). GPX4 exists as a soluble

redox-active enzyme in spermatids and undergoes oxidative polymerization, forming a

structural base of the sperm mitochondrial capsule in mature spermatozoa (Ursinietal.,

1999: Roveri et al., 1992; Roveri et al., 1994). Human studies have also linked male

infertility to low levels of GPX4activity and decreases in sperm motility and viability,

suggesting that GPX4is indispensable for structural integrity of spermatozoa (Foresta ef

al., 2002).

1.4.4.2 Thioredoxin reductase family

Overwhelming evidence has been generated to support the fact that the thioredoxin

system, consisting of the TrxR, Trx and NADPH,is a major cellular redox system

present in all living organisms (Arner and Holmgren, 2000). There are two known

forms of TrxR in nature, a small or bacterial and a large or animal type. The bacterial-

type is a non-selenium enzyme (70 kDa) andit is presentin all bacteria, archaea, and

lower eukaryotes like yeast and plants (Novoselov and Gladyshev, 2003). In contrast,

the animal type is a selenoenzyme (2115 kDa) present in the higher eukaryotes
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including mammals. The animal thioredoxin reductase is highly homologous to

glutathione reductase, with a conserved redox catalytic site at the N-terminal.

In mammals there are threee thioredeoxin reductases known: the cytosolic enzyme

TrxR1 (Tamura and Stadtman, 1996), the mitochondrial enzyme TrxR2 (Lee et al.,

1999; Miranda-Vizueta et al., 1999), and the testis-specific enzyme thioredoxin-

glutathione reductase (TrxR3) which also possess a glutaredoxin reductase activity (Sun

et al., 1999; Sun et al., 2001). Furthermore, an ever-increasing body of experimental

evidence suggests a greater variety of thioredoxin reductases with different regulation

and cellular functions due to alternative splicing events that have been reported within

these genes (Chang ef al., 2005; Damdimopouloset al., 2004; Miranda-Vizuete and

Spyrou, 2002; Sun et al., 2001b).

Mammalian TrxRs have a wide substrate range and they are involved in manycellular

processes. In general, the substrates include macromolecules in which the disulfide

bonds play critical role in the regulation of their function. The mechanism of

thioredoxin reductase-dependant reduction of substrates involves electron transfer from

NADPHto FAD,via the N-terminal active site to penultimate Sec residue in a 16-

residue C-terminal extension, which is indispensable for their enzymatic activity

(Biterova et al., 2005; Gladyshev etal., 1996; Luthman and Holmgren, 1982; Zhong et

al., 2000; Zhong and Holmgren, 2000). Thioredoxin reductases directly reduce

numeroussubstrates, but they predominantly act by controlling the function of the redox

molecule thioredoxin. Thioredoxin reductases are the only enzymes knownto catalyze

the NADPH-dependant reduction of oxidized thioredoxin (Luthman and Holmgren,

1982) thus they havea central role in cellular redox regulation.

Therefore, the thioredoxin system, via the disulfide reducing capacity of thioredoxin,

catalyzes the reduction of protein disulfides such as in ribonucleotide reductase, an

enzyme essential for DNA synthesis (Holmgren, 1985; Holmgren, 1989). Other

substratescritical in defense against oxidative stress include the thioredoxin peroxidases

(Rheeet al., 2005) and the protein disulphide isomerases, the latter capable to catalyze

protein disulfide formation within the endoplasmic reticulum (ER) (Lundstrom and

Holmgren, 1990). Also in ER there are two more proteins with Trx domains, involved
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in calcium metabolism, the calcium binding protein 1 and 2 (Lundstrom-Ljungetal.,

1995).

The thioredoxin system has the capacity to act at several levels in respect of redox

regulated gene expression. Available evidence suggest that it plays a central role in the

regulation of gene expression via redox controlof transcripion factors including NF-kB,

AP-1, p53 and apoptosis-regulating kinase (ASK1), thus indirectly regulating cellular

activities such as cell proliferation, cell death, and immuneresponseactivation (Rundlof

et al., 2004). In addition, many studies have reported that TrxR is transcriptionally

regulated via an antioxidant-response element (ARE)(Hintze er al., 2003; Tanito et al.,

2005). The redox sensitive Sec residue within TrxR has been suggested to act as a

cellular redox sensor and regulator of cell signaling in response to elevated levels of

ROS(Sunet al., 1999).

Apart from the macromolecules above, efficient substrates for thioredoxin reductases

include smaller molecules like DTNB (5-5’-dithiobis- (2-nitrobenzoic acid)) - widely

used to measure TrxR activity in vitro- and nitric oxide (NO), a molecule that plays

many important roles in redox signaling (Arner er al., 1996; Arner et al., 1999;

Holmgren and Lyckeborg, 1980; Luthman and Holmgren, 1982; Nikitovic and

Holmgren, 1996; May et al., 1998). In physiological systems nitric oxide with

glutathione forms the stable adduct S-nitrosoglutathione (GSNO), which is reduced by

TrxR. The resulting NO* molecule may react further with TrxR and inactivate its

disulfide reductase activity (Nikitovic and Holmgren, 1996).

In addition, other substrates for TrxR are many selenium compounds including

selenocysteine, ebselen, selenodiglutathione, selenite, and methyseleninate (Bjornstedt

et al., 1995; Bjornstedtet al., 1992; Gromer and Gross, 2002; Kumaret al., 1992; Zhao

and Holmgren, 2002; Zhao et al., 2002). It is important to highlight the fact that

hydrogen selenide, also previously seen (Section 1.4.), is the selenium donor for

selenocysteine synthesis, and some compounds, selenodiglutathione and selenite in

particular, are metabolised to hydrogen selenide, hence TrxRsparticipate in selenium

metabolism through selenium-selenium interactions (Ganther, 1999). This suggests an

important role for TrxRs in controlling selenoprotein synthesis. Furthermore,substrates
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such as lipid hydroperoxides and hydrogen peroxide can directly be reduced by TrxR,

and the presence of selenium compoundssuch as ebselen or selenocysteine strongly

increases this activity (Bjornstedt et al., 1995; Zhao et al., 2002). The fact that

selenocysteine along with other selenium metabolites also redox cycle with oxygen and

NADPHmaybea possible explanation into why cells do not have a free pool of Sec.

Moreover, the extensive reactivity with TrxR mayalso explain the toxicity of selenite.

The lethal embryonic phenotype seen in Trx gene knockout mice highlights the

importance of the Trx system in development (Matsui et a/., 1996). Matsui ef al., (1996)

demonstrated that heterozygotes were viable, fertile, and appeared normal but

homozygous mutants died shortly after implantation as a result of failure to proliferate.

This suggests that Trx gene expression is essential for early differentiation and

morphogenesis of the mouse embryo. Similar to Trx gene depletion, severe growth

retardation and widespread developmental abnormanities in most tissues -except the

heart- were the result of an early embryonic death in TrxR gene depletion studies

(Jakupoglu ef al., 2005). In addition in TrxR1-deficient mouse fibroblast grown in

culture, a severe impairment in proliferation without obvious apoptotic cells also was

observed (Jakupoglu er a/., 2005). The similarities in phenotype between Trx gene and

TrxR1 knockout could most likely be explained by impaired DNA synthesis due to

accumulation of oxidized, non-functional ribonucleotide reductase. Therefore the above

studies demonstrate that the Trx/TrxR system is essential for development andpossibly

cell proliferation in vivo. They also emphasize the importance of the Sec residue for

catalytic activity. Conrad er al., (2004) observed that mitochondrial TrxR gene knock

out result in embryonic death at around day 13. In addition, homozygous mutant

embryos showedincreased apoptosis in the liver, decreased hematopoiesis and cardiac

defects. In many respects, both TrxR1 and TrxR2 appear to be involved in

embryogenesis although their functions are non-redundant during embryonic

development. Thioredoxin reductase 1 is essential for emryogenesis by controlling

developmental aspects of emryogenesis, whereas TrxR2 is essential for hematopoiesis,

heart development, and heart function.
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Nalvarte ef al., (2004) demonstrated that TrxR2 reduces cytochromec, thus suggesting

a role for TrxR2 in mitochondrial redox process and apoptosis signaling. Another study

by Kim et al., (2003) showed that induction of mutant TrxR2 increased the rate of

progression from G, to S phase of the cell cycle, thus suggesting an implication of

TrxR2 in cell proliferation. In general, a variety of studies have reported an association

between Trx2 or TrxR1 overexpression and cancer. For instance, Kokolyris et al.,

(2001) and Soiniet al., (2001) have found TrxR1 and TrxR 2 to be overexpressed in

non-small cell lung carcinoma, Matsutani et a/., (2001) and Turunen et al., (2004) in

breast carcinoma, Shao et al., (2001) in T-cell acute lymphoblastic leukemia, Kawahara

et al., (1996) in hepatocellular carcinoma, Hedley ef al., (2004) in cervical carcinomas,

Groganef al., (2000) in gastric carcinoma, Kahlosef al., (2001) in malignant pleural

mesothelioma and Raffel et a/., (2003) in colorectal cancer. Furthermore, Raffel et al.,

(2003) showedthat this overexpression of thioredoxin system wasalso associated with

decreasedpatient survival, hence suggesting the thioredoxin system asa possible target

for anti-cancer drug resistance. Indeed, as demonstrated in human hepatocellular

carcinomacell lines and mouse lung cancer cell lines (Gan et al., 2005; Yoo et al.,

2006), the cancerrelated properties of tumors and malignantcells can be altered from a

variety of potent TrxR1 inhibitors. In particular, the reduced TrxR1 expression leadsto

a reversal of the tumor phenotype which suggests that TrxR could be an excellent

potential target for anticancer therapy.

1.4.4.3 Other selenoproteins

1.4.4.3.1 Selenoprotein P

Selenoprotein P (SelP) is a unique selenoprotein, in that it is the only such protein

knownto contain multiple Sec residues; it may carry between 10 and 17 Sec moieties

depending on the species. For instance, human protein carries 10 Sec residues while the

zebrafish homologuecarries 17 residues (Burk and Hill, 2005; Kryukovef al., 2003).It

is estimated that more than 50% of plasma Se exists in SelP, suggesting a role in the

transport and delivery of selenium to remote tissues (Scweizer et al., 2005b). It is,
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together with GPX3, the only other selenoprotein found in plasma (Akesson ef al.,

1994; Read et al., 1990), and is secreted in a glycosylated form by the liver. SelP

expression is detected in all tissues (Burk and Hill, 1994) and in terms of selenium

status assessment, evidence from a recent supplementation study suggest that plasma

SelP is a more accurate marker for selenium saturation levels than the previously used

GPX3(Xiaet al., 2005).

Several studies on SelP knockout mouse models have confirmed the role of SelP as a Se

transport protein, since they demonstrate reduced selenium distribution in their tissues.

Nevertheless, SelP knockout mice did not show any deficiencies in the thyroid

hormones (section 1.4.4.3.2) and expression of deiodinases (DIOs) was unaffected,

suggesting that the thyroid system does not rely on SelP for its selenium supply

(Schomburget al., 2003). Similarly, Schweizer et al., (2005b) observedthat, unlike the

total SelP knockout, liver targeted SelP knockout did not show a defectin the selenium

levels, selenoprotein expression, or neurologic phenotype, thus suggesting that locally

expressed SelP plays an essential role in the brain. Therefore, from the studies aboveit

can be concluded that SelP has a vital role in supplying selenium to various tissues;

however, as demonstrated in the brain, locally expressed SelP may have additional

functions.

Apart from its role as a transport protein, SelP mayalso serve as a heavy-metal chelator

(Sasakura and Suzuki, 1998). Whanger (2001) suggested a role for SelP in preventing

neurotoxicity presumably by forming nontoxic Se-metal complexes, while Arteelet al.,

(1998) suggested a role for SelP against peroxinitrite-mediated oxidation andnitration.

Takede et al., (2002) proposed an antioxidant role for SelP because ofits ability to

directly reduce phospholipid hydroperoxides in vivo. Similarly, some studies in

endothelial cells (Atkinson ef al., 2001; Steinbrenner ef al., 2006b) and in astrocytes

(Steinbrenneref al., 2006a) have suggested protection of cells against oxidative stress

by SelP. Also Traulsen ef al., (2004) showedthat SelP inhibits oxidation of low-density

lipoproteins (LDLs). Even though Burk and Hill (2005) reported decreased levels of

SelP in cirrhotic liver disease, there is relatively little evidence available to suggest clear

links between SelP and disease. Indeed, the decreased levels of SelP it is more likely to
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be a consequence of impaired liver function rather than a causal effect (Burk and Hill,

2005).

A downregulation of SelP expression in prostate cancer tumors and colorectal

carcinomas (Al-Taie ef al., 2004; Burk and Hill, 2005) has been reported, whereas an

oxidative stress- induced renal cancer model showedincreased SelP levels (Tanaka et

al., 2000). SelP mayalso play a protective role against CVD developmentbyprotecting

vascular endothelial cells from oxidative damage (Haraet al., 2001). On the other hand,

the fact that SelP is critical in supplying the brain with selenium, as shownin total SelP

knockout mice models, and the decrease seen in selenium content in brains from

Alzheinmer’s disease patients (Wenstrup et al., 1990), could possible suggest that SelP

is directly involved in etiology ofthis disease, and other neurologic conditions (Cheng

and Berry, 2003). Collectively, from the studies conducted so far, it can be concluded

that SelP has a central role in human health but further evidence are required to

establish a strong link with specific pathologic conditions.

1.4.4.3.2 Iodothyronine Deiodinases

The family of iodothyronine deiodinases (DIOs) consists of three differentially

distributed, Sec-containing oxidoreductases: DIO1, DIO2 and DIO3. DIOscatalyze the

activation and inactivation of the thyroid hormones, by removing distinct iodine

moieties (Bianco and Kim, 2006). The thyroid hormones regulate various metabolic

processes, such as growth and thermogenesis, and are indispensable for the normal

development of the fetal brain (St Germain ef al., 2005). Many studies appear to

connect selenium biology to thyroid hormone metabolism and several extensive reviews

on the topic are available (Bianco and Kim, 2006; Bianco et al., 2002; Koenig, 2005;

Kohrle and Jakob, 2005); however, only brief aspects and recent updates are discussed

in this chapter. With Sec present in the active site, all DIOs exhibit a thioredoxin-

foldlike structure (Bianco and Larsen, 2005; Callebaut ef al., 2003). Despite their

similar structure, their expression pattern during development and in adult tissues is

different (Schweizer and Schomburg, 2005). DIO1, for example, is expressed mostly in
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the kidney, liver, thyroid and pituitary gland and DIO2 is mostly expressed in the

thyroid, the skeletal muscle, the pituitary gland and the central nervous system. DIO3,

on the other hand is predominantly expressed in the pregnant uterus, embryonic and

neonatal brain, embryonic liver and neonatal skin.

In addition, DIO1 and DIO3are localized at the plasma membrane, while DIO2 resides

in the ER membrane (Baquietal., 2003; Baquiet a/., 2000). During Serestriction DIO2

and DIO3 expression is maintained in the brain and placenta, whereas DIOI decreases

in other tissues. Korotkov ef al., (2002) demonstrated, by using cysteine mutants, a

three-fold decrease in DIO activity, thus suggesting Sec presence as an absolute

requirementfor their catalytic activity. Indeed there is strong evidence to suggest that Se

levels have a direct regulatory effect on the expression of DIOs and among various

selenoproteins during Se deficiency, DIOs rank high in the hierarchy of selenium

supply. Although the mechanisms involved in regulation of DIOs are not fully

understood, an increasing body of experimental evidence suggests that DIOsaretissue

or organ specific (Negro, 2008).

1.4.4.3.3 Selenoprotein W

Selenoprotein W (SelW) is ubiquitously expressed in tissues, and its expression is

regulated by selenium levels. During selenium deficiency, this small -9.5kDa- highly

conserved among mammals protein (Gu ef al., 1999; Vendeland ef al., 1993), is

reported to be reduced in skeletal muscles, heart, intestine, prostate, esophagus, and

skin. On the other hand, its expression in the brain remains preserved during selenium

deficiency (Whanger, 2000). Becauseofits high affinity to bind glutathione, it has been

suggested that SelW holds a potential antioxidant function (Beilstein eal., 1996). In

fact, overexpression of SelW in cell cultures protects cells against oxidative stress. Also

in response to exogenous oxidants in muscle cells SelW levels are upregulated.

Evidence points that both glutathione-binding and Sec residues are required for the

antioxidant protection but the underlying mechanismsare yet not known (Jeongef al.,

2002).
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SelW is predominantly in the cytoplasm but a small fraction is also bound to the cell

membrane (Yeh ef al., 1995). SelW function remains unknown, although it was

originally identified as a selenoprotein that was lost from the muscle of selenium-

deficient sheep with a condition called the white muscle disease. Therefore, an

involvement of SelW in muscle disease has been proposed and recent studies

demonstrate an early developmental expression of SelW in muscle progenitorcells and

high expression levels in proliferating myoblasts. Besides SelW importance in the

muscle, its expression is also critical in the brain, since its expression levels are

maintained during selenium deficiency (Amantanaet al., 2004). Additional studies on

animal models with tissue specific targeted disruption of SelW are required in order to

elucidate a clear evidence regarding the role of SelW in muscle and brain development

and in muscle-related and neurologic diseases.

1.4.4.3.4 Sep 15

Sep 15 expression is regulated in response to dietary selenium (Ferguson ef al. 2006)

and it is expressed in severaltissues -highest levels in brain, lung, testis, liver, thyroid,

and kidney (Kumaraswamyef al., 2000). Among the first identified selenoproteins

(Behne ef al., 1997), the precise function of Sep 15 remains elusive. Some evidence

suggest that Sep 15 is a member of the thioredoxin-like family of proteins, highly

homologousto the ERprotein disulfide isomerase and contains a, Sec-containing redox-

active motif (Ferguson et al. 2006). Other evidence points towards its potential

involvementin the quality control of glycoprotein folding within the ER (Korotkovet

al., 2001; Labunskyy ef al., 2005). Additionally, there is evidence to suggest that Sep

15 is required for apoptosis, and loss of Sep 15 is associated with malignancy, thus one

can propose that loss of Sep 15 couldbe an early event in malignant transformation that

allowscells to escape death and proliferate into tumors. Further in depth-analysis and

characterization of Sep 15 is required to determine its proposed role in mediating

chemopreventive effects of selenium andits involvement in cancer onset.
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1.4.4.3.5 Selenoprotein M

Selenoprotein M is mainly expressed in the brain and thyroid. However, a variety of

other tissues including the kidney, heart, lung, uterus and placenta, also express SelM

but in moderate levels (Korotkovet al., 2002). An important characteristic of SelM is

the fact that it lacks a canonical SECIS element and selenocysteine is incorporated in

response to a conserved mRNA structure with cytidines instead of adenosines

(Korotkov et al., 2002). Because SelM contains a surface-accessible, Sec-containing

redox-active motif, similar to Sep15 motif, it is suggested to have a redox function

(Korotkov et al., 2002). In addition, like Sep15 only, SelM is found in the perinuclear

structures in the cell; a rare location for selenoproteins. Therefore, due to the two

observations above, SelM is considered to be distantly related to Sep15. Sep15 has

been suggested to be implicated in cancer. In this instance, however, the role of SelM in

cancer prevention remains to be established. SelM involvement in Alzheimer’s disease

has been evaluated in the brain of transgenic mice by Hwanget al., (2005). They

overexpressed the presenilin-2 (PS2) gene- responsible for the early-onset of

Alzheimer’s disease- and found that SelM but not SelP was suppressed in the brain of

transgenic mice. Nevertheless, further detailed studies in the brain will be necessary in

order to establish whether SelM has a functional role and potential involvement in

regulation of the disease.

1.4.4.3.6 Selenophosphate synthase 2

Selenophosphate synthase 2 (SPS2) catalyzes the conversion ofselenide, the selenium

donor in the formation of Sec (Section 1.4.3), to selenophosphate. Although, little

evidence exists for the physiologic role of SPS2 and any implications in disease, it

clearly is essential for the Sec biosynthesis. It is therefore suggested that SPS2 has an

auto-regulator role as well as a regulator role in selenoprotein synthesis as a whole (Xu

et al., vol 404, 2007). It has also been demonstrated that SPS2 haspreferential substrate

activity for selenide derived from selenite rather than Sec (Tamuraef al., 2004).
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1.4.4.3.7 Selenoprotein S

In a study with fasting diabetic animals, Walderet al., (2002) found that selenoprotein S

(SelS) expression wasinhibited by glucose and that SelS interacted with an acute-phase

inflammatory response protein, serum amyloid A, hence suggesting, through its

interaction with serum amyloid A, a mechanistic link with type 2 diabetes,

inflammation, and cardiovascular disease. Other evidence suggest that SelS may be

implicated in the regulation of cytokine production, thus in the control of inflammatory

responses (Curranet al., 2005; Gaoet al., 2006).

1.4.4.3.8 Selenoprotein N

Although the biologic function of selenoprotein N (SelN) is unknown,it is the only

selenoprotein so far directly linked to a disease (Moghadaszadeh er al., 2001;

Rederstorff et al., 2006). Indeed its characterization started with a knownloss-of-

function phenotype. Available evidence clearly suggest an important role for SelN in

muscle tissue. For example, several studies have linked the SeIN gene (SEPN/) locus

with several forms of early-onset myopathies such as hypotonia, weakness, axial muscle

impairment, spinal rigidity and life threatening respiratory failure (Rederstorff et al.,

2006).

1.4.4.3.9 Selenoprotein K

The recently characterized selenoprotein K (SelK) (Lu ef al., 2006), exhibits a Sec

residue at its active site (Kryukovet al., 2003) and it is mainly expressed in the heart

and the skeletal muscle. The proposedlocalisation of SelK is within the ER (Lu etal.,

2006), and the plasma membrane (Kryukovetal., 2003).A possible role for SelK in the

antioxidant function of the heart has been suggested since overexpression of SelK

decreased the levels of intracellular ROS and protected cardiomyocytes against

exogenously imposed oxidative stress (Lu er al., 2006).
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1.4.4.3.10 Selenoprotein R

Selenoprotein R (SelR) is predominatly localised in the nucleus and the cytoplasm of

cells (Kim and Gladyshev, 2004). SelR is a selenoprotein and a memberof the family of

proteins that catalyze the reduction of methionine sulfoxides, which occur from

oxidation of Met due to an increase in ROS. These methionine sulfoxides, if unrepaired,

can lead to protein damage and abrogated protein function (Stadtman, 2006). Thus,

SelR is proposed to have a role as a redox-active selenoprotein with a specific

enzymatic function to repair oxidative damaged proteins. Experimental studies provide

evidence to suggest that a decrease in resistance to oxidative stress and to a shortening

of the maximal lifespan are associated with decreased SelR activities while

overexpression of SelR activities is associated with an increase in resistance to oxidative

stress and a significant increase in lifespan (Stadtman, 2006). Based on these outcomes,

even though clear role for SelR is still uncertain, SelR may potentially be one of the

selenoproteins through which selenium conveys its anti-ageing properties. Furthermore,

because high levels of expression are found in brain,it is also possible to have critical

role in neurologic conditions.

1.4.4.3.11 Functionally uncharacterized selenoproteins

The steady increase in the numberof selenoproteins in the recent years highlights the

importance of this class of proteins. Selenoproteins that have not been characterized

include SelH, SelO, Sell, SelT, and SelV. All proteins, apart from Sell, contain a motif

that predict a redox-related function (Korotkov et al., 2002) and will require

experimentalverification in the nearfuture.
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1.5 HYPOTHESIS

In the light of the background presented in this chapter a growing body of evidence

relates selenoproteins with protection against oxidative stress, regulation of redox

balance, cancer prevention and immune function of cells. In patients with kidney

disease there is an inverse correlation between plasma Hcy concentrations and renal

function while the progression of disease correlates with the extend of TIF and release

of inflammatory and fibrotic mediators by the PTC. The increased homocysteine in

renal failure patients is thought to arise from altered metabolism of sulphur amino acids.

One potential mechanism by which this altered sulphur amino acid metabolism might

influence cellular synthesis and release of cytokines is through an interference in the

utilisation of selenium. Dietary selenium is present predominantly in the form of the

amino acids selenomethionine and selenocysteine which are handled in an analogous

manner to sulphur amino acids and hencethere is the potential for abnormal sulphur

amino acid metabolism to interfere with selenium metabolism. My hypothesisis that

selenium is important for normal function of PTC and elevated levels of homocysteine

at the concentrations seen in patients with renal failure could potentially interfere with

the synthesis of key selenoproteins and thus modify the redox status of PTC promoting

inappropriate activation of pro-inflammatory transcription factors and expression of

genes encoding for cytokines and chemokines. The selenoproteins TrxR and GPX were

chosen as markers for selenium bioavailability, since both families are important in

maintenance of the redox status and in antioxidant defense of renal PTC. The TrxR

family is also key to maintenance of reduced thioredoxin, while the GPX family can

detoxify hydrogen peroxides and lipid hydroperoxides in the presence of reduced

glutathione. This hypothesis was examined in immortalised PTCs in which the effects

of varying homocysteineand selenium concentrations on TrxR and GPX1 were studied.

From the glutathione peroxidase family GPX1 was chosen even though other member

of the GPX family such as GPX3that is mainly produced by the PTC and GPX4that

has a major role in phospholipid metabolism would be more appropriate. This is due to

lack of well established laboratory assays to measuretheiractivity.
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1.6 AIMS

> Was to establish the effect of selenium availability on the activity of

selenoproteins in PTC. In particular, the interaction of selenium with SAA

pathways under normal and pathological conditions which are associated with

CRF,i.e., increased levels of circulating Hcy.

> To establish whether there is a link between selenium status and production of

key inflammatory and profibrotic chemokines and growth factors that promote

fibrosis and progression to end-stage renal failure.

> To establish the effect of inadequate selenium levels on redox balance and

protection ofPTC from oxidativestress.
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Materials and Methods

GG

Leave no stone unturned”

Euripides Heraclidae, circa 428 B.C
 

2.1 CELL CULTURE TECHNIQUES

2.1.1 Cell culture buffers and materials

For the cell culture two buffers were used, Phosphate buffered saline (PBS) and

Trypsin/EDTA buffer, in volumesas seen in Table 2.1 below.

 

BUFFER VOLUMES

 
 

Onepart of the 10xPBSwasdissolved with 9 parts of

PBS distilled water resulting in a solution of 1xPBS

 

Trypsin/EDTA 0.25% (v/v) trypsin (Biowhittaker Ltd) / 0.0% (w/v) EDTA   
 

Table 2.1. Buffers and volumesusedin cell culture experiments.

These buffers were used in materials for cell culture at concentrations shownin table

2.2 Unless stated otherwiseall materials were purchased from Sigma-Aldrich,UK.

 

 
 

 

 

 

  

MATERIAL CONCENTRATION BUFFER

Penicillin (Life Technologies) 100 U/ml PBS

Streptomycin 100 pg/ml PBS

Hydrocortisome 4 mg/ml Trypsin/EDTA

Insulin 10mg/ml Trypsin/EDTA

Apotransferrin 10mg/ml Trypsin/EDTA   
 

Table 2.2 Different materials and their concentrationsin cell culture media.
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2.1.2 Type ofcell line

Immortalized humanrenal proximaltubular epithelial HK2 cells were obtained from

the American Type Culture Collection (CRL-2190, Rockville, MD, USA) and were

usedin all cell culture experiments.

2.1.3 Cell culture media

HK2 cells were grown in DMEM/Ham’s F-12 medium in 1:1, supplemented as

shownin table 2.3.

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

MEDIUM CONCENTRATION

Dulbecco’s Minimal Eagle Medium (DMEM)

Ham’s F-12

GROWTH 10% Fetal Calf Serum (FCS)

100g/ml Streptomycin

Or 100 U//ml Penicillin

10% FCS Medium 5 g/ml Insulin

5 wg/ml Apotransferrin

0.4 ug/ml Hydrocortisome

2mML-glutamine

HEPES

EGF

ARREST

Or Growth medium without 10%FCS

Serum Free Medium

(SFM)
20% (v/v) FCS

FREEZING Medium 10% (v/v) dimethylsulphoxide (DMSO) in DMEM   
Table 2.3 Different media for HK2 cells
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2.1.4 Subculturing ofcells

Growth medium was removed and cells were washed 3x with sterile PBS. Cells

were detached from the 70 cm’tissue culture flask by adding 1.5 ml warm trypsin/

EDTA solution. Once cells were detached twice amount of growth medium

containing 10 % (v/v) FCS wasadded to inactivate the trypsin and onethird of the

final volume ofthe solution wastransferred to a new 70 cm’tissue culture flask.

Growth medium was addedandcells were incubated until 90% confluence at 37 °C,

5% COQ>.

2.1.5 Maintenanceofcells

Vials containing frozen 1 ml aliquots of the HK2 cell line were defrosted in sterile

distilled water. The cells were transferred to a sterile tube with 5 ml of growth

medium and centrifuged at 800g for 3 minutes. Cells were pelleted and the

supernatant containing the DMSO from the freezing medium was discarded. The

pellet was resuspended in 4 ml 10% FCS growth medium and centrifuged at 800g

for 3 minutes to remove any remaining traces of DMSO. Pellet was resuspended

and plated in 70 cm’tissue culture flask. Growth medium was changed every 2-3

days oruntil cells reach 80-90% confluence.

2.1.6 Freezing of cell lines

In order to maintain stocks of HK2 cells, cells were frozen and maintained in liquid

nitrogen. The medium from the cells to be frozen was removed; cells were

trypsinised and then pelleted at 800g for 3 minutes. Pellet was resuspended in

freezing medium andcell aliquots of 1 ml were transferred to 2 ml cryovials and

frozen at -70° C for 1 day and then immediately transferred to liquid nitrogen.
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2.2 TREATMENTSOF HK2 CELLS

2.2.1 Cell growth and arrest

HK2 cells were cultured in 6-well plates at 37°C in 5% CO) in growth media with

10% FCS. When cells reached 80% confluence, media was changed to SFM to

deprive the cells of selenium. Media were then refreshedonalternate days.

2.2.2 Selenium Supplementation of HK2 cells for 48hrs

After 5 days of Selenium deprivation the effects of Selenium supplementation were

investigated using two different forms of Selenium, an organic and an inorganic

form, both in a range of concentrations from 25-500 nM for 48hrs. The organic form

of selenium used was selenomethionine and the inorganic form was sodium selenite.

Selenomethionine and sodium selenite were used at concentrations of 25 nM, 50

nM, 100 nM, 250 nM and 500 nM.Positive control cells were incubated with

growth media containing 10% FCS whereasnegative control cells were incubated in

SFM.After 2 days of selenium supplementation cells were harvested for analysis of

the selenoprotein activities, GPX1 and TrxR, as described in sections 2.4.1.1 and

2.4.2.1 respectively.

2.2.3 Selenium Deprivation of HK2 cells

A time course experiment was setup to determine the rate of selenium deprivation of

HK2 cells. Cells were incubated in serum free medium for 1, 2, 3 and 4 days and

then were supplemented with selenomethionine or sodium selenite for 2 days before

harvesting. Both forms of selenium were used at concentrations of 50, 125 and 250

nM.Positive control cells were incubated in growth media containing 10% FCS and

negative control cells in SFM with no selenium supplementation. After 2 days of

selenium supplementation, cells were harvested for analysis of selenoprotein

activities as describedin sections 2.4.1.1 and 2.4.2.1 respectively.
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2.2.4 Selenium Supplementation of HK2 cells for more than 48hrs

The effect of selenium incorporation on HK2 cells was studied by supplementation

with two different forms of selenium for more than 2 days. After 2 days of selenium

deprivation, HK2 cells were supplemented with selenomethionine or sodium selenite

at concentrations of 50, 125 and 250 nM for 2, 3 and 4 days. Positive control cells

were incubated in growth media and negative control cells in SFM with no selenium

supplementation. After selenium supplementation cells were harvested for analysis

of selenoprotein activities as described in sections 2.4.1.1 and 2.4.2.1 respectively.

2.2.5 Final model of selenium deprivation and supplementation of HK2 cells

Following preliminary experimentsto develop the protocol (Section 2.2.2, 2.2.3 and

2.2.4), the final selenium deprivation and selenium supplementation protocol used in

the study was as follows: HK2 cells were cultured in SFM for 2 days, to deprive

them of selenium, and then supplemented with selenomethionine or sodium selenite

at concentrations of 50, 125 and 250 nM for 2 days. Positive control cells were

incubated with growth media containing 10% FCS with no other selenium

supplementation and negative control cells in SFM with no other selenium

supplementation. After selenium supplementation cells were harvested for analysis

of selenoprotein activities.

2.2.6 Homocysteine exposure of HK2 cells

The effect of homocysteine on HK2 cells deprived of selenium and also on HK2

cells supplemented with two different forms of selenium was studied. Eighty to

ninety per cent confluent HK2 cells were exposed to homocysteine and at the same

time the media was changed from growth media with 10% FCS to SFM with no

selenium. Homocysteine was addedat final concentrations of 50, 100M for 2 days

and then cells were supplemented with selenomethionine or sodium selenite at

concentrations of 50, 125 and 250nM for 2 days. Positive control cells were

incubated in growth media containing 10% FCS and no other form of selenium

supplementation and negative control cells in SFM without selenium supplemented.

After selenium supplementation cells were harvested for analysis. The GPX1
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(2.4.1.1), TrxR (Section 2.4.2.1), MCP-1 (Section 2.8.1), cytoplasmic and

mitochondrial thioredoxin reductase (Section 2.5.1), the redox status of thioredoxin

(Section 2.6.1) and the DNA binding of nuclear transcription factors NF-KB and AP-

1 (Section 2.7.1)were analysed.

2.2.7 Stimulation of HK2 cells with TNF-a

HK2 cells treated as previously described (sections 2.2.4 and 2.2.5) were stimulated

with 10ng of TNF-a for 24hrs prior to harvest for analysis of the activities of

glutathione peroxidase 1 (2.4.1) and total thioredoxin reductase (Section 2.4.2), the

supernatant of MCP-1 (Section 2.8.1), the redox status of thioredoxin (Section

2.6.1), and the DNA binding of nuclear transcription factors NF-KB and AP-1

(Section 2.7.1).

2.2.8 Overload of HK2 cells with human serum albumin (HSA)

HK2 cells treated as previously described (section 2.2.5) were incubated with

15mg/ml of globulin free (GF) HSA with attached fatty acids for 12hrs prior to

harvest. Samples were used for analysis of glutathione peroxidise 1 (2.4.1), total

thioredoxin reductase (Section 2.4.2), monocyte chemotactic protein 1 (Section

2.8.1) and malonaldehyde (Section 2.8.1).

2.3 ANALYSIS OF THE PROTEIN CONTENT OF SAMPLES

2.3.1 Bradford method

Unless otherwise specified, the protein content of samples was determined using the

Bradford reagent. This method is compatible with use of reducing agents in samples.

Reagents

= Bradford Reagent (Sigma-Aldrich, Dorset, U.K.)

= Bovine serum albumin (BSA) Img/ml (Sigma-Aldrich, Dorset, U.K)
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Protocol

A range of standards from 25-250yg/ml were prepared from a stock solution of

Img/ml bovine serum albumin (BSA). Twenty microlitres of sample or standard

were placed in a 96 well microplate. Twenty microlitres of dH,O was used as a

blank. Two hundred microlitres of Bradford Reagent was added to the samples,

standards and blank, the microplate was incubated at room temperature for 15-

20mins. The absorbance of samples and standards was then measured at 595nm

using a microplate reader (Powerwave X340, Bio-tech instruments Inc, Vermont,

USA.). The protein content of the samples was calculated using the standardcurve.

2.3.2 Bicinchoninic acid (BCA) method

Where specified, the protein content of samples was determined using the

bicinchonine acid (BCA)protein assay kit (Sigma.) This method is based on the

method developed by Smith et al. (1985).

Reagents

= Reagent A:  Bicinchoninic acid (BCA) solution, containing: 25mM

BCA-Na, 160mM NaCO3.H20, 7.0mM Naytartrate, 0.1LmM NaOH

and 0.95% NaHCO;,pH 11.2 (Sigma-Aldrich, Dorset, U.K.)

= Reagent B: 160mM CuSO4.5H20 (Sigma-Aldrich, Dorset, U.K.)

» Bovine serum albumin (BSA) Img/ml (Sigma-Aldrich, 7Dorset, U.K)

Protocol

A range of standards from 25-250yg/ml were prepared from a stock solution of

lmg/ml bovine serum albumin (BSA). Twenty microlitres of sample or standard

were placed in a 96 well microplate. Twenty microlitres of dH,O was used as a

blank. Reagent C was preparedby adding 500p1 of ReagentB to 25mlof Reagent A.

Two hundred microlitres of Reagent C was added to the samples, standards and

blank, the microplate wasincubated a 50°C for 30mins. The absorbance of samples

and standards was then measured at 570nm using a microplate reader (Powerwave

X340, Bio-tech instruments Inc, Vermont, USA.). The protein content of the

samples wascalculated using the standardcurve.
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2.3.3 Lowry assay for determination of protein content

Wherespecified, the protein content of samples was determined using the method

developed by Lowryet al. (1951).

Reagents

" 1MKOH

= Bovine serum albumin (BSA) 1mg/ml (Sigma-Aldrich, Dorset, U.K.)

=» Solution A: 2% Na2CO3 in 0.1M NaOH

* SolutionB: 20mM CuSO,.5H20Oin 1% trisodium citrate

= Folin and Ciocalteu’s phenol reagent (diluted 1 to 1 with distilled

water, Sigma-Aldrich, Dorset, U.K.)

Protocol

Samples werediluted 1 in 3 with 1M KOH andincubatedat 37°C for 3hrs. A range

of standards from 0-250yg/ml were prepared from a stock solution of 1mg/ml

bovine serum albumin (BSA). Solution C was prepared immediately before use by

adding 500ul of Solution B to 25ml of Solution A. Five hundred microlitres of

Solution C was added to 50u11 samples and standards which were then incubated at

room temperature for 10mins. Fifty microlitres of diluted Folin reagent was addedto

samples and standards which were vortexed and incubated at room temperature for

30mins. Samples were centrifuged at 20,000g (Eppendorf centrifuge 5417R) for 1

min. Two hundred microlitres of samples and standards was added to a microplate.

The absorbance of samples and standards was measured at 750nm using a

microplate reader (Powerwave X340, Bio-tech instruments Inc, Vermont, USA.).

Theprotein content of the samples was calculated using the standardcurve.

2.4. SPECTROPHOTOMETRIC ANALYSIS OF SELENOPROTEIN

ACTIVITIES

2.4.1 Glutathione peroxidise

Glutathione peroxidise 1 (GPX1) activity was measured.
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2.4.1.1 Preparation ofsamples

Reagents

/ Harvest buffer: 5nM EDTA, ImM Dithiothreitol (DTT) in 50mM Tris-HCl

buffer, pH 7.5

Protocol

Following different treatment protocols (Section 2.2), samples from HK2 cells

growing in 6 well culture plates were prepared for analysis of selenoprotein activity.

Cells were washed with iced-cold PBS and harvested in 400p1 of harvest buffer.

Samples were sonicated (TRI-R Instruments, Model K43, Rockville Centre, N.Y) on

ice and then centrifuged (Eppendorfcentrifuge 5417R) at 20,000g /4 °C for 10mins.

The pellet was discarded and supernatant was aliquoted and stored at -80 °C.Total

protein content was determined by the Bradford method (Section 2.3.1) and the

enzymeactivity by glutathione peroxidase assay (Section 2.4.1.2).

2.4.1.2 Glutathione peroxidase assay

Glutathione peroxidase was measured spectrophotometrically using a method

described by Flohe and Gunzler (1984).

Reagents

= 50mM Tris/HCl pH 7.6

= Coupling reagent in 100ml Tris/HC1buffer:

2mM disodium EDTA, 1mM NaN3, 1mM Glutathione (reduced

form), 0.2mM NADPH, 100 Units glutathione reductase (600U/ml

Roche Diagnostics Ltd, East Sussex, U.K.)

= gh30% hydrogen peroxide (Sigma-Aldrich, Dorset, U.K.).

Protocol

The exact concentration of the stock 30% hydrogen peroxide was measured at

240nm as described for the catalase assay (Section 2.5.4.1). A 1mM_ hydrogen
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peroxide solution was prepared in 50mM Tris/HCIbuffer. Ten microlitres of sample

was added to 575ul of coupling reagent in a quartz cuvette, I5ul of hydrogen

peroxide was addedto this and rapidly mixed. The decrease in absorbance at 340nm

was measured for Imin (CECIL CE594/ Double Beam Spectrophotometer,

Cambridge, U.K.). The decrease in absorbance of 585,11 of coupling reagent with

151 of hydrogen peroxide was used as a blank and subtracted from that of the

samples. The activity of glutathione peroxidase was calculated using the molar

extinction coefficient of 6220 M‘cm!.

2.4.2 Thioredoxin reductase

Total thioredoxin reductase (TrxR)activity was measured.

2.4.2.1 Preparation ofsamples

Following different treatment protocols (Section 2.2), samples from HK2 cells were

prepared for analysis of selenoprotein activity of thioredoxin reductase. Samples

were sonicated (TRI-R Instruments, Model K43, Rockville Centre, N.Y) in PBS

buffer and centrifuged (Eppendorf centrifuge 5417R) at 20,000g /4 °C for 10 mins to

removecellular debris. The pellet was discarded and supernatant was aliquoted and

stored at -80°C. Total protein was determined using the BCA method (Section 2.3.2)

and the enzymeactivity by thioredoxin reductase assay (Section 2.4.2.2).

2.4.2.2 Thioredoxin Reductase assay

Total thioredoxin reductase (TrxR)activity was measured using the assay developed

by Hill et al. (1997) which is based on the NADPH-linked reduction of 5,5’-

dithiobis-(2-nitrobenzoic acid) (DTNB). The DTNB reduction was measuredin the

presence and absence of auranofin, a specific thioredoxin reductase inhibitor, to

allow correction of non-thioredoxin reductase- independent DTNBreduction. The

difference was used to calculate the DTNB reduction due to thioredoxin reductase

activity.
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Thioredoxin reductase activity was measured spectrophotometricaly at 405-414nm

following the kinetic reduction of NADPH by DTNB which produces a yellow

product.

Reagents

« Assay buffer: 2mM EDTA in 100mM potassium phosphate buffer,

pH 7.4

= Daily mix : 3mM DTNBand 0.2 mM NADPHin assay buffer (cover

in foil and kept onice)

= 1M auranofin (Alexis Ltd, UK) in dimethylsufoxide

Protocol

Twenty microlitres of cell lysate were incubated with or without 2.2u1 of 1 uM

auranofin in a 96 well microplate. The mixture was incubated for 20 minutes. Two

hundrent twenty five microliters of daily mix were then added to each wellto initiate

the reaction. The kinetic reaction was followed every 15 seconds for 10 minutes at

412nm using a microplate reader (Powerwave X340, Bio-tech instruments Inc,

Vermont, USA). The rate in absorbance of thioredoxin reductase was calculated

using the molar extinction coefficient ofDTNB of 13.6mM''cm”

2.5 ANALYSIS OF SELENOPROTEINS BY SDS-PAGE AND WESTERN

BLOTTING

2.5.1 Sample preparation for analysis of selenoprotein content by SDS-PAGE

and western blotting

Reagents

7 RIPA Buffer: 100mM NaCl, 0.1% (v/v) SDS, 0.5% Sodium

Deoxycholate, 1%(v/v) Nonidet P-40 in 20mM Tris/HCl pH 8.0
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HK2 cells were grown in 70cm cell culture flasks and scraped into 1.5-2ml ofice-

cold PBS. Samples from each flask was transferred into 2ml eppendorf tubes and

centrifuged at 800g for 5 minutes. The cell pellet was dissolved in 300u1 of RIPA

buffer. Samples were sonicated (TRI-R Instruments, Model K43, Rockville Centre,

N.Y) on ice and centrifuged at 20,000g and 4°C for 10mins (Eppendorf centrifuge

5417R). Supernatants were used for analysis of total protein content using the BCA

method (Section 2.3.1) and detection of selenoproteins by SDS-PAGE (Section

2.5.3).

2.5.2 Preparation of samples for SDS-PAGEand western blotting

Reagents

= 4x stock of Laemmli buffer: 4%(w/v) SDS, 40%(v/v) glycerol, 4.1%

(v/v) B-mercaptoethanol, 0.052 mg/ml bromophenol blue in 0.5M

Tris/HCl buffer, pH 6.8.

Protocol

A volume equivalent to 50g of protein was added to an appropriate volume of 4x

Laemmli buffer. Samples were boiled for Smin and then allowed to cool to room

temperature. Samples were loaded onto a polyacrylamide gradient gel alongside a

molecular weight rainbow marker (Amersham Biosciences, UK) and a positive

control.

2.5.3 Preparation of positive controls

For the detection of TrxR1 and TrxR2 protein, HeLa cell Lysate (Stressgen Inc,

Canada, Catalogue number LYC-HL100) and mouseliver (prepared as described in

section 2.5.3.1) were used as control samples. A volume of 10 ug HeLacell lysate

and 501g mouse liver were added to appropriate volumes of Laemmli buffer (4x

stock) and these were boiled for Smin before loading ontothegel.
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2.5.3.1 Preparation of mouseliver positive control

Reagents

e RIPAbuffer (Section 2.5.1)

e Protease Inhibitor cocktail tablet (Roche Diagnostics, Germany) Catalogue

number 04693159000

e Homogenizing buffer : protease inhibitors (1 tablet) per 10ml of RIPA buffer

Protocol

Mouse liver from adult male mice was ground under liquid nitrogen and the

resulting powder was transfer into an eppendorf tube with 3ml of homogenizing

buffer per gram of powder. The sample was homogenised (TRI-R Instruments,

Model K43, Rockville Centre, N.Y.) and centrifuged at 10,000g for 10mins at 4°C

(Eppendorf Centrifuge 5402, London, U.K.). The supernatant was used for analysis

of protein content by BCA assay andfor positive control of TrxR2 in SDS-PAGE

(Section 2.5.2)

2.5.4 Preparation of polyacrylamide gradientgels

Reagents

= Stock acrylamide solution: 30% acrylamide, 0.8% bisacrylamide

cross-link, in dHO (Protogel, National Diagnostics, USA)

= Gel buffer: 1.5M Tris/HCl, 0.384% SDS, pH 8.8. (Protogel buffer,

National Diagnostics, USA)

« Stacking buffer: 0.5M Tris/HCl, 0.4% SDS, pH 6.8. (Protogel

stacking buffer, National Diagnostics, USA)

= 12% acrylamide solution (100ml): 40ml stock acrylamide solution,

26mlgel buffer, 32.9ml dH2O

= 10% acrylamide solution (100ml): 33.3ml stock acrylamidesolution,

26mlgel buffer, 39.6ml dH2O

= 4% stacking gel solution (100ml): 13ml stock acrylamide solution,

25mlstacking buffer, 61ml dH,O

= 10% (w/v) Ammonium persulphate (APS)
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=» NNN’N’-tetramethylethylene-diamine (TEMED)

Protocol

10% and 12% acrylamide wasprepared as described above. One hundred microlitres

of 10% APS and 10y1 of TEMED was added to 10ml of 10% or 12% acrylamide

solution to catalyse gel formation. The gel solution was poured between glass plates

(8x10cm) with 2mm spacers and allowed to set for 10-1S5mins. The 4% stacking

acrylamide solution was prepared as described above. One hundred microlitres of

10% APS and 2511 of TEMED wasadded to 10ml of 4% acrylamide solution. The

4% gel solution was poured on top ofthe 10% or12% gel to form a 1-1.5cm stacking

gel and a well comb wasplacedin position to facilitate sample loading.

2.5.5 Electrophoresis of proteins

Reagents

« Electrophoresis buffer: 10X Tris/Glycine/SDS (0.025M Tris, 0.192M

glycine, 0.1% (w/v) SDS; National Diagnostics, USA)

Protocol

Electrophoresis was carried out using an Anachem Electrophoresis tank with 1X

electrophoresis buffer. Electrophoresis was carried out at a constant current of 20mA

per gel until samples had run through the 4% stacking gel; the current was then

increased to 40mA pergel until the 15KDa molecular weight marker had reached

the bottom ofthe gel. The tank was cooled with H2O during electrophoresis.

2.5.6 Western blotting of separated proteins

Reagents

= Anode | buffer: 0.3M Tris in a 20% methanolsolution, pH 10.4.

» Anode 2 buffer: 25mM Tris in a 20% methanolsolution, pH 10.4.

= Cathode buffer: 40mM 6-amino n hexanoic acid in a 20% methanol

solution, pH 7.6.
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The Multiphor II discontinuous blotting system (Pharmacia, Milton Keynes, UK.)

was used to transfer proteins to a nitrocellulose membrane. This system consists of

two graphite plate electrodes. Following electrophoresis, gels were removed from

the glass plates and the 4% stacking gel was removed. The gel wasplaced ontop of

a nitrocellulose membrane and this was sandwiched between the electrodes with

Whatman No | filter paper pre-soaked in anode and cathode buffers as shown in

Figure 2.1. A constant current of 0.8 mA/cm’wasapplied to the system for 1.S5hrs.

 

Cathode
 

 

 
9 filter papers soaked in Cathode buffer

 
 

samen Gel
Nitrocellulose soaked in Anode2 buffer

 

3 filter papers soaked in Anode2 buffer

6 filter papers soaked in Anode1 buffer
 

Anode
   
 

Figure 2.1 Schematic diagram of western blotting.

2.5.7 Probing of nitrocellulose membranefor selenoproteins

Reagents

PBSsolution: 0.05M KH»PO,, 0.05M Na2HPO,, 1.3M NaCl in

dH,0,pH 7.2.

PBSsolution: 0.05M KH»PO,, 0.05M NasHPO,, 1.3M NaCl in

dH,0,pH 6.0.

PBS/Tween

|

solution: 0.05% (v/v) polyoxyethylene-sorbitan

monolaurate (Tween 20) in PBSsolution.

Blocking solution A: 5% (w/v) powdered milk in PBS/Tween

Blocking solution B: 4% (w/V) BSA in PBS/Tween
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Protocol

Following transfer, the nitrocellulose membrane was removedandplaced in 50mlof

blocking solution A for TrxR1 and TrxR2 and in blocking solution B for GAPDH

for either 1 hr at room temperature or overnight at 4°C. Membranes were then

washed in PBS/Tweensolution. The nitrocellulose membrane wasthen analysed for

TrxR1, TrxR2 and GAPDHusing a range of monoclonal or polyclonal antibodies.

The nitrocellulose was agitated for an hour in 10ml of a solution of PBS/Tween

containing the primary antibody at the concentration listed in Table 2.4. The

membrane was then washed in PBS/Tweensolution for 3x10mins and placed into

the appropriate peroxidase labelled secondary antibody solution in PBS/Tween

containing 4% BSA as a non-specific blocking agent 1 hour at room temperature.

The membrane was then washed for 3x10mins in PBS/Tweenandthen for a further

15min in PBS pH6.0 as this is the optimal pH for the peroxidase activity. The

membrane was developed using SuperSignal West Dura chemiluminescentdetection

kit (Pierce, Rockford, USA). The membrane wasplaced between acetate sheets and

analysed using a Bio-Rad Chemi-XRS System and QuantityOne software (Bio-Rad,

Hercules, USA).

 

 
 

 

 

 

PRIMARY SECONDARY

ANTIBODY

|

SOURCE

|

SPECIES

|

ANTIBODY ANTIBODY
DILUTION DILUTION

Santa Cruz

TrxR1]

|

Biotechnology,

|

Rabbit 1:200 1:1000
Inc, USA

Stressgen Inc,

TrxR2 Canada Rabbit 1:1000 1:1000

Abcam,

GAPDH Cambridge,

|

Mouse 1:5000 1:1000
UK      

Table 2.4 Primary and secondaryantibody dilutions
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2.5.7.1 Primary Antibodies

TrxR1

Rabbit polyclonal antibody (Santa Cruz Biotechnology, Inc, USA) Catalogue

number sc-20147. This antibody is specific for the cytoplasmic TrxR (TrxR1) and

does not cross react with the mitochondrial TrxR (TrxR2). The antibody is raised

against amino acids 71-340 mapping within an internal region of TrxR1 of human

origin.

TrxR2

Rabbit polyclonal antibody (Stressgen Inc, Canada) Catalogue number LF-PA0024.

This antibody is specific for the mitochondrial TrxR (TrxR2) and does not cross

react with the cytoplasmic TrxR (TrxR1). The antibody is raised against a

recombinant humanprotein purified from E.coli.

GAPDH

Mouse monoclonal antibody (Abcam,U.K) Catalogue number ab-9484. This

antibodyis suitable for loading control.

2.5.7.2 Secondary Antibodies

Anti-Mouse

Peroxidase conjugated goat anti-mouse IgG (FC specific). Affinity isolated antigen

specific. (Sigma, Dorset, U.K). Catalogue number A-9309.

Anti-Rabbit

Peroxidase conjugated goat anti-rabbit IgG (whole molecule). Affinity isolated

antigen specific. (Sigma, Dorset, U.K). Catalogue number A-0545.

2.5.8 Removing antibodies and re-probing the nitrocellulose membrane

Reagents

= 100mM f£-mercaptoethanol (Sigma-Aldrich, Dorset, U.K.)
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=» 2% (w/v) SDS

= 62.5mM Tris/HCl, pH 6.7

= PBS/Tweensolution, pH 7.2

= Blocking solution containing 5% (w/v) powdered milk PBS/Tween

Protocol

Antibodies were removed from the nitrocellulose membrane and the membrane was

re-analysed for other proteins. After exposure to chemiluminescent detection

solution (Pierce, Rockford, USA), the membrane was washed in PBS/Tween

solution for Smins and then incubated in a solution containing 100mM B-

mercaptoethanol, 2% SDS, 62.5mM Tris/HCl, pH 6.7 for 30mins at 50°C. The

membrane was then washed for 2x10mins in PBS/Tween solution at room

temperature. The membranewas then placed in 50ml of blocking solution for Ihrat

room temperature or alternatively at 4°C overnight. The membrane was then

analysed for the content of GAPDHasdescribed in Section 2.6.7.

2.6 ANALYSIS OF REDUCED AND OXIDIZED NUCLEAR AND

CYTOPLASMIC THIOREDOXIN CONTENT BY NATIVE-PAGE AND

REDOX WESTERN BLOTTING

2.6.1 Preparation of nuclear and cytoplasmic extracts for redox western

blotting

Reagents

. Protease Inhibitors: 1 cocktail tablet of protease inhibitor EDTA-free

(Roche Diagnostics, Germany, Cat. No 04693159001).per 10ml

hypotonic or high sault buffer

7 Hypotonic lysis buffer: 1\0mM KCl, 2mM MgCh, 0.1mM EDTA,

50mM Iodoacetic acid (IAA), protease inhibitors,10mM HEPES, pH

7.8
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" High-salt extraction buffer: 50mM KCl, 300mM NaCl, 0.1mM

EDTA, 50mM IAA,protease inhibitors, 5|0mM HEPESpH 7.8

7 0.6% (v/v) Nonidet P40

Protocol

Subcellular fractionation was based on the procedure of Janssen and Sen (1999) with

modifications to allow redox measurements via the redox western blotting. HK2

cells were grown in 70cm cell culture flasks and scraped in 1.5-2ml ofice-cold PBS.

Cell suspension from each flask was transferred in 2ml eppendorf tube and

centrifuged at 800g for 5 minutes (Eppendorf Centrifuge 5402, London, U.K.). The

cell pellet was resuspended in 4001 of ice cold hypotonic lysis buffer, where the

protease inhibitors and iodoacetic acid were added fresh. The cell suspension was

incubated on ice for 15 minutes. Nonidet P-40 was addedto a final concentration of

0.6%(v/v) and suspension wasvortex vigorously for 15 secondsand then centrifuged

at 16,000g forl minute (Eppendorf Centrifuge 5402, London, U.K.). The supernatant

(cytosol) was transferred andstoredin aliquots at -80°C for further analysis by redox

western blotting. The pellet (nuclei) was resuspended in SOpl ofice-cold high-salt

extraction buffer. Protease inhibitors and iodoacetic acid were again added fresh.

The nuclear suspension wasincubated on ice for 30 mimutestofacilitate lysis of the

nuclei. The nuclear lysate was then centrifuged at 16,000 g for 10 minutes

(Eppendorf Centrifuge 5402, London, U.K.). The supernatant was collected and

stored in aliquots at -80°C for further analysis by redox western blotting.

2.6.2 Derivitization of nuclear and cytoplasmic proteins

Reagents:

e Derivitization buffer: 6M guanidine-HCl, 3mM EDTA,0.5% Triton-X-100,

50mM IAA(freshly added) in 50mM Tris pH8.3

e Microspin sephadex chromatography G-25 columns (Amersham-

Pharmacia,USA)

e 5x loading buffer: 50% (v/v) glycerol, 0.05% (w/v) bromophenolblue in

0.1M Tris-Hcl pH6.8.
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Protocol

Nuclear and cytosolic extracts, were prepared as previously described (Section

2.6.1) and suspended in 300u1 ofderivitization buffer and incubatedat 37°C for 30

minutes. Excess IAA was removed by Sephadex chromatography columns.

A volume of 50ug of protein was added to an appropriate volume of 5x sample

loading buffer. Samples were loadedonto a polyacrylamide gradient gel alongside a

molecular weight rainbow marker (Amersham Biosciences, UK) and positive

controls.

2.6.3 Preparation of positive controls

Reagents

e 5mM DTT

e 5mM Diamide

e Microspin sephadex chromatography G-25 columns (Amersham-

Pharmacia,USA)

e TE buffer: 1 mM EDTA, 10mM Tris/Cl, pH 7.5

Protocol

For the detection of reduced and oxidised form of Trx, two positive controls were

prepared, Cntlrea for the fully reduced Trx and Cntlo, for the fully oxidized Trx.

Cytoplasmic and nuclear extracts were prepared as previously described in Section

2.6.2 but in the absence of IAA. The extracts were then incubated in TE buffer with

either 5mM DTT(for the reduced control sample) or 5mM diamide (for the oxidised

control sample) for 10 minutes at RT. Excess DTT and diamide were removed by

Sephadex chromatography columns. Cntlpeq and Cntlox were then derivatized as

described in section 2.6.3 before loading onto thegel.
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2.6.4 Preparation of native polyacrylamide gradient gels

Reagents

" Stock acrylamide solution: 30% acrylamide, 0.8% bisacrylamide

cross-link, in dH2O (Protogel, National Diagnostics, USA)

" Resolving gel buffer: 1.5M Tris/HCl, pH 8.8.

= Stacking buffer: 0.5M Tris/HCl, pH 6.8.

= 15% acrylamide solution (100ml): 50ml stock acrylamide solution,

26mlresolving gel buffer, 22.9ml dH,O

= 5% stacking gel solution (100ml): 16ml stock acrylamide solution,

31ml stacking buffer, 52m] dH,O

= 10% (w/v) Ammonium persulphate (APS)

=» NNN’N’-tetramethylethylene-diamine (TEMED)

Protocol

15% acrylamide was prepared as described above. One hundred microlitres of 10%

APS and 10ul of TEMED wasadded to 10ml of 15% acrylamide solutionto catalyse

gel formation. The gel solution was poured between glass plates (8x10cm) with

2mm spacers and allowed to set for 10-15mins. The 5% stacking acrylamide

solution was preparedas described above. One hundred microlitres of 10% APS and

25ul of TEMED were added to 10ml of 5% acrylamide solution. The 5% gel

solution was poured on top of the 15% gel to form a 1-1.5cm stacking gel and a well

comb wasplaced inpositionto facilitate sample loading.

2.6.5 Electrophoresis of proteins

Reagents

« Electrophoresis buffer: 10X Tris/Glycine (0.025M Tris, 0.192M

glycine), pH 8.3

Protocol

Electrophoresis was carried out using an Anachem Electrophoresis tank with 1X

electrophoresis buffer. Electrophoresis was carried out at a constant current of 20mA
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per gel until samples had run through the 5% stacking gel; the current was then

increased to 40mA pergel until the 15KDa molecular weight marker had reached

the bottom of the gel. The tank was cooled with HO during electrophoresis.

2.6.7 Western blotting of separated proteins

This was described in section 2.5.6.

2.6.8 Probing of nitrocellulose membranefor Trx1 content

This wasdescribed in section 2.5.

Protocol

Followingtransfer, the nitrocellulose membrane was removedandplaced in 50mlof

blocking solution A for Trx andin blocking solution B for GAPDHforeither | hr at

room temperatureor overnight at 4°C.

 

 
 

 

PRIMARY SECONDARY

ANTIBODY

|

SOURCE

|

SPECIES

|

ANTIBODY ANTIBODY
DILUTION DILUTION

Abcam,

Trx Cambridge, Mouse 1:200 1:1000
UK      

Table 2.5 Primary and secondary antibody dilution

2.6.8.1 Primary Antibody

Trx

Mouse monoclonal antibody (Abcam, Cambridge, UK) Catalogue number ab16965

This antibodyis raised againsta full length humanprotein purified from E. Coli.
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2.6.8.2 Secondary Antibody

Anti-Mouse

Peroxidase conjugated goat anti-mouse IgG (FC specific). Affinity isolated antigen

specific. (Sigma, Dorset, U.K). Catalogue number A-9309.

2.7 ANALYSIS OF HK2 EXTRACTS FOR AP-1 AND NF-KB ACTIVATION

BY ELECTROPHORETIC MOBILITY SHIFT ASSAY (EMSA)

2.7.1 Preparation of samples for EMSA

Reagents

e Protease inhibitor cocktail tablets (Roche Diagnostics, Germany)

e Harvest buffer: 2 inhibitor cocktail tablets in 10ml ice-cold PBS

e 100X Protease inhibitors stock: 1 tablet protease inhibitors in 100u1 dH2O

e 100X stock NER(Pierce, Rockforf, USA)

e 100X stock CERI (Pierce, Rockforf, USA)

e CERII (Pierce, Rockforf, USA)

e NERand CERI(final concentration! X) by adding protease inhibitors from

100X protease inhibitors stock

Protocol

HK2 cells were washed in ice-cold PBS and then harvested in 400y1 of harvest

buffer. Cell suspension was transferred into 1.5ml eppendorf tube and centrifuged

for 3 minutes at 500g at 4°C. The pellet was dried and then was vortexed for 15

seconds with 100u1 of ice-cold CER1. This was incubated on ice for 10 minutes,

then 5.51 of CERII were added andpellet was vortexed at Vmaxfor 5 secondsand.

incubated on ice for I minute. Pellet was then vortexed for 5 seconds and centrifuged

at 16,000g for 5 minutes. The supernatant (cytoplasmic extract) was immediately

transferred to a clean pre-chilled tube andstored at -70°C. The pellet was resuspend

in 50ul of ice-cold NER andincubated on ice for 40 minutes with intervals of vortex

for 15 seconds every 10 minutes. After incubation samples were centrifuged for 10
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minutes at 16,000g and supernatants (nuclear extracts) were immediately transferred

to a clean pre-chilled tube and stored at -70°C for further analysis. The protein

content of the supernatants was determined using the BCA assay (Section 2.3.2) The

supernatant was used for the analysis of NF-KB and AP-1 activation.

2.7.2 Preparation of the P-labeled oligonucleotide probe

Reagents

e NF-«B oligonucleotide sequence (Promega Corporation, Madison, USA):

5’-AGTTGAGGGGACTTTCCCAGGC-3’

3’-TCAACTCCCCTGAAAGGGTCCG-5’

e AP-1 (c-Jun) oligonucleotide sequence (Promega Corporation, Madison,

USA):

5’-CGCTTGATGAGTCAGCCGGAA-3’

3’-GCGAACTACTCAGTCGGCCTT-5’

e 10X kinase buffer (700mM Tris/HCl (pH 7.6), 100mM MgCl, 50mM DTT;

Promega Corporation, Madison, USA)

e Redivue adenosine 5’-[y-°*Ptriphosphate, triethylammonium salt (9.25MBq,

250uCi , Amersham International, U.K.)

e 714 polynucleotide kinase (10U/ul, Promega Corporation, Madison, USA)

e TE buffer (10mM Tris/HCl pH 7.6, 1mM EDTA)

e 0.5M EDTA(Sigma Immunochemicals, Dorset, U.K.)

Protocol

Labeling ofNF-B andAP-1 consensusoligonucleotides:

One microlitre of 10X kinase buffer, 5ul of dH20, ll of [y-’P]-ATP and Il of T4

kinase were addedto 2ul of oligonucleotide (1.75pmol/11) and incubatedat 37°C for

10mins. Following incubation, 89u1 of TE buffer and lul of 0.5M EDTA were

added to the oligonucleotide. The labeled oligonucleotides were separated from

unincorporated nucleotides by chromatography through Micro Bio-Spin 30 columns

(Biorad, Hercules, USA) equilibrated in TE buffer.
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2.7.3. Electrophoresis of protein extracts

Reagents:

e Dye solution: 0.2% (w/v) bromophenolblue

e 0.2% (w/v) xylene cyanol

e 50% (v/v) glycerol

e AccuGel 29:1: 40% (w/v) 29:1 Acrylamide: bis-Acrylamide solution

(National Diagnostics, Hessle Hull, UK)

e Ammonium persulphate (Sigma Immunochemicals, Dorset, U.K.)

e NNN’N’-tetramethylethylene-diamine (TEMED)

e 80% glycerol

e 5X binding buffer (50mM Tris/HCl (pH 7.5), 2.5mM EDTA, 20% (v/v)

glycerol, 2.5mM DTT, 0.25mg/ml poly(dI-dC)epoly(dI-dC), SmM MgCh;

Promega Corporation, Madison, USA)

e 10X TBE buffer: 1M Tris

e 0.9M Boric Acid

e 0.01M EDTA

Protocol

A 4% polyacrylamide solution was prepared by mixing 4ml of Accugel (29:1) with

2ml of 10X TBE buffer, 1.25ml of 80% glycerol and 32.4ml of dH,O. Gel

formation was catalysed by the addition of 300u1 of 10% aqueous ammonium

persulphate (APS) and 50u1 of NNN’N’-tetramethylethylene-diamine (TEMED)to

AOmlof the 4% polyacrylamide solution. The gel solution was poured immediately

between gel plates (8 x 10cm) with well combplaced in position to facilitate sample

loading andthe gel wasallowedto set for at least 20 mins.

For DNA binding reactions of NF-«B and AP-1 oligonucleotides, 100ug of extract

was mixed with 2ul of either NF-«B or AP-1 radiolabelled oligonucleotides in 1X

binding buffer to a final volume of 20ul. The reactions were incubated at room

temperature for 20mins. Following incubation, 2\11 of dye solution were addedto the

samples and directly loaded onto the 4% polyacrylamide gel in electrophoresis

buffer. Electrophoresis was carried out at room temperature for 1h at 350V using a

Biorad DCode™ System (Biorad, Hercules, USA).
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Gels were then wrapped in plastic membrane (Clingorap, VWR International Ltd,

Lutterworth, UK) and exposed to a phosphor screen overnight (Amersham

International, UK). The phosphor screen was scanned using Biorad Personal

Molecular Imager FX (Biorad, Hercules, USA) and analysed using Quantity one

Software (Biorad, Hercules, USA).

2.7.4 Competition and supershift experiments

In order to verify that the results from gel shift mobility assay donot arise from non-

specific binding, competition experiments and supershift assays were performed.

In competition experiments, unlabelled DNA is added to the binding reaction to

determine whether this effects the observed DNA-protein interaction. Competition

tests take two forms: specific and non-specific. In the specific reactions, the

unlabeled competitor DNA is the same sequence as the original probe. The non-

specific reactions use DNA fragments or oligonucleotides with different sequences

from the original probe. If the bandis specific, the addition of the unlabeled specific

competitor should decrease the intensity of the band. In the presence of an unlabeled

non-specific competitor, the specific band should remain.

The addition of antibodies to the reaction is used to determine the identity and

specificity of the binding protein. If the antibody recognizes the DNA-protein

complex, it have one of 2 effects: 1) it can bind and produce a labeled band

(supershift band), which migrated more slowly in the gel than the original DNA-

protein complex or 2) if the antibody binds close to the DNA bindingsite of the

transcription factor or changes the conformation of the transcription factor, binding

of the transcription factor to the DNA sequence will be reduced or the band will

disappear completely.

Reagents:

e c-Fos antibody (Autogen Bioclear, Calne, UK)

e c-Jun antibody (Autogen Bioclear, Calne, UK)

e NF-«B p50 antibody (Autogen Bioclear, Calne, UK)
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e NF-«B p65 antibody (Autogen Bioclear, Calne, UK)

e SPI oligonucleotide sequence (Promega Corporation, Madison,

USA): 5’-ATTCGATCGGGGCGGGGCGAGC-3’

3’-TAAGCTAGCCCCGCCCCGCTCG-S’

Protocol

Competition experiments for NF-KB and AP-1 were performed by adding 10X

unlabeled NF-KB or AP-1 probe in 100ug of extract in 1X binding buffer (to a final

volume of 181). Unlabeled SP-1 oligonucleotide sequence was used as a non-

specific competitor. Samples were incubated at room temperature for 10mins.

Following incubation, 2u1 of NF-KB or AP-1 radiolabeled oligonucleotide were

added to the samples and the reactions were incubated at room temperature for

20mins. Gel electrophoresis of samples was performed as described in Section 2.7.3.

Supershift assays were performed bythe addition of 2ug (per 10ug of extract used)

supershift specific antibodies for p50, p65, c-Fos and c-Jun and incubated onice for

30mins before the radiolabeled probe was added. Following addition of the probe,

the samples were incubated at room temperature for 20mins. Gel electrophoresis of

samples was performedas described in Section 2.7.3.

2.8 ANALYSIS OF SUPERNATANTS FROM HK2 CELLS FOR MCP-1

CONTENT BY ENZYME LINKED IMMUNOSORBENT

2.8.1 Preparation of samples

Cell culture supernatants from each well was transferred into a 2ml eppendorff tude

and centrifuged at 800g/ RT for 5 minutes to remove any dead cells. Supernatant

wasaliquoted and stored immediately at -20C. Cells from each well were harvested

in PBSandprotein content was determined by the Bradford assay (Section 2.3.1).
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Reagents

Human MCP-1/CCL2 Immunoassay kit (R&D Systems, Abingdon, United

Kingdom)

e MCP-1 Microplate-96 well polystyrene microplate (12 strips of 8 wells)

coated with a mouse monoclonal antibody against MCP-1.

e MCP-1 Conjugate- 20 ml of polyclonal antibody against MCP-1 conjugated

to horseradish peroxidise, with preservatives.

e MCP-1 Standard- 2000 pg/ml of recombinant human MCP-1 in Calibrator

Diluent RDSL (1X)

e Calibrator Diluent RDSL (1X) — 100 ml of a buffered protein base in

distilled water from Calibrator Diluent RDSL (5X)

e Wash Buffer - 500 ml from a 25-fold concentrated solution of buffered

surfactantin distilled water.

e Substrate solution - Color Reagent A (12.5 ml ofstabilized hydrogen

peroxide) mixed with Color Reagent B (12.5 mlof stabilized chromogen) in

the dark and used within 15 minutes.

e Stop Solution — 6 ml of 2 N sulphuric acid

Protocol

All reagents and samples were at room temperature. A range of standards between

31.2-1000 pg/ml wasprepared from a stock solution of 2000 pg/ml. A 200 yl of the

standard, blank or sample were placed in the MCP-1 Microplate-96, coated with a

mouse monoclonal antibody against MCP-1. Samples were incubated for 2hrs at

room temperature and then washed 3 times with wash buffer. The plate was aspirate

between washes. Then 200 pl of MCP-1 conjugate were added to each well and

samples were incubated for 1 hr at RT and then washed 3 times with wash buffer.

Theplate was aspirated between washes. Next, 200 yl of the substrate solution were

added in each well and samples were incubated in the dark .After 20 minutes of

incubation at room temperature, 50 pl of stop solution were added to each well. The

optical density of each well was measured(excitation 540, emission 570nm) using a

microplate reader. The MCP-1 concentration in cell culture supernatants was

calculated from the standard curve.
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2.9 ANALYSIS OF SAMPLES FOR MALONALDEHYDE(MDA) BY HPLC

2.9. 1 Preparation of samples for analysis of malonaldehyde content

Following incubation for 12hrs in the presence or absence of HSA (Section 2.2.8),

HK2 cells were harvested in 550ul of ice-cold 2M acetate buffer at pH3.5. The

extend of lipid peroxidation was determined by measuring the malonaldehyde

(MDA)content of HK2 cells using HPLC with fluorescence detection (Section

2.9.2). The protein content of the HK2 cells was determined using the Lowry

method (Section 2.3.3).

2.9.2 Malonaldehyde (MDA) Assay

MDAwas measured as an index oflipid peroxidation using HPLC based on the

method of Chirico (1994). Sample was reacted with 2-thiobarbituric acid (TBA) to

generate an MDA:TBA adduct which was separated by HPLC with fluorometric

detection at 530nm.

Reagents

= 2Macetate buffer pH 3.5

" 2% (w/v) 2-thiobarbituric acid (TBA) in 2M acetate buffer

= 5% (w/v) butylated hydroxytoluene (BHT) in ethanol

=" 4.4M 1,1,3,3-tetraethoxypropane (TEP)

= Acetonitryl (diluted 1 in 5 with dH2O)

« Butanol

Protocol

A range of standards from 0.156-201M were prepared from 4.4M TEP in 2M

acetate buffer. Acetate buffer was used as a blank. Samples were diluted | in 10

with 2M acetate buffer. Three microlitres of 5% BHT and 20ul of 2% TBA was
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added to 200u1 of sample or standard and mixed. Samples and standards were

then incubated at 95°C for lhr and then cooled on ice. One hundred microlitres of

butanol were then added to samples and standards. Samples and standards were

then mixed and centrifuged (Eppendorf centrifuge 5417R) at 20,000g for Smin.

The top butanol layer was then transferred to a glass HPLC vial. Acetonitrile was

diluted 1 in 5 with dH2O for the mobile phase. Forty microlitres of sample were

injected into the HPLC column (Sphereclone 54 ODS1 250x4.6mm,

Phenomenex, Macclesfield, U.K.) using an auto sampler (Gynkotech Gina 50

Auto sampler, Gynkotech, Macclesfield, U.K.). The samples were analysed for

6mins, the MDA:TBAadduct hada retention time of 2.5mins. Fluorescence was

measured at 530nm using a fluorometric detector (Gilson Model 121

Fluorometer, Gilson Middleton USA). Peak height was measured in both samples

and standards (Chromeleon Software Version 4.2, Softron GmbH, Germany) and

MDAcontent wascalculated from the standard curve.

2.10 STATISTICAL ANALYSIS

Statistical analysis was carried out using Statistical Package for Social Sciences

(SPSS) software Version 13. Students-T was carried out to analyse differences

between two groups. Where multiple comparisons were made, data was analysed

using analysis of variance (ANOVA). When significant F value was observed,

Tukey’s post-hoc analysis was performed to identify where differences occurred.

Significance wasset at P<0.05. Data is presented as mean + the standarderrorof the

mean (SEM).
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Establishment of a Selentum Dependant Protocol

to Modulate the Activities of Selenoproteins in

Renal Human Proximal Tubular HK2 Cells

“The unexaminedlife is not worth living”
Socrates, in Plato Dialogues, Apology
 

3.1 INTRODUCTION

The first step to approach and test the hypotheses of this thesis involved the

developmentof a relevantcell culture model in which selenium levels in the cell could

be modified. Therefore, this chapter will consider various cell culture conditions in

order to examine how selenium status affects selenoproteins in the PTC. The effect of

selenium depletion and selenium supplementation of the cell culture medium was

evaluated in HK2 cells. Initially (Section 3.3.1), 5-day selenium deprivation followed

by 2-day selenium depletion wasused, since these conditions had been previously tested

in other cell types (Handy et al., 2005). Then a time course of selenium deprivation

(Section 3.3.2) and supplementation (Section 3.3.3) was examined. Activities of GPX1

and TrxR were used as an index of selenium availability in the HK2 cells. In addition,

two different chemical forms of selenium, sodium selenite and selenomethionine, were

used to examine selenium incorporation into selenoproteins (Section 1.4.2). Both forms

of selenium were used at a range of different concentrations. Finally, by combining

data from the different experiments,the final cell culture model was developed (Section

3.3.4).

In this chapter, experiments to deprive cells of selenium were undertaken. Selenium

studies in animal models have shown that brain, testes, ovaries, and endocrine organs

can preserve selenium stores against deprivation, while liver and kidney do not do this

(Behne and Hofer-Bosse, 1984; Behneef a/., 1988). Additionally many studies have
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demonstrated that below this level of regulation between organs, there is a hierarchy of

regulation between individual selenoproteins. In particular it has been shown that GPX1

is the most sensitive of the selenoproteins to selenium deprivation and is at the bottom

of this hierarchy (Weitzel et al., 1990; Sunde et al., 1993; Burk ef al., 1991; Hill et al.,

1997).

3.2 MATERIALS AND METHODS

3.2.1 Selenium deprivation and supplementation

HK2 cells were deprived and then supplemented with selenium at various

concentrations and in different forms as described in Section 2.2. Deprivation was

initially for 5 days and supplementation for 2 days as described in Section 2.2.2.

Deprivation of selenium was then examined in a time course study of 1 to 4 days as

described in Section 2.2.3. Supplementation with selenium wasalso analyzed in a time

course study of | to 3 days as described in section 2.2.4. Combiningall outcomes from

these initials protocols the final model for selenium deprivation and supplementation of

HK2 cells was established as described in section 2.2.5. Selenium deprivation was

achieved by incubating the HK2 cells in serum free media, whereas 10% FCS was used

as a positive control which was assumedto equate to “normal”selenium levels in HK2

cells. Selenium supplementation was with the organic form, selenomethionine, or the

inorganic form, sodium selenite.

3.2.2 Biochemical analysis of GPX1 and TrxR in HK2 cells

Following completion of the different cell culture protocols, HK2 cells were harvested

as described in Section 2.4.1.1 for analysis of GPX1 activity (Section 2.4.1.2) and TrxR

activity (Section 2.4.2.2). GPX1 and TrxR activities were measured following

supplementation of the organic and inorganic form of selenium at different
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concentrations. To compare the selenoprotein activities in selenium deprived and

selenium supplemented HK2 cells, data were presented against the two controls; a

positive control, where grown in medium with 10% FCS,and a negative control, where

cells had no selenium by growing in SFM.

3.3 RESULTS

3.3.1 Effect of 5 days of selenium deprivation and 2 days of selenium

supplementation on selenoprotein activities in PTC

3.3.1.1 GPX] activities in HK2 cells with SeL or Semet supplementation

GPX] activities were significantly increased in cells supplemented with selenium,in the

form of SeL (Figure 3.1a) or Semet (Figure 3.1b) and at concentrations of 25, 50, 100,

250, 500 nM and in 10% FCS, compared with selenium deprived, negative control,

cells. GPXI activities were significantly lower at 25, 50, and 100 nM selenium

compared with those seen in the 10% FCS,positive control, cells. Cells grown in higher

concentrations of selenium did not differ from the 10% FCS positive control.

Supplementation with either SeL or Semet at 25, 50, 100 and 250nMresulted in a dose

dependant increase in GPX1 activities, but no further increase was observed with

selenium supplementation at 500nM.
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Figure 3.la Effect of SeL supplementation on GPX1 activities of HK2 cells
following 5 days of selenium deprivation. Values are shown for no Se (negative

control) and 10% FCS(positive control) and increasing concentrations of SeL. #

P<0.05 compared with no selenium (n=6),* P<0.05 compared with 10% FCS (n=6).
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Figure 3.1b Effect of Semet supplementation on GPX1 activities of HK2 cells

following 5 days of selenium deprivation. Values are shown for no Se (negative

control) and 10%FCS(positive control) and increasing concentrations of Semet. #

P<0.05 compared with no selenium (n=6),* P<0.05 compared with 10% FCS (n=6).

3.3.1.2 TrxR activities in HK2 cells with SeL or Semet supplementation

Thioredoxin reductase activities in HK2 cells supplemented with SeL (Figure 3.2a) or

Semet (Figure3.2b) at concentrations of 25, 50, 100, 250, 500 nM and in 10% FCS were

significantly increased compared with selenium deprived, negative control, cells. With

the exception of 250nM,supplementation of SeL or Semetat all concentrations resulted

in significantly lower TrxRactivities compared with 10% FCS,positive control,cells.

Supplementation with SeL or Semet at 25, 50, 100 and 250nM resulted in a dose
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dependant increase in TrxR activities. The highest TrxR activities were observed in

cells supplemented with 250nM of selenium and in particular with SeL

supplementation. Supplementation with 500nM selenium resulted in a decrease in TrxR

activity compared with the positive control.
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Figure 3.2a Effect of SeL supplementation on TrxR activities of HK2 cells
following 5 days of selenium deprivation. Values are shown for no Se (negative
control) and 10% FCS(positive control) and increasing concentrations of SeL. #
P<0.05 compared with no selenium (n=6),* P<0.05 compared with 10% FCS (n=6),

(b) P=0.0312 compared with 10% FCS (n=6).

25

| # #

20 4 x #
| x «+

1s - x #
|

| ok #
10 +

5

o

250nM s500nM 10 fes

T
r
x
R
Ac

ti
vi

ty

(
m
U
/
m
g
p
r
o
t
e
i
n
)

NoSe 25nM soOnM 100nM

mm TrxR Activity

Figure 3.2b Effect of Semet supplementation on TrxR activities of HK2 cells

following 5 days of selenium deprivation. Values are shown for no Se (negative

control) and 10% FCS(positive control) and increasing concentrations of Semet. =

P<0.05 compared with no selenium (n=6),* P<0.05 compared with 10% FCS (n=6).
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3.3.2 Effect of 1, 2, 3 and 4 days of selenium deprivation followed by 2 days of

selenium supplementation on selenoprotein activities in PTC

3.3.2.1 GPX] activities in HK2 cells with SeL or Semet supplementation

In selenium deprived SFM cells, GPX1 activities were significantly lower following 2

days of selenium deprivation compared with following 1 day of selenium deprivation

(Figure 3.3). The reduced GPX1 activities seen after 2 days of selenium deprivation did

not change further following 3 and 4 days of selenium deprivation. In contrast to

selenium deprived SFM cells, those in selenium adequate medium, 10% FCS,for 1, 2, 3

and 4 days had high GPX1 activities that remained unchanged throughout the time

course.

Selenium supplementation of HK2 cells with 125 or 250nM of SeL (Figure 3.4a and

3.5a) or Semet (Figure 3.4b and 3.5b), following either 1, 2, 3 or 4 days in SFM,caused

an increase in GPX1 activities compared with selenium deprived SFM cells. This is in

agreement with the GPX] activities of selenium deprived and selenium supplemented

HK2 cells, previously seen following 5 days of selenium deprivation in SFM (Figure

3.1a and 3.1b).

In cells supplemented with 125 or 250nM of SeL or Semet, there was a significant

decrease in GPX1 activity with increasing time of selenium deprivation. As the period

of selenium deprivation increased, the subsequent GPX] activities in Se supplemented

HK2 cells decreased (Figure 3.4a, 3.4b, 3.5a and 3.5b).

Supplementation of HK2 cells with 125nM of SeL (Figure3.4a) or Semet (Figure 3.4b)

from either 1, 2, 3 or 4 days in SFM did not increase the GPX1 activities to those seen

in 10% FCStreated cells and the GPX1activities were significantly lower compared

with 10% FCScells.

In contrast, Se supplementation with 250nM of SeL (Figure 3.5a) or Semet (Figure

3.5b) following 2 days in SFM resulted in an increase in the GPX1 activities to values

similar to those seen in 10% FCS treated cells. In addition, supplementation with
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250nM of SeL or Semet from 1 day in SFM causeda significant increase in the GPX]

activities compared to 10% FCStreated cells but GPX1 activities were significantly

lower compared with 10% FCS at 250nM of SeL or Semet after 3 and 4 days in SFM.

Overall, in selenium supplemented HK2 cells, GPX1 activity levels were higher when

supplementation was with SeL compared with supplementation with Semet.
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Figure 3.3 Effect of Se deprivation (SFM) on GPX1activities of HK2 cells. Values

are shown following 1 day (grey bars), 2 days (white bars), 3 days (blue bars) and 4

days (black bars) in SFM or 10% FCS. a: P <0.005 compared with 10%FCS,b:

P<0.005 compared with 2, 3 and 4 days in SFM (n=6).
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Figure 3.4a Effect of 1, 2, 3 and 4 days of selenium deprivation followed by 2 days

of 125nM SeL supplementation on GPX1 activities of HK2 cells. Values are shown

for SFM (negative control), 10% FCS (positive control) and 125nM SeL

supplementation following 1 day (grey bars), 2 days (white bars), 3 days (blue

bars) and 4 days (black bars) in SFM. * P<0.005 compared with SFM cells (n=6), #

P<0.005 compared with 10%FCScells (n=6).
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Figure 3.4b Effect of 1, 2, 3 and 4 days of selenium deprivation followed by 2 days

of 125nM Semet supplementation on GPX1 activities of HK2 cells. Values are

shown for SFM (negative control), 10% FCS (positive control) and 125nM Semet

supplementation following 1 day (grey bars), 2 days (white bars), 3 days (blue

bars) and 4 days (black bars) in SFM. # P<0.005 compared with SFM cells (n=6), *

P<0.005 compared with 10% FCScells (n=6).
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gure 3.5a Effect of 1, 2, 3 and 4 days of selenium deprivation followed by 2 days of

250nM SeL supplementation on GPX1 activities of HK2 cells. Values are shown

for SFM (negative control), 10% FCS (positive control) and 250nM SeL

supplementation following 1 day (grey bars), 2 days (white bars), 3 days (blue

bars) and 4 days (black bars) in SFM. # P<0.05 compared with SFM cells (n=6), *

P<0.05 compared with 10% FCScells (n=6).
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Figure 3.5b Effect of 1, 2, 3 and 4 days of selenium deprivation followed by 2 days

of 250nM Semet supplementation on GPX1 activities of HK2 cells. Values are

shown for SFM (negative control), 10% FCS (positive control) and 250nM Semet

supplementation following 1 day (grey bars), 2 days (white bars), 3 days (blue

bars) and 4 days (black bars) in SFM. # P<0.05 compared with SFM cells (n=6), *

P<0.05 compared with 10%FCScells (n=6).

3.3.2.2 TrxR activity in HK2 cells with SeL or Semet supplementation

Similar to the GPX1 activities (Figure 3.3), the TrxR activities in selenium deprived

cells were significantly lower following 2 days of selenium deprivation compared with

1 day of selenium deprivation (Figure 3.6). The reduced TrxRactivities seen after 2

days of selenium deprivation, did not change further, following 3 and 4 days of

selenium deprivation. In contrast to cells in SFM for 1, 2, 3 and 4 days, those in 10%

FCS had high TrxR activities that remained unchanged throughout the time course.

Selenium supplementation of HK2 cells with 125 and 250nM of SeL (Figure 3.7a and

3.8a) or Semet (Figure 3.7b and3.8b), following either 1, 2, 3 or 4 days in SFM, caused

an increase in the TrxR activities compared with selenium deprived, SFM,cells. This

was in agreement with the TrxR activities of selenium deprived and selenium

supplemented HK2 cells, as previously seen following 5 days in SFM (Figure 3.2a and

3.2b). Supplementation of HK2 cells, growing in SFM for 1, 2, 3 or 4 days, with

125nM ofSeL (Figure 3.7a) or Semet (Figure 3.7b) resulted in significant decreases in

the TrxRactivities compared with 10% FCScells. In contrast, Se supplementation with

250nM of SeL (Figure3.8a) or Semet (Figure 3.8b) following 1 or 2 days in SFM

resulted in significant increases in the TrxRactivities compared with the 10% FCS cells.

During the selenium deprivation for 1, 2, 3 or 4 days the TrxR activities remained
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unchanged in HK cells supplemented with either SeL or Semet at 125 and 250nM.

Selenium deprivation and supplementation on the TrxR activity of cultured HK2 cells

clearly demonstrates that TrxR activity can be modulated by selenium. However,

following selenium supplementation, other studies using different humancell lines have

shown dose responses in TrxRactivities significantly lower that those observedin this

study. This difference in TrxR dose responses, upon selenium supplementation, can be

attributed to the way different cell lines utilize selenium and the form of selenium

supplementation used in each cell culture model.
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igure 3.6 Effect of Se deprivation (SFM) on TrxR activities of HK2 cells. Values

are shown following 1 day (grey bars), 2 days (white bars), 3 days (blue bars) and 4

days (black bars) in SFM or 10% FCS,a: P <0.005 compared with 10%FCS,b:

P<0.005 compared with 2, 3 and 4 days in SFM (n=6).
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Fig

ure 3.7a Effect of 1, 2, 3 and 4 days of selenium deprivation followed by 2 days of

125nM SeL supplementation on TrxRactivities of HK2 cells. Values are shown for

125nM of SeL supplementation following 1 day (grey bars), 2 days (white bars), 3

days (dark grey bars) and 4 days (black bars) in SFM. # P<0.003 compared with 1,

2, 3, 4 days in SFM (negative control), * P<0.005 compared with 1, 2, 3, 4 days in

10% FCS(positive control) (n=6).
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gure 3.7b Effect of 1, 2, 3 and 4 days of selenium deprivation followed by 2 daysof

125nM Semet supplementation on TrxRactivities of HK2 cells. Values are shown

for125nM of Semet supplementation following 1 day (grey bars), 2 days (white

bars), 3 days (blue bars) and 4 days (black bars) in SFM. # P<0.005 compared with

1, 2, 3 and 4 days in SFM (negative control), * P<0.005 compared with 1, 2, 3, 4

days in 10% FCS(positive control) (n=6).
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Figure 3.8a Effect of 1, 2, 3 and 4 days of selenium deprivation followed by 2 days

of 250nM SeL supplementation on TrxR activities of HK2 cells. Values are shown

for250nM SeL supplementation following 1 day (light grey bars), 2 days (white

bars), 3 days (dark grey bars) and 4 days (black bars) in SFM. # P<0.003

compared with 1, 2, 3, 4 days in SFM (negative control), * P<0.005 compared with

1, 2, 3, 4 days in 10% FCS(positive control) (n=6).
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Figure 3.8b Effect of 1, 2, 3 and 4 days of selenium deprivation followed by 2 days

of 250nM Semet supplementation on TrxR activities of HK2 cells. Values are

shown for 250nM Semet supplementation following 1 day (light grey bars), 2 days

(white bars), 3 days (blue bars) and 4 days (black bars) in SFM. # P<0.003

compared with 1, 2, 3, 4 days in SFM (negative control), * P<0.005 compared with

1, 2, 3, 4 days in 10% FCS(positive control) (n=6).

3.3.3 Effect of 1, 2, 3, 4 days of selenium supplementation on GPX1 and TrxR

activities in the PTC

3.3.3.1 GPX] activity in HK2 cells with SeL or Semet supplementation

In selenium supplemented HK2 cells, GPX1 activities were significantly higher

following 1, 2, 3 or 4 days of supplementation with either SeL or Semet at 125 and 250

nM compared with SFM control cells. Significantly decreased GPX1 activities

compared with 10% FCScells were seen in selenium supplemented cells with 125nM of

Semet(Figure 3.9b) for 1, 2, or 3 days. This wasalso significant for the GPX1 activities

of HK2 cells supplemented with 125nM of SeL (Figure 3.9a) for 1 and 2 daysonly,

whereas for 3 and 4 days of supplementation with 125nM of SeL and for 4 days with

Semet, there was no significant difference compared with 10% FCScells.

Supplementation with 250nM of SeL (Figure 3.10a) or Semet (Figure 3.10b) for 1 day

also resulted in significantly decreased GPX1 activities when compared with cells in

10% FCScells. However, GPX1 activities after 2 days of supplementation with 250nM

of SeL or Semet were similar to GPX1 activities of 10% FCS, positive control, cells.

Further supplementation with 250nM of SeL or Semet for 3 and 4 days resulted in
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GPX1 activities significantly higher compared to 10% FCScells. In cells supplemented

with 125 and 250nM of SeL (Figure 3.9a and 3.10a) or Semet (Figure 3.9b and 3.10b)

there was a significant increase in GPX1 activity with increasing time of selenium

supplementation. This increase wasnotsignificant after 3 or 4 days of supplementation,

with the exception of 125nM of Semet (Figure 3.9b) where GPX1 activities remained

|

125nM SeL 10% FCS

significantly increased to each other throughoutthe time course.
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Figure 3.9a Effect of 1, 2, 3, 4 days of 125nM SeL supplementation on GPX1

activities of HK2 cells. Values are shown for supplementation with 125nM SeL for

1 day (light grey bars), 2 days (white bars), 3 days (dark grey bars) and 4 days

(black bars). # P<0.005 compared with SFM (negative control), * P<0.005

compared with 10% FCS(positive control) (n=6).
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Figure 3.9b Effect of 1, 2, 3, 4 days of 125nM Semet supplementation on GPX1

activities of HK2 cells. Values are shown for supplementation with 125nM Semet

for 1 day (light grey bars), 2 days (white bars), 3 days (dark grey bars) and 4 days

(black bars). # P<0.005 compared with SFM (negative control), * P<0.005

compared with 10% FCS(positive control) (n=6).
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Figure 3.10a Effect of 1, 2, 3, 4 days of 250nM SeL supplementation on GPX1

activities of HK2 cells. Values are shown for SFM (negative control), 10% FCS

(positive control) and 250nM SeL supplementation for 1 day (grey bars), 2 days

(white bars), 3 days (blue bars) and 4 days (black bars). # P<0.005 compared with

SFM,* P<0.005 compared with 10% FCS (n=6).
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Figure 3.10b Effect of 1, 2, 3, 4 days of 250nM Semet supplementation on GPX1

activities of HK2 cells. Values are shown for SFM (negative control), 10% FCS

(positive control) and 250nM Semet supplementation for 1 day (grey bars), 2 days

(white bars), 3 days (blue bars) and 4 days (black bars). # P<0.005 compared with

SFM, * P<0.005 compared with 10% FCS (n=6).

3.3.2.2 TrxR activity in HK2cellsfollowing SeL or Semet supplementation

Selenium supplementation of HK2 cells with SeL (Figure 3.1la) or Semet (Figure

3.11b) at 125nM, following 1, 2, 3 and 4 days of supplementation, resulted in

significantly higher TrxR activities compared with selenium deprived SFM cells

although TrxR activities were lower than for cells in 10% FCS, except following 4 days
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of supplementation where there was no significant difference to the activities in cells

growing in 10% FCS.

In selenium supplemented HK2 cells with SeL (Figure 3.12a) or Semet (Figure 3.12b)

at 250nM, TrxR activities were significantly higher after 1, 2, 3, 4 days of

supplementation compared with selenium deprived SFM cells. However, TrxR activity

was not significantly different to 10% FCS cells activity following 1 day of

supplementation with SeL or Semet at 250nM.In addition TrxR activities of selenium

supplemented with 250nM SeL or Semet where significantly higher compared with the

TrxRactivities of selenium adequate 10%FCScells.

In cells supplemented with 125 of SeL (Figure 3.1 1a) or Semet (Figure 3.11b) there was

a significant increase in TrxR activity following supplementation for 3, 4 days

compared with supplementation for 1 day. TrxR activities remained unchanged

following supplementation with 250nM of SeL (Figure 3.12a) or Semet (Figure 3.12b)

throughoutthe time course.
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Figure 3.1la Effect of 1, 2, 3, 4 days of 125nM SeL supplementation on TrxR

activities of HK2 cells. Values are shown for SFM (negative control), 10% FCS

(positive control) and 125nM SeL supplementation for 1 day (grey bars), 2 days

(white bars), 3 days (blue bars) and 4 days (black bars). # P<0.005 compared with

SFM,* P<0.005 compared with 10% FCS (n=6).
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Figure 3.11b Effect of 1, 2, 3, 4 days of 125nM Semet supplementation on TrxR

activities of HK2 cells. Values are shown for SFM (negative control), 10% FCS

(positive control) and 125nM Semet supplementation for 1 day (grey bars), 2 days

(white bars), 3 days (blue bars) and 4 days (black bars). # P<0.005 compared with

SFM,* P<0.005 compared with 10% FCS (n=6).
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Figure 3.12a Effect of 1, 2, 3, 4 days of 250nM SeL supplementation on TrxR

activities of HK2 cells. Values are shown for SFM (negative control), 10% FCS

(positive control) and 250nM SeL supplementation for 1 day (grey bars), 2 days

(white bars), 3 days (blue bars) and 4 days (black bars). # P<0.005 compared with

SFM cells, * P<0.005 compared with 10% FCScells (n=6).
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Figure 3.12b Effect of 1, 2, 3, 4 days of 250nM Semet supplementation on TrxR

activities of HK2 cells. Values are shown for SFM (negative control), 10% FCS

(positive control) and 250nM Semet supplementation for 1 day (grey bars), 2 days

(white bars), 3 days (blue bars) and 4 days (black bars). # P<0.005 compared with

SFM cells, * P<0.005 compared with 10%FCScells (n=6).

3.3.4 Effect of 2 days of selenium deprivation followed by 2 days of selenium

supplementation on selenoprotein activities in PTC

3.3.4.1 GPX] activity in HK2cellsfollowing SeL or Semet supplementation

GPX1 activities were significantly lower in selenium deprived SFM cells than the

activities seen in SeL and Semet supplementedcells or in cells grown with 10% FCS.

Selenium supplementation with either of the two selenium forms, resulted in a dose

dependant increase in GPX1 activities that was significant between the different

selenium concentrations but not significant between the two different forms of

selenium, SeL and Semet, at the same concentration (Figure 3.13). Selenium

supplementation with SeL or Semet at 50nM and 125nMresulted in significantly lower

GPX1 activities than that seen in selenium adequate 10%FCScells. However, similar

GPX] activity levels to selenium adequate 10% FCScells, were observed with selenium

supplementation at 250nM of SeL, 22.39 + 0.69 compared to 22.56 + 0.52 or Semet,

21.99 + 0.98 compared to 21.27 + 0.34.
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Figure 3.13 Effect of SeL and Semet supplementation on GPX1activities of HK2

cells. Values are shown for SFM (negative control), 10% FCS (positive control)

and 50, 125 and 250nM SeL(blue bars) and Semet(grey bars). # P<0.005 compared

with SFM cells, * P<0.005 compared with 10%FCScells (n=6).

3.3.4.2 TrxR activity in HK2 cellsfollowing SeL or Semet supplementation

In selenium deprived SFM cells TrxR activities were significantly lower compared with

SeL and Semet supplemented cells and 10% FCScells. Selenium supplementation with

either form of selenium, resulted in a dose dependant increase in TrxRactivities that

was significant between the different selenium concentrationsbut significantly different

for the two different forms of selenium, SeL and Semet, at the same concentration

(Figure 3.14). Selenium supplementation with SeL or Semet at 50nM and 125nM

resulted in significantly lower TrxR activities than that seen in selenium adequate

10%FCScells. However, higher TrxR activities than selenium adequate 10% FCScells,

were observed with selenium supplementation at 250nM of SeL, 19.22 + 0.64 compared

to20.95 + 0.46, and Semet 19.06 + 0.76 compared to 20.19 + 0.52. This increase was

only significant for SeL supplementation.
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Figure 3.14 Effect of SeL and Semet supplementation on TrxR activities of HK2
cells. Values are shown for SFM (negative control), 10% FCS (positive control)

and 50, 125 and 250nM SeL(blue bars) and Semet(grey bars). # P<0.005 compared

with SFM cells, * P<0.005 compared with 10% FCScells (n=6).

3.4 DISCUSSION

The main aimsofthis part of the study were:

1) To examine the activities of the selenoproteins GPX1 and TrxR in renal

proximal tubular HK2 cells deprived of selenium.

2) To examine the activities of GPX1 and TrxR in HK2 cells, following

supplementation with sodium selenite or selenomethionine and to determine the

optimum selenium concentration that would lead to selenoprotein activities

similar to HK2 cells growing in 10% FCS.

3) The final aim was to combine the data from the above treatments to obtain a

PTC cell culture model that would besensitive to alterations in selenium status.
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3.4.1 Effect of selenium on selenoprotein activities in the HK2 cell line

The first set of experiments was designed to establish that the HK2 cell line was

responsive to selenium status and how the organic and inorganic form of selenium

would affect selenoprotein activities. GPX1 and TrxR activities in selenium

supplemented HK2 cells following 5 days of selenium deprivation and 2 days of

supplementation with sodium selenite or selenomethionine were higher than

unsupplemented, selenium deprived cells. GPX1 activity was decreased 9-fold in

selenium deprived cells compared with selenium adequate 10% FCS cells (Figure 3.la

and 3.1b) and TrxR activity was decreased almost 5-fold compared with selenium

adequate 10% FCS cells (Figure 3.2a and 3.2b). This decrease in GPX1 and TrxR

activities suggests that the 5 days in SFM was sufficient to reduce selenoprotein

activities in HK2 cells. In addition, GPX1 and TrxR activities responded to selenium

supplementation, with SeL or Semet, in a dose dependant manner and the highest

activities were achieved with 250nM of SeL or Semet supplementation. There was a

decrease in GPX1 and TrxR activities with sodium selenite or selenomethionine

supplementation at S00nM compared with 250nM and 10% FCScells. This decrease in

GPX1and TrxR activity occurred despite the high selenium concentration and suggests

that 500nM wastoxic to the HK2 cells. Overall, GPX1 and TrxRactivities changed in a

dose dependent manner with increased concentration of supplemented selenium

following 5 days of selenium deprivation. Selenium contained in cell culture mediais

predominantly incorporated into proteins of serum supplements andnoteasily utilized

by cultured cells (Marcocci et al., 1997). Therefore a bioavailable selenium compound

has to be supplemented to the medium in order for cells not to be deficient in

selenoproteins. The bioavailable selenium compound is preferably sodium selenite.

Forty nanomolarselenite are usually adequate for optimum expression ofselenoproteins

like TrxR and GPX1 (Marcocciet al., 1997). Dose responses from four different human

cell lines, after seven days of growth in then medium supplemented with 40 nM of

sodium selenite showed thioredoxin reductase activities to range between 65 to and

156% of that of the TrxR activities in HK2 cells supplemeted with 250nM of sodium

selenite. So far it is not known why HK2 cell line requires a higher level of selenium

supplementation in order to achieve optimum TrxRactivity levels.
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3.4.2 Effect of selenium deprivation on selenoprotein activities

In HK2 cells, selenium deprivation reduced selenoprotein activities with time. One day

of deprivation reduced the GPX1 activity of selenium adequate cells (22.5+0.66

mU/mg) by almost 50% (11.8340.42 mU/mg) and two days of selenium deprivation

caused a further reduction (3.3440.67 mU/mg compared to control values of 21.5+0.72

mU/mg). Both GPX land TrxRactivities were reduced to minimum levels after 2 days

of selenium deprivation (Figure 3.3 and 3.6). However the net reduction following

between | and 2 days of deprivation was ~75% for GPX1 activities and ~25% for TrxR

activities. This relative change in the amount of reduction may be dueto the fact that

TrxR selenoprotein is relatively conserved by the HK2 cells in comparison with GPX1

and therefore GPX1 activity is preferably lost. More evidence to support this hypothesis

was apparent from the selenium deprivation following selenium supplementation

treatments (Figure 3.4a, 3.4b, 3.5a and 3.5b). The reduction in GPX1 activities with

time of selenium deprivation was significant for GPX1 activities but not for TrxR

activities which remained unchanged thought out the time course of deprivation (Figure

3.7a, 3.7b, 3.8a and 3.8b).

3.4.3 Effect of selenium supplementation on selenoprotein activities

Based on the conclusions from section 3.4.2, two days in SFM were considered

sufficient to reduce selenoprotein activities in HK2 cells to baseline levels. Using two

days as a fixed time for selenium deprivation the period of supplementation of HK2

cells was examined from 1 to 4 days. Selenium supplementation with SeL (Figure 3.9a)

or Semet (Figure 3.9b) at 125nM for lor 2 days did not increase GPX1 activities to

similar levels to selenium adequate 10% FCS cells. Three days was found to be

sufficient for supplementation with 125nM of SeL but 4 days were needed in cells

supplemented with Semet in order for GPX1 activities to be restored to control levels.

This suggests that 125nM ofselenium in the form of SeL wereutilized moreeficiently

by the PTC than 125nM ofselenium in Semetandthat in HK2 cells 4 days of 125nM of

selenium were required in order for GPX1 activities to reach similar activities to 10%
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FCScells. However, only 2 days of selenium supplementation with SeL (Figure 3.10a)

or Semet (Figure 3.10b) at 250nM were needed in order to restore GPX1 activity to

control levels. This suggests that with increased concentration of selenium

supplementation the time to achieve high GPX1 activities is shortened and that 2 days

of supplementation is a suitable time period for GPX1 activities to be increased to

normal. Three and 4 days of SeL or Semet supplementation at 250 nM resulted in a

significant increase in GPX1 activities compared to 10% FCScells. Thus these data

suggest that selenium supplementation at 250nM for two days was the mostsuitable

time for restore of GPX1 activity to control levels.

Similarly to GPX1 activities, supplementation with 125nM of SeL or Semetfor 4 days

were needed in order to achieve TrxR activities similar to that in cells growing in 10%

FCS.In contrast to data seen for GPX1 activities, supplementation with 250nM of SeL

or Semet resulted in TrxR activities similar to 10% FCS even after 1 day of

supplementation. This suggests either that selenium utilization in the HK2 cells has a

priority to primarily restore TrxR activity before GPX1 or that TrxR activity was

preservedbetter in a selenium deprived environment and therefore there wasa relatively

small decrease that was quickly restored with selenium supplementation.

In summary,the data presented throughoutthis chapter had demonstrated that HK2 cells

when in a selenium deprived environment showedsignificantly reduced GPX1 and

TrxR selenoprotein activities compared with selenium supplementedcells and selenium

adequate 10% FCScells. Selenium supplementation with either SeL or Semetresulted

in a dose dependantincrease in the GPX1 and TrxRactivities. In addition, GPX1 and

TrxRactivities responded to selenium supplementation in a dose dependant manner and

the highest activities were achieved with 250nM of SeL or Semet supplementation.

Therefore, this part of the study though investigating the effects of different selenium

concentrations and forms on GPX1 and TrxR activities of HK2 cells, established a

dosing regime that could be usedin furtherstudies.

99



Chapter 4

Effect of Homocysteine Exposure on Selenoprotein

Activities of Selentum Deprived and Selenium

Supplemented Renal Human Proximal Tubular

HK2Cells

“The most beautiful experience we can have is the mysterious”
Albert Einstein
 

4.1 INTRODUCTION

The previous chapter mainly dealt with the design of a cell culture model suitable to

modulate the activities of selenoproteins in HK2 cells by supplementing their medium

with different concentrations and forms of selenium. This chapter will investigate the

effects of homocysteine onselenoprotein activities. Elevated plasma total homocysteine

concentrations have been associated with a plethora of complex diseases including renal

failure (Jacobsen, 2006). In addition, studies in an Inuit population (Belanger ef al.,

2006), in middle-aged and elderly subjects from Upper Silesia (Klapcinskaet al., 2005)

and in the UK National Diet and Nutrition Survey of people aged 65 years and above

(Bates et al., 2002) have found a significant inverse association between Se status and

plasma Hcy. Powers et al., (2000) demonstrate the effects of elevated plasma total

homocysteine (tHcy) concentration on activity of antioxidant enzymes in the

circulation. Studies in patients with inherited defects of Hcy metabolism suggest that

elevated plasma tHcyrepresents an oxidative stress, resulting in an adaptive increase in

activity of antioxidant enzymes in the circulation (Powers et al., 2000; Lang et al.,

2000; Moatef al., 2000). A plethora of evidence associates hyperhomocysteinemia with

an increasedrisk in artherosclerosis and high Hcylevels have been suggested to have an

inhibitory effect on endothelial dependantrelaxation (Lang et al., 2000). Recent data

from studies on culture endothelial cells exposed to high Hcy levels demonstrate an

increase in the intracellular generation of free radicals and suggest that sulfur containing
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amino acids, such as Hcy, generate oxygen-derived free radicals. Furthermore, an

elevated level of homocysteine in in vivo andin cell culture systems has been shownto

result in a decrease in the activity of cellular GPX (Handyef al., 2005). Despite the

abundance of data on homocysteine metabolism, any link between increased

homocysteine levels and decreased selenium levels and activity of selenoproteins

remainsunclear.

Therefore, the aim of the studies in this chapter is to explore selenium and

homocysteine interactions in renal HK2 cells. Different forms and concentrations of

selenium with different Hcy concentrations will be used and the GPX1 and TrxR

activitities will be measured in the selenium-dependant HK2 cell culture model

established in Chapter 3. In addition, stimulation with TNF-a will be used in order to

test the ability of these cells to respond to oxidative stress. Huang ef al., (2001) have

demonstrated that folate depletion and elevated plasma homocysteine promote oxidative

stress in rat livers, and in mammals a major function of selenium and selenium-

dependant enzymesisto protect cells from oxidative stress (Zachara etal., 2006).

The hypothesis of this study was that high homocysteine inhibits the expression of

selenoenzymes, like GPX1 and TrxR and leads to an increase in ROS production.

Handyet al (2005) demonstrated that although treatment with homocysteine does not

affect GPX1 mRNA levels or GPX1 promoter activity, this treatment reduces GPX1

enzymeactivity andthe levels of GPX1 protein in COS-7 monkey kidneyfibroblasts.

4.2 MATERIALS AND METHODS

4.2.1 Homocysteine exposure of HK2cell line

The effect of homocysteine on HK2 cells deprived of selenium and also on HK2 cells

supplemented with two different forms of selenium wasstudied. Eighty to ninety per

cent confluent HK2 cells were exposed to homocysteine and at the same time the media

was changed from growth media with 10% FCS to SFM with no selenium.
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Homocysteine was added at final concentrations of 10, 50 or 100 uM for 2 days and

then cells were supplemented with selenomethionine or sodium selenite at

concentrations of 50, 125 and 250nM for 2 days. Positive control cells were incubated

in growth media containing 10% FCS and no other form of selenium supplementation

and negative control cells in SFM with no selenium supplementation. After selenium

supplementation cells were harvested for analysis. Glutathione peroxidase 1 (Section

2.4.1.1) and thioredoxin reductase (Section 2.4.2.1) were analyzed.

4.2.2 TNF-a stimulation of the HK2 cells

In a similar manner to the Hcy exposure protocol (Section 4.2.1), HK2 cells, following

48hrs of Hcy exposure and 48hrs of selenium supplementation, were stimulated with

10ng/ml of TNF-o for 12hrs.

4.2.3 Biochemical analysis of GPX1 and TrxR in HK2 cells

Following completion of the different cell culture protocols, HK2 cells were harvested

as described in Section 2.4.1.1 for analysis of GPX1 activity (Section 2.4.1.2). HK2

cells were also harvested as described in Section 2.4.2.1 for analysis of TrxR activity

(Section 2.4.2.2). GPX1 and TrxRactivities were measured with supplementation of the

organic and inorganic form of selenium at different concentrations. To compare the

selenoprotein activities in selenium supplemented HK2 cells, data are presented against

two controls; a positive control, where cells grown in medium with 10% FCS, and a

negative control where cells grown with no selenium in SFM.
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4.3 RESULTS

4.3.1 Effect of 101M L-Homocysteine exposure on selenoprotein activities of PTC

4.3.1.1 GPX] activities in HK2 cells with 10uM L-Hcy and SeL or Semet

supplementation

Treatment with 101M L-Hcy had nosignificant effect in any of the GPX1 activities of

HK2 cells which were supplemented with either SeL (Figure 4.1a) or Semet (Figure

4.1b) at concentrations 50, 125 and 250nM. However, as previously seen in Section

3.3.1 and 3.3.4, a significant increase in GPX1 activities was seen for HK2 cells with or

without 10uM of L-Hcy treatment with increasing concentrations of SeL and Semet

supplementation. The increased GPX1 activities in selenium supplemented cells were

also significantly higher compared with the SFM, selenium deprived cells and

significantly lower (except with selenium supplementation at 250nM) than 10% FCS,

selenium adequatecells.
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Figure 4.la Effect of 101M L-Hey on GPX1activities of HK2 cells following

supplementation with sodium selenite. Values are shown for increasing

concentrations of SeL in SFM andfor the two controls; SFM and 10% FCS(n=6).
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Figure 4.1b Effect of 101M L-Hcy on GPX1 activities of HK2 cells following
supplementation with selenomethionine. Values are shown for increasing
concentrations of Semet in SFM and for the two controls, SFM and 10% FCS

(n=6).

4.3.1.2 TrxR activity in HK2 cells with 10uM L-Hcy and Sel or Semet

supplementation

Nosignificant effect of the 101M L-Hcytreatment was seen on TrxRactivities of HK2

cells supplemented with SeL (Figure 4.2a) or Semet (Figure 4.2b), at 50, 125 and

250nM. Thioredoxin reductase activity was significantly lower in SFM cells compared

with SeL and Semet supplemented cells and selenium adequate cells. This difference

was not affected by the 101M L-Hcy treatment. As also seen in Section 3.3.1.2 and

3.3.4.2, TrxR activities increased with increasing concentrations of selenium

supplementation and 250nM hadincreased TrxR activities to similar levels as the

selenium adequate, 10% FCS,cells.
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Figure 4.2a Effect of 10uM L-Hcy on TrxRactivities of HK2 cells following sodium
selenite supplementation. Values are shown for increasing concentrations of SeL in

SFM andfor the two controls, SFM and 10% FCS (n=6).
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Figure 4.2b Effect of 101M L-Hcy on TrxR activities of HK2 cells following
selenomethionine supplementation. Values are shown for increasing concentrations

of Semet in SFM andfor the two controls, SFM and 10% FCS(n=6).

4.3.2 Effect of 501M L-Homocysteine exposure on selenoprotein activities in PTC

4.3.2.1 GPXI1 activity in HK2 cells with 50uM L-Hcy and SeL or Semet

supplementation

Treatment with 50uM L-Hcysignificantly decreased the GPX1 activities in Semet

supplemented HK2 cells compared to none Hcytreated cells (Figure 4.3b). In contrast,

this decrease in GPX1 activity with 501M L-Hcytreatment was not observed in SeL
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supplemented HK2 cells (Figure 4.3a). No significant decrease was seen in GPX]

activities between cells treated with 501M L-Hcybut selenium deprived and selenium

deprived cells not treated with 50uM L-Hcy. In contrast, a significant decrease was

seen in GPX] activities between selenium adequate cells treated with homocysteine and

selenium adequatecells not treated with SOuM L-Hcy (24.1 + 1.6 to 13.87 + 1.4 mU/mg

   

protein).
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Figure 4.3a Effect of 50uM L-Hcy on GPX1 activities of HK2 cells following
sodium selenite supplementation. Values are shown for increasing concentrations
of SeL in SFM andfor the two controls; SFM (negative control) and 10% FCS

(positive control) cells. *P<0.05 compared with cells with no Hcy (n=6).
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Figure 4.3b Effect of 501M L-Hcy on GPX1activities of HK2 cells following

selenomethionine supplementation. Values are shown for increasing concentrations

of Semet in SFM and for the two controls; SFM (negative control) and 10% FCS

(positive control) cells. *P<0.05 compared with cells with no Hcy (n=6).

106



Chapter 4

4.3.2.2 TrxR activities in HK2 cells with 50uM L-Hcy and SeL or Semet

supplementation

Treatment with 50uM L-Hcy significantly decreased TrxR activities in Semet

supplemented HK2 cells compared with cells without Hcy treatment (Figure 4.4b). In

contrast, this significant decrease in TrxR activities with 504M L-Hcy treatment was

not observed in SeL supplemented HK2 cells (Figure 4.4a). For the selenium deprived,

negative control cells, no significant decrease was seen in TrxR activity between

untreated cells and cells treated with 5OuM L-Hcy. For the selenium adequate, positive

control cells, TrxR activity was significantly decreased in cells treated with 50M L-

Hcy compared with untreated cells (14.87 + 1.4 and 18.33 + 1.6 mU/mgprotein

respectively).
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Figure 4.4a Effect of 501M L-Hcy on TrxRactivities of HK2 cells following sodium
selenite supplementation. Values are shown for increasing concentrations of SeL in
SFM and for the two controls; SFM (negative control) and 10% FCS (positive

control) cells. *P<0.05 compared with cells with no Hcy (n=6).
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Figure 4.4b Effect of 50uM L-Hcy on TrxR activity of HK-2 cells following
selenomethionine supplementation. Values are shown for increasing concentrations
of Semet in SFM and for the two controls; SFM (negative control) and 10% FCS

(positive control) cells. *P<0.05 compared with cells with no Hcy (n=6).
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4.3.3 Effect of 1001M L-Homocysteine exposure on selenoprotein activities of PTC

4.3.3.1 GPXI1 activity in HK2 cells with 100uM L-Hcy and SeL or Semet

supplementation

Treatment with 100M L-Hcy significantly decreased GPX1 activities in Semet

supplemented HK2 cells compared with cells without Hcy treatment (Figure 4.5b). In

contrast, this significant decrease with 100uM L-Hcy treatment was not observed in

SeL supplemented HK2 cells (Figure 4.5a). For the selenium deprived cells no

significant decrease was seen in GPX1 activities between untreated HK2 cells and those

treated with 100uM L-Hcy. For the selenium adequate, positive control cells, GPX1

activities were significantly decreased in cells treated with 1001M L-Hcy compared

with cells without Hcy treatment (8.35 + 1.3 and 24.01 + 1.9 mU/mgprotein,

  

respectively).

30

BS |
S 8 20

3S pa
x a 1s |

a
x< = 10 4

$2Es)
SFM 50nM SeL 125nM SeL 250nM SeL

m NoHcy = 100uM Hcy

Fi

gure 4.5a Effect of 100uM L-Hcy on GPX1activities of HK2 cells following sodium

selenite supplementation. Values are shown for increasing concentrations of SeL in

SFM and for the two controls; SFM (negative control) and 10% FCS (positive

control) cells. *P<0.05 compared with cells with no Hcy (n=6).

108



Chapter 4

30 5

25

20

15

10

G
P
X
1

Ac
ti

vi
ty

(
m
U
/
m
g
p
r
o
t
e
i
n
)

   =

SFM 50nM Semet 125nM Semet 250nM Semet 10 FCS

m NoHcy ® 100”uM Hcy

Figure 4.5b Effect of 100u1M L-Hcy on GPX1 activities of HK2 cells following
selenomethionine supplementation. Values are shown for increasing concentrations
of Semet in SFM andfor the two controls; SFM (negative control) and 10% FCS
(positive control) cells. *P<0.05 compared with cells with no Hcy (n=6).

4.3.3.2. TrxR activity in HK2 cells with 100uM L-Hcy and Sel or Semet

supplementation

Treatment with 1001M L-Hcy markedly decreased TrxR1 (Figure 4.6c) and TrxR2

(Figure 4.6d) contents in Semet supplemented HK2 cells compared with untreated cells.

In addition, total TrxR activities were also significantly decreased as shown in Figure

4.6b. Treatment with 100nM L-Hcysignificantly decreased TrxR activities in Semet

supplemented HK2 cells compared with untreated cells (Figure 4.6b). In contrast, this

significant decrease with 100u1M L-Hcy treatment was not observed in SeL

supplemented HK2 cells (Figure 4.6a). For selenium deprived cells no significant

decrease was seen in TrxR activities between cells without Hcy treatment and cells

treated with 100M L-Hcy. For the positive control, selentum adequate cells, TrxR

activities were significantly decreased with 100uM L-Hcytreatment from 18.35 + 1.5

mU/mgprotein in untreatedcells to 12.51 + 1.4 mU/mgprotein in homocysteine treated

cells.
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Figure 4.6a Effect of 100u1M L-Hcy on TrxR activities of HK2 cells following
sodium selenite supplementation. Values are shown for increasing concentrations
of SeL in SFM andfor the two controls; SFM (negative control) and 10% FCS

(positive control) cells. *P<0.05 compared with cells with no Hcy (n=6).

T
r
x
R
Ac

ti
vi

ty

(
m
U
/
m
g

pr
ot
ei
n)

  
50nM Semet 125nM Semet 250nM Semet 10 FCS

m NoHcy ® 100uM Hcy

Figure 4.6b Effect of 100uM L-Hcy on TrxRactivities of HK2 cells following
selenomethionine supplementation. Values are shown for increasing concentrations
of Semet in SFM and for the two controls; SFM (negative control) and 10% FCS

(positive control) cells. *P<0.05 compared with cells with no Hcy (n=6).
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Figure 4.6c Western blot of TrxR1 by SDS-PAGE. A typical blot (n=3) of the

changes with (+) and without (-) 1001M Hcy treatment in HK2 cells with SFM,

10% FCS and supplementation with 250nM Semet or SeL in SFM is shown.

GAPDHis shownasa loading control.
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Figure 4.6d Western blot of TrxR2 by SDS-PAGE. typical blot (n=3) of the
changes with (+) and without (-) 100M Hcy treatment in HK2 cells with SFM,

10% FCS and supplementation with 250nM Semet or SeL in SFM is shown.

GAPDHis shownasa loadingcontrol.

4.3.4 Effect of TNF-a on the selenoprotein activities of PTCs treated with 10uM L-

Homocysteine

4.3.4.1 GPX1activities in SeL and Semet supplemented HK2cells treated with 10uM

L-Hcy andstimulated with 10ng/ml of TNF-a

Glutathione peroxidase 1 activities were increased significantly following stimulation

with TNF-a, in SeL (Figure 4.7a) and Semet (Figure 4.7b) supplemented cells with

10M of L-Hcy. This increase in GPX1 activity was also significant in the selenium

adequate, positive control, cells. In contrast, no increase was observed in selenium

deprived, negative controlcells after stimulation with TNF-a.
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Figure 4.7a Effect of TNF-a on GPX1activities of SeL. supplemented HK2 cells

treated with 10uM of L-Hcy. Values are shown for increasing concentrations of

SeL and for two controls; SFM (negative control) and 10% FCS(positive control).

*P<0.05 compared with no TNF-a stimulation (n=6).

(
m
U
/
m
g

pr
ot
ei
n)

  
111



Chapter 4
G
P
X
1

Ac
ti
vi
ty

(
m
U
/
m
g
p
r
o
t
e
i
n
)

   
SFM 50nM Semet 125nMSemet 250nMSemet

@ NoTNF-a i 10ng/mi TNF-a

Figure 4.7b Effect of TNF-a on GPX1activities of Semet supplemented HK2cells
treated with 10uM of L-Hcy. Values are shown for increasing concentrations of
Semet and for two controls; SFM (negative control) and 10% FCS (positive

control). *P<0.05 compared with no TNF-a stimulation (n=6).

4.3.4.2 TrxR activities in SeL and Semet supplemented HK2 cells treated with 10uM

L-Hcy andstimulated with 10ng/ml of TNF-a

Following stimulation with TNF-a a significant increase in TrxR activities was

observed in SeL (Figure 4.8a) and Semet (Figure 4.8b) supplemented cells with 104M

of L-Hcy. This increase in TrxR activities was also significant in the selenium

adequate, positive control, cells. In contrast, no increase was observed in selenium

deprived, negative control cells after stimulation with TNF-a.
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Figure 4.8a Effect of TNF-a on TrxR activities of SeL supplemented HK2cells

treated with 101M of L-Hcy. Values are shown for increasing concentrations of

SeL and for two controls; SFM (negative control) and 10% FCS(positive control).

*P<0.05 compared with no TNF-a stimulation (n=6).
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Figure 4.8b Effect of TNF-a on TrxR activities of Semet supplemented HK-2 cells
treated with 10uM of L-Hcy. Values are shown for increasing concentrations of
Semet and for two controls; SFM (negative control) and 10% FCS (positive

control). *P<0.05 compared with no TNF-a stimulation (n=6).

4.3.5 Effect of TNF-a on selenoprotein activities in PTC treated with 50uM L-Hcy

4.3.5.1 GPX] activities in SeL and Semet supplemented HK2 cells with 50uM L-Hcy

and stimulated with 10ng/ml of TNF-a

Following stimulation with TNF-a, a significant increase was observed in GPX]

activities of SeL supplemented cells treated with 50uM of L-Hcy compared with cells

SeL supplemented treated with 50uM of L-Hcy without TNF-a stimulation (Figure

4.9a). In contrast no significant difference was observed in GPX1 activities of TNF-a

stimulated HK2 cells with 50uM of L-Hcy and supplemented with Semet compared

with cells without TNF-a stimulation supplemented with Semet and treated with 5014.M

of L-Hcy (Figure 4.9b). In addition, no significant increase in GPX1 activities was

observed after stimulation with TNF-a in selenium deprived, negative control, and

selenium adequate, positive control, cells compared with selenium deprived and

selenium adequate cells without TNF-a stimulation.
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igure 4.9a Effect of TNF-a on GPX1activities of Sel. supplemented HK2 cells
treated with 50uM of L-Hcy. Values are shown for increasing concentrations of
SeL andfor two controls; SFM (negative control) and 10% FCS (positive control).

*P<0.05 compared with no TNF-a stimulation (n=6).
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Figure 4.9b Effect of TNF-a on GPX1 activities of Semet supplemented HK2 cells

treated with 50uM of L-Hcy. Values are shown for increasing concentrations of

Semet and for two controls; SFM (negative control) and 10% FCS (positive

control).

4.3.5.2 TrxR activities in SeL and Semet supplemented HK2 cells with 50uM L-Hcy

and stimulated with 10ng/ml of TNF-a

Following stimulation with TNF-a, a significant increase (P<0.05) in TrXR activities

was observed in SeL (Figure 4.10a) and Semet (Figure 4.10b) supplemented cells with

50uM of L-Hcy compared with cells without TNF-a stimulation. This increase in TrxR

activities was also significant in the selenium adequate, positive control, cells. In

contrast, no increase was observed in selenium deprived, negative control cells after

stimulation with TNF-a.
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Figure 4.10a Effect of TNF-a on TrxR activities of SeL supplemented HK2 cells
treated with 50uM of L-Hcy. Values are shown for increasing concentrations of
SeL and for two controls; SFM (negative control) and 10% FCS(positive control).

*P<0.05 compared with no TNF-a stimulation (n=6).
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Figure 4.10b Effect of TNF-a on TrxR activities of Semet supplemented HK2 cells
treated with 50uM of L-Hcy. Values are shown for increasing concentrations of
Semet and for two controls; SFM (negative control) and 10% FCS (positive

control).*P<0.05 compared with no TNF-a stimulation (n=6).

4.3.6 Effect of TNF-a on selenoprotein activities of PTC treated with 100nM L-

Homocysteine

4.3.6.1 GPX] activities in SeL and Semet supplemented HK2cells with 100uM L-Hcy

and stimulated with 10ng/ml of TNF-a

In HK2 cells supplemented with 50, 125 or 250nM of SeL andtreated with 100nM of

L-Hcy, there was significant increase in GPX1 activities following stimulation with

TNF-a compared with cells without TNF-a stimulation (Figure 4.1 1a). In contrast, in

Semet supplemented HK2 cells treated with 100M of L-Hcy, nosignificant difference
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in GPX1 activities was seen following stimulation with TNF-a (Figure 4.11b). In

addition, no significant increase was seen in GPX] activities after stimulation with

TNF-a in selenium adequate and selenium deprived HK2 cells.
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Figure 4.1la Effect of TNF-a on GPX1activities of SeL. supplemented HK2cells
treated with 100nM of L-Hcy. Values are shown for increasing concentrations of
SeL andfor two controls; SFM (negative control) and 10% FCS(positive control).

*P<0.05 compared with no TNF-a stimulation (n=6).
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Figure 4.11b Effect of TNF-a on GPX1activities of Semet supplemented HK2 cells

treated with 100uM of L-Hcy. Values are shown for increasing concentrations of

Semet and for two controls; SFM (negative control) and 10% FCS (positive

control) (n=6).
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4.3.6.2 TrxR activities in SeL and Semet supplemented HK2 cells with 100uM L-Hcy

and stimulated with 10ng/ml of TNF-a

Following stimulation with TNF-a, a significant increase in TrxR activities was

observed in SeL supplemented cells with 100M of L-Hcey compared with cells without

TNF-o stimulation (Figure 4.12a). In contrast no significant difference was observed in

TrxRactivities of TNF-a stimulated HK2 cells with 100M of L-Hcy and supplemented

with Semet compared with cells without TNF-a stimulation (Figure 4.12b). In addition,

no significant increase in TrxR activities was observed after stimulation with TNF-a in

selenium deprived, negative control, and selenium adequate, positive control, cells

compared with cells selenium deprived and selenium adequate without TNF-a

stimulation.
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Figure 4.12a Effect of TNF-a on TrxRactivities of SeL supplemented HK2 cells
treated with 100uM of L-Hcy. Values are shown for increasing concentrations of
SeL and for two controls; SFM (negative control) and 10% FCS(positive control).

*P<0.05 compared with no TNF-a stimulation (n=6).
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Figure 4.12b Effect of TNF-a on TrxRactivities of Semet supplemented HK2 cells

treated with 100uM of L-Hcy. Values are shown for increasing concentrations of

Semet and for two controls; SFM (negative control) and 10% FCS (positive

control).
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4.3.7 Effect of 101M D-Homocysteine exposure on selenoprotein activities of PTC

4.3.7.1. GPXI1 activity in HK2 cells with 10uM D-Hcy and Sel or Semet

supplementation

No significant effect with the 101M D-Hcytreatment was seen in GPX1 activities of

HK2 cells supplemented with SeL (Figure 4.13a) or Semet (Figure 4.13b), at 50, 125

and 250nM. GPX1activity was significantly lower in SFM cells compared with SeL

and Semet supplemented cells and selenium adequate cells and this difference was not

affected by the 10.M D-Hcytreatment.
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Figure 4.13a Effect of 101M D-Hey on GPXI1activity in sodium selenite

supplemented HK2 cells. Values are shown for increasing concentrations of SeL in

SFM andfor the two controls; SFM (negative control) and 10% FCS (positive

control) cells.

30 4

25 4

20

as 4
|

10 |

SFM SOnM Semet 125nM Semet 250nM Semet 1O:FCS

G
P
X
1

Ac
ti

vi
ty

(
m
U
/
m
g
p
r
o
t
e
i
n
)

 

mi NoHcy 10—uM D-Hcy

Figure 4.13b Effect of 101M D-Hcy on GPX1 activity in selenomethionine

supplemented HK2 cells. Values are shown for increasing concentrations of Semet

in SFM andfor the two controls; SFM (negative control) and 10% FCS (positive

control) cells.

118



Chapter 4

4.3.7.2. TrxR activity in HK2 cells with 10uM D-Hcy and SeL or Semet

supplementation

Treatment with 101M D-Hcyhadnosignificant effect in TrxR activities of HK2 cells

supplemented with SeL (Figure 4.14a) or Semet (Figure 4.14b), at 50, 125 and 250nM.

TrxR activity was significantly lower in SFM cells compared with SeL and Semet

supplemented cells and selenium adequatecells and this difference was not affected by

the 10uM L-Hcytreatment.
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Figure 4.14a Effect of 101M D-Hey on TrxR activity in sodium selenite

supplemented HK2cells. Values are shown for increasing concentrations of SeL in

SFM andfor the two controls; SFM (negative control) and 10% FCS (positive

control) cells.
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Figure 4.14b Effect of 10M D-Hcy on TrxR activity in selenomethionine

supplemented HK2 cells. Values are shown for increasing concentrations of Semet

in SFM andfor the two controls; SFM (negative control) and 10% FCS (positive

control) cells.
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4.3.8 Effect of 501M D-Homocysteine exposureon selenoprotein activities of PTC

4.3.8.1. GPX1 activity in HK2 cells with 50uM D-Hcy and SeL or Semet

supplementation

Treatment with 501M D-Hcyhadnosignificant effect in GPX1 activities of HK2 cells

supplemented with SeL (Figure 4.15a) or Semet (Figure 4.15b), at 50, 125 and 250nM.

GPX1 activities were significantly lower in SFM cells compared with SeL and Semet

supplemented cells and selenium adequate cells and this difference wasnot affected by

the 50uM D-Hcytreatment.
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Figure 4.15a Effect of 501M D-Hcy on GPX1 activities in sodium selenite

supplemented HK2 cells. Values are shown for increasing concentrations of SeL in

SFM and for the two controls; SFM (negative control) and 10% FCS (positive

control) cells.
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Figure 4.15b Effect of 501M D-Hcy on GPXI1activities in selenomethionine

supplemented HK2 cells. Values are shown for increasing concentrations of Semet

in SFM andfor the two controls; SFM (negative control) and 10% FCS (positive

control) cells.
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Chapter 4

4.3.8.2. TrxR activity in HK2 cells with 50uM D-Hcy and SeL or Semet

supplementation

In a similar manner to the GPX1 activities, treatment with 501M D-Hcy had no

significant effect in TrxR activities of HK2 cells supplemented with SeL (Figure 4. 16a)

or Semet(Figure 4.16b), at 50, 125 and 250nM.TrxRactivities were significantly lower

in SFM cells compared with SeL and Semet supplementedcells and selenium adequate

cells and this difference was not affected by the 501M D-Hcytreatment.

25 5

20 -

©
2 15
Oo
—

a.

ea 8610
€
~~

D
E 5

oO      
SFM S50nM SeL 125nMSeL 250nM SeL 10FCS

@ NoHcy = SOuM D- Hcy

Figure 4.16a Effect of 501M D-Hcey on TrxR activities in sodium selenite

supplemented HK2 cells. Values are shownfor increasing concentrations of SeL in

SEM andfor the two controls; SFM (negative control) and 10% FCS (positive

control) cells.
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Figure 4.16b Effect of 501M D-Hcy on TrxR activities in selenomethionine

supplemented HK2 cells. Values are shownfor increasing concentrations of Semet

in SFM andfor the two controls; SFM (negative control) and 10% FCS (positive

control) cells.
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4.3.9 Effect of 1001M D-Homocysteine exposure on selenoprotein activities of PTC

4.3.9.1 GPX1 activity in HK2 cells with 100uM D-Hcy and Sel or Semet

supplementation

Treatment with 1001.M D-Hcyhadnosignificant effect in GPX1 activities of HK2 cells

supplemented with SeL (Figure 4.17a) or Semet (Figure 4.17b), at 50, 125 and 250nM.

GPX1 activities were significantly lower in SFM cells compared with SeL and Semet

supplemented cells and selenium adequatecells and this difference was not affected by

the 100uM D-Hcytreatment.
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Figure 4.17a Effect of 1001M D-Hcy on GPX1activities in sodium selenite

supplemented HK2cells. Values are shown for increasing concentrations of SeL in

SFM and for the two controls; SFM (negative control) and 10% FCS (positive

control) cells.
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Figure 4.17b Effect of 100uM D-Hcy on GPX1activities in selenomethionine

supplemented HK2 cells. Values are shown for increasing concentrations of Semet

in SFM andfor the two controls; SFM (negative control) and 10% FCS(positive

control) cells.
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4.3.9.2 TrxR activity in HK2 cells with 100uM D-Hcy and SeL or Semet

supplementation

Treatment with 100uM D-Hcyhadnosignificanteffect in TrxR activities of HK2 cells

supplemented with SeL (Figure 4.18a) or Semet (Figure 4.18b), at 50, 125 and 250nM.

TrxR activities were significantly lower in SFM cells compared with SeL and Semet

supplemented cells and selenium adequatecells and this difference was notaffected by

the 100uM D-Hcytreatment.
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Figure 4.18a Effect of 100uM D-Hey on TrxR activities in sodium selenite

supplemented HK2 cells. Values are shown for increasing concentrations of SeL in

SFM and for the two controls; SFM (negative control) and 10% FCS (positive

control) cells.
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Figure 4.18b Effect of 100uM D-Hcy on TrxR activities in selenomethionine

supplemented HK2 cells. Values are shown for increasing concentrations of Semet

in SFM andfor the two controls; SFM (negative control) and 10% FCS (positive

control) cells.
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4.4 DISCUSSION

The data presented in Chapter 3 demonstrated that in a selenium deprived environment

GPX1 and TrxR activities of HK2 cells were decreased to baseline levels and

supplementation with SeL or Semet could restore these activities back to normallevels.

The main aim of the work in this Chapter was to create a pathophysiological

environment for the HK2 cells by treatment with increasing concentrations of Hcy and

examine the effect of this on GPX1 and TrxR activities of HK cells with different

supplementation concentrations and forms of selenium. In addition, as then was

described at the end of this Chapter, oxidative stress was induced on HK2 cells with

Hcy treatment by stimulation with TNF-a and the responses in GPX1 and TrxR

activities were examined with supplementation ofdifferent concentrations and forms of

selenium.

4.4.1 Effects of L-Hcy on Selenoprotein activities

To test the effects of homocysteine on the GPX1 and TrxRactivities of HK2 cells, three

different concentrations of Hcy were chosen, 101M, 501M and 100M based on the

normal, intermediate and high plasma Hcylevels observed in patients (Friedmanetal.,

2001). Treatment with 101M of L-Hcydid not affect GPX1 and TrxRactivities of HK2

cells supplemented with either selenomethionine (Figure 4.1b and 4.2b) or sodium

selenite (Figure 4.1a and 4.2a). Clinical studies have demonstrated that normal plasma

Hcy levels are between 5 and 104M (Bostom efa/., 2000). Cell culture studies in bovine

aortic endothelial cells have also shown that treatment with low micromolar

concentrations of Hcyat a relevant physiological range 5-15uM had no apparenteffect

on their GPX1 activity (Hofmann efal., 2001). In this study HK2 cells, both untreated

and treated with 101M Hcy, showed an increase in selenoprotein activities with

increasing concentrationsof either form of selenium. This response in GPX1 and TrxR

activities was similar to that seen in Section 3.3.4 in the selenium supplemented cells

without homocysteine treatment and in particular, supplementation with 250nM
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increased GPX1 activities to similar levels to those seen in selenium adequatecells.

These data suggest that 101M L-Hcyis not a harmful concentration for HK2 cells and

can be used as a control concentration of Hcy in HK2 cells.

In contrast to treatment with 10uM Hcy, treatment with 50nM Hcy had a significant

effect on GPX1 and TrxRactivities of HK2 cells supplemented with selenomethione

(Figure 4.3b and 4.4b) whereas there was no effect on GPX1 and TrxRactivities of

HK2 cells supplemented with sodium selenite (Figure 4.3a and 4.4a). GPX1 activities

were decreased by 56% and 44 % in HK2 cells supplemented with 125nM and 250nM

of Semetrespectively and TrxRactivities were decreased by 14% and 17% in HK2 cells

supplemented with 125nM and 250nM of Semetrespectively. Other studies have also

demonstrated decreases in GPX1 activities with elevated Hcy levels (Weissef al., 2002;

Huanget al., 2001). However,in this study, there was no decrease in SeL supplemented

HK2 cells. This suggests that selenoprotein activities respond differently to elevated

Hcy levels with different supplementation forms of selenium. This may be due to the

different metabolic pathways that each chemical form of selenium uses during

incorporation as selenocysteine into selenoproteins. Selenomethionine, as selenium has

been previously shown to be analogous to sulphur, and is mainly metabolized by

sulphur metabolic pathways which are common with homocysteine, an intermendiate of

suphur amino acid metabolism. On the other hand, as described in Section 1.1.4, sodium

selenite is reduced to selenocysteine through a different metabolic pathway whichis not

associated with homocysteine. This can explain why high Hcy concentrations affect

selenomethionine supplemented cells only where the increased level of Hcyin the cell

changesthe rate of transulphuration and remethylation reactions and therefore the rate

of converting selenomethionine to selenocysteine. Treatment with 504M Hcy also

affected significantly the selenoprotein activities of positive, 10% FCS, selenium

adequate control cells. Their GPX1 activities were decreased by 42% and TrxR

activities by 20% following Hcy treatment whereas no change was observed in

negative, SFM, selenium deprived cells. Although the reduction in selenoprotein

activities was seenin positive controlcells their activities were significantly higher than

that of negative control cells. GPX1 activities in positive control treated with Hcy were

70% higher in comparison with those of negative control and TrxR activities were 31%
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higher respectively. This may suggests a threshold for the activities of negative control

cells which have reached the lower activity level and therefore cannot reduced any

further. Jn vivo labeling with selenium isotope, Se — selenite, in rat tissues showedthat

with inadequate selenium intake there was a priority supply of the element thus

suggesting important biological functions of Se-containing proteins in specific target

tissues (Kyriakopoulos ef al., 2000; Behne ef al., 1988a; Behne ef al., 1988b). In

addition, the decrease in selenoprotein activities was not similar for GPX1 and TrxR. A

larger decrease (42%) was observed for GPX1 activities than for TrxR (18.4%). This

suggests that TrxR and GPX1 activities are independently controlled by the cell and

TrxRactivities are less sensitive to Hcy exposure compared with GPX1 activities. It

also suggests that TrxR activity may berelatively preserved by the cell against external

stimuli thus potentially indicating a more importantrole in the cell. The predominant

control of selenoprotein expression is Se supply with a strict hierarchy of selenoprotein

expression when Se supply is limited. Therefore within any single tissue, during

selenium deficiency, the expression of specific selenoproteins, i.e., the TrxRs, GPX4

and DIOs are maintained at the expense of GPX1, which is quickly lost (Behne egal.,

1988b; Bermano ef al. 1995; Meplan er al., 2008). As obvious from RNAstability

studies, GPX1 responds fast to selenium deficiency with a loss ofactivity, thus it ranks

low in the hierarchy amongall selenoproteins (Kiihbacher et al., 2009). However TrxRs

respond slower to selenium deprivation and thus rank higher in the hierarchy of

selenoproteins.

Similarly to treatment with 501M Hcy, treatment with 100uM Hcyaffected only GPX1

and TrxR activities of HK2 cells supplemented with selenomethione (Figure 4.5b and

4.6b respectively) whereas no apparent effect was observed on GPXI and TrxR

activities of HK2 cells supplemented with sodium selenite (Figure 4.5a and 4.6a

respectively). The decrease in selenoprotein activities was higher with 100uM Hcy

compared with 501M Hcytreatment. In particular, with 50 4M Hcy treatment the

decrease in GPX] activities was by 56% with 125nM Semet and by 44% with 250nM of

Semet supplementation whereas with 1001M Hcytreatment the decrease was by 64%

with 125nM Semet and by 65% with 250nM of Semet supplementation. For TrxR

activities with 501M Hcytreatment the decrease was by 14% with 125nM Semet and by
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17% with 250nM of Semet supplementation, whereas with 100M Hcytreatment the

decrease was by 27% with 125nM Semet and by 28% with 250nM of Semet

supplementation. Although TrxRactivities were reduced less than GPX] activities with

Hcy treatment, this reduction was greater with 1001M Hcy than with 501M Hcy. In

contrast, GPX1 activities, which in our studies were shown to be reduced more by Hcy

treatment, had a smaller reduction with 100M Hcythan with 50uM Hcy. This suggests

that there may be a hierarchical process in the reduction of selenoproteins in the HK2

cells. As previously seen with 501M Hcytreatment, the reductions seen in selenoprotein

activities of positive control cells treated with 100M Hcy weresignificantly higher

than that of negative control cells. GPX1 activities in positive control cells treated with

Hcy were 31% higher compared with that of negative control cells and TrxR activities

were 33% higher respectively. This suggests, and as previously seen for 50M Hcy, a

threshold for the activities of negative control cells which have reached the lower

activity level and therefore cannot reduced any further. In addition it shows the smaller

reduction of GPX1 activity with 10014M Hcy compared with the SOM Hcy andalso

compared to TrxR activity with 1001M Hcy treatment, and suggests also that with

lower GPX1 activities a smaller reduction occurs and that TrxR is reduced when GPX1

activity levels are substantially low.

4.4.2 Effects of D-Hcy on selenoprotein activities of PTC

Data presented in this Chapter demonstrated nosignificant changes in GPX1 and TrxR

activities of HK2 cells treated with D-Hcy. This suggests that any changes seen in

GPX1 and TrxRactivities of HK2 cells treated with L-Hcy were not due to non-specific

reactions in HK2 cells with Hcy but due to the specific SAA reactions with the

biologically active isomer L-Hcy.

127



Chapter 4

4.4.3 Effects of TNF-a with Hcy treatmenton selenoprotein activities of PTC

Several studies on different cell types have shownthat stimulation of cells with TNF-a

results in increased production of reactive oxygen species. In this Chapter, in orderto

examine how HK2 cells with different concentrations and forms of selenium

supplementation respond to oxidative stress, TNF-a was used as a stimulus for ROS

generation in renal PTC. As seen in section 4.3.4 stimulation with 10ng/ml TNF-a

increased GPX1 and TrxRactivities in cells supplemented with SeL or Semet and

treated with 10M Hcy. Moreover,this increase was significant with high levels (50 and

100M) of Hcy treatment only in SeL supplemented cells. This might represent a

protective antioxidant response to TNF-a induced oxidative damage. However, high

Hcy treatment in Semet supplemented cells did not result in significant increases in

selenoprotein activities of HK2 cells. Therefore, when elevated Hcy is present the

already reduced GPX]is not increased with TNF-a stimulation. This may be explained,

accordingto the hypothesis from section 4.4.1, by the high Hcytreatment which reduces

the activity of GPX1 and TrxR, possibly via blocking selenocysteine incorporation into

their active site, hence also blocking their ability to respond to the stimulus of oxidative

stress and protect the cell. However, as demonstrated in Figure 4.8b TrxR activities

increased significantly following TNF-a stimulation in Semet supplemented cells

treated with 50 uM Hcy. This may be other evidence for the hierarchical process in

selenoproteins, since this was only seen for TrxRactivities but not for GPX1.
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Effect of Homocysteine Exposure on Nuclear

Transcription Factors, Trx and MCP-1 Levels of

Selenium Deprived and Selenium Supplemented

HK2 Cells

“There are 3 kinds oflies: lies, dammedlies andstatistics”
Benjamin Disraeli
 

5.1 INTRODUCTION

In the previous chapter data showed that elevated Hcy levels reduced the activities of

antioxidant enzymes, GPX1 and TrxR, in HK2 cells. In this chapter the effects of Hcy

with different concentrations and forms of selenium supplementation will be

investigated further by examining an important antioxidant protein, a key cytokine in

the progression of CKD and the DNA binding activity of two redox-sensitive

transcription factors. The cell culture model developedin chapter 3 and used in chapter

4 will also be used in this chapter.

The inflammatory levels of monocyte chemoattractant protein-1 (MCP-1) will be

examined in human proximaltubular cells. MCP-1 is a potent chemokinethat stimulates

the migration of leukocytes, including monocytes, into the kidney. Little MCP-1 is

detectable in normal kidneys (Grandaliano G et al., 1997; Prodjosudjadi et al., 1996;

Robertson et al., 2000). However, MCP-1 gene expression is greatly increased in

kidneys of patients and animal models with kidney diseases (Kuusniemi AM et al.,

2005; Rovin et al., 1996; Sekiguchiet al., 1997; Tang et al., 1997; Wenzeletal., 1997).

Although hyperhomocysteinemia is a commonclinical finding in patients with CKD,

the effect of Hcy on the kidney and the underlying mechanism ofsuchan effect is not

clear.
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Several studies show an association between activation of AP-1 and NF-«B with

increased levels of MCP-1 and enhanced levels of monocyte chemotactic protein |

(MCP-1) are one ofthe key events in the progressionto renalfailure.

The redox sensitive transcription factors, NF-KB, as well activating protein | (AP-1),

execute important roles in immunefunction, inflammatory response, cell adhesion, and

growth control. Trx acts as a redox regulator of signaling molecules and transcription

factors (Kanget al 1998) and plethora of evidence suggests that AP-1 and NF-«B are

regulated by Trx. Therefore, following analysis of the MCP-1 contents in HK2 cells, the

DNAbinding activities of AP-1 and NF-«B will also be examined in this chapter

(Section 5.2.3).

At the end of this chapter thioredoxin levels in HK2 cells will be examined. Multiple

studies have shown that this ubiquitously expressed multifunctional protein is crucial

for the regulation of transcription factors, the modulation of immuneresponses and the

antioxidant defense of the cell (Arner and Holmgren, 2000). As Holmgren (1985) has

demonstrated, thioredoxin has, in its catalytic active centre, the amino acid sequence —

Cys-Gly-Pro-Cys- andexists either in the reduced form with a dithiol or in an oxidized

form, in which the half-cysteine residues form an intramolecular disulfide bridge. Trx

becomes oxidized to a disulfide upon reduction of a target protein and this disulfide is

cycled back to the dithiol by TrxR (Holmgren, 2000). In addition, Hirota et al., (1999)

showedthat Trx, which is mainly in the cytoplasm, quickly translocates into the nucleus

in response to inflammatory cytokines, including TNF-a, and activates redox sensitive

transcription factors .Hence, the studies reported here will particularly examine the

reduced and oxidized forms of Trx both in the nucleus and in the cytoplasm in HK2

cells following Hcy exposure and different concentrations and forms of selenium

supplementation (Section 5.2.3).
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5.2 MATERIALS AND METHODS

5.2.1 Homocysteine exposure of the HK2cells

The Hcy exposure and selenium supplementation protocol described in Section 4.2.1

was used. HK2 cells treated with Hcy and supplemented with selenium were then

harvested for analysis. MCP-1 (Section 2.8.1) and the redox states of nuclear and

cytoplasmic Trx (Section 2.6.1) were analyzed.

5.2.2 TNF-a stimulation of the HK2 cells

In a similar mannerto the Hcy exposure protocol (Section 4.2.1), HK2 cells, following

48hrs of Hcy exposure and 48hrs of selenium supplementation, were stimulated with

10ng/ml of TNF-a for 12hrs before they were harvested for analysis of MCP-1 (Section

2.8.1) and the DNA binding activity of nuclear transcription factors NF-KB and AP-1

(Section 2.7.1).

5.2.3 Biochemical analyses of supernatant MCP-1 content, NF-kB and AP-1 DNA

bindingactivities and Trx1 redox status in HK2cells

NF-«B and AP-1 DNA bindingactivities were determined by EMSA(Section 2.7.2 and

Figure 5.7 and 5.8). MCP-1 contents were analyzed by ELISA as described in Section

2.8.2 and Trxl redox states were determined as described in Section 2.6.2 by redox

western blotting. To compare the DNAbindingactivities, Trx1 redox status and MCP-1

contents in selenium supplemented HK2 cells, data are presented against two controls; a

positive control, where cells were grown in medium with 10% FCS, and a negative

control wherecells had no selenium by growing in SFM.

131



Chapter 5

5.3 RESULTS

5.3.1 Effect of L-Homocysteine exposure on the MCP-1 contents of supernatants

from PTC

5.3.1.1 MCP-1 contents ofsupernatantsfrom HK2 cells with 10uM L-Hcy and SeL or

Semet supplementation

Nosignificant effect of the 101M L-Hcytreatment was seen on MCP-1 contents of

supernatants from HK2 cells supplemented with SeL (Figure 5.la) or Semet (Figure

5.1b), at concentrations 50, 125 and 250nM, compared with cells with no Hcy

treatment. Against cells growing in SFM, the MCP-1 contents in SeL or Semet

supplemented cells were significantly lower and against cells growing in 10% FCS,

only supplementation with 50nM SeL or Semetresulted in significantly higher MCP-1

contents. Between the two controls, 10% FCS and SFMcells, a significant increase was

observed from 34pg/ml in 10% FCScells to 102.7pg/ml in SFMcells.
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Figure 5.1a Effect of 101M L-Hcy on MCP-1 contents of supernatants from HK2

cells following supplementation with sodium selenite. Values are shown for

increasing concentrations of SeL in SFM andfor the two controls; SFM (negative

control) and 10% FCS (positive control). # P<0.05 compared with SFM cells, *

P<0.05 compared with 10% FCScells (n=6).
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Figure 5.1b Effect of 101M L-Hcy on MCP-1 contents of supernatants from HK2
cells following supplementation with selenomethionine. Values are shown for
increasing concentrations of Semet in SFM and for the two controls; SFM and
10% FCS. # P<0.05 compared with SFM cells, * P<0.05 compared with 10% FCS

cells (n=6).

5.3.1.2 MCP-1 contents ofsupernatantsfrom HK2cells with 50uM L-Hcy and SeL or

Semet supplementation

Treatment with 50uM L-Hcy significantly increased the MCP-1 contents of

supernatants from Semet supplemented HK2 cells compared with cells with no Hey

treatment (Figure 5.2b). In contrast, this increase in MCP-1 contents with 50uM L-Hcy

treatment was not observed in SeL supplemented HK2 cells (Figure 5.2a). However,

both SeL and Semet supplemented cells, except supplementation with 50nM Semet

(Figure 5.2a), showed higher MCP-1 contents compared with cells in SFM treated with

Hcy. Following Hcy treatment, MCP-1 contents were significantly lower in cells

supplemented with 125 and 250nM SeL compared with cells in 10% FCS.In contrast,

following Hcy treatment, significantly higher MCP-1 contents were seen with 50nM

Semet supplementation compared with cells in 10% FCS. No significant increase was

seen in MCP-1 contents between cells in SFM treated with 50nM L-Hcy and SFMcells

untreated with Hcy. In selenium adequate cells, a 38% increase was seen in MCP-1

contents between cells treated with 501M L-Hcyand untreated with Hcycells.
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Figure 5.2a Effect of 501M L-Hcy on MCP-1 contents of supernatants from HK2

cells following SeL supplementation. Values are shown for increasing
concentrations of SeL in SFM and for the two controls; SFM and 10% FCS. #

P<0.05 compared with SFM, * P<0.05 compared with 10% FCS, § P<0.05

compared with untreatedcells.
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Figure 5.2b Effect of 501M L-Hcy on MCP-1 contents of supernatants from HK2
cells following Semet supplementation. Values are shown for increasing

concentrations of Semet in SFM andfor the two controls; SFM and 10% FCS #

P<0.05 compared with SFM, * P<0.05 compared with 10% FCS, § P<0.05

comparedwith untreatedcells.

5.3.1.3 MCP-1 contents of supernatants from HK2cells with 100uM L-Hcy and SeL

or Semet supplementation

Treatment with 100uM L-Hcysignificantly increased the MCP-1 contents in Semet

supplemented HK2 cells compared with cells without Hcy treatment (Figure 5.3b). In

contrast, this increase was not observed in SeL supplemented HK2 cells (Figure 5.3a).

Compared with negative control cells, MCP-1 contents of SeL or Semet supplemented

cells treated with Hcy (except 50nM Semet supplementation) were significantly lower.
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Compared with positive control cells, MCP-1 contents with 125 and 250nM SeL

supplementation were significantly lower whereas with 50 and 125nM Semet

supplementation were significantly higher. A significant increase was seen in MCP-1

contents betweencells in SFM treated with 100uM L-Hcy and SFMcells untreated with

Hcy. In selenium adequate cells, a 50% increase was seen in MCP-1 contents between

cells treated with 1001M L-Hcy and untreated with Hcycells.
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Figure 5.3a Effect of 1001M L-Hcy on MCP-1 contents of supernatants from HK2

cells following Sel supplementation. Values are shown for increasing

concentrations of SeL in SFM andfor the two controls; SFM and 10% FCS. #

P<0.05 compared with SFM, * P<0.05 compared with 10% FCS, §P<0.05

compared with untreatedcells.
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Figure 5.3b Effect of 1001M L-Hcy on MCP-1 contents of supernatants from HK2

cells following Semet supplementation. Values are shown for increasing

concentrations of Semet in SFM and for the two controls; SFM and 10% FCS #

P<0.05 compared with SFM, * P<0.05 compared with 10% FCS, § P<0.05

compared with untreatedcells.
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5.3.2 Effect of TNF-a on MCP-1 contents of supernatants from PTC treated with

L-Homocysteine

5.3.2.1 MCP-1 contents in supernatants from SeL or Semet supplemented HK2 cells

with 10uM L-Hcy and stimulated with 10 ng/ml of TNF-a

Following stimulation with TNF-a the MCP-1 contents of supernatants from HK2 cells

were significantly increased compared with unstimulated cells. Because this increase

was significant for all the groups with and without Hcy treatment, data are shown for

the effects of Hcy treatment with both forms of selenium supplementation under

stimulation with TNF-a. No significant effect of 104M L-Hcy was seen on MCP-1

contents of HK2 cells supplemented with SeL (Figure 5.4a) or Semet (Figure 5.4b) at

concentrations 50, 125 and 250nM,compared with cells without Hcy treatment. Against

SFM cells, the MCP-1 contents in cells supplemented with SeL or Semet, treated with

10uM L-Hcy and stimulated with TNF-a, were significantly lower. However, against

cells in 10% FCS, only supplementation with 50nM SeL or Semet resulted in

significantly higher MCP-1 contents. Between 10% FCS and SFM cells, the two

controls, a significant increase was observed from 170.34 + 25.8pg/ml in 10% FCScells

to 354.35 + 16.5 pg/ml in SFM cells.
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Figure 5.4a Effect of TNF-a stimulation with 101M L-Hcy on MCP-1 contents of

supernatants from HK2cells following SeL supplementation. Values are shown for

increasing concentrations of SeL in SFM andthe two controls; SFM and 10%

FCS. # P<0.05 compared with SFM cells, * P<0.05 compared with 10% FCScells

(n=6).
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Figure 5.4b Effect of TNF-a stimulation with 101M L-Hcy on MCP-1 contents of

supernatants from HK2cells following Semet supplementation. Values are shown
for increasing concentrations of SeL in SFM andthe two controls; SFM and 10%

FCS. # P<0.05 compared with SFM cells, * P<0.05 compared with 10% FCScells

(n=6).

5.3.2.2 MCP-1 in supernatants from SeL or Semet supplemented HK2cells treated

with 50uML-Hcy andstimulated with 10 ng/ml of TNF-a

Stimulation of HK2 cells with TNF-a, following treatment with S50uM L-Hcy,

significantly increased the MCP-1 contents of supernatants from Semet supplemented

HK2 cells compared with TNF-a stimulated cells without Hcy treatment (Figure 5.5b).

In contrast, this increase in MCP-1 contents was not observed in SeL supplemented

HK2 cells (Figure 5.5a). However, both TNF-a stimulated SeL and Semet

supplemented cells, except supplementation with 50nM Semet (Figure 5.2a), showed

lower MCP-1 contents compared with cells in SFM treated with Hcy and stimulated

with TNF-a. Following 50uM L-Hcy treatment and stimulation with TNF-a, MCP-1

contents were significantly lower with 125 and 250nM SeL compared with cells in 10%

FCS.In contrast, following Hcy treatment and TNF-a stimulation, significantly higher

MCP-1 contents were seen with 50nM and 125nM Semet supplementation compared

with cells in 10% FCS treated with Hcy and stimulated with TNF-a. No significant

increase was seen in MCP-1 contents between cells in SFM stimulated with TNF-a and

TNF-a stimulated SFM cells untreated with Hcy.
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Figure 5.5a Effect of TNF-a stimulation with 501M L-Hcy on MCP-1 contents of

supernatants from HK2cells following SeL supplementation. Values are shown for

increasing concentrations of SeL in SFM and the two controls; SFM and 10%

FCS. # P<0.05 compared with SFM cells, * P<0.05 compared with 10% FCScells

(n=6).
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Figure 5.5b Effect of TNF-a stimulation with 501M L-Hcy on MCP-1 contents of

supernatants from HK2cells following Semet supplementation. Values are shown

for increasing concentrations of SeL in SFM and the two controls; SFM and 10%

FCS. # P<0.05 compared with SFM cells, * P<0.05 compared with 10% FCScells

(n=6).

5.3.2.3 MCP-1 in supernatants from SeL or Semet supplemented HK2 cells treated

with 100uM L-Hcy and stimulated with 10 ng/ml of TNF-a

Following treatment with 100uM L-Hcy, stimulation of HK2 cells with TNF-a,

significantly increased the MCP-1 contents in supernatants from Semet supplemented

HK2 cells compared with TNF-a stimulated cells without Hcy treatement (Figure

5.5b). In contrast, this increase in MCP-1 contents of TNF-a stimulated cells with

100uM L-Hcy treatment was not observed in SeL supplemented HK2 cells (Figure

5.5a). The MCP-1 content in TNF-a stimulated SFM cells treated with 1001.M Hey was
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significantly higher, except supplementation with 50nM of Semet, compared with

selenium supplemented cells treated with Hcy and stimulated with TNF-a. Following

100M L-Hcytreatment and supplementation with 125 and 250nM ofSeL,stimulation

with TNF-a resulted in significantly lower MCP-1 contents compared with 10% FCS

cells whereas the supplementation with 50 and 125nM of Semetresulted in significantly

higher MCP-1 contents. No significant increase was seen in MCP-I contents between

cells treated with 100.M L-Hcy and stimulated TNF-a but selenium deprived and TNF-

a stimulated selenium deprived cells none Hcy treated. In selenium adequatecells, a

47% increase was seen in MCP-1 contents between cells selentum adequate TNF-a

stimulated none Hcytreated (163.26 + 25.8 pg/ml protein) and cells selenium adequate

TNF-a stimulated treated with 100UM L-Hcy (313.56 + 20.6 pg/ml protein).
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Figure 5.6a Effect of TNF-a stimulation with 1001M L-Hcy treatment on MCP-1

contents of supernatants from HK2cells following SeL supplementation. Values

are shownfor increasing concentrations of SeL in SFM andthe two controls; SFM

and 10% FCS # P<0.05 compared with SFM cells (n=6).
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Figure 5.6b Effect of TNF-a stimulation with 1001M L-Hcy treatment on MCP-1

contents of supernatants from HK2 cells following Semet supplementation. Values

are shown for increasing concentrations of Semet in SFM andthe two controls;

SFM and 10% FCS. # P<0.05 compared with SFM cells, * P<0.05 compared with

10% FCScells, §P<0.05 compared with no Hcytreated cells (n=6).
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5.3.3 NF«KB DNAbindingactivities in HK2 cells following 100M L-Hcy treatment

and SeL or Semet supplementation

To investigate whether NF-«B activation was involved in Hcy-induced MCP-1 release

in HK2 cells, EMSA were performed (Figure 5.7). The 100M Hcy treatmentresulted

in a significant increase in NF-kB DNAbinding activity in Semet supplemented HK2

cells compared with cells without Hcy treatment. No significant increase in NF-«B

DNAbinding activity with 100uM Hcy treatment was seen in SeL supplemented cells

compared with SeL supplemented cells without Hcy treatment.

sc NSC FP SFM SeL 10%FCS SeMet
 

- + + - + + - +> + - + + Hcy

~ ee.«| 8S Bee ee

Figure 5.7 Effect of 100 »M Hcy treatment on NF-KB DNAbindingactivity of HK2

cells. Typical EMSA (n=4) of NF-KB DNA binding activity with (+) and without(-)

1004M Hcy exposure in HK2 cells supplemented with SeL or Semet at 250nM.

(SC= specific competitor, NSC = non-specific competitor, FP = free probe).

 

5.3.4 AP-1 DNAbinding activities in HK2 cells following 100M L-Hcy treatment

and SeL or Semet supplementation

To examine whether other transcription factors were involved in Hcy-induced MCP-1

releases EMSAfor the transcription factor AP-1 were also performed (Figure 5.8). The

100uM Hcytreatmentresulted in a significant increase in AP-1 DNA bindingactivity in

Semet supplemented HK2 cells compared with cells without Hcy treatment. No

significant increase in AP-1 DNA bindingactivity with 100M Hcytreatment was seen

in SeL supplemented cells compared with SeL supplemented cells without Hcy

treatment. Nevertheless, incubation of Hcy treated SeMet sample with antibodies C-fos

and C-jun for supershift did not work.
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Figure 5.8 Effect of 100 1M Hcy on AP-1 DNA binding activity of HK2 cells.

Typical EMSA (n=4) of AP-1 DNAbinding activity with (+) and without (-) 100uM

Hcy exposure in HK2 cells supplemented with SeL or Semet at 250nM.(FP = free

probe, SC= specific competitor, NSC = non-specific competitor)
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5.3.5 Effect of 100M L-Hcy exposure and SeL or Semet supplementation on redox

status of thioredoxin 1 in HK2 cells

5.3.5.1 Redox status of cytoplasmic thioredoxin 1 in HK2 cells with 100uM L-Hcy

treatment and SeL or Semet supplementation

Redox western blot analysis of cytoplasmic Trx1 by native gel electrophoresis revealed

the presence of two bands with the same molecular weight but different electrophoretic

mobilities (Figure 5.9a). The upper band, less negatively charged, was the oxidized

form of Trx1 and the lower band wasthe reduced form of Trx1, due to added negative

charge in free thiol groups by reaction with the IAA (Section 2.6.2). In cells without

Hcy treatment, both the SeL and the Semet supplementation resulted in a band

predominately in the reduced form for the cytoplasmic Trx1 content. Upon exposureto

100uM of Hcy there was an increase in the oxidized form of cytoplasmic Trx1 content

of Semet supplemented cells only, whereas no difference was observed in SeL

supplemented cells. An increase in the oxidized form of cytoplasmic Trx | content was

also observed in selenium adequate cells with Hcy treatment compared with selenium

adequate none Hcytreatedcells. The oxidized content of cytoplasmic Trx1 was higher
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in non Hcy treated selenium deprived cells compared with selenium adequate and

selenium supplemented non Hcytreated cells. Upon treatment with DTT (Figure 5.9,

lanel) a single band was produced which represented the control for the fully reduced

Trx1. Maximum oxidation occurred by treatment with diamide (Figure 5.9, lane10),

which revealed the presence of an extra upper third band with lower electrophoretic

mobility that those observed in untreated cells and represented the control for the fully

oxidized Trxl. As shown in Figure 5.9b, Hcy treatment had no effect on GAPDH,

which wasthe loading control.

DTT SFM 10% FCS SeL SeMet Diamide

 

- Sa - - - fe - + Hcy

Fully Oxidized

Onidized on en vad " i ae a ie a peri

ae me ne agen we 7 aah oe

oO |>>> SaGDGaGaGaGap

Figure 5.9 Redox western blot of the Trx1 redox status in the cytoplasm by native

gel electrophoresis with separation by charge. A typical blot (n=3) of the changes
with (+) and without (-) 100nM 100uM Hcy treatment of selenium deprived,

selenium adequate and 250nM SeL or Semet supplemented HK2 cells is shown.

Trx1 fully reduced by DTT treatment and fully oxidized by Diamide treatmentis

also shown. GAPDHis shownasa loading control.

5.3.5.2 Redox status of nuclear thioredoxin 1 in HK2 cells with 100uM L-Hcy

treatment and SeL or Semet supplementation

As seen in Section 5.3.5.1 for the cytoplasmic Trx1, redox analysis of nuclear Trx1 by

native gel electrophoresis with separation by charge revealed the presence of two bands

with different electrophoretic mobilities. The upper band, less negatively charged, was

the oxidized form of Trx1 and the lower band wasthe reduced form of Trx1, due to the

reaction of IAA with thiols, introducing a negative charge to each thiol (Section 2.6.2).

In samples of both Hcy untreated and Hcytreated cells in SFM, 10% FCSor in SFM
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with SeL or Semet supplementation, nuclear Trxlwas predominately in the reduced

form as demonstrated by the presence of a more intense lower band compared with the

oxidized upper band (Figure 5.10). However, the band corresponding for the reduced

nuclear Trxl was shown to have a higher content in Hcy treated cells with SeMet

supplementation and in 10% FCS cells, compared with cells without Hcy treatment. In

SeL supplemented cells and SFM cells no increase was seen in the reduced form of

Trx1 samples treated or not untreated with Hcy, but the reduced Trx1 content was

higher in SFM cells than SeL supplemented cells. The fully reduced form of Trx1 was

detectable in DTT treated controlcells and the fully oxidized Trx1 form was detected in

diamide treated cells as evident by the presence ofa third upper band.

OTT SFM 10%FCS SeL Semet Diamide
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Figure 5.10 Redox western blot of nuclear Trx1 by native gel electrophoresis with
separation by charge. A typical blot (n=3) of the changes with (+) and without(-)
100uM Heytreatment in HK2 cells with SFM, 10% FCS and supplementation with
250nM SeL or Semet in SFM is shown. Trx1 fully reduced by DTT treatment and

oxidized by diamide are also shown.

 

   

5.4 DISCUSSION

The main aimsofthis part of the study were:

1) To investigate the effect of Hcy exposure with different concentrations and

forms of selenium on the release of MCP-1 from HK2 cells and determine

whetherthere is a link between this and the reduced selenoprotein activities seen

due to Hcy exposure reported in Chapter 4.
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2) To investigate whether transcription factors are involved in MCP-1 release and

stimulation by Hcy. The DNA binding activity of NF-KB and AP-1 were

examined.

3) To determine the redox status of Trx1 in the cytoplasm and the nucleus of HK2

cells and to determine whether Hcystimulation affects nuclear and cytoplasmic

Trx1 redox status.

5.4.1 Effect of L-Homocysteine exposure on MCP-1 content of the supernatants of

PTC

Nosignificant differences in MCP-1 contents were observed between cells untreated

with Hcy and treated with 10uM Hcy. This is consistent with data from Chapter 4,

where no significant changes were seen with 10uM Hcytreatment in GPX1 and TrxR

activities of HK2 cells. It also suggests, and further supports previous findings from

Chapter 4, that 104M Hcy is not a pathological concentration for HK2 cells, being

similar to plasma Hcy concentrations seen in normal individuals (Refsum ef a/., 1998).

Others have also demonstrated no significant changes in MCP-1 contents with <15uM

Hcytreatment (Poddaref al., 2001).

Data for both untreated and 10uM Hcytreated cells showed higher MCP-1 contents in

supernatants of cells that were selenium deprived compared with cells supplemented

with SeL or Semet. This increase in MCP-1 contents wasless in cells growing in normal

selenium than in cells that were selenium deprived. The 67% difference in MCP-1

contents between the two controls suggests that selenium deprivation upregulates basal

production of MCP-1 contents in HK2 cells treated with 10HM Hcy or without Hey

treatment. In particular, in the absence of Hcy or with low Hcy treatment (101M),

increased MCP-1 contents were observed at lower levels of selenium supplementation.

However, no significant difference was seen in MCP-1 contents between Semet and

SeL supplementedcells, thus suggesting thatit is the concentration and not the chemical
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form of selenium that affects the chemokine release of MCP-1 in HK2 cells untreated or

treated with 10uM Hcy (Figure 5.la and 5.1b).

On the other hand, significant differences on MCP-1 contents of supernatants were

observed with 50 and 100M Hcy between Semet and SeL supplemented HK2 cells

(Figure 4.2a, 4.2b, 4.3a, 4.3b). Treatment with 50 and 100M Hcysignificantly

increased MCP-1 contents - in a selenium dependant manner - in cells that were

selenium adequate and supplemented with Semet, compared with cells without Hcy

treatment. In selenium deprived cells an increase in MCP-1 contents was seen with high

homocysteine (50 and 100uM)but it was only significant with 100M Hcytreatment

(Figure 5.3a and 5.3b). However, no changes in MCP-1 contents were seen with sodium

selenite supplementation between treated with 50 and 100uM Hcyand untreatedcells.

These results demonstrate that, besides selenium concentration, MCP-1 release in HK2

cells is also affected by high Hcy levels. This was also seen in selenium adequatecells

and in SeMet supplementedcells (Figure 5.2b and 5.3b) as well as in selenium deprived

cells.

In addition, these results demonstrate that in conditions of high homocysteine, MCP-1

release in renal HK2 cells is affected not only by the selenium concentration but also by

the chemical form of selenium used for supplementation. In cells supplemented with

selenomethionine, MCP-1 release was found to be increased by 50% with 501M Hcy

treatment and by 61% with 100uM Hcytreatment compared with cells without Hcy

treatment. Similarly, a significantly higher MCP-1 content, similar to that seen from

250nM SeMet supplemented cells, was seen with high Hcy treatment in selenium

adequate 10% FCScells. In contrast, no changes were seen in the MCP-1 contents in

cells supplemented with SeL and treated with either with 50 or 100uM of Hcy

compared with untreated cells. This shows that with selenium in the form of sodium

selenite MCP-1 release is not stimulated by high Hcy in HK2 cells in the same way it

was stimulated in SFM, 10% FCS and SeMet supplemented cells and hence MCP-1

release was prevented. Stimulation by high Hcy treatment has also been reported by

Sung et al., (2001) where they demonstrated increased expression and subsequent

release of MCP-1 in endothelial cells treated with pathological concentrations of Hcy.
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Others have also reported that Hcy stimulates the production of MCP-1 in vascular

smooth muscle cells (Desai et al., 2001; Wanget et al., 2000) and macrophages (Wang

et al., 2001). Howeverthose studies did not vary the selenium concentration.

The results from this section demonstrate that homocysteine at pathological

concentrations (50-100 uM) wasable to stimulate MCP-1 release in selenium deprived

cells, selenium adequate cells and SeMet supplemented cells. These data parallel the

previousfindings from Chapter 4, where high Hcy treatment was shownto affect GPX1

and TrxR activities of SeMet supplemented cells and selenium adequate cells, while no

changes were seen with high Hcy treatment in SeL supplemented cells. Moreover, it

raises the possibility that the reduced antioxidant enzyme activity of GPX-1 and TrxR

couldbe linked to the increased production of MCP-1 in HK2 cells.

5.4.2 Effect of TNF-a on MCP-1 contents levels of PTC treated with L-Hcy

TNF-a has been used as an inflammatory stimulus in many studies and it has been

shownto increase cytokine activity (Dammaset a/., 2001). Feldmannefal., (2009) have

recently shownthat blocking TNF-a with antibodies prevented cytokine production and

indicated that TNF-a is a master regulator of cytokine activity. As previously seen,

selenium deprivation with or without Hcy treatment caused an increase in MCP-1

levels. In this section the impact of high homocysteine on cytokine release was assessed

by stimulation with TNF-a. In selenium deprived non Hcytreated cells, stimulation

with TNF- a increased the basal MCP-1 content in supernatants by ~350%. Howeverin

selenium deprived cells treated with 50 and 100M Hcy basal supernatant MCP-1

contents were increased by ~284% and ~233% respectively. This suggests that high Hey

stimulates MCP-1 release in HK2 cells in a similar way with TNF-a. Therefore further

stimulation with TNF-a in these cells has a smaller stimulatory effect. Similarly to data

from the previous section, MCP-1 contents were significantly higher in selenium

adequate and SeMet supplemented cells than in SeL supplementedcells with 50 and

100uM Hey.
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5.4.3 Effect of L-Hcy exposure on Transcription factor DNA binding in PTC

In this section, the underlying mechanism of induced MCP-1 release, previously seen

with homocysteine in selenium deprived and selenium supplemented HK2 cells, was

investigated. NF-«B and AP-| arecrucial transcription factors regulating the expression

of many inflammatory modules and various stimuli can activate them, thus leading to

their translocation into the nucleus. Stimuli include oxidative stress, dyslipidemia,

hypertention, diabetes, infectious agents and homocysteine (Collings and Cybulskyy,

2001; Wang et al., 2000). In this chapter enhanced NF-KB and AP-1 DNAbinding

activities were seen without Hcy stimulation in selenium deprived cells only, whereas in

selenium adequate and selenium supplemented cells this activation was prevented. This

protective effect seen by selenium suggests a possible regulatory role in activation of

DNAbinding abilities ofNF-«B and AP-1.

Stimulation with high homocysteine (100M) was found to activate NF-«B and AP-1

DNAbindingin cells selenium deprived, selenium adequate and SeMet supplemented.

However, such a stimulatory effect by high Hcy was prevented when cells were

supplemented with SeL. These results are, in agreementwith the data for MCP-1 release

(Section 5.4.1 and 5.4.2), showing that upon Hcystimulation, apart from selenium

levels, the chemical form of selenium presentin cells is affecting NF-«B and AP-1

DNAbinding ability and suggests a different handling mechanism understimulation

with Hcy for the two different chemicals forms of selenium supplementation.

Hcy was found to activate NF-«B via its ability to alter redox thiol status of cell by

generating ROS (Outinen etal., 1999). Several investigators have reported that NF-«KB-

mediated gene expressionis triggered by ROS andinhibited by the over expression of

antioxidant enzymes (Bowie and O’Neill, 2000). NF-«B and AP-1 are redox sensitive

transcription factors which upon stimulation mediate the expression of genes that afford

protection against oxidative stress (Martindale er al., 2002). The DNA binding

activities of these transcription factors are inhibited by oxidation and enhanced by

reduction of cysteine residues within their DNA-binding domains (Matthews er al.,

2000; Xanthoudakis et al., 1992). Hirota et al., (1999) reported that the overexpression

of Trx is inhibited by NF-KB activation as well as the overexpression of antioxidant

147



Chapter 5

enzymes. In vitro DNA-binding assays suggest that proteins like Trx] and Ref] are

efficient activators of DNA-binding activity (Hayashi et al., 1993; Hayashiet al., 1997).

The reduced form of Trxl restores DNA-binding activity to oxidized transcription

factors, and redox-inactive mutants do notserve this function.

Trx plays dual and opposing roles in the regulation of NF-«B. In the cytoplasm, Trx

interferes with the signals to IxB kinases and blocks the degradation of IkB through its

ability to scavenge ROS.In the nucleus Trx enhances NF-«B transcriptional activities

by enhancing its ability to bind DNA. The redox status of Trx, which is regulated by

TrxR1, is regulated by its subcellular localization. In the nucleus, the reduced form of

Trx reduces the Cys residue(s) of NF-«B and then itself becomes inactive and oxidized.

Therefore in this work the high Hcy and TNF-a stimulation on redox status of

thioredoxin was examined.

5.4.4 Effect of L-Hcy treatment on nuclear and cytoplasmic Trx1 redox status in

the PTC

In selenium adequate non Hcytreated cells, both the nuclear and cytoplasmic Trx1

levels remainedin a relatively reduced state (Figure 5.9a and 5.10a). This suggests that

under conditions with normal selenium concentrations in culture, the Trx1 in the

nucleus and cytoplasm is predominately reduced. Escherichia coli Trx has been

estimated to be about 40% (Holmgren, 2000) to 70% oxidized. In bovine endothelial

cells, Trxl1 was completely reduced, and was only slightly oxidized upon exposure of

the cells to 8mM H20> (Fernandoef al., 1992). The structure of Trx is highly conserved

among diverse species, but mammalian Trx1 contains three Cys residues in addition to

the two active site Cys (Eklundef al., 1992). As seen in Figure 5.9a, in 10% FCSandin

SeMet and SeL supplemented non Hcytreated cells about 85-90% of cytoplasmic Trx1

is reduced. The different response between bovine endothelial cells (Fernando et al.,

1992) and the HK2 cells (Figure 5.9a) may be dueto differences in cell type or assay

conditions or differences between the responces to H2O2 and Hcy. Nkabyo and Watson

(2002) reported that the redox state of the total cellular pool of Trx1 in Caco2 cells was
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90-95% reduced. Thus, the redox status of nuclear and cytoplasmic Trx1 reported here

are comparable to those reported in other mammalian systems. It also suggests that

mammalian Trx1 is considerably more reduced than bacterial Trx.

The intracellular environment is normally maintained in a relatively reduced state

(Schafer et al., 2001). Stimulation with 100M Hcy caused a substantial oxidation of

Trx1 in the cytoplasm (Figure 5.9a) which was followed by an increase of Trx1 in the

nucleus (Figure 5.10a) in selenium deprived, selenium adequate and SeMet

supplemented cells. However, in the nucleus, although Trx1 wasincreased for selenium

deprived, selenium adequate and SeMet supplemented cells, its redox status was

predominately in the reduced state. This suggests that Hcy stimulation may causein the

cytoplasm an oxidized environment for Trxl which subsequently promotes Trx1 to

translocate into the nucleus. Nuclear translocation of Trx1 also occurs in response to

H2O2, TNF-a, and UV light (Hirota et al., 1999; Makino ef al., 2002). In principle,

stimulation of import or inhibition of export from the nucleus can result in the

accumulation of the protein in the nucleus (Watson ef al, 2003). There are no

recognizable nuclear localization or nuclear export sequences in Trx (Powis ef al.,

1995), so it is unclear how the subcellular distribution of Trx1 is maintained. However,

the increased in reduced Trx1 observed in the nucleus for selenium deprived, selenium

adequate and SeMet supplemented cells treated with Hcy reflects the increased AP-1

and NF-kB DNAbindingactivity seen in these cells, thus suggesting that these redox-

sensitive transcription factors are active under these conditions. Trx could maintain a

reduced intracellular environment by reducing protein disulfides under oxidativestress,

thereby mediating the cellular response to redox state (Mannefal., 2007).
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Chapter 6

Effect of Human Serum Albumin and

Homocysteine Exposure on GPX1 and TrxR

Activities and MCP-1 and MDA Content of

Selenium Deprived and Selenium Supplemented

HK2Cells

“In all things ofnature there is something of the marvelous”

Aristotle, Parts of Animals, 384 B.C
 

6.1 INTRODUCTION

In Chapters 4 and 5 the effects of Hcy on selenoprotein activities, MCP-1 chemokine

release, DNA-binding activities of NF-kB and AP-1 transcription factors and the redox

status of nuclear and cytoplasmic Trx1 with various concentrations of two different

chemical forms of selenium were described. Following high Hcy exposure in HK2 cells,

the activities of GPX1 and TrxR were decreased while NF-kB and AP-1 DNAbinding

activities were enhanced with a subsequent increase of MCP-1 chemokinerelease.

Clinical studies and experimental evidence strongly implicate proteinuria in the

progression of kidney disease and increased urinary excretion of protein is a marker of

poor outcome for CKD (Cravedi et al., 2007). Additionally, in animal models where

renal protein overload was induced, there was increased renal oxidative stress and

inflammation (Alvarez ef al., 2002; Eddy, 1989; Eddy and Giachelli, 1995). Therefore,

this Chapter focuses on the effects of albumin overload in selenium, manipulated HK2

cells exposed to Hcy. Twodifferent chemical forms of selenium, selenomethionine and

sodium selenite, at various concentrations, were used in experiments with Hcy exposed

HK2 cells and under these conditions antioxidant enzyme activities and chemokine

release were examined.
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6.2 MATERIALS AND METHODS

6.2.1 Overload of HK2 cells with Globulin-Free (GF) - Fatty Acid Free (FAF)

Humanserum albumin (HSA)

HK2 cells treated with homocysteine and supplemented with selenium, as described in

Section 4.2.1, were exposed to 15mg/ml of human serum albumin (HAS)for 12hrs and

then harvested for analysis (Section 2.2.7). GPX1 (Section 2.4.1), TrxR (Section

2.4.2.1), MCP-1 (Section 2.8.1) and MDA (Section 2.9.1) were analyzed.

6.2.2 Biochemical analysis of GPX1 and TrxRactivities, and MDA and MCP-1

contents in HK2 cells

GPX1 and TrxR activities, MDA content of cells and the MCP-1 content of cell

supernatants were analyzed in selenium supplemented HK2 cells. In order to assess the

role of selenium, data for each activity and content were presented against two controls;

a positive control, where cells were grown in medium with 10% FCS, and a negative

control where cells had no additional selenium and were grown in SFM.

6.3 RESULTS

6.3.1 Effect of exposure to albumin overload with and without Hcy on

selenoprotein activities of PTC

The effects of albumin overload on selenoprotein activities in HK2 cells, under

conditions of selenium deprivation or supplementation with different chemical forms of

selenium and exposure to none, low or high concentrations of Hcy were examined.
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6.3.1.1 Effect of albumin with no added Hcyon selenoprotein activities of PTC

6.3.1.1.1 Effect of albumin on GPX1activities with no added Hcy and with SeL or

Semet supplementation

Figure 6.la and 6.1b show GPX1 activities following exposure of HK2 cells to

15mg/ml of albumin for 12hr and supplementation with sodium selenite or

selenomethionine. A significant increase in GPX1 activities was seen at all levels of

both SeL or Semet supplemention following albumin exposure. GPX1 activities varied

significantly with increasing concentrations of selentum. GPX] activities in selenium

deprived cells were not changedsignificantly following albumin exposure but compared

with those seen in selenium adequate cells they were markedly decreased by 89.7%.
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Figure 6.1a Effect of albumin on GPX1activities on SeL supplemented HK2 cells.
Values are shown for increasing concentrations of SeL and for the two controls;
SFM (selenium deprived) and 10% FCS (selenium adequate). *P<0.05 compared

with no albumin stimulation (n=6).
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Figure 6.1b Effect of albumin on GPX1 activities on Semet supplemented HK2

cells. Values are shown for increasing concentrations of Semet and for the two

controls; SFM (selenium deprived) and 10% FCS (selenium adequate). *P<0.05

compared with no albumin stimulation (n=6).
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6.3.1.1.2 Effect of albumin on TrxR activities with no added Hcy and with SeL or

Semet supplementation

Albumin overload significantly increased the TrxR activities in both SeL (Figure 6.2a)

and Semet (Figure 6.2b) supplemented cells. In addition, TrxR activities increased

significantly with increasing concentrations of selenium. In contrast to selenium

supplemented and selenium adequate cells, TrxR activities in selenium deprived cells

were not changedsignificantly following albumin exposure but compared with those

seen in selenium adequate cells they were decreased by 79.86%.
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Figure 6.2a Effect of albumin on TrxR activities on SeL supplemented HK2 cells.
Values are shown for increasing concentrations of SeL and for the two controls;
SFM (selenium deprived) and 10% FCS(selenium adequate). *P<0.05 compared

with no albumin exposure (n=6).
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Figure 6.2b Effect of albumin on TrxR activities on Semet supplemented HK2

cells. Values are shown for increasing concentrations of Semet and for the two

controls; SFM (selenium deprived) and 10% FCS(selenium adequate). *P<0.05

compared with no albumin stimulation (n=6).
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6.3.1.2 Effect ofalbuminoverload with 10uMHcy on selenoprotein activities ofPTC

6.3.1.2.1 Effect ofalbumin overload with 10 uM Hcy on GPX1 activities with SeL or

Semet supplementation

In HK2 cells exposed tol0 uM Hcy and supplemented with SeL (Figure 6.3a) or Semet

(Figure 6.3b), albumin overload significantly increased the GPX1 activities (p< 0.05).

In contrast to GPX1 activities seen in selenium adequate and selenium supplemented

cells, in SFM cells the GPX1 activities were not significantly different with albumin but

their activities were decreased by 90% compared with those seen in selenium adequate

cells. The GPX1 activities increased significantly with increasing concentrations of

selenium andin cells supplemented with 250nM SeL or Semet were similar to selenium

adequate cells’ activity.
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Figure 6.3a Effect of albumin on GPX1 activities on HK2 cells exposed to 10 pM

Hcy and supplemented with SeL. Values are shown for increasing concentrations

of SeL and for the two controls; SFM (selenium deprived) and 10% FCS(selenium

adequate). *P<0.05 compared with no albumin stimulation (n=6).
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Figure 6.3b Effect of albumin on GPX1activities on HK2 cells exposed to 10 »M

Hcy and supplemented with Semet. Values are shown for increasing

concentrations of Semet and for the two controls; SFM (selenium deprived) and

10% FCS (selenium adequate). *P<0.05 compared with no albumin stimulation

(n=6).
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6.3.1.2.2 Effect of albumin with 10 Hcy uM on TrxR activities with SeL or Semet

supplementation

In HK2 cells exposed tol0 uM Hcy and supplemented with SeL (Figure 6.4a) or Semet

(Figure 6.4b), albumin overload significantly increased their TrxR activities (p< 0.05).

The TrxR activities increased significantly with increasing concentrations of selenium

and this wastrue in cells supplemented with 250nM SeL or Semet. By contrast to TrxR

activities seen in selenium adequate and selenium supplemented cells, in SFM cells the

TrxR activities were not significantly different with albumin but their activities were

decreased by 79.7% compared with those seen in selenium adequatecells.
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Figure 6.4a Effect of albumin on TrxR activities on HK2 cells exposed to 10 1M
Hcy and supplemented with SeL. Values are shown for increasing concentrations

of SeL andfor the two controls; SFM (selenium deprived) and 10% FCS (selenium

adequate). *P<0.05 compared with no albumin stimulation (n=6).
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Fi

gure 6.4b Effect of albumin on TrxRactivities on HK2 cells exposed to 10 pM Hey

and supplemented with Semet. Values are shown for increasing concentrations of

Semetand for the two controls; SFM (selenium deprived) and 10% FCS(selenium

adequate). *P<0.05 compared with no albumin stimulation (n=6).
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6.3.1.3 Effect of albumin with 50 Hcy pM on selenoprotein activities of PTC

6.3.1.3.1 Effect of albumin with 50 Hcy uM on GPX1 activities with SeL or Semet

supplementation

Asillustrated in Figure 6.5a, albumin caused a significant increase in GPX1 activities

(p< 0.05) in HK2 cells exposed to 504M Hcy and supplemented with SeL. However, it

had nosignificant increase on GPX1 activities in HK2 cells exposed to 50M Hcyand

supplemented with Semet (Figure 6.5b). In a similar manner to the GPX] activities in

Section 6.3.1.1 and 6.3.1.2 with no added Hcy or 10uM Hcy exposure respectively,

GPX1 activities in Figure 6.5a and 6.5b were significantly different with increasing

concentrations of selenium except supplementation with 50,125nM of Semet (p >0.05).

However, as demonstrated in Figure 6.5a and 6.5b, albumin overload had nosignificant

effect on GPX1 activities in cells grown in SFM or 10% FCScells when exposed to

50uM of homocysteine.
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Figure 6.5a Effect of albumin on GPX1 activities on HK2 cells exposed to 50 pM

Hcy and supplemented with SeL. Values are shown for increasing concentrations

of SeL and for the two controls; SFM (selenium deprived) and 10% FCS(selenium

adequate). *P<0.05 compared with no albumin stimulation (n=6).
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Figure 6.5b Effect of albumin on GPX1activities on HK2 cells exposed to 50 uM
Hcy and supplemented with Semet. Values are shown for increasing
concentrations of Semet and for the two controls; SFM (selenium deprived) and

10% FCS (selenium adequate) (n=6).

6.3.1.3.2 Effect of albumin overload with 50 Hcy uM on TrxRactivities with SeL or

Semet supplementation

As illustrated in Figure 6.6a, albumin overload caused a significant increase in TrxR

activities (p< 0.05) in HK2 cells exposed to 504M Hcyand supplemented with SeL.

Similar to GPX1 activities from Section 6.3.1.1 and 6.3.1.2 with none Hcy or 10M

Hcy exposure respectively and albumin, TrxR activities in Figure 6.6a and 6.6b were

significantly different with increasing concentrations of selenium. However, as

demonstrated in Figure 6.6a and 6.6b, albumin had no significant effect on TrxR

activities in SFM cells when exposed to 50uM of homocysteine.
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Figure 6.6a Effect of albumin on TrxR activities on HK2 cells exposed to 50 pM
Hcy and supplemented with SeL. Values are shown for increasing concentrations
of SeL and for the two controls; SFM (selenium deprived) and 10% FCS(selenium

adequate). *P<0.05 compared with no albumin stimulation (n=6).
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Figure 6.6b Effect of albumin on TrxRactivities on HK2 cells exposed to 50 pM

Hcy and supplemented with Semet. Values are shown for increasing

concentrations of Semet and for the two controls; SFM (selenium deprived) and

10% FCS (selenium adequate cells. *P<0.05 compared with no albumin

stimulation (n=6).

6.3.1.4 Effect of albumin overload with 100 Hcy 1M onselenoprotein activities of

PTC

6.3.1.4.1 Effect ofalbumin overload with 100 Hcy nM on GPX1activities with SeL or

Semet supplementation

As illustrated in Figure 6.7a, albumin overload caused a significant increase in GPX]

activities (p< 0.05) in HK2 cells exposed to 100M Hcy and supplemented with SeL.
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However, there was no significant increase in HK2 cells exposed to 100M Hcy and

supplemented with Semet (Figure 6.7b). Similar to GPX1 activities seen in Section

6.3.1.1 and 6.3.1.2 with no Hcy or 104M Hcy exposure respectively and albumin

overload, GPX1 activities seen in Figure 6.7a and 6.7b were significantly different with

increasing concentrations of selenium. However, as demonstrated in Figure 6.7a and

6.7b, albumin overload had no significant effect on GPX1 activities in cells grown in

SFM or 10% FCS cells when exposed to 504M of homocysteine. but the activities in

selenium adequate cells were 3fold higher compared with selenium deprivedcells.
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Figure 6.7a Effect of albumin on GPX1 activities on HK2 cells exposed to 100 pM

Hcy and supplemented with SeL. Values are shown for increasing concentrations

of SeL andfor the two controls; SFM (selenium deprived) and 10% FCS(selenium

adequate). *P<0.05 compared with no albumin stimulation (n=6).
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Figure 6.7b Effect of albumin on GPX1activities on HK2 cells exposed to 100 »M

Hcy and supplemented with Semet. Values are shown for increasing

concentrations of Semet and for the two controls; SFM (selenium deprived) and

10% FCS(selenium adequate) (n=6).
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6.3.1.4.2 Effect ofalbumin overload with 100 Hcy uM on TrxR activities with SeL or

Semet supplementation

Asillustrated in Figure 6.8a, albumin overload caused a significant increase in TrxR

activities (p< 0.05) in HK2 cells exposed to 1001M Hcy and supplemented with SeL.

However, there was no significant increase in HK2 cells exposed to 100M Hcy and

supplemented with Semet (Figure 6.8b). Similar to TrxR activities seen in Section

6.3.1.1 and 6.3.1.2 with no Hcy or 104M Hcy exposure respectively and albumin

overload, TrxR activities seen in Figure 6.8a and 6.8b were significantly different with

increasing concentrations of selenium. However, as demonstrated in Figure 6.8a and

6.8b, albumin overload had no significant effect on GPX1 activities in cells grown in

SFM or 10% FCScells when exposed to 100 uM of homocysteine.
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Figure 6.8a Effect of albumin on TrxR activities on HK2 cells exposed to 100 1M

Hcy and supplemented with SeL. Values are shown for increasing concentrations

of SeL and for the two controls; SFM (selenium deprived) and 10% FCS(selenium

adequate). *P<0.05 compared with no albumin stimulation (n=6).
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Figure 6.8b Effect of albumin on TrxR activities on HK2 cells exposed to 100 »M

Hcy and supplemented with Semet. Values are shown for increasing

concentrations of Semet and for the two controls; SFM (selenium deprived) and

10% FCS(selenium adequate) (n=6).
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6.3.2 Effect of exposure to albumin overload with and without Hcy on the MCP-1

content of supernatants from PTC

6.3.2.1 Effect ofGF-SFA with no added Hcy on MCP-1 content ofsupernatantsfrom

PTC

Albumin overload significantly (p< 0.05) increased the MCP-1 content of supernatants

from HK2 cells supplemented with either SeL (Figure 6.9a) or Semet (Figure 6.9b). In

addition, MCP-1 contents of supernatants were significantly different with increasing

concentrations of selenium. Following albumin treatment the highest MCP-1 contents of

supernatants were observedin cells grown in SFM cells (345.35 + 20.9 pg/ml) whereas

the lowest were seen in cells grown in 10% FCScells (170 +18.4 pg/ml). In addition,in

both SeL and Semet supplemented cells, following albumin exposure, MCP-1 contents

of supernatants were significantly lower with increasing concentrations of selenium

(Figure 6.9a and 6.9b).
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Figure 6.9a Effect of albumin on MCP-1 contents of supernatants from SeL

supplemented HK2 cells. Values are shown for increasing concentrations of SeL

and for the two controls; SFM (selenium deprived) and 10% FCS (selenium

adequate). *P<0.05 compared with no albumin stimulation (n=6).
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Figure 6.9b Effect of albumin on MCP-1 contents of supernatants from Semet

supplemented HK2 cells. Values are shown for increasing concentrations of Semet

and for the two controls; SFM (selenium deprived) and 10% FCS (selenium

adequate). *P<0.05 compared with no albumin stimulation (n=6).

6.3.2.2 Effect of albumin with 10 uM Hcy on MCP-1 contents of supernatants from

PTC

Similar to the MCP-1 contents of supernatants seen in HK2 cells with no Hcytreatment

(Section 6.3.2.1), MCP-1 levels of supernatants with 10 uM Hcy werealso significantly

increased (p< 0.05) following albumin treatment in cells supplemented with either SeL

(Figure 6.10a) or Semet (Figure 6.10b). In addition, the MCP-1 levels of supernatants

were significantly different with increasing concentrations of selenium. The highest

levels were seen in SFM cells (361.43 + 17.4 pg/ml) and the lowest in 10% FCScells

(196.3 + 18.5 pg/ml). In addition, in both SeL and Semet supplementedcells, following

albumin treatment MCP-1 levels of supernatants were higher with decreasing

concentrations of selenium (Figure 6.10a and 6.10b).
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Figure 6.10a Effect of albumin on MCP-Icontents of supernatants from HK2 cells

exposed to 10 pM Hcy and supplemented with SeL. Values are shown for

increasing concentrations of SeL and for the two controls; SFM (selenium

deprived) and 10% FCS (selenium adequate). *P<0.05 compared with no albumin

(n=6).
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Figure 6.10b Effect of albumin on MCP-1 contents of supernatants from HK2 cells

exposed to 10 1M Hcy and supplemented with Semet. Values are shown for

increasing concentrations of Semet and for the two controls; SFM (selenium

deprived) and 10% FCS(selenium adequate). *P<0.05 compared with no albumin

(n=6).

6.3.2.3 Effect of albumin with 50 4M Hcy on MCP-I contents of supernatants from

PTC

In HK2 cells exposed to 50M Hcy and albumin, MCP-1 contents of supernatants were

significantly increased (p< 0.05) with SeL or Semet supplementation, as illustrated in

Figure 6.11a and 6.11b respectively. MCP-1 contents of supernatants were higher in

Semet supplemented cells (240.01 + 22.4 pg/ml) compared to SeL supplemented cells

(180 + 19.3 pg/ml). In addition, in SeL supplemented cells, MCP-1 levels of
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supernatants were significantly lower compared with SFM and 10% FCScells. In Semet

supplementedcells, only supplementation with 250nM Semet wassignificantly different

from SFM cells and compared to 10% FCScells only supplementation with 50 and 125

nM Semet wassignificantly different. Albumin overload caused MCP-1 contents of

supernatants to increase by 300% in SFM cells and by 380% in 10% FCScells.
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Figure 6.11a Effect of albumin on MCP-1 contents of supernatants from HK2 cells
exposed to 50 pM Hcy and supplemented with SeL. Values are shown for
increasing concentrations of SeL and for the two controls; SFM (selenium
deprived) and 10% FCS (selenium adequate). *P<0.05 compared with no albumin

(n=6).
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Figure 6.11b Effect of albumin on MCP-1 contents of supernatants from HK2cells

exposed to 50 nM Hcy and supplemented with Semet. Values are shown for

increasing concentrations of Semet and for the two controls; SFM (selenium

deprived) and 10% FCS (selenium adequate). *P<0.05 compared with no albumin

(n=6).
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6.3.2.4 Effect ofalbumin with 100 uM Hcy on MCP-1 contents ofsupernatantsfrom

PTC

As illustrated in Figure 6.12a and 6.12b with SeL and Semet supplementation

respectively, exposure of HK2 cells to SOM of Hcy and albumin increased

significantly (p< 0.05) the MCP-1 contents of supernatants in both SeL and Semet

supplemented cells. However, MCP-1 contents were higher in Semet supplemented

cells (340.01 + 23 pg/ml) compared to SeL supplemented cells (190 +18.3 pg/ml). In

addition, in SeL supplemented cells, MCP-1 levels of supernatants were significantly

lower compared with SFM and 10% FCScells. In Semet supplemented cells, only

supplementation with 250nM of Semet wassignificantly different from SFM cells and

compared to 10% FCScells only supplementation with 50 and 125 nM of Semet was

significantly different. Albumin overload increased MCP-1 contents of supernatants in

SFM cells by 190% and in 10% FCScells by 393%.
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ure 6.12a Effect of albumin on MCP-1 contents of supernatants from HK2 cells

exposed to 100 »M Hcy and supplemented with SeL. Values are shown for

increasing concentrations of SeL and for the two controls; SFM (selenium

deprived) and 10% FCS (selenium adequate). *P<0.05 compared with no albumin

(n=6).
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Figure 6.12b Effect of albumin on MCP-1 contents of supernatants from HK2 cells
exposed to 100 »M Hcy and supplemented with Semet. Values are shown for
increasing concentrations of Semet and for the two controls; SFM (selenium

deprived) and 10% FCS(selenium adequate). *P<0.05 compared with no albumin

(n=6).

6.3.3 Effect of exposure to albumin with and without Hcy on the MDAcontents of

PTC

There was an increase in the MDAcontents of HK2 cells following albumin exposure.

This increase wassignificant for all the treatments (with or without Hcy and SeL or

Semet supplementation at increasing concentrations). Therefore the analysis for the

MDAdata,in the sections below, will mainly focus on the effects of Hcy and selenium

on the MDAcontents of HK2 cells prior to albumin exposure.

6.3.3.1 Effect of albumin treatment on the MDA contents of SeL and Semet

supplemented HK2cells

MDA content of HK2 cells was significantly increased by exposure of 15mg/ml

albumin in SeL (Figure 6.13a) and Semet (Figure 6.13b) supplemented cells. MDA

content wassignificantly lower in cells grown in 10% FCS. MDAcontent washigherin

cells supplemented with lower selenium concentrations. In selenium deprived cells

MDAcontent was increased by 3-fold (from 150.29+ 25.8 pmol/mg in 10% FCS to

501.36 + 25.8 pmol/mg in SFM).
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Figure 6.13a Effect of albumin on MDAcontents in HK2 cells and supplemented
with SeL. Values are shown for increasing concentrations of SeL and for the two
controls; SFM (selenium deprived) and 10% FCS (selenium adequate). *P<0.05

compared with no HSA exposure (n=6).

600 4

500 4

400

*

M
D
A
c
o
n
t
e
n
t

(
p
m
o
l
/
m
g

of
pr

ot
ei

n)

   300 I

Pee. * *

100 : :

SOnM Semet 125nM Semet 250nM Semet 10% FCS

m@ NoOHSA 215 me/ml HSA

Figure 6.13b Effect of albumin on MDAcontent in HK2 cells supplemented with
Semet. Values are shown for increasing concentrations of Semet and for the two
controls; SFM (selenium deprived) and 10% FCS (selenium adequate). *P<0.05

compared with no HSA exposure (n=6).

6.3.3.2 Effect ofalbumin with 10uMHcy treatment on the MDA contents ofSeL and

Semet supplemented HK2 cells

MDAcontent of HK2 cells was significantly increased by exposure of 104M Hcy and

15mg/ml albumin in SeL (Figure 6.14a) and Semet (Figure 6.14b) supplementedcells.

MDAcontent was significantly lower in selenium adequate and selenium supplemented

cells and was higher in cells with lower selenium concentrations. The highest MDA

content was seen in cells grown in SFM cells and the lowest in cells grown in 10% FCS

and cells supplemented with 250nM Semet. MDA contents, for the same selenium

concentration, were similar in SeL and Semet supplementedcells.

167



Chapter 6
M
D
A
c
o
n
t
e
n
t

   
— 700E700® 6oo |
yp |

2 soo |
a. |
uw 400 ~
°o
pp 300 |

~ 200 | * *
o x |
—& 100 5 saa

So! i
50nM SeL 125nM Set 250nM SeL 10% FCS

m NoOHSA ™ 15 mg/ml HSA

Figure 6.14a Effect of albumin on MDAcontents in HK2 cells exposed to 10 nM

Hcy and supplemented with SeL. Values are shown for increasing concentrations
of SeL andfor the two controls; SFM (selenium deprived) and 10% FCS(selenium

adequate). *P<0.05 compared with no HSA exposure (n=6).
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Figure 6.14b Effect of albumin on MDA content in HK2 cells exposed to 10 »M

Hey and supplemented with Semet. Values are shown for increasing

concentrations of Semet and for the two controls; SFM (selenium deprived) and

10% FCS(selenium adequate). *P<0.05 compared with no HSA exposure (n=6).

6.3.3.3 Effect ofalbumin with 50 uMHcy treatment on the MDA contents ofSeL and

Semet supplemented HK2cells

MDAcontent of HK2 cells was significantly increased by exposure of 504M Hcy and

15mg/ml albumin in SeL (Figure 6.15a) and Semet (Figure 6.15b) supplementedcells.

MDAcontent wassignificantly higher in selenium deprivedcells. Unlike the 10M Hey

exposure, MDA contents with 501M Hcy exposure were similar between cells
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supplemented with low selenium concentrations and 10% FCS and MDAcontents were

higher in Semet supplemented cells compared to SeL supplementedcells.
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Figure 6.15a Effect of albumin on MDAcontents on HK2 cells exposed to 50 uM

Hcy and supplemented with SeL. Values are shown for increasing concentrations

of SeL and for the two controls; SFM (selenium deprived) and 10% FCS(selenium

adequate). *P<0.05 compared with no HSA exposure(n=6).
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Figure 6.15b Effect of albumin on MDAactivities on HK2 cells exposed to 50 »M

Hcy and supplemented with Semet. Values are shown for increasing

concentrations of Semet and for the two controls; SFM (selenium deprived) and

10% FCS (selenium adequate). *P<0.05 compared with no HSA exposure (n=6).

6.3.3.4 Effect of albumin with 100 uM Hcy treatment on the MDA contents of SeL

and Semet supplemented HK2cells

MDAcontent of HK2 cells was significantly increased by exposure of 1004M Hcy and

15mg/ml albumin in SeL (Figure 6.16a) and Semet(Figure 6.16b) supplementedcells.

MDAcontent wassignificantly lower in selenium adequate and significantly higher in
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selenium deprived cells. Low selenium supplementation (50nM) resulted in similar

MDAcontents between 10% FCS andselenite supplemented cells (Figure 6.16a) and

significantly higher MDA contents between Semet supplemented cells and 10% FCS

(Figure 6.16b). Significantly lower MDA content compared to 10% FCS was only seen

in 250nM SeL supplementedcells (Figure 6.16a).
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Figure 6.16a Effect of albumin on MDA contents on HK2 cells exposed to 100 »M
Hcy and supplemented with SeL. Values are shown for increasing concentrations
of SeL andfor the two controls; SFM (selenium deprived) and 10% FCS(selenium

adequate). *P<0.05 compared with no HSA exposure (n=6)
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Figure 6.16b Effect of albumin on MDAcontents on HK2 cells exposed to 100 pM
Hcy and supplemented with Semet. Values are shown for increasing
concentrations of Semet and for the two controls; SFM (selenium deprived) and
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6.4 DISCUSSION

The data presented in Chapter 5 demonstrated that under conditions of high

homocysteine in selenium deprived or Semet supplemented HK2 cells, transcription

factor activation and chemokine release were induced. The aim ofthis section of the

thesis was carry out a series of experiments that would more closely mimic theclinical

relevance of selenium deficiency and hyperhomocysteinemia in CKD.Proteinuriais the

hallmark or renal disease, frequently present in progressive nephropathies. Hence the

effects of albumin overload on HK2 cells were examined in conditions of Se

deprivation and Se supplementation. In addition markers of oxidative stress and

chemokine release were also examined. The enzymeactivities of selenoenzymes GPX1

and TrxR, together with the release of MCP-1 chemokine, were measured under

conditions of normal and high Hcy, and with different selenium forms and

concentrations, to mirror the findings from the Hcy treatment studied in Chapter 4 and

Chapter 5. Albumin overload can induce oxidative stress in HK2 cells (Shalamanova er

al., 2007) and is previously linked with increased chemokines and progression to TIF

(Cochrane and Ricardo, 2003; Zoja et al., 1998).

6.4.1 Effects of albumin overload on activities of GPX1 and TrxR in PTC

In this thesis, exposure of HK2 cells to albumin overload with or without 104M Hcy

(Section 6.3.1 and 6.3.2 respectively) resulted in significant increases in both GPX1 and

TrxR activities. There were no significant differences between the two different

selenium supplementation forms used and the activities were higher with increasing

concentrations of selenium supplementation. The increased GPX1 and TrxRactivities,

following albumin exposureis in keeping with albumin induced oxidative stress in HK2

cells. The increase in GPX1 and TrxR activity with higher selenium concentration

suggests a possible protective role for selenium in response to the oxidative stress

induced by albumin.
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In HK2 cells, although exposure to albumin caused selenoprotein activities to be

increased, the increase was higher for GPX1 activities (56%) than for TrxR activities

(20%). In addition, the increase in GPX1 activities was higher with low selenium

supplementation and loweras selenium levels were increased (Figure 6.1a to 6.3b). This

maybe dueto better antioxidant protection in cells with higher selenium levels (125 and

250nM). On the other hand, a smaller increase in TrxR activities was seen with low

selenium (50nM) supplementation and as selenium levels were increased a higher

increase in activity was seen (Figure 6.2a, 6.2b, 6.4a and 6.4b). This differential

response in GPX1 and TrxR, following albumin overload suggests an independent and

possibly complementary role for these two selenoproteins. Following albumin overload,

when GPX1 increase is small, TrxR increase is high and vice versa. In addition, in

relation to selenium levels, TrxR increase was higher in HK2 cells supplemented with

250nM selenium or 10%FCS whereas GPX1 increase was higher in HK2 cells

supplemented with lower selenium concentrations (50 and 125nM). These findings

about GPX1 and TrxR enzymes acting independently are in agreement with previous

data from Chapter 3, where the reduction in GPX1 and TrxRactivity, due to selenium

deprivation, were different. The assumption that TrxR is more importantfor the cell and

therefore better preserved is supported furtherin this chapter.

In HK2 cells, exposure to albumin overload with 50uM Hcy caused TrxR activities to

increase significantly (p<0.048) with both SeL (Figure 6.6a) and Semet (Figure 6.6b)

selenium supplementation. However, only selenium supplementation with SeL caused

GPX1 activities to be significantly increased. By contrast, exposure of HK2 cells to

albumin overload with 100uM Hcycaused both TrxR and GPX1 activities to increase

significantly (p<0.05) but only with SeL supplementation (Figure 6.7a and 6.8a)

whereasactivities with Semet supplementation (Figure 6.7b and 6.8b) were not changed

significantly.

Overall, these data demonstrate that, in HK2 cells, exposure to albumin overload

induces an increase in the GPX1 and TrxR activity. However, these effects are mainly

influenced by the homocysteine levels and the form of selenium supplementation. These

effects are summarized in Figure 6.17 and 6.18. Albumin exposure influences the
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effects of Hcy, but only in SeL supplemented cells. The reduced GPX1 and TrxR

activities seen due to high Hcy treatment in Semet supplemented cells, did not increase

following exposure to albumin. This suggests an important suppressive effect of Hcy on

both GPX1 and TrxR activities of HK2 cells when supplemented with Semet. In

Chapter 4, HK2 cells with high Hcy exposure and Semet supplementation had

significantly lower GPX1 and TrxR activities compared with no added Hcy and Semet

supplemention. Therefore, it can be concluded that the reduced GPX1 and TrxRactivity
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Figure 6.17 Effects of albumin with different Hcy concentrations on GPX1
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seen in Semet supplemented cells, is probably the result of high homocysteine levels

rather than the result of albumin exposure. On the other hand, in SeL supplemented

cells, albumin exposure caused an increase in selenoprotein activities, which were not

seen in previous experiments in Chapter 4, when only Hcy was added, thus suggesting

that this increase was due to albumin overload exposure. Various studies have

previously shown exposure to albumin overload to be implicated in ROS generation

either through activating molecules that are known to induce ROSproduction (Whaley-

Connell et a/., 2007) or via enhanced activation of redox sensitive transcription factors

(Morigi et. al., 2002). Data presented in this thesis suggest that albumin overload and

results in increased antioxidant enzymeactivities and together with the MDAresults

(discussed below) are in keeping with adaptive responsesto increased oxidative stress.

6.4.2 Effects of albumin overload on MCP-1 chemokinerelease in PTC

Data in this Chapter have demonstrated significant increases in the MCP-1 contents of

supernatants from HK2 cells following treatment with albumin overload (Section 6.3.2).

Several studies have demonstrated increases in MCP-1 levels in human PTC following

exposure to albumin. For example, Zoja et al., (2009) demonstrated increased levels of

MCP-1 and IL-8 in the primary cultured human tubular epithelial cells following

exposure to 30mg/mlof albumin. Reich efal., (2005) have also indicated that in PTC,

exposure to high concentrations of delipidated or lipid enriched albumin markedly

upregulated expression of pro-inflammatory cytokine MCP-1 and IL-8. Recent studies

(Reich ef al., 2005; Murali et a/., 2007; Elmarakby ef al., 2008; Berbaum ef al., 2008)

indicate that one pathway implicated in the deleterious effects of albumin overload

involves the activation of the transcription factor NF-KB by albumin, and subsequent

translation of NF-«B- dependant pro-inflammatory genes such as MCP-1 and RANTES

(Morii et al., 2003; Zoja et al., 1998). However, so far, no previous studies have

assessed the role of selenium and homocysteine on MCP-1 levels during albumin

overload. As seen in Figure 6.9a and 6.9b, MCP-1 levels of supernatants were markedly

affected by the selenium concentrations used in HK2 cells following albumin overload

treatment but no significant differences were seen in MCP-1 levels of supernatants
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between the different selenium supplementation forms (Figure 6.9a and 6.9b). The

highest MCP-1 contents of supernatants were observed in selenium deprived cells

whereas the lowest were seen in selenium adequate cells. These observations are

consistent with the data presented in Chapter 5, where there was also no significant

difference in MCP-1 content between supernatants in cells with or without 10M Hcy.

In this chapter, although exposure to albumin overload increased MCP-1 contents in

supernatants of HK2 cells, this increase was not significant in HK2 cells with or without

10M added Hcy. This suggests that the increase seen in MCP-1 content, when exposed

to albumin overload, was not influenced by low Hcy (10uM) treatment (Figure 6.19).

However, MCP-1 levels of supernatants were dependant on selenium concentration and

they were also different between the two selenium supplementation forms used, with

Semet supplemented cells to exhibit higher MCP-1 contents of supernatants than SeL

supplemetedcells (Figure 6.19).

This different response in MCP-1 levels of supernatants between SeL and Semet

supplemented cells was evident further in cells exposed to albumin overload with 50

and 100uM Hcy. Figure 6.19 is an example graph (using only one selenium

concentration) which clearly showsthat with increasing Hcy concentration the increased

MCP-1 levels that occurred due to albumin exposure are increased further in Semet

supplementedcells. This suggests that although albumin exposure markedly stimulates

MCP-1levels to increase, high Hcylevels exacerbate further these effects.
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contents of supernatants from HK2 cells supplemented with SeL (blue) or Semet
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Although Semet supplementedcells have higher MCP-1 levels in supernatants than SeL

supplemeted cells the increase from albumin exposure is higher in SeL than Semet

supplemented cells. For example, with SeL supplementation a 300% increase was

observed on MCP-1 levels (Figure 6.11a) compared to cells without albumin exposure

whereas with Semet supplementation a 250% increase was seen. This difference in

increase from albumin between SeL and Semet supplementation was even greater in

cells treated with 100uM Hcy.Ascan be seen in figure 6.12a with SeL supplementation

a 300% increase was observed on MCP-1 levels in supernatants from HK2 cells

exposed to 100uM Hcy compared to cells without albumin whereas in Figure 6.12b

with Semet supplementation a 200% increase was seen in MCP-1 levels in supernatants

from HK2 cells exposed to 100uM Hcy compared to cells without albumin. This

suggests that with elevated Hcy levels the MCP-1 increase in supernatants from cells

supplemented with Semetis smaller.

By contrast data in Chapter 5 demonstrated that MCP-1 levels were enhanced with high

Hcy treatment in supernatants from Semet supplemented cells but not in SeL

supplemented cells. In this Chapter exposure to albumin overload was shown to

enhance MCP-1 levels with high Hcy treatment in SeL and Semet supplemetedcells but

although the relative increase was higher for SeL than for Semet supplemented cells, the

absolute levels were higher for Semet than SeL supplemented cells. These findings

suggest that albumin stimulates an increase in MCP-1 release for SeL and Semet

supplemeted HK2 cells but Hcy interferes with selenomethionine and cause MCP-1

contents to increase even further in Semet supplementedcells.

6.4.3 Effects of albumin overload on the MDAcontent of PTC

Available evidence indicates the presence of increased oxidative stress in patients with

CKD (Vaziri, 2004; Himmelfarb and Hakim, 2003; Ikizler et al., 2002). However, there

is relatively limited correlative and cause-effect information about the role of oxidants

in the progression of CKD. Kuoet al, (2005) reported that plasma and urinary MDA,

end products of lipid peroxidation, were increased significantly in patients with CKD
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and concluded that oxidative stress occurs early and plays an important role in the

pathogenesis of kidney disease. In this chapter, data suggest a significant increase in

oxidative stress in the HK2 cells following albumin overload exposure. This was

evident not only by the increase in GPX1 and TrxR antioxidant activities, as seen in

Section 6.4.1, but also by the increase in MDAcontent, a markerfor lipid peroxidation

in HK2 cells. These effects in relation to Hcy and selenium concentration do not appear

to have been previously reported.
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Figure 6.20 Effects of albumin with different Hcy concentrations on MDAcontents

of HK2 cells supplemented with 250nM SeL (blue) or Semet (red). Dotted lines

without added albumin,solid lines with 15 mg/ml albumin (n=6)

Albumin exposure significantly increased the MDA content of HK2 cells regardless of

the selenium supplementation form and Hcy levels. However, the MDA content was

lowerin cells with SeL compared with Semet supplementation. The difference between

SeL and Semet supplemented cells is significant only with high Hcy (50 and 100M)

treatments, suggesting that high Hcy interferes with Semet and results in higher MDA

content. Furthermore, HK2 cells exposed to high Hcy and albumin showeda significant

increase in the MDA content when selenium deprived or supplemented with Semet

compared with SeL. These findings regarding the Hcy levels and the form and

concentration of the selenium used are consistent throughout the thesis. These data

suggest a complex role for selenium and further support the hypothesis that high Hcy
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interferes with selenium and blocks the transulphuration pathway thus resulting in a

reduction in selenoprotein activity and increase in ROS.

In addition, the MDA content was lowerin cells with high selenium concentration and

with 10% FCSandsignificantly higher in selenium deprived cells. This suggests that

selenium concentration plays a significant role in the MDA content (and lipid

peroxidation) of HK2 cells.

In conclusion, increased antioxidant activities, increased chemokine release and

increased lipid peroxidation were observed in HK2 cells with albumin overload.

Howerver, high Hcy levels in HK2 cells supplemented with Semet compared with SeL

supplemented cells caused a smaller increase in antioxidantactivities, a higher increase

in MCP-1 chemokinerelease and a higherincrease in lipid peroxidation. These changes

may be important mediators for TIF and may contribute to the progression of CKD.
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Final Discussion

“The importantthing is not to stop questioning”

Albert Einstein
 

7.1 SUMMARY OF MAJOR FINDINGS

The initial aims ofthis thesis were:

1) To establish the effect of Se availability on the activity of selenoproteins in PTC

2) To determine how SAA metabolism interferes with selenium availability in PTC

3) To explore the link between decreased Se levels and increased Hcy levels in

PTC

4) To define how abnormal SAA metabolism and decreased Se levels contribute to

an increase in profibrogenic process. These effects may be important to disease

progression in patients with CKD

Data reportedin this thesis have demonstratedthat:

1) Selenium is necessary for maintaining key defence systemsin the kidney.

Adequate Se levels have been shownto:

i) increase activity of the antioxidant enzyme GPX1 and the redox enzyme

TrxR

il) maintain Trx, both cytoplasmic and nuclear, in a reducedstate

iil) suppress the activation of AP-1 and NF-kB DNAbindingactivities and

iv) prevent MCP-1 chemokinerelease
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2) Elevated Hcy concentrations decrease selenoprotein activity through decreased

incorporation of selenium, when this is supplemented in the form of

selenomethionine, via SAA pathways.

3) High homocysteine levels appear to interfere with SAA metabolism at the point

of transulphuration and block the Se incorporation into selenoproteins. Therefore

Se availability is low andresults in:

1) reduced activity of the antioxidant enzyme GPX1 and of the redox

enzyme TrxR

il) an oxidized state for cytosolic Trx, while nuclear Trx remained reduced

ili) increased DNAbindingactivity of transcription factor AP-1 and NF-«B

iv) increased release of MCP-1 chemokine

4) Following albumin overload MCP-llevels were greatly increased and this was

linked with increased GPX1 and TrxRactivity.

The underling hypothesis of the work was:

Se supplementation in PTC increases the activities of Se-dependant antioxidants GPX1

and TrxR, which regulate oxidative stress through several mechanisms. In addition to

their ability to scavenge ROS, GPX1 and TrxR control the redox status of their

substrates, GSH and Trx. Therefore, the lowered GPX1 and TrxR result in increased

ROSactivities and in an increased oxidized Trx1 in the cytoplasm. These events

contribute to stimulation and translocation of redox-sensitive transcription factors such

as AP-1 and NF-«B into the nucleus. The reduced nuclear environment promotes the

DNAbindingactivity and expression of these transcription factors.

7.2 GENERAL DISCUSSION

A numberofgeneral areas for discussion are highlighted by these data:

7.2.1 The role of Hcy in profibrotic processes

It was hypothesized that high Hcy levels block the incorporation of selenium into

selenoproteins and, through reduced selenoprotein activities, enhance profibrotic
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processesin renalcells. This hypothesis wasinitially investigated by studies that aimed

to look at the effects of high Hcy levels on two major selenoproteins, GPX1 and TrxR.

In PTC, elevated Hcy levels suppress selenoprotein activity. In particular, as seen in

Chapter 4, high homocysteine levels cause a reduction in activity of GPX1, a protein

well-known forits antioxidantrole in the cell, and a significant reduction in activity of

TrxR protein, essential in antioxidant defense and redox regulation of the cell. The

reduced selenoprotein activity of both GPX1 and TrxR remains low even when the

concentration of selenium supplemention in HK2 cells increases. However, this

suppressive role of Hcy on selenoprotein activities diminishes when Hcylevels are

decreased to low levels that are clinically accepted as normal. Therefore, as was

concluded from Chapter 4, high levels of Hcy, as seen in patients with

hyperhomocysteinemia andrenalfailure, greatly reduce selenoprotein activity of GPX1

and TrxR. Based on these outcomes, the initial hypothesis was further explored by

looking at the potential implications and consequences from this reduced antioxidant

activity in HK2cells. Therefore, in Chapter 5, studies were focused on the investigation

of the redox status of cytoplasmic thioredoxin 1, activation of transcription factors, and

MCP-1 chemokine release in HK2 cells. Redox western blot analysis revealed an

increase in the oxidised content of cytoplasmic thioredoxin 1. This increase in oxidized

Trx content suggests that this is a result from the decreased TrxR activity, due to high

homocysteine levels, in HK2 cells. In addition to decreased selenoprotein activities and

increased oxidized Trx, the inflammatory response due to high Hcy was analysed by

examining the MCP-1 content of cell supernatants. MCP-1 is a pro-inflammatory

molecule that has been suggested as an important endpoint marker of inflammatory

response in patients with renal failure. MCP-1 content was significantly increased when

high homocysteine is introduced to the cells. The increase in inflammatory response in

conjunction with the reduced antioxidantactivity of GPX1 and TrxR andthe increased

content of oxidized thioredoxin suggests a possible link between homocysteine,

selenoprotein activity, redox state and inflammatory responses in HK2cells. The link

assumes that exposure of HK2 cells to high homocysteine concentrations cause

antioxidant enzymeactivities to decrease and this contributes to an overall increase in

the oxidative stress in the cytoplasm along with an increase in the oxidised content of
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the key-redox protein Trx. These events in turn activate translocation of redox sensitive

transcription factors into the nucleus which stimulate release of pro-inflammatory

chemokines such as MCP-1. In orderto test this final part of the hypothesis TF’s were

analyzed and examination of the DNA binding of NF-«B and AP-1 revealed an increase

in their DNA binding activities when cells were exposed to high homocysteine. Several

studies have demonstrated that transcription factors such as NF-KB and AP-1 are

important mediators of redox-response in gene expression in PTC andboth are actively

involved in the stimulation of profibrotic processes. Data from this thesis suggest that

exposure of PTC to high levels of Hcy promotes inappropriate activation of pro-

inflammatory transcription factors and expression of genes encoding cytokines and

chemokinesthat play an important process in the pathogenesisofrenal failure.

7.2.2 The form of selenium supplementation: selenite or selenomethione

To test further whether the elevated homocysteine levels prevent the incorporation of

selenium into selenoproteins, two different chemical forms of selenium were used,

selenite and selenomethionine, which are capable of entering the selenium metabolic

pathwayat different points. Throughoutthis thesis in all the experiments, the effects of

different selenium levels along with the selenium forms used for supplementation were

evaluated. According to the hypothesis from the previous section, high homocysteine

levels prevent selenium to be incorporated into selenoproteins and this causes the

decrease in GPX1 and TrxRactivity, which then triggers TF activation and MCP-1

release.. Data from Chapter 4 and 5 are consistent and support the hypothesis of

homocysteine interference with selenium metabolism, since all the events seen due to

high homocysteine (reduced selenoprotein activity, stimulation of TF’s and chemokine

release) were suppressed whenthe selenium supplementation wasin the form ofselenite

instead of selenomethionine. In addition it can also be suggested that the site of

blockage in the metabolic pathway is at the point of transulphuration, because

selenomethionine is metabolized through SAA pathways to selenohomocysteine, to

hydrogenselenide and thento active selenocysteine, whereasselenite is not implicated
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in SAA pathways and is directly converted to hydrogen selenide and then to active

selenocysteine. Another line of evidence to support this hypothesis comes from the

comparison of the different concentrations of selenium used in HK2 cells, in Chapter3,

without homocysteine exposure. Selenium deprivation or low se supplementation

resulted in decreased GPX1 and TrxRactivity and increased MCP-1 content; similar to

the results seen in cells supplemented with selenomethionine and exposed to high

homocysteine. This suggests that the effects seen by high homocysteine exposure are

due to low selenium availability and subsequently due to low incorporation into active

selenoproteins. This argument is further supported by data seen in cells with high

selenium concentration where their activity is similar to cells with no or low

homocysteine exposure and or with high homocysteine exposure and selenite

supplementation.

In summary, Chapter 3-5 it demonstrated that selenium concentration affects

selenoprotein activity and SAA pathways interfere with high levels of homocysteine

and alter selenium metabolism by blocking its incorporation into selenoproteins thus

causing activationofrelease ofthe proinflammatory chemokine, MCP-1.

7.2.3 Changes in selenium metabolism in renal PTC exposed to albumin overload

do not induce profibrotic processes

In Chapter 6, HK2 cells were exposed to albumin overload in order to mimic

proteinuria. Following albumin exposure, GPX1 and TrxR activities were increased as

well as MCP-1 content. However, as seen in chapters 4 and 5 high GPX1 and TrxR

activities prevented increases in MCP-1 content, thus protecting HK2 cells from

activation of inflammatory responses. This probably suggests a different pathway by

which albumin stimulates MCP-1 release that is independent from GPX1 and TrxR.

Albumin exposure induces oxidative stress in HK2 cells and this results in increased

GPX1and TrxR activities. The increases in GPX1 and TrxR activities seen following

albumin exposure are higher in cells with high selenium concentration and lower in

selenium deprived cells. Apart from increased selenoprotein activities, an increase is
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also seen in the MDAcontent following albumin treatment. Selenium as a cofactor of

GPX has been shownto prevent lipid peroxidation in mammals (Crespo et al., 1995).

Other studies have also reported a reduction in the MDA content following selenium

supplementation, thus suggesting that selenium, being an antioxidant, is effective for

reducing lipid peroxidation and hasa possible protective effect on the events leading to

atherogenicity (Wojcicki ef al., 1991). This study has lookedat the effects of selenium

supplementation on lipid peroxidation under pathological conditions in the kidney, in

order to see whether selenium is able to alleviate the increased oxidative stress due to

lipid peroxidation in the kidney. So far no other study has reporteda clear link between

selenium supplementation andlipid peroxidation during renal disease. However, Eder et

al., (2002) observed that feeding diets with oxidized oils had reduced plasmaandliver

selenium concentration in rats receiving a low selenium diet (70 wg) and plasma

selenium concentration in rats fed the high selenium diet (570 pg) thus the reduced

selenium statuses were particularly observed in the low selenium receiving group in

their experiment (Eder et al., 2002; Noamanet al., 2002). Future investigations on

differentially treated proximal tubular cells and animal models with various selenium

supplementation forms, doses and experimental periodswill give a better understanding

about the role of selenium on lipid peroxidation during normal and pathological

conditions in the kidney. Lipid peroxidation was higher in selenium deprived cells than

in selenium adequate cells. This suggests a protective role of selenium against lipid

peroxidatrion of HK2 cells that is independent of albumin but is dependant on selenium

and homocysteine levels in HK2 cells. Hence overall, from chapter 6 it can be

concluded that albumin induces inflammatory responces and ROS generation in HK2

cells through a pathwaythat is independent of selenium and Hcy.

7.2.4 Relevance ofthe cell culture model

In this thesis, an established cell culture line of HK2 proximal tubular cells was used for

all the experiments. In general, cell culture models offer many advantageousfeatures for

the analysis of many molecules and their metabolism by allowing manipulation and
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precise control of experimental conditions. Precisely controlled selenium concentrations

and experimental conditions such as homocysteine or albumin exposure were modulated

so that their effects on PTC can be studied. The ideal cell culture model should reflect

the natural environmental conditions of a living organism. However, in practice even

the best models have limitations because the cell is not in its normal and original

environment. Cells from the HK2 cell line, used for all the cell culture models of the

thesis, grow as monolayers, whereasin living organismsthe renal proximal tubular cells

have a polarized structured membrane with homocysteine on one side and albumin on

the other. In spite of this limitation, the proximal tubular HK2 cells take up and

metabolise both homocysteine and albuminin cell culture models in a mannersimilar to

that seen in normalbiolayercells.

7.3 POTENTIAL FUTURE STUDIES

7.3.1 Application of the data observed in the cell culture model to animal models

and humanstudies

The studies in this thesis investigated the effects of high homocysteine levels and

selenium availability on the ability of HK2 cells to produce selenoproteins and protect

against conditions of oxidativestress using a cell culture mode. It would beinteresting

to investigate these effects on animals. Previous studies from mice fed a selenium

deficient diet have demonstrated significant decreases in GPX1 and TrxR activities in

both lung andliver (Styblo et al., 2007; Lewin ef al/., 2002) and supplementation with

selenium reversed these effects. Cheng et al., (2003) also demonstrated that low levels

of GPX1activity affect c-Jun N-terminal kinase in GPX1 knockout mice that were fed a

selenium deficient diet. However, as demonstrated by Uthus and Ross (2007), selenium

deficiency can result in different outcomes in studies of selenium deficiency or in

studies designed to ascertain the chemoprotective mechamismsof selenium based on

the animal model selected. Thus, species differences may prove vital in determining the

animal model used. Most studies in humans are examing how selenium deficiency

affects homocysteine levels. Therefore, in contrast to trying to lower homocysteine
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levels, it would be interesting to study how different chemical forms of selenium

supplementation in populations with high homocysteine levels such as patients with

cardiovascular diseases and renal failure affect their antioxidant protection and

inflammatory responses.

7.3.2 An investigation of the importance of individual selenoproteins in generating

markersof pathogenesis in PTC

In this thesis there is a lot of evidence to suggest that through selenium availability, the

interactions between specific selenoproteins and high homocysteine mediate several

pathways contributing to oxidative stress. With regard to mechanistic issues, a better

understanding is needed for the molecular aspects of selenium-dependent antioxidant

and redox regulation, particularly the possible roles of key selenoproteins in the kidney,

such as GPX3. The application of gene knockout and RNAinterference technology for

selenoproteins in kidney disease models will help to determine whether the antioxidant

and redox regulatory effects of selenium are seen in models that preclude selenoprotein

synthesis and investigate their role and effects on markers of pathogenesis in kidney

disease, including aberrant cytokine production in PTC. Selenoproteomes in species

from all domains of life have been recently characterized, not only providing an

evolutionary insight into how this family of proteins may have evolved,but also laying

the foundation for the functional characterization of these proteins and elucidating their

potential involvement in the etiology of disease. Furthermore, knowledge of

selenoprotein synthesis has increased considerably, but at the same time, a number of

questions remain unresolved, such as the dynamics of the supramolecular protein—

RNA-ribosome complex that controls Sec biosynthesis andits subsequent incorporation

into selenoproteins. In order to clarify that lower levels of specific selenoproteins

contribute to pathogenesis of disease in the kidney, further research is needed. Recent

studies have indicated the potential importance of single-nucleotide polymorphism

(SNP)in certain genes and highlight a link to the pathogenesis of disease. In particular,

a selenium supplementation trial showed that SNPs can affect responses of GPX4,
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GPX1 and GPX3protein expression and activity in response to Se supplementation or

withdrawal. Therefore, the potential importance of selenium and selenoprotein gene

interactions can be explored in the PTC by identifying functional SNPs in key

selenoproteins. The importance of such a pathway approach to selenium availability

and selenoprotein gene interaction studies have been illustrated by reports that cancer

risk is affected by the combination of two SNPs in different genes that both encode

antioxidant enzymes, one in GPX1 and a second in manganese superoxide (Cox ef al.,

2006). Recent studies with selenium related SNPs have also indicated that effects of

genetic variants on response to selenium availability can be modulated by sex (Meplan

et al., 2008; Meplan er al., 2007 ; Leung ef al., 2009), emphasizing the importance of

considering such factors as age, ethnicity, sex and weight when examining interactions

of selenoprotein genes and selenium. In addition, downstream targets can be explored to

assess the functionality of selenium metabolism in physiological and pathological

conditions. Since studies in this thesis have shown GPX1 and TrxRto respondsimilarly

following the same supplementation treatments, it would be interesting to explore how

selenium levels affect not only single selenoproteins but also how they influence

networks of biochemical pathways. Data from this thesis and from other studies have

shown selenium compounds, such as sodium selenite and SeMet, to have promising

antioxidant and cancer preventing activity in model systems, animalstudies, andclinical

trials (Pagmantidis er al., 2008). However, selenium has a very low therapeutic window,

as in high doses, selenium compounds have a negative effect on DNA integrity and

repair and possibly include toxic increase risk. Therefore, further studies are required

to evaluate the safety of both the dietary and pharmacologic application of selenium and

to establish valid biomarkers in terms of adequacy of intake and functional

requirements.
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