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ABSTRACT
Increased reactive oxygen species (ROS) have been reported to be at the centre of
various diseases. Although several reports have implicated elevated levels of ROS in the
pathogenesis of diabetes mellitus, the early detection of ROS is still not attainable. This
limitation causes difficulty in the early diagnosis of ROS related disorders. The presence of
high levels of ROS was reported to result in differential expression of antioxidant genes
involved in protecting cells from their deleterious effects.
Among the antioxidant genes that are expressed, it was postulated that expression of
metallothioneins (MTs) are also induced. MTs are low molecular weight, cysteine-rich
proteins involved in metal homeostasis and reported to harbour antioxidant function. The
aim of this investigation was to explore MTs as biomarkers for elevated levels of ROS in
whole blood of type 2 diabetic (T2D) individuals. The level of ROS in diabetic, non-diabetic
as well as individuals at risk of developing T2D was determined via the use of biochemical
assays. Real-Time PCR was utilised to analyse the expression of MTs and the presence
of MT proteins was analysed via the ELISA.
In this study it was observed that diabetic individuals had elevated levels of ROS.
However, no significant difference in the expression of MTs and the presence of MT
proteins between the diabetic and non-diabetic individuals was observed. In vitro
experimental conditions indicated that MT expression is induced by elevated levels of
ROS. In pathological conditions the ROS-dependent induction of MT expression needs to
be elucidated further. It therefore can be suggested that MTs can not yet be utilised as
biomarkers for the detection of elevated levels of ROS in pathological conditions with ROS
aetiology. This investigation also highlights the fact that blood is not an optimal medium in
which this objective can be attained.

Key Terms: enzyme-linked immonusorbent assay (ELISA); Metallothioneins (MTs); mitochondria; Reactive
Oxygen species (ROS); Real-Time PCR; Type 2 diabetes mellitus (T2D).

OPSOMMING

Dit word berig dat die toename in reaktiewe suurstofspesies (ROS) sentraal is tot verskeie
siektes. Alhoewel etlike berigte verhoogde vlakke van ROS in die patogenese van
diabetes mellitus impliseer, is die vroee opsporing van ROS nog nie moontlik nie. Hierdie
beperking is 'n struikelblok in die vroegtydige diagnose van ROS-vetwante afwykings. Dit
word berig dat die voorkoms van hoe ROS vlakke lei tot verskille in die uitdrukking van
anti-oksidant gene betrokke in die beskerrning van selle teen hul skadelike uitwerking.
Dit word veronderstel dat, onder die anti-oksidant gene wat uitgedruk word, die uitdrukking
van metallotioniene (MTs) ook teweeggebring word. MTs het lae molekul6re gewig, en is
siste'ienryke prote'ine betrokke in metaalhomeostase en dit word berig dat hulle antioksidant aktiwiteit besit. Die doel van hierdie studie was om MTs te ondersoek as
biomerkers vir verhoogde vlakke van ROS in heelbloed van tipe 2 diabetiese (T2D)
individue. Die vlak van ROS in diabetiese, nie-diabetiese, sowel as individue met die risiko
om T2D te ontwikkel, is biochemies bepaal. Kwantitatiewe PKR is gebruik om die
uitdrukking van MTs te ondersoek en die aanwesigheid van MT protelene is geanaliseer
via ELISA.
In hierdie studie is dit waargeneem dat individue met diabetes verhoogde vlakke van ROS
besit. Geen betekenisvolle verskil in die uitdrukking van MTs en die aanwesigheid van
MTs is egter waargeneem tussen diabetiese en nie-diabetiese individue nie. In vifro
eksperimentele toestande het aangedui dat MT uitdrukking teweeggebring word deur
verhoogde vlakke van ROS. Die uitdrukking van MTs in ROS geassosieerde toetstande
moet nog verder verklaar word. Dus kan MTs tans nog nie aangewend word vir die opsoor
van verhoogde ROS aktiwiteit in geassosieerde toetstande nie. Hierdie studie bring die feit
na vore dat bloed nie die geskikste medium is vir hierdie tipe bepalings nie.

Sleutelterme: ensiem-gekoppelde immonusorbent assay (ELISA); Metallothioniene (MTs); mitochondria;
Reaktiewe Suurstofspesies (ROS); Kwantitatiewe PKR; Tipe 2 diabetes mellitus (T2D).
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CHAPTER ONE
INTRODUCTION

Reactive oxygen species (ROS) are an array of free radicals which, upon interacting with
cellular components, results in the degradation thereof. Various types of cellular damage
occur as a result of exposure to high levels of ROS, eventually leading to apoptosis or
necrosis. ROS are produced by various cellular organelles such as peroxisomes, the
plasma membrane, mitochondria and in the cytosol. This investigation focuses on ROS
produced via the activity of mitochondria. Most of the energy required for various cellular
functions is produced via oxidative phosphotylation (OXPHOS) which occurs within the
mitochondrion. During energy production in the form of ATP, superoxide radicals are
formed as by products, resulting in the accumulation of ROS within the cell.
The role of mitochondria in the pathogenesis of various disorders is associated mainly with
the aforementioned ROS production via OXPHOS. In addition to ROS damaging the
cellular organelles, these species also cause damage to deoxyribonucleic acid (DNA),
resulting in the occurrence of mutations within both the nuclear DNA as well as the
mitochondrial DNA. These mutations together with the altered cellular state manifest as
disorders with a primary or secondary mitochondrial involvement such as mitochondrial
cytopathies, type 2 diabetes mellitus (T2D) and neurodegenerative diseases. An elaborate
discussion of the features of the mitochondria as well as the mitochondrial DNA is
presented in Chapter Two. Due to the mitochondria being at the centre of various energy
production pathways, which are integral for cellular metabolism, these pathways are
discussed in Chapter Three.
In addition to an altered energy state, which is a result of ROS production, differential
expression of genes involved in bioenergetics as well as protecting the cell has been
reported (Van der Westhuizen et a/., 2003). Among the class of genes whose protein
products have a protective role against ROS, are a group of proteins known as
Metallothioneins (MT). These are low molecular weight metal binding proteins that are
postulated to be involved in the detoxification and homeostasis of heavy metals, as well as
scavenging ROS (Biihler and Kagi, 1974). The physical and chemical properties of this
class of proteins are reviewed in Chapter Four. Based on these suggested roles of MTs as
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well as the reported tissue specific expression (Fornace eta/., 1988), it was the aim of this
research programme to investigate the expression pattern of these proteins, in whole
blood of individuals affected with T2D. This programme was divided into three phases,
where the first and the second phases were in vitro approaches performed along with
Olivier (2004) and Reinecke (2004) with the aim of elucidating the expression of MTs in
complex I deficient and ROS producing HeLa cell lines. To determine the functional role of
MTs, Reinecke (2004) over expressed these proteins in the aforementioned cell lines and
investigated their effect.
The third approach was aimed at investigating the expression pattern of these proteins
in vivo. This was preformed via the analysis of MT expression in whole blood of T2D

individuals, non-diabetic and individuals at risk for developing T2D. Biochemical
parameters listed in Chapter Five were measured and the expression of MTs was
investigated utilising the techniques described in Chapter Five. The objective of this in vivo
investigation was to analyse the expression of MTs in pathological cases and exploring
these proteins as possible biomarkers for increased oxidative stress. To verify that ROS
induces expression of MTs, as reported (Fornace et a/., 1988), an in vitm approach
utilising ROS producing HeLa cells was followed.
It was hypothesised during this molecular investigation that increased ROS production in
patients with T2D, will result in an increased expression of MTs. The study reported in this
thesis is the first to investigate the effect of ROS in T2D on the expression of MT genes.
The results of this analysis are discussed in Chapter Six. A summary of the clinical data for
the individuals included in this investigation is presented in Appendix A. The data from the
biochemical parameters analysed are presented in Appendix 6, whereas those from the
Real-Time PCR and enzyme-linked immonusorbent assay (ELISA) are presented in
Appendix C and Appendix D respectively. Conclusions drawn from the results obtained in
this study are discussed in Chapter Seven.

CHAPTER TWO
THE MITOCHONDRION

Since the recognition of the pathophysiological significance of oxygen radicals in a variety
of clinical diseases, the role of mitochondria has increasingly become a subject of
investigation in this context. This stems from the ability of mitochondria to produce reactive
oxygen species (ROS), which are detrimental to cellular bioenergetics.
2.1

THE MITOCHONDRIAL GENOME

Mitochondria are endosymbiotic organelles located in all mammalian cells and metabolic
pathways involved in energy production occur within this organelle (Campbell, 1995). The
mitochondrion was identified in 1898 by Benda, upon observation of insect
spermatogenesis. The mitochondrion is involved in aerobic respiration which is coupled to
oxidative phosphorylation i.e. production of adenosine triphosphate (ATP) from adenosine
diphosphate (ADP) and inorganic phosphate (Pi).These functions are interrelated as ATP
synthesis is obligatory coupled to aerobic respiration (Campbell, 1995). The mitochondrion
is not solely involved in these two processes but also in lipid metabolism, the citric acid
cycle and beta @)-oxidationof fatty acids.
The mitochondrion contains its own DNA, and is the only cellular organelle other than the
nucleus to contain DNA in animal cells (Bogenhagen and Clayton, 1974). It has an outer
membrane that is permeable to most metabolites and an inner membrane, which is
selectively permeable. The inner membrane contains folds which enclose the matrix. The
presence of DNA within the mitochondrion was discovered in 1963 by Nass and Nass,
when the 'fibres' within the mitochondria exhibited characteristics similar to that of DNA
when fixated, after electron staining reactions (Nass and Nass, 1963a), and enzymatic
treatment (Nass and Nass, 1963b). The mitochondria1 genome, as depicted in Figure 2.1
is a circular double-stranded molecule consisting of 16,569 base pairs (bp) of known
sequence (Anderson et a/., 1981). Its physical length reported by Bogenhagen and
Clayton (1974) and Borst (1977), has been estimated to be approximately five
micrometres (pm) with a molecular mass of

l o 7 Daltons (Da).
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Figure 2.1:
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The published mitochondrial DNA (mtDNA) sequence is referred to as the Cambridge
reference sequence (CRS) and is used to compare mtDNA sequence data generated
(Anderson et al., 1981). Andrews et al. (1999) reanalysedthe mtDNA sequence and
identified variations such as substitutions and rare polymorphisms. The mtDNA utilised
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(tRNA) genes, two are ribosomal ribonucleic acid (rRNA) genes and 13 are polypeptide
genes. The heavy strand codes for the two rRNAs, 14 tRNAs and 12 polypeptide genes.
The light strand encodes eight tRNAs and a single polypeptide (Anderson et a/., 1981).
The 13 polypeptide coding genes encode for polypeptides embedded within the
rnitochondrial inner membrane and are involved in the respiratory chain and oxidative
phosphorylation. These include genes encoding for seven subunits of complex I, i.e.
reduced

nicotinamide

adenine

dinucleotide

(NADH)

dehydrogenase-ubiquinone

oxidoreductase, one for complex Ill (ubiquinone-cytochrome c oxidoreductase), three
subunits of complex IV (cytochrome c oxidase) and two subunits of complex V also termed
the ATP synthase (Borst, 1977).
Each of the aforementioned respiratoty chain complexes is not solely encoded by the
mtDNA but also contain subunits encoded by the nDNA (Anderson et a/., 1981). The
nDNA encoded subunits are discussed in Section 3.1. The nDNA encoded proteins are
translated into precursor polypeptides, which are subsequently transported to the
mitochondria where they are further processed into their functional moieties together with
the mtDNA encoded polypeptides. These nuclear encoded polypeptides are synthesised
with cleavable amino terminal (N-terminal) pre-sequences for targeting towards the
mitochondria (Braun and Schmitz, 1997). Thus mutations within the nuclear genes
encoding for rnitochondrial polypeptides may result in a defective protein, hence affecting

e of the various subunits. This dual enetic control allows nDNA mutations

to result in aberrant metabolism of the mitochondria and thus affect the energy production
of the respective cell (Von Kleist-Retzow et a/.,1998).
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mtDNA transcription

2.1.1

Mitochondria1 DNA, unlike nDNA, has only one promoter for all genes on the heavy strand
and another for those on the light strand, whereas in the nDNA a single gene has its own
promoter and generally does not share it with any other genes (Bogenhagen et a/., 1984).
The heavy-strand (pH) and the light strand (P3 promoters are both located within the
displacement loop (D-loop) and initiate transcription of each of the respective strands
resulting in polycistronic transcripts. These promoter elements have a consensus 15-bp
sequence motif, i.e. 5'-CANACC(G)CC(A)AAAGAYA-3', which surrounds the transcription
initiation sites. Additional upstream elements, which are composed of binding sites for the
mitochondrial transcription factor (mtTFA) are required for optimal transcription (Borst,
1977; Bogenhagen etal., 1984). Another difference between the mitochondrial genome
and the nuclear genome is the variation in the genetic code illustrated in Table 2.1 (Barrell
et a/., 1979; Anderson et a/., 1981).
~

~2.1: b

l
~
iff^^^^^^^
b e k e e n the
mitochondria1 and the
nuclear genetic code

In addition to these differences, the
mitochondria1 genetic system uses a
simplified decoding mechanism that allows

Codon

nDNA

mtDNA

AGA

Arginine

STOP

AGG

Arginine

STOP

AUA

lsoleucine

Methionine

incompatibility of mtDNA genes within the

UGA

STOP

Tryptophan

nuclear environment, i.e. if any DNA is

Adapted from Barrell et al. (1979) and Anderson et a1 (1981).

translation of all codons with less than the 32
tRNAs.

These

differences

ensure

the

transferred from the mtDNA to the nucleus it
would result in non-functional genes.

The transcripts produced via transcription of the heavy strand are present in different
relative amounts. The 12 Svedberg units (S) and the 16s rRNAs, which are proximal to the
promoter are 50-100 times more abundant than the more distal transcripts (Clayton, 1984).
This observation can be explained due to the existence of two initiation sites (ITHI and
ITH~)within the PH. It is proposed that the H-strand follows a dual transcription model,
whereby transcription starts relatively frequent at the ITHl and then terminates at the
downstream end of the 16s rRNA gene (Montoya et a/., 1982; Montoya etal., 1983). The
factor mediating attenuation of transcription has been termed the mitochondrial
transcription terminator (mtTERM) and it binds at the border of the 16s rRNA and the

~ R N A ~genes
~ ~ preventing
( ~ ~ ~ )the mitochondrial ribonucleic acid (mtRNA) polymerase
from transcribing any further (Hess et a/., 1991). This process is responsible for the
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synthesis of the high levels of rRNA species. In contrast, transcription starting at the ITH2is
less frequent but results in polycistronic molecules corresponding to almost the entire
H-strand transcripts. This process results in the production of all the messenger
ribonucleic acid (mRNA) and tRNAs encoded on this strand (Montoya et a/., 1982;
Montoya eta/., 1983). The PL, unlike the PH is comprised of only a single initiation site for
the light strand (ITu) recognised by the mtTFA and transcribes the L-strand as a single
polycistronic precursor RNA encompassing all the genes encoded by this strand.
Transcription of both these strands is facilitated by a mtRNA polymerase, and its efficiency
is enhanced by the unwinding of the mtDNA by DNA gyrase (Clayton, 1984; Larsson and
Clayton, 1995).
Processing of the long polycistronic H- and L- strands is a relatively simple process due to
the lack of intergenic DNA sequences within the mtDNA. However, there is a need for
post-transcriptional modifications of the genes expressed. Maturation of the tRNAs
involves cleavage at the 5'-end by mitochondrial RNase P (mtRNase P) and cleavage at
the 3'-end by an endonuclease (DiMauro and Schon, 2001). Maturation of the tRNA is
completed by addition of the sequence CCA to the 3'-end, a process catalysed by ATP
cytidine triphosphate (CTP): tRNA nucleotidyltransferase (Rossmanith et a/., 1995). The
mitochondrial mRNAs are polyadenylated by a mitochondrial poly(A) polymerase
immediately after cleavage, and the 3'-ends of the two rRNAs are modified by the addition
of short polyadenylate tails (DiMauro and Schon, 2001).
2.1.2

rntDNA replication

The replication of the mt genome is similar to that of a prokaryote, whereby a single origin
of replication is present on each strand (Clayton, 1982). This supports the endosymbiotic
theory postulated for the existence of mitochondria within the cell. It is hypothesised that
these organelles evolved from the symbiotic relationship between the aerobic prokaryotic
bacteria and the anaerobic host cell. During this symbiotic relationship, the mitochondria
transferred many of its genes to the nuclear chromosomes (DiMauro and Wallace, 1993).
The heavy strand origin of replication (OH) is located within the control D-loop and that of
the light strand (OL) within a cluster of five tRNA genes located two-thirds of the genomic
distance away from the OH.The D-loop is so termed due to the presence of a short nucleic
acid strand complementary to the light strand displacing the H-strand and residing there
until replication commences (Clayton, 1982).
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mtDNA replication starts at the OH with the unidirectional synthesis of the daughter
H-strand via the aid of the mitochondrial DNA polymerase gamma (y). Prior to mtDNA
replication, a helicase catalyses the unwinding of duplex DNA by disrupting the hydrogen
bonds that hold the two strands together, therefore providing single stranded templates for
DNA polymerase. It has been postulated that short mitochondrial transcripts originating at
the initiation transcription site located on the light strand (ITL) serve as primers for the
initiation of the H-strand synthesis. This process therefore suggests a link between
mitochondrial replication and transcription (Chang and Clayton, 1985). There is no known
difference between transcripts that prime replication and those for L-strand transcription.
Transition from RNA to DNA synthesis takes place at sites that constitute the OH. These
sites consist of three short evolutionary conserved sequence blocks (CSBs). The transition
from RNA to DNA is not fully understood, but it is postulated that it occurs within the region
of the CSBs (Taanman, 1999).
The L-strand origin of replication is flanked by five tRNA genes and is only activated when
the parental H-strand is displaced by the growing daughter strand. After strand
displacement, OL changes conformation to form a stem loop structure that serves as a
recognition site for the DNA primase which provides a short RNA primer. RNA priming
starts at the thymine rich portion of the predicted OL-loop. The transition from RNA to DNA
synthesis takes place at a specific site near a crucial GC-rich site at the base of the hairpin
(Hixson et a/., 1986). Synthesis is then completed by the mitochondrial DNA polymerase
y and results in a concatenated pair of circles, whose links are broken and ligated by DNA

ligase to form closed circular structures. A DNA gyrase subsequently introduces supercoils
into the mtDNA helix (Clayton, 1982).
The mitochondrial genome lacks protective histones, which are present within the nuclear
genome (Wallace, 1992a). The inefficiency of the post-transcriptional mitochondrial base
excision repair mechanism and the high levels of ROS produced within the mitochondria,
as discussed in Section 3.3, contribute to the high mutation rate observed (Crouteau eta/.,
1999) in mitochondria.
2.1.3

Mitochondria1 inheritance

The mode of inheritance of the mtDNA is fundamentally different from the Mendelian mode
of nDNA inheritance. mtDNA is maternally inherited (Giles et a/., 1980) and has a high
copy number, with a single cell containing 1,000 - 10,000 mtDNA molecules (Bogenhagen
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and Clayton, 1974). Paternal mtDNA transmission does not normally occur due to the fact
that the midpiece portion of the spermatozoa, which contains the mtDNA, does not
penetrate the ovum, therefore making negligible contribution to the mtDNA content of the

etal., 1984). Other studies have, however, indicated that sperm derived
mitochondria are transmitted, but are lost early in embryogenesis (Kaneda etal., 1995).
ovum (Hecht

Each mitochondrion contains 2-10 copies of the mt genome, and the number of mtDNA
copies within a cell depends on the energy demand of the respective cell.
2.1.4

Mitochondrial seqreqation

Mitochondrial replication and division are processes that are independent of the cell cycle
or the timing of nuclear replication. Thus, during mitotic division, as depicted in Figure 2.2,
a cell may donate different proportions of mutant rntDNA to its daughter cells. This varied
transmission of mtDNA suggests that in a heteroplasmic cell any of the various
populations of mtDNA will be randomly transmitted to the daughter cells, affecting the level
of heteroplasmy in the respective cells (Wallace, 1992a).
2.1.5

Heteroplasmy

Homoplasmy refers to the exclusive presence of identical copies of mtDNA within a single
cell. These could be either all normal or all mutant. On the other hand, heteroplasmy
denotes the existence of two populations of mtDNA species. In a heteroplasmic state, the
fraction of mutated mtDNA varies between different tissues of an individual and also
between different cells of the same tissue. As illustrated in Figure 2.2, a mother with
heteroplasmic mtDNA may transmit varying levels of mutated mtDNA to her offspring since
mitochondria segregate independently. It is also possible that a heteroplasrnic mother
does not transmit any of the mutated mtDNA copies to her offspring. Thus, the percentage
of heteroplasmy within a cell may result in offspring with different mtDNA content and
consequently varying severity and nature of clinical symptoms (Wallace, 1992b). The level
of heteroplasmy inherited from the mother is therefore not predictable, thus complicating
prenatal diagnosis and counselling in mitochondria1disorders.
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Figure 2.2:

Schematic representation of heteroplasmy and mitotic segregation
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The risk of transmission of mutated mtDNA depends mainly on the degree of
heteroplasmy and the fact that above a certain threshold level, as discussed in Section
2.1.6, mutated mtDNA are likely to be transmitted to all children (Wallace, 1992b). The
occurrence of a severe homoplasmic pathogenic mutation, as illustrated in Figure 2.2, will
result in a profound reduction of energy recognised to be incompatible with life. The level
of heteroplasmy may in some cases be correlated to the severity of the disorder and also
the age of onset (DiMauro and Wallace, 1993).
2.1.6

Threshold effect

The threshold effect refers to the proportion of the mutant to normal genomes that must be
exceeded in order to induce presentation of the clinical phenotype. The threshold effect, or
level of the mutant mtDNA, has been correlated to the severity and the age of onset of a
mitochondria1 disorder or the severity of defective OXPHOS. The threshold effect varies
between cell types, tissue, and organs and also depends on the energy demand of the
respective tissues (Wallace, 1992a). The progressive accumulation of mutations results in
an age-related decline of OXPHOS capacity and this effect is illustrated in Figure 2.3 for
different tissues with different energy requirements in normal individuals and patients.
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Graphical representation of threshold effect consequences with
regards to phenotypic expression and the age of onset
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Throughout the years, analysis of human mtDNA variation has identified specific
combinations of polymorphisms that have been utilised to systematically classify mtDNA
into haplogroups. This technique of haplogrouping is extensively employed in studying
human origins, dispersal and evolution as well as disease progression (Cann eta/., 1987).
In a study by Wallace et a/. (1992a) it was suggested that certain mtDNA polymorphisms
in combination with environmental factors and pathogenic mtDNA mutations result in
varied functionality of the mitochondria within a specific haplogroup. This study was
supported by Brown eta/. (2002), where it was observed that the 10,663 mutation which is
involved in the pathogenesis of Leber's hereditary optic neuropathy (LHON) is pathogenic
when co-occurring with haplogroup J. It is therefore important to consider mitochondria1
diseases in the context of specific haplogroups. The role of the mitochondrion and its
aforementioned characteristics in the progression of diseases is further discussed in
Chapter Three.
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Almost all cells in humans depend on OXPHOS to generate energy in the form of ATP to
drive cellular metabolism. The catabolism of glucose is another pathway that yields ATP.
However, the ATP yield in the latter pathway is less than that produced via the OXPHOS
pathway, as discussed in subsequent Sections. Much of the ROS are that produced by the
OXPHOS pathway as toxic by-products ultimately leading to programmed cell death, DNA
damage and various other forms of damage to the cell. The relatively high levels of ROS
within the mitochondria also contribute to the high mutation rate noted within the mtDNA
(Wallace, 1992a).
MITOCHONDRIAL RESPIRATORY COMPLEXES

3.1

Complexes involved in the OXPHOS pathway are embedded within the inner
mitochondria1 membrane (with the exception of complex II) and are arranged in order of
increasing redox potential (Harris, 1995). A summary of these complexes and their
functions are provided in Table 3.1.
Table 3.1:

Summary of mitochondria1 complexes involved in OXPHOS

1

Reaction

I

DNA
subunits

1

mtDNA
subunits

NADH + H++ CoQ-t NADt + CoQHz
Succinate + CoQ+furnarate + CoQH,

I

CoQH2+ 2cyt c [Fe3+]+ CoQ + 2cyt c
[FeZt]+2~+

cytochrorne c
oxidoreductase

ATP synthase

I

into inter-

NADH-CoQ
oxidoreductase

cytochrorne c
oxidase

P

t

none

-

4-5

1

0

I

into inter9-,0

1

10

3

14

2

space

2cyt a [Fez+]+ X Oz+H++ 2cyt a [Fe3+]
+ H20
ADP + Pi + ATP

1

into matrix

ADH = reduced nicotinamide ;ldenine dinucleotide; NAD* = oxidised nicotinarnide adenine dinucleotide: CoQ = coenzvme Q
(uolqulnone) CoQH2 = reducw coenzyme Q (UblqJlnol,: cyl c = cytochrorne c. Fe" ferrous Iron; Fe" = ferric lmn; O2 =oxygen: H 2 0 =
water. H' = nydrogen Ion ATP = adenosme trlphosphate; ADP = adenosme diphosphate P = inorganic phosphate Adapteo from
Schoite (1987)
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These complexes are involved in the electron transport from the more electronegative
components to the more electropositive oxygen, as well as proton transfer across the inner
membrane, leading to the production of energy in the form of ATP.
3.1.1

Complex I

The first complex, NADH-coenzyme Q (CoQ) oxidoreductase (EC 1.6.99.3), is an integral
part of the inner mitochondrial membrane. Complex I is composed of proteins which
contain iron-sulphur clusters, a flavoprotein which oxidises NADH, and other protein
subunits. It is the largest of the four complexes with a molecular weight of

lo6 Da (Walker,

1995). Complex I catalyses the first step of electron transport from NADH to CoQ, and
couples the redox reaction with an active proton transport across the inner membrane into
the inter-membrane space. The 46 subunits are assembled into two domains. The
peripheral domain is encoded by the nuclear genes and bears the catalytic NADH binding
site.
Table 3.2:

Electron transfer reactions within complex I

Reaction number

I

Reaction

1

NADH + Hi

2

E-FMNH2 +Fe-SWwi4 E-FMN
i
+ Fe-SEdued + 2H+

3

Fe-Smdumd + COQ + 2Ht+ Fe-Soxidioed + CoQH2

+

E-FMN+ NADt + E-FMNH2

E-FMN = Enzyme - flavin mononucleotide (oxidised); E-FMNH2 = Enzyme - flavin mononucleotide (reduced); CoQ = coenzyme Q
(ubiquinone); CoQH2 = reduced coenzyme Q (ubiquinol); F e S = iron - sulphur; H* = hydrogen ion; NAD* = oxidised nicotinamide
adenine dinucleotide.

The membrane embedded domain is composed mainly of the seven NADH
dehydrogenase subunits (ND) encoded by the mitochondrial genome. The reaction occurs
in several steps as presented in Table 3.2, with the oxidation of the flavoprotein and
reduction of the iron-sulphur moieties. The initial process is the transfer of electrons, as
indicated in Reaction 1, from NADH to the flavin portion of the flavoprotein. The second, as
illustrated in Reaction 2, involves the re-oxidation of the reduced flavoprotein followed by
the transfer of electrons to the iron-sulphur clusters and subsequent reduction of CoQ
(also termed ubiquinone) to reduced CoQ (CoQH2) as depicted in Reaction 3. CoQ is free
to move within the membrane and to pass electrons to the third complex for further
transport to oxygen (Adams and Turnbull, 1996). This reaction catalysed by complex I is
one of the reactions that are responsible for the proton pumping that creates a pH gradient
across the inner mitochondrial membrane (Murray eta/.,1993; Campbell, 1995).
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To date, over sixty families of natural and commercial compounds are known to inhibit
complex I activity. Inhibition at the site of NADH oxidation, located on the matrix side,
results in increased ROS production by causing electron leakage. Therefore, ROS
production, due to inhibition of complex I activity at this site, is directed into the
mitochondrial matrix where these reactive species could lead to mitochondrial DNA
damage or could alternatively be inactivated by the matrix-antioxidant enzyme systems
(Cadenas etal., 1977). One of the compounds that results in electron leakage is rotenone,
the most potent natural inhibitor of complex I belonging to the family of isoflavanoids
(Grigorieff, 1999; Chen eta/., 2003). The effect of this compound on the altered expression
of metallothionein (MT) was explored by other members of our research team.
Human complex I deficiency is one of the most frequently encountered defects of
mitochondrial energy metabolism with an incidence of approximately 1:10,000 live births
(Smeitink, 1999). Other disorders such as diabetes mellitus also have a defective
mitochondrial OXPHOS aetiology, lending credence to this investigation including diabetic
patients, as discussed is Section 3.3.2. The biochemical and the physiological effect of
OXPHOS deficiency are further discussed in Section 3.2.
3.1.2

Complex II

The second of the four membrane-bound complexes is succinate-CoQ oxidoreductase
(EC 1.6.99.1). It is the only complex not embedded into the mitochondrial inner membrane.
It has a molecular mass of 140 kilo Dalton (kDa) and is encoded exclusively by the nDNA.
Similar to complex I, this complex also transfers electrons to the ubiquinone pool.
However, as illustrated in Table 3.3, the source of electrons in this case is not NADH, but
succinate from the citric acid cycle. As summarised in Reaction 4, succinate is oxidised to
fumarate by the flavin moiety of complex II, followed by the oxidation of the flavin group
(Reaction 5) and simultaneous reduction of CoQ to CoQH2 (Adams and Turnbull, 1996).
The oxidation of succinate to fumarate also forms part of the citric acid cycle catalysed by
the enzyme succinate dehydrogenase, which forms part of this enzyme complex.
Table 3.3:

I

Electron transfer reactions in complex II

Reaction number

I

Reaction

4

Succinate + E-FAD + Fumarate + E-FADHI

5

E-FADH2+CoQ -+ E-FAD + CoQH2

I

E = enzyme: FAD = Flavin adenine dinucleotide (oxidised); FADH, = flavin adenine dinucleotide (reduced): CoQ = coenzyme Q
(ubiquinone): CoQH2= reduced coenzyme Q (ubiquinol).
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Succinate dehydrogenase is composed of a flavoprotein subunit containing a succinate
binding site, a covalently bound flavin adenine dinucleotide (FAD) moiety of the enzyme
and an iron-sulphur subunit (Campbell, 1995). The other components of complex II are
cytochrome b (cyt b) which forms part of the two polypeptides that are required for
anchoring succinate dehydrogenase to the mitochondrial membrane and for binding CoQ
(Adams and Turnbull, 1996; Campbell, 1995).
3.1.3

Complex Ill

Complex Ill, ubiquinone-cytochrome c oxidoreductase (EC 1.10.2.2), is an integral part of
the inner mitochondrial membrane and is composed of cytochrome b, cytochrome GI and
several iron-sulphur proteins. Cytochrome b is the only subunit in this complex encoded
and synthesised by the mitochondrial genome (Anderson et a/., 1981). Complex Ill
catalyses the oxidation of CoQH2 in a multistep process, passing the electrons to
cytochrome c. Cytochrome c is, however, not part of the complex but is loosely bound to
the outer surface of the inner membrane facing the intermembrane space. The oxidation of
CoQ involves two electrons and since cytochrome c can only accept one electron, two
molecules of cytochrome c are required for every molecule of CoQ that is involved in this
reaction (Adams and Turnbull, 1996). Complex Ill translocates 4 hydrogen ions (H') from
the matrix across the inner mitochondrial membrane for each pair of electrons that are
transferred from CoQ to cytochrome c. Because of the crucial involvement of CoQ, this
process is termed the Q cycle, and is schematically represented in Figure 3.1
Figure 3.1:

Schematic representation of the Q-cycle

_--------------- -.
, (CH20

CoQ (Ubiquinone)

CH'C-CH2)"-

H

:

.- - _ _ _ _ _ _ _ _ - - - - a

lsoprenoid units

H3C0

0CoQH-(semiquinone anion form)

CoQH2(ubiquinol)

= isoprenoid units: H = hydrogen; H* = hydrogen ion: 0 = oxygen; C =carbon; e- = electron. Adapted from Campbell (1995).
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One electron is passed from the reduced CoQ to the iron-sulphur cluster to cytochrome GI,
leaving CoQ in the semiquinone form as illustrated in Figure 3.1. The semiquinone, along
with the oxidised and the reduced forms of CoQ, participate in the cyclic process where
the two cytochrome b molecules are oxidised. The second molecule of CoQ is involved in
transferring a second electron to cytochrome cl and finally to the mobile carrier
cytochrome c. Cytochrome c acts as an intermediate carrier for the transfer of electrons
from complex Ill to complex IV (Campbell, 1995). The compartment facing the
mitochondrial matrix where the Q-cycle occurs is referred to as the Qi centre, with the Q,
centre oriented towards the inner membrane space.
It was suggested from various investigations, including that of Gille and Nohl (2001), that
conditions affecting the transfer of electrons within the Q-cycle lead to the production of
superoxide anion (OY). It was concluded from these studies that any effect compromising
the bifurcated transfer of electrons from CoQH2ICoQH- to cytochrome b may induce the
transfer of these electrons to

0 2

(Gille and Nohl, 2001). Turrens et a/. (1985) clearly

illustrated that semiquinone is the direct electron donor responsible for most of the

02-

generated by complex Ill. Antimycin A, one of the classical inhibitors of the respiratory
chain acts by intercepting the aforementioned electron transfer within the Q-cycle, thus
leading to increased production of 0 2 - . ROS produced at the Qi centre due to this inhibition
is therefore directed towards the matrix.
3.1.4

Complex IV

Cytochrome c oxidase (EC 1.9.3.1) catalyses the final steps of the electron transport from
cytochrome c to oxygen resulting in the formation of water (H20). This complex consists of
13 protein subunits, namely subunits 1-111 which are encoded by the mitochondrial genome
and form part of the catalytic core of the complex as well as subunits IV-VIII which are
encoded by the nuclear genome. The functions of the nuclear encoded subunits are
unknown, but are probably involved in the tissue specific developmental regulation of
cytochrome c oxidase. During the reaction carried out by this complex, two hydrogen ions
and one electron are translocated from the matrix to the intermembrane space. Electron
transfer into complex IV is initiated by the binding of cyt c to subunit II on the external side
of the membrane. The electrons are transferred as indicated in Table 3.4 into subunit I.
Subunit Ill has no redox centres and thus no role in proton pumping but may be important
in the assembly of complex IV (Campbell, 1995).
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Table 3.4:

Electron transfer within complex IV

Reaction number

Reaction

6

cyt c -+ CUa-+ haem of cyta -+ haem of Cyta3- CUb

Cyt C

3

= cytochrome C 3;CU..b=copper ..b.

As previously mentioned, these energy releasing electron transfer reactions are catalysed
by complexes I to IV, which are schematically depicted in Figure 3.2. These reactions give
rise to proton pumping which culminates in a pH gradient across the inner membrane. Any
impairment in the maintenance of the pH gradient will result in an altered membrane
potential whose effects are further discussed in Section 3.3.3. The energy released by the
oxidation reaction in the electron transport chain is used to drive the phosphorylation of
three molecules of ADP by the coupling process (Adams and Turnbull, 1996).

The composition and localisation of the respiratory chain complexes

Figure 3.2:
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The coupling of oxidation to phosphorylation by complex V

The coupling of ATP production to electron transport is termed the phosphateloxygen
(PIO) ratio. This ratio gives the number of moles of Pi required in the reaction with ADP to
yield ATP for each mole of oxygen atoms consumed in the reaction illustrated in Table 3.5.
A coupling factor is thus required to link oxidation and phosphorylation. This is facilitated
by a complex protein oligomer, separate from the electron transport complexes, namely
ATP synthase or complex V (Koolman and Rohm, 1996).
Table 3.5:

I

Electron transfer reactions in complex V

Reaction number

I

Reaction

I
J

I

O2= oxygen; H* = hydrogen ion; H20= water; e- =electrons.

This protein complex is assembled from 16 different polypeptides. Two of these
polypeptides, adenosine triphosphatase (ATPase) 6 and ATPase 8, are encoded by the
mitochondrial genome (Anderson etal., 1981). The entire complex has a molecular weight
of circa (ca.) 400 kDa (Koolman and Rohm, 1996). The complete protein spans the inner
mitochondrial membrane and projects into the matrix. The portion embedded into the
membrane is called the Fosubunit, whereas the portion which projects into the matrix is
called Fq.The Fo portion contains four subunits and facilitates the flow of protons down the
electrochemical gradient, back to the matrix side of the inner mitochondrial membrane. F1
is a soluble protein consisting of five different subunits in a stoichiometric ratio of a&&
involved in the production of ATP from ADP and Pi. Some of the ATP generated is utilised
by the mitochondrion, and the rest transported outside to the cytosol by the adenine
nucleotide translocator (ANT).
Due to the coupled nature of oxidation and phosphorylation, the rate of mitochondrial
respiration can be controlled by the concentration of ADP. There are five states
summarised in Table 3.6 that control the rate of respiration within the mitochondria. The
overall process of OXPHOS is blocked by inhibitors such as cyanide and Antimycin A
which inhibit electron flow and oligomycin which inhibit the action of the ATP synthase.
Uncouplers, such as 2,4-dinitrophenol and other acidic aromatic compounds, inhibit
phosphorylation of ADP without affecting the electron transport chain (Murray etal., 1993;
Harris, 1995). These substances carry protons across the inner mitochondrial membrane.
In their presence, electron transport from NADH to

0 2

proceeds normally, but ATP is not
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formed due to the dissipation of the proton-motive force across the inner mitochondrial
membrane (Campbell, 1995).
States of respiration control

Table 3.6:

/

State number

I

Conditions limitina the rate of res~iration

1

2

1
I

1
I
5

-~

When all substrates and components are present in saturating amounts and the
capacity of the respiratory chain becomes saturated (e.g. during exercise)
Respiration is controlled by the availability of ADP only (e.g. when cell is in a resting
state)

I The rate of respiration is controlled by the availability of oxygen only

ADP =adenosine diphosphate. Adapted from Murray et al. (1993).

The OXPHOS pathway is the more impottant of the two mechanisms responsible for
cellular production of ATP. The second pathway is cytosolic glycolysis, where ATP
production involves the oxidation of glucose to pyruvate, a process coupled to the
reduction of oxidised nicotinamide adenine dinucleotide (NAD*) to NADH. Thus for this
pathway to be maintained there must be a continuous supply of NAD* via OXPHOS. In
mammals with OXPHOS pathway defects the reduction of pyruvate to lactate by lactate
dehydrogenase is favoured. This pathway replenishes NAD', resulting in an aberrant
NADH:NAD' ratio (Minniti etal., 2001; Nadlinger etal., 2002). The accumulation of lactic
acid via this pathway leads to lactic acidosis, one of the characteristic symptoms of
patients with mitochondrial cytopathies and various other metabolic diseases. The electron
transport system is a complex process and a defect within this pathway would have a
profound effect on cellular metabolism. Many complications within this pathway have been
identified, all presenting with complex clinical features (Naviaux, 1997).
3.1.6

Metabolic ~athwaysintegral to those within the mitochondrion

If mitochondria are the 'power house' of the cell, then the citric acid cycle, which occurs
within the mitochondrial matrix is its engine. This is where the metabolic fuels, i.e glucose
derived from carbohydrates, amino acids from proteins and fatty acids from lipids, are all
fed into the citric acid cycle in the form of acetyl-coenzyme A (acetyl-CoA). The entry of
these substrates into the citric acid cycle is illustrated in Figure 3.3. These substrates are
ultimately oxidised to carbon dioxide (C02) and H20. The energy derived from this
pathway is transferred to electron carriers which subsequently enter the OXPHOS
pathway.

1

] ~ e s T a t i o nis controlled by the availability of ADP and substrates
1 Respiration is controlled by the availability of substrate only

p~

1
I
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The citric acid cycle is involved in both anabolic and catabolic reactions. In the citric acid
cycle two molecules of C02 are produced for each molecule of acetyl-CoA and electrons
are also lost. The electron acceptors are NAD+ and FAD. Subsequent to the reduction of
these electron acceptors, to form NADH and reduced flavin adenine dinucleotide (FADH2)
respectively, these carriers transport the electrons as previously illustrated in Figure 3.2 to
the electron transport chain of the OXPHOS pathway (Harris, 1995). It is therefore evident
that a defect in these pathways would affect the citric acid cycle and ultimately the
OXPHOS pathway.
Figure 3.3:

I

Metabolic pathways within the mitochondria
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DISORDERS OF MITOCHONDRIAL DYSFUNCTION

Mitochondria1 cytopathies are a group of metabolic disorders that result from mutations
within multiple genes involved in mitochondrial biogenesis and function, resulting in
defects within the rnitochondrial OXPHOS (Smeitink eta/., 2001). These mutations usually
manifest in tissues with higher energy demands. The first association linking this group of
disorders with the rnitochondrial genome was described by Wallace et a/. (1988),
demonstrating that LHON resulted from a mutation in the mitochondrial genome.
Subsequent to this report, the role of mitochondria in a variety of metabolic syndromes has
been reported by others (Adams and Turnbull, 1996; Brown et a/. 2002).
Nuclear mutations may also interfere with the biogenesis and functioning of the
mitochondria, for example, the loss or impaired function of one of the nuclear encoded
respiratory chain subunits. This results in a deficiency of the corresponding enzyme
complex in the respiratory chain and consequently an altered OXPHOS. Nuclear genes do
not only encode for the respiratory chain subunits, but also for other proteins required in
rnitochondrial biogenesis and maintenance. These include proteins, discussed in Section
2.1.Iand 2.1.2, required for mtDNA replication, transcription, translation, processing and
additional proteins involved in rnitochondrial protein importation (Larson and Clayton,
1995).
Another class of mutations are those which result in defective intergenomic
communication. These may result in the altered control of mtDNA replication, translation or
transcription, ultimately leading to multiple mtDNA deletion or mtDNA depletion within
specific tissues. Communication between the mitochondria and the nucleus is also
facilitated by metabolic signals and signal transduction pathways. These are vital and
intricate processes, which together with the complexity of the OXPHOS, explain the wide
range of clinical variability observed in patients with metabolic disorders (Larson and
Clayton, 1995).
The biochemical consequences of a defective OXPHOS pathway, observed in most
patients with mitochondrial cytopathies and OXPHOS related deficiencies are complex.
However, the conditions summarised in Table 3.7 are frequently observed in these
patients, and form the basis of the biochemical diagnosis of disorders with a defective
OXPHOS.
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Table 3.7:

-
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The biochemical consequences of defective OXPHOS

a

Altered ATPIADP ratio

b

Disruption of the membrane potential

c

Changes in ion homeostasis

d

Increased ROS production

e

Impaired carbohydrate and amino acid metabolism

f

Inhibition of fatty-acid oxidation

ATP = adenosine triphosphate: ADP = adenosine diphosphate; ROS = reactive oxygen species. Compiled from Piccolo et al. (1991) and
Adams and Turnbull (1996).

The characteristics of the mitochondria discussed in the previous chapter result in
mitochondrial disorders and these vary on the clinical level. The variability within this class
of disorders is discussed in Section 3.2.1.
3.2.1

Clinical features of defective OXPHOS

Defects in the electron transport chain may present in several ways, ranging from
catastrophic neonatal illness with lactic acidosis to neurological abnormalities. The
common clinical presentations that are observed in these individuals are as follows:
The symptoms may be atypical to a particular disorder, incomplete or overlap with
symptoms observed in other disorders with a mitochondrial involvement.
A maternal pattern of inheritance of a particular disorder may indicate

mitochondrial involvement. However, disorders linked to primary defects in the
OXPHOS or mitochondrial biogenesis can also be inherited in an autosomal
dominant, recessive or sex-linked manner.
Almost all tissues in the body depend on oxidative metabolism to some extent and
can therefore be affected by a defect in the electron transport chain, which leads to
systemic manifestation.
Due to neuronal tissue being post-mitotic and highly dependent on oxidative
metabolism, they are susceptible to any defect in OXPHOS. The affected
individuals present with neurological abnormalities. The high energy requirements
of this tissue also allude to their susceptibility.
Skeletal muscle weakening may be present (myopathy) as well as drooping
eyelids (ptosis), heart muscle weakness (cardiomyopathy), brain malfunctioning
(encephalopathy) and seizures. These symptoms and the respective disorders are
summarised in Table 3.8 (Larson and Clayton, 1995). Recently, Wolf and Smeitink
(2002) proposed the use of the Mitochondria1 Disease Criteria for the diagnosis of
mitochondrial disorders. These criteria takes into consideration clinical, metabolic,
22
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imaging as well as histopathological features versus biochemical investigations of
skeletal muscle, to make a more accurate diagnosis. It was suggested in the report
that these form of diagnosis be employed in various metabolic disorders in order to
increase the sensitivity of the current diagnostic procedures.
Table 3.8:

Disorders associated with mitochondria1 impairment

Disorders
Disorders associated with mtDNA mutations
LHON
Leiah Svndrome

I Main clinical features

I Central optic nerve degeneration
I lmoaired mental functionina. lactic acidosis

MELAS

1 Progressive mental impairment, stroke like episodes

MERRF
NARP

I Seizures, dementia, developmental delay

I Cardiornvooathv.
, .
..dementia. neurosensorv hearina- loss

-

nDNA disorders involvina mitochondrial function
Leigh Syndrome
Pyruvate dehydrogenase deficiency

Mental retardation, lactic acidosis

I Neurological complications, lactic acidosis

Glucose-6-phosphate dehydrogenase deficiency

I Neonatal jaundice, chronic haemolytic anaemia

MODY

I Earlv onset hvoeralvcaemia

Diabetes mellitus

Hyperglycaemia, irregular metabolism

Malignant hyperthermia

Skeletal muscle calcium dysregulation,
hvoermetabolism and elevated bodv temoeratures

Primary disorders of intramitochondrial enzymes
Methylmalonic acidaemia

Hypotonia, developmental delay

Variegate porphyria
Prooionic acidaemia

Photosensitivity and CNS effects

I MSUD

Acidosis. hvooalvcaemia. develoomental delav

I Mental retardation

LHON = Leber's hereditary optic neuropathy; MELAS = mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes;
MERRF = myoclonic epilepsy and ragged red muscle fibres; NARP = neurogenic ataxia and retinitis pigmentosa; MODY = Maturity
onset diabetes of the young; CNS = central nervous system; MSUD = Maple syrup urine disease. Adapted from Mueller et a1 (1995);
Naviaux (1997).

3.3

REACTIVE OXYGEN SPECIES

Within a cellular environment, ROS are produced during physiological activities either
spontaneously or as a result of reactions catalysed by enzymes or transition metals. The
five primary metabolic sources of free radicals are plasma membrane, mitochondria,
peroxisomes, endoplasmic reticulum and the cytosol. The mechanisms that these
organelles utilise to produce ROS as well as their relation to clinical conditions is
presented in Table 3.9. The plasma membrane is largely involved in the production of

ROS,particularly during inflammation and infection. The membrane uses ROS production
to destroy the infected cells and prevent the spreading of the infection. Of the various sites
mentioned above, the mitochondria are the principal metabolic source of ROS.

Table 3.9:

Primary mechanisms of oxidative stress production and their relation
to pathological conditions and lifestyle factors

Site of ROS
production

Type of ROS
produced

Aetiology and clinical
correlation

by reactive
changes of cell
surfaces

activation and
arachidonic acid

Hydroperoxides
and superoxide
anion

Inflammation, immunological
reactions and infectious
diseases

Mitochondria

Respiration
induced
Oxidative stress

Metabolic activation
and mitochondria1
dysfunction

Hydrogen
peroxide and
superoxide
anion

Obesity, mitochondrial
genetic diseases (primary)
and mitochondrial diseases
(secondarv)

Microsomes

Pharmacometabolic
induced
oxidative stress

Cytochrome P&b5
activation

Various

Alcohol and xenobiotic
exposure

Xanthine oxidase
activation

Hydrogen
peroxide and
superoxide
anion

Ischemia-reperfusion
diseases (infarctions)

Multiple forms

Hydrogen
peroxide and
superoxide
anion and
various others

Cigarette smoking,
pollutants and radiation

Plasma
membrane

Cytosol

Other
mechanisms

oxygen pressure
induced
oxidative stress
Oxidative stress
by multiple
mechanisms

Adapted from lorio (2002).

It has been estimated that 1-2 percent (%) of the respiratory oxygen, the final electron
acceptor of the respiratory chain, is converted to OF by the transfer of electrons to
molecular oxygen (Fahn and Cohen, 1992; Kondoh eta/.,2001). The unpaired electron of
a free radical is usually exchangeable, thus providing the chemical basis for the reactivity
and instability of superoxide and most other radical species (Harris, 1995).
As depicted in Figure 3.2, the free electrons within the mitochondria originate from the
leakage of electrons from the OXPHOS pathway and from the transfer of electrons via the
electron carriers (Staneik and Nohl, 2000). The 0 Y production also occurs when the
respiratory chain is blocked or impaired, which is often the case in patients with
mitochondrial cytopathies. Most of the 0 i is dismutated to hydrogen peroxide (H202) by
manganese superoxide dismutase (Mn-SOD) under physiological conditions, and in turn
converted to H 2 0and 0

2

by glutathione peroxidase (GSHPx). However Hz02 may also be

converted to the highly toxic hydroxyl radicals (OH-). All these ROS share the same
property, which is to oxidise other chemical species by an electron transfer mechanism.
This reaction is terminated when the free radical reacts with another free radical producing
an entity without unpaired electrons. The latter radical therefore acts as an antioxidant thus
blocking the auto-oxidation process (Harris, 1995).
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Antioxidants are classified by their mode of action, i.e. preventative antioxidants, radical
scavengers, repair agents, and adaptation agents. Preventative antioxidants include
chelators, ROS quenchers and peroxide breakers, whereas repair agents comprise
several enzymes such as lipases, DNA repair enzymes and transferases. Radical
scavengers are composed mainly of hydrophilic or hydrophobic compounds which lower
the free radical concentration in a biological environment by removing one or more
reactive species. In the group of radical scavengers, thiol compounds such as those
discussed in Section 4.1 play a crucial role against ROS attack.
ROS are continually produced in tissues by the action of the mitochondrial electron
transport system (Cadenas et a/., 1977; Kondoh et a/., 2001) and systems such as the
action of reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(Griendling and Harrison, 2001). Exposing cells to high levels of ROS results in tissue
injury and inflammation, which subsequently elicit an acute-phase response characteristic
of hepatic synthesis of acute-phase proteins such as a-2-macroglobulin, fibrinogen and
ceruloplasmin. An increased production of ROS as a result of exposure to ionizing
radiation, environmental pollutants and heavy metals (Prithivirajsingh etal., 2004).
Cigarette smoking, alcohol intake and other incorrect lifestyles also increase ROS
production (Dhindsa etal., 2004).
The chemical reactivity of ROS also results in damage to organic compounds, amino
acids, membranes, DNA, and lipids, particularly those composed of unsaturated fatty acids
(Piccolo et a/., 1991). In addition to their deleterious effects, ROS modulate gene
transcription, affect tyrosine phosphorylation and influence the activity of metalloproteins.
The presence of ROS also propagates the initiation of apoptosis, a common pathology of
mitochondrial cytopathies and other diseases such as diabetes mellitus and Alzheimer's
disease. Irregular cell development due to the presence of ROS has previously been
reported including various other features in the pathogenesis of neurodegenerative
disorders. In addition to these, oxidative stress is implicated in the pathogenesis of several
diseases such as atherosclerosis and hypertension. The induction of a cellular mechanism
in response to the effects of high levels of ROS is thus imperative and indicates that a cell
is under oxidative stress. The various systems and their mechanism of action are
summarised in Table 3.10.

~~

-

~~~~~~~~

-

BIOCHEMICAL PATHWAYS INTERGRAL TO THE MITOCHONDRIA

Table 3.10:

CHAPTER THREE

Cellular mechanism developed to overcome the effects of ROS

Enzyme antioxidants
a. Superoxide dismutase
b. Catalase

Mode of action

1 202. + 2H'+

H202+ O2(disrnutation of 02. to H202)

2H202 + O2 + 2H20 (scavenging of H202)

c. Glutathione peroxidase 2GSH + H202-f GSSG + 2H20 (conversion of H202to H20 and degradation
or reductase
of lipid peroxides)

Chemical antioxidants
i. Ascorbic acid

1 ii. Glutathione
/ iii. Vitamin E

Mode of action
Hydrophilic radical scavenger

1 Dearades DeroxideS
1 Hvdro~hobicradical scavenaer

I
1

Ha02 = hydrogen peroxide: 0,= oxygen: Hz0 = water; H' = hydrogen ion (proton); Oi = superoxide: GSH = oxidied glutathione; GSSG
= reduced glutathione. Adapted from Campbell (1995).

To date, no effective antioxidant system has been observed for the most potent of all
reactive oxygen species, namely the OH- radicals. OH- induces DNA damage by producing
a wide range of oxidative damage including strand breaks and base modifications such as
the conversion of guanosine in DNA to 8-hydroxy-2-guanosine (8-OHG), characteristic of
oxidative damage to the cell, which inhibits replication and transcription (Dandona et al.,
1996).
3.3.1

ROS and corn~lexI deficiency

The presence of ROS within the mitochondria is one of the mechanisms that make mtDNA
susceptible to acquiring mutations (Cadenas , 1977). These mutations have been reported
to be the basis of a number of pathologies with mitochondrial involvement, due to the
eventual defective OXPHOS that is as a result of increased ROS (Choksi eta/., 2004).
Diseases such as those that are due to point mutations within either the tRNA or structural
genes, or deletions of mtDNA segments have been characterised (Adams and Turnbull,
1996). The complexity and the observed variability within this group of disorders may be
attributed to the intricate nature of mitochondria, as discussed in the previous chapter.
Of the mitochondrial cytopathies, deficiencies of complex I are the most variable,
presenting with features that are non-specific, thus making an early and precise diagnosis
difficult (Scholte, 1987). Since this investigation focused more on the molecular role of
ROS in disorders with a mitochondrial involvement and not the clinical aspects, a summary
of these symptoms of mitochondria1dysfunction is provided in Table 3.11, to highlight the
widespread clinical symptoms of mitochondrial dysfunction.
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A summary of symptoms of mitochondria1 dysfunction

Organ involved

Symptom

Central

seizures, hypotonia, hypertonia, dystonia, developmental delay and
regression, stroke like episodes, acute encephalopathy and dementia

Endocrine system

diabetes rnellitus and irregular hormone production

Metabolic system

lactic acidosis and hypoglycaemia

Muscle
Liver

muscle weakness and exercise intolerance
liver dysfunction and failure
cardiomyopathy and conduction defects

Heart
Gastrointestinal
Lung

chronic diarrhoea and exocrinelpancreatic dysfunction
respiration insufficiency
sensorineural hearing loss, ptosis and progressive external ophthalmoplegia
cataractJcorneal opacities, retinal pigmentary degeneration

EyeIEar

Adapted from Bhattacharya el a/. (2003).

3.3.2

The involvement of ROS in type 2 diabetes mellitus (T2D)

Diabetes mellitus is a clinically and genetically heterogeneous disorder characterised by
impaired insulin secretion that is often combined with insulin resistance. This impairment
may be due to both environmental and genetic factors. Diabetes mellitus is recognised as
one of the leading causes of mortality and morbidity in the world, affecting ca. 5-6% of the
world population (King eta/., 1998). The observed prevalence is also due to its association
with hypertension, cardiovascular disorders, renal dysfunction and dyslipidaemias (Orie et
a . 1999; Dandona et a/., 2004). Diabetes mellitus is divided into two major groups, i.e.
non-insulin dependent diabetes mellitus (NIDDM) also termed T2D and insulin dependent
diabetes mellitus (IDDM) or type one diabetes (TID) according to the report by Himsworth,
1936. However, both types are characterised by a systemic defect in the insulin dependent
energy metabolism.

T I D results from insulin deficiency that is due to cell mediated autoimmune destruction of
the p-cells of the pancreas. This form of diabetes generally develops in the young and is
responsible for ca. 10-15% of the diabetic population (Hovi, 1998). T2D, however results
from a combination of insulin resistance and insulin deficiency, and unlike T I D it is
observed in adults (Sonksen and Sonksen, 2000). It can also develop at a younger age,
and this form is known as maturity-onset diabetes of the young (MODY). T2D accounts for
85% of the diabetic population (Owen and Hattersley, 2001).
Under normal conditions, subsequent to the ingestion of nutrients, the levels of glucose
increases resulting in an increase in insulin secretion, a hormone produced by the p-cells
of the islet of Langerhans of the pancreas. Wihin a tissue, glucose is metabolised to
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glycogen by glycogen synthase (non-oxidative metabolism), or is alternatively oxidised to
carbon dioxide and water via pyruvate dehydrogenase (oxidative metabolism). Insulin
signalling results in the uptake of glucose by respective tissues, followed by its breakdown
via glycolysis, as indicated in Figure 3.4 and the utilisation thereof for energy
requirements. This prevents the utilisation of other sources of energy such as lipolysis,
proteolysis, ketogenesis, gluconeogenesis and glycogenolysis.

Figure 3.4:

Schematic representation of the glycolytic pathway
Glucose
Hexokinase

:K
Phosphoglucose isomerase

Fructose-6-phosphate

/LIq

Phosphofructokinase

Fructose-l,6-bisphosphate

Triosephosphate isomerase

Dihydroxyacetone phosdhate

A
dlyceraldehyde-3-phosphate

Glyceraldehydedphosphate dehydrogenase

.

-.

Phosphoglycerate
kinase

Phosphoglycerate
mutase

Enolase
Phosphoenol-pyruvate
~yruuatekinase

F
I
bpq

Pyruvate

0 = water; ATP = adenosine triphosphate; ADP = adenosine diphosphate: Pi = inorganic phosphate NADH = reduced nicotinamide
lenine dinucleotide; NAD* = oxidised nicotinamide adenine dinudeotide. Adapted fmm Campbell (1995).
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In addition to the role of insulin in glucose uptake, it is also postulated to exert an antiinflammatory response at both the cellular and molecular levels (Dandona and Aljada,
2002). The maintenance of normal glucose homeostasis is dependent upon hepatic
glucose production, glucose uptake by the muscle and adipocytes as well as stimulated
insulin secretion.
3.3.2.1

Metabolic im~airmentin T2D

In a type 2 diabetic state, there is a decreased glucose uptake in response to insulin by the
respective cells, resulting in a hyperglycaemic condition, with the consequence being the
preferential use of other pathways for energy production. Increased lipolysis in adipose
tissues will result in high concentrations of free fatty acids and glycerol which eventually
lead to ketoacidosis. In T2D individuals, even though low levels of glucose are ingested,
the rate of gluconeogenesis and glycogenolysis is increased and these pathways serve as
sources of energy, with the nett effect being the secretion of glucose produced by the
hepatocytes into the circulation leading to glycosuria. To overcome the impaired glucose
uptake, insulin secretion is initially increased to overcome the insulin resistance and
maintenance of normal glucose level, leading to hyperinsulinaemia, impaired glucose
tolerance and subsequently hyperglycaemia (Sonksen and Sonksen, 2000).
In a fasting state, hepatic glucose production occurs via glycogen breakdown and
gluconeogenesis. In T2D patients with high levels of fasting glucose, hepatic glucose
production is increased. In mild cases of T2D, hepatic glucose production is normal,
however glucose

uptake

is

impaired.

Therefore

hyperglycaemia and

ketone

overproduction are the hallmarks of insulin deficiency (Sonksen and Sonksen, 2000).
Patients also present with various other symptoms such as susceptibility to lipid
peroxidation which eventually leads to atherosclerosis, a major complication of diabetes
mellitus (Dandona and Aljada, 2002).
Recent studies have implicated the production of excessive levels of ROS in the
pathogenesis of diabetes mellitus, including vascular diabetic complications which are the
main cause of morbidity and mortality within this group of patients (Sakai etal. 2003). It is
postulated that these reactive species within the pancreas result in P-cell dysfunction and
apoptosis of these cells. Sakai etal. (2003) provided evidence that high levels of glucose
increase intracellular ROS production from the mitochondria in the p-cells, which in turn
results in reduced glucose induced insulin secretion. Hyperglycaemia not only increases
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ROS production in the p-cells, but also attenuates antioxidative mechanisms. The
presence of ROS has not only been identified in the pancreatic cells, but in blood cells
(Dandona eta/., 1996; Dincer ef a/., 2002), the vascular endothelial system (Sydow and
Munzel, 2003) and other tissues. Friedman ef a/. (2003) illustrated in their investigation
that increased production of ROS alters the oxidisability of the low density lipoproteins
(LDL), thus resulting in endothelial dysfunction observed in individuals diagnosed with
diabetes mellitus.
The lipid peroxidation observed in diabetic individuals has been associated with the
increased level of oxidative stress reported for both T I D and T2D. Other events resulting
in increased oxidative stress are glucose auto-oxidation (catalysed by trace amount of
transition metals) and non-enzymatic protein glycation, including an increase in levels of
inflammatory mediators. Metabolic stress resulting from changes in energy metabolism as
well as antioxidant defence mechanisms also contribute to the formation of ROS in
diabetic individuals. These factors present strong evidence that diabetes mellitus is
associated with oxidative stress, which eventually leads to cell and DNA damage
(Dandona etal., 1996), therefore lending credence to the investigation of the effects of
ROS in T2D individuals on the expression of MT genes.
As previously mentioned, a significant proportion of the ROS is produced via the action of
the mitochondria, predominantly the OXPHOS, as discussed in Section 3.1. Lipid
peroxidation within the mitochondria due to either ROS production or insulin insensitivity
also increase the formation of 8-OHdG, which is found at a higher frequency in mtDNA
than in nuclear DNA (Dandona etal., 1996). Several reports, including that of Dandona

etal. (1996) and Suzuki etal. (1999) have demonstrated that a diabetic state increases
oxidative damage to DNA. Few other DNA alterations have been reported to be linked to
diabetes and ROS production. Sardag et a/. (2001) reported that the supplementation of
diabetic patients (both T I D and T2D) with Vitamin E yielded a decrease in the extent of
DNA damage upon analysis of the DNA via the comet assay. It was postulated in their
report that the decrease in DNA damage may have been as a result of the enhanced
antioxidant capacity in these individuals.
In the context of the current study, where the effect of ROS production in diabetes mellitus
was investigated, it was important to note that some of the alterations reported in diabetic
amyotrophy and myotrophy are located with the genes that encode the subunits of
complex I (WNiams etal., 1976). Thus, as discussed in Section 3.1.1, a defect in the
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functioning of complex I eventually leads to the overproduction of ROS, which results in
complications in the cellular metabolism ultimately manifesting as pathological conditions
i.e. diabetes mellitus. Diabetes has also been reported to be associated with
malfunctioning of the mitochondria1 permeability transition pore (MPT), which is involved in
the maintenance of the membrane potential (Kristal et ab, 1996). Impaired functioning of
the transition pore, as discussed in Section 3.3.3, is characteristic of an early event of
apoptosis. These reports support analysis of ROS in the pathogenesis of various disorders
on a more holistic level. Obesity found in most of the T2D patients also constitutes a great
risk for the development of this disease, even though the precise mechanism is not yet
elucidated (Hotamisligil and Spiegelman, 1994; Greenfield and Campbell, 2004).
3.3.2.2

Anti-inflammatory effects of insulin

Under hyperglycaemic conditions, the pentose phosphate pathway is utilised as an
alternative to glycolysis. The ensuing flux of glucose into this pathway may alternatively
result in the production of sorbitol by the enzyme aldolase reductase (AR) and thus the
depletion of NADPH. The regeneration of reduced glutathione (GSH), an H202scavenger,
by the GSH-reductase, requires NADPH. Thus the consumption of NADPH leads to an
increased concentration the aforementioned radical species. GSH induces its antioxidant
properties by increasing the bioavailability of reducing equivalents GSHPx, which then
catalyzes the reduction of free radicals such as H202 and lipid hydroperoxides with the
subsequent formation of oxidised glutathione (GSSG) and H20. The presence of GSH is
vital for the maintenance of the integrity of the cell by reacting with peroxides that would
degrade the fatty acid side chains of the cell membrane. Hyperglycaemia is an indirect
cause of GSH depletion (Lee and Chung, 1999). In an investigation by Seghrouchni etal.
(2002) it was observed that T I D patients which were on insulin treatment had low levels of
oxidative stress when compared to T2D individuals. However, T2D patients that were also
under going treatment presented with less oxidative stress (Seghrouchni et a/., 2002). The
aforementioned report supports the hypothesis that insulin reduces oxidative stress due to
its anti-inflammatory effects (Dandona et a/.,2004).
It is postulated by Dandona etal. (2004), that insulin exerts an anti-inflammatory response
by reducing ROS production via the inhibition or suppression of the NADPH oxidase in
mononuclear cells as well as suppression of the intracellular cytokine nuclear factor KB
(NF-KB). The suppression of NF-KB thus results in an increase in the inhibitor of NF-KB
(IKB) with the loss of the proinflammatory effects of tumour necrosis factor-a (TNF-a).
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NADPH oxidase is integral to the pentose phosphate pathway and is involved in the
oxidation of NADPH produced via this pathway, resulting in oxidised nicotinamide adenine
dinucleotide phosphate (NADP*) and superoxide (Cross and Jones, 1991; Dandona etal.,
2004).
TNF-a has been illustrated to interfere with the action of insulin by various mechanisms
such as inhibiting autophosphorylation of the insulin receptor in the adipocytes including
the human aortic endothelial cells, conversion of insulin receptor substrate-I into an
inhibitor of insulin receptor tyrosine kinase activity or decreasing the glucose transporters
(GLUT) -4 in muscle cells (Hotamisligil etal., 1994). Neutralisation of TNF-a in animal
models of obesity as well as diabetes led to a decrease in insulin resistance via binding of
TNF-a to the receptor. The decrease in the concentration of TNF-a resulted in an increase
in insulin stimulated uptake of glucose (Hotamisligil etal., 1993). Even though this
approach has been effective in animal models, the neutralisation of TNF-a with antibodies
is to date not effective in diabetic individuals (Schmidt et a/., 1999). Based on the report by
Schmidt ef a/. (1999) the presence of high levels of proinflammatory cytokines in obese
individuals could be utilised to predict the development of T2D.
Hotamisligil etal. (1995) reported that expression of TNF-a is also induced in obese
humans and that its expression was decreased subsequent to weight loss. From this
report it was suggested that there is a significant correlation (with a p-value less than 0.01)
between the body mass index (BMI) and plasma concentrations of TNF-a. A G308A
polymorphism in the promoter region of TNF-a has been associated with increased
plasma levels of TNF-a with a subsequent 1.8 times higher risk of developing T2D when
compared to non-carriers (Vendrell ef a/., 2003) as well as an increase in abdominal fat
distribution in T2D individuals (Furuta eta/., 2002). In addition, the C174G mutation of the
interleukin 6 (IL6) promoter was reported to cause an increase in the risk to insulin
resistance (Stephens et a/., 2004).
Leptin, an adipocyte specific protein that is elevated in obese individuals (Unger eta/.,
1999), also regulates immune function via the stimulation of responses to inflammation
(Kondoh etal., 2002). In addition, this protein regulates body weight by inducing
hypophagia as well as the preferential use of lipids as opposed to glucose as an energy
source (Unger eta/., 1999). Low leptin concentrations observed under fasting stress, or in
obese individuals, is postulated to play an important role in the observed suppression of
immune regulation. The resultant impairment of the immune response leads to the
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production of proinflammatory cytokines such as TNF-a (Kondoh etal., 2002). This
process could explain the observed susceptibility to infections during periods of starvation
or in obese individuals.
Insulin resistance due to the loss of the signalling effect of insulin promotes inflammation,
via the counter production of proinflammatory cytokines such as TNF-a (Hotamisligil et a/.,
1994). An important implication of the inflammatory effect of T2D and obesity is
atherosclerosis, a major cause of death in both obese and diabetic individuals (Schmidt
etal., 1999). Atherosclerosis is an inflammatory process, which is induced by the
increased levels of ROS in the circulating mononuclear cells and increase lipid
peroxidation eventually leading to thrombosis (Dandona and Aljada, 2002). As discussed
in Section 3.3, during oxidative stress endogenous mechanisms are employed to destroy
these reactive species. In normal individuals, these mechanisms are sufficient to
counteract the free radical production, but in a diabetic individual they are overwhelmed
because of the increased oxidative stress (Seghrouchni eta/., 2002). Gene expression
data reported by van der Westhuizen et a/. (2003) suggested that patients with high levels
of ROS due to complex I deficiencies have common gene expression profiles. These
include high levels of MT transcripts as well as a decrease in mtDNA transcripts. It thus
appears that oxidative stress via the production of ROS plays a significant role in the
induction of genes that may protect a cell against the deleterious effects of ROS. The
determination of various molecular markers for oxidative stress will prove to be beneficial
for the early detection of this inflammatory disorder.
Liang et a/. (2002) investigated the effect of MTs in cardiomyocytes of diabetic mice. From
this investigation it was concluded that oxidative stress in the heart of these mice resulted
in an upregulation of antioxidant enzymes. Over expression of MTs in these cells
prevented the depletion of GSH, therefore protecting the heart from oxidative damage. A
schematic summary of the effect of ROS generation, inflammation, obesrty as well as
genetic factors on insulin signalling is presented in Figure 3.5.
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Figure 3.5:

A model suggesting the role of inflammation i n insulin resistance,
obesity and a possible role in the induction of metallothionein

Infection
Obesity

Leptin

1

Mental stress
P

-

Macronutrient .+
intake

4 ~ l u c o s ein circulation

lnflammatoly cytokines
(TNF-a. IL6) and acute
phase reactants

Insulin signalling

Genetic factors
(T2D, T I D)

T2D = type 2 diabetes mellitus; T I D = type 1 diabetes mellitus; ROS = reactive oxygen species: NF-KB = nuclear factor uB; TNF-a =
tumour necrosis factor-a: IL6 = interleukin 6. Adapted from Dandona et a1 (2004).

It can be deduced from Figure 3.5 that the factors indicated play a role in the pathogenesis
of diabetes mellitus and eventually the increased expression of MTs. The antiinflammatory aspect of insulin function will be the focus of this molecular investigation
which is to elucidate the combined effect of oxidative stress and insulin resistance in T2D
patients. As depicted in Figure 3.5, it is not only oxidative stress that results the induction
of MT but mediators such as cytokines, nutrient intake and various other forms of stress.
These conditions and their effect on MT synthesis are further discussed in Chapter Four.
Thornalley and VaSak (1985) and Miura eta/. (1997) indicated in their investigations that
there is a constant high rate reaction of MT with hydroxyl radicals when compared to GSH.
The detection of genes expressed when a cell is under oxidative stress, may be a major
step in identifying common transcriptional markers characteristic of a disease, particularly
those resulting from the production of ROS.
3.3.2.3

Genetic basis of T2D

T2D is currently thought to be caused by environmental factors, as well as being highly
influenced by an array of genes involved in insulin secretion, the utilisation of insulin,
obesity genes as well as genes involved in a-cell function (Jun et a/., 1999). This
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conclusion was made due to the high familial segregation, high prevalence in certain
ethnic groups as well as the high concordance rate of the disease in identical twins
(Barnett et al., 1981).
In most genetically predisposed individuals, there is a slow progression from a normal
state to insulin resistance, hyperinsulinaemia, glucose desensitisation, defects in insulin
secretion, impaired glucose tolerance and eventually hyperglycaemia, which are
characteristic of T2D (Green, 1996). This slow progression supports the analysis of
individuals at risk for developing diabetes in the current investigation. The progression is
affected by the environment as well as genetic predisposition of the individual in a specific
population group. The cumulative effect of these two factors is summarised in Figure 3.6.
3.3.2.3.1

Candidate genes

As discussed in Section 3.3 high levels of

ROS lead to DNA damage. Thus, due to the

postulated role of ROS in the pathogenesis of diabetes, it is also possible that mutations
within genes whose protein products are involved in the processes mentioned in Section
3.3.2.3 and those listed in Figure 3.6 are caused by the ROS damage to the DNA. The
search for candidate genes has been cumbersome due to the complexity of this disorder.
These genes can be classified into those that are involved in insulin secretion and those
involved in insulin resistance.
The insulin gene was the first defective insulin secretory candidate gene identified for the
deficiency observed in T2D. Mutations in the insulin gene have been identified resulting in
the alteration of the amino acid sequence of the A and B chains involved in the binding of
insulin to the receptor, thus resulting in free circulating insulin molecules with abnormal
bioactivity (Campbell, 1995). Other mutations that occur in proteins involved in the
processing of proinsulin, result in high concentrations of circulating proinsulin (Jun ef al.,
1999).
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Schematic illustration of the effect of the environment as well as
genetic predisposition to the development of T2D

+
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Environmental Factors

'
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> Physical activity

Candidate genes
9 Insulin receptor (147670)
b Insulin (76730)
9 Mitochondria1genes -MITOMAP
9 Glycogen synthase (138571)
9 Glucokinase (138079)
D Glucose transporter 1 4 genes
(138140)
9 Leptin (164160)
D Calpain (114220)
9 Obesity genes

9 Obesity
9 Diet

D Age
9 Pregnancy
9 Malnutrition
9 Polycystic ovarian syndrome

9 Increased ROS production due
to lifestyle factors as well as
pathological conditions

1
Insulin resistance

insulin deficiency
1

9 Decrease in glucose

insulin

stimulated insulin secretion

> Increase in the hepatic

D Impaired glucose uptake

glucose production

+
Impaired glucose tolerance
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D = Type 2 diabetes mellitus. Online Mendelian Inheritance in Man (OMIM) acoassion numbers are indicated in brackets. Adapl
m Jun et a/. (1999).

As a result of the mitochondria being involved in energy production as well as glucose
stimulated insulin secretion in pancreatic p-cells, the role of mitochondria1 genes in the
pathogenesis of T2D is broadly investigated, therefore supporting their inclusion in Figure
3.6. Another factor that supports the analysis of the mitochondria is the maternal mode of

transmission of some forms of T2D. A mutation at position 3243 in the ~ R N A gene
~ ~ "of the
mitochondria has been identified in ca. 2% of the diabetic population (Suzuki eta/.,2003).
The presence of this mutation results in decrease ATP concentration, increased activities
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of antioxidant enzymes as well as impaired insulin secretion, to name a few consequences
of the presence of this mutation (Rusanen etal., 2000). Deletions as well as duplications in
the mtDNA have also been identified in T2D patients (Suzuki etal., 2003). The prevalence
as well as the role of these mutations remains to be elucidated.
The insulin receptor gene has been considered as the primary candidate gene contributing
to insulin resistance. Mutations in this gene have been linked to severe insulin resistance
(Moller et ab, 1991). Polymorphisms within this gene have also been identified, however,
the association of these changes to T2D requires more investigation (Okazawa etal.,
2004). The insulin receptor substrate (IRS) -1, a substrate for the insulin receptor tyrosine
kinase, involved in the insulin signalling pathway has also been under investigation
(Clausen eta/., 1995). Various other genes as summarised in Figure 3.6 are currently
under investigation. No single gene has been detected to have a strong association with
T2D, thus supporting the multigenic hypothesis of the role that genes play in the
predisposition to T2D (Jun et a/. , 1999; Suzuki et a/., 1999).

3.3.3

Oxidative stress, apoptosis and its effects on a ~ e i n g

The role of ROS produced by the mitochondria in the pathogenesis of diseases, together
with its role in cell death is discussed in Section 3.3 and supports the theory that ROS are
involved in the ageing process. The concept that mitochondria is involved in the ageing
process stems from the theory put forward by Harman in 1988, that associates cell
senescence to the deleterious effects of free radicals produced during metabolism as
discussed in his report, Harman (1998). In accordance with this theory, Lass etal. (1998)
described an inverse relationship between auto-oxidation and the metabolism of animal
species. The life expectancy of C. elegans was also found to be negatively affected by a
high metabolic rate in terms of

0 2

consumption. In rodents, it was determined that a

restriction in caloric intake resulted in an increase in longevity, accompanied by a
decreased state 4 respiration (listed in Table 3.6) as well as decreased superoxide
production (Esposito eta/., 2000).
The possible involvement of the m~tochondriain the degenerative diseases of old age has
been extensively evaluated (Fahn and Cohen, 1992; Agarwal and Sohal, 1995; Stanlek
and Nohl, 2000; Eckert et a/., 2003). In disorders such as Alzheimer's, Hunt~ngton'sand
Parkinson's diseases, the impairment of energy metabolism due to the progressive farlure
of the mitochondria has been suggested (Eckert et a/., 2003; Zhu eta/., 2004). A common
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denominator of all these diseases is the increased levels of free radicals in the respective
tissues as well as decreased ATP synthesis (Staniek and Nohl, 2000). These disturbances
lead to membrane depolarisation which results in activation of cell death. Oxidative stress
due to a defect in the mitochondria is at the epitome of programmed cell death i.e.
apoptosis (Lundberg and Sweda, 2004). This process as depicted in Figure 3.7 has been
implicated in the course of ageing (Lenaz, 1998).
Figure 3.7:

Schematic illustration of the central role o f ROS

Generation of reactive
oxygen species

I

/

I

Oxidative
mutations

+

Defective
electron transfer

I

mtDNA = mitochondrial DNA; OXPHOS = oxidative phosphorylation. Adapted from Lenaz (1998).

The release of cytochrome c from the intermembrane space is an early event withir1
mitochondria that triggers apoptosis. As illustrated in Figure 3.8, this event together with
the recruitment of Apaf-I activates caspase 3, a cysteine-aspartate protease. Caspase 3 is
inhibited by the action of Bcl-2, a member of the family of anti-apoptotic proteins. These
proteins are located in the outer mitochondrial membrane where the pro-apoptotic proteins
such as Bax and Bad are also localised (Alberts eta/., 1998). The aforementioned release
of cytochrome c as well as the opening of the MPT lead to decreased membrane potential.
These features are characteristic of the mitochondrially produced ROS induced apoptosis
(Alberts eta/.,1998; Kristal eta/., 1996). Oxidative stress is an early intrinsic component of
the apoptotic cascade committing a cell to apoptosis (Talbot eta/.,2004). p53 expression
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and dexamethasone (an anti-cancer drug) have been reported to induce apoptosis,
however, at the core of the mechanism of induction is the production of reactive oxygen
species (Samuni eta/., 2004).
Figure 3.8:

Schematic representation of the oxidative stress induced apoptosis

Respiration chain

Opening of the MPT
r_____________

membrane potential

O H = hydroxide radical; MPT = mitochondria1 permeability transition pore; p53 = pro-apoptotic protein; Apaf-1 =activator ofcaspase 3.
Adapted from Lenaz (1998).

Eckert eta/. (2003) and Zhu et a/. (2004) have illustrated that in Alzheimer's disease, the
affected brain areas exhibit an increased induction of 8-OHdG from mtDNA, indicative of
increased oxidative stress. Lowered levels of reduced glutathione in the substantia nigra of
old asymptomatic individuals with Parkinson's disease also alludes to early involvement of
oxidative stress in the pathogenesis of this disease (Fahn and Cohen, 1992). From the
reports by Fahn and Cohen (1992); Eckert eta/. (2003) and Zhu eta/. (2004), it is evident
that oxidative stress is the underlying phenomenon in the pathogenesis of most disorders.
It is therefore suggested that, an early detection of free radicals is imperative for the
diagnosis as well as the therapeutic intervention of ROS related disorders such as
diabetes mellitus. The detection of ROS is challenging due to the instability of these
species (Harris, 1995). The use of molecular markers that are indicative of oxidative stress
will thus aid in the detection of these free radicals.

CHAPTER FOUR
METALLOTHIONEINS

Metallothionein is a collective name for a superfamily of ubiquitously expressed low
molecular weight proteins with high sulphur content and a high metal binding capacity.
They were originally discovered in equine models as cadmium (Cd) and Zinc (Zn)
associated proteins (Margoshes and Vallee, 1957), and have since been reported to have
an antioxidant function (Kling and Olsson, 2000).

Metallothioneins occur throughout the animal kingdom and are also found in higher plants,
eukaryotic micro organisms as well as in some prokaryotes (Margoshes and Vallee, 1957;
Kagi and Vallee et a/., 1960; Zhou eta/., 1995). These genetically polymorphous proteins
are most abundant in the liver and kidney, since these are the primary sites for heavy
metal accumulation as well as in the pancreas and intestines of animal species (Kagi
eta/., 1974). This distribution of MT proteins is similar to that of GSHPx, which is also
highly expressed in the liver and kidney. There is a high level of variation in the
concentration of these proteins in different species and tissues, reflecting effects of age,
stage of development, and cell function (Miura eta/., 1997; Esposito et a/., 2000).
In view of their metal binding capacity, MTs are implicated in the detoxification, transport
and maintenance of homeostasis of essential and toxic heavy metals (BLihler and Kiigi,
1974). Zn and Copper (Cu), participate in a variety of enzymatic reactions and are
essential trace metals for all life forms. However, high levels of these metal ions may be
toxic, thus they have to be maintained in homeostasis. This family of proteins has also
been postulated to have a putative role in scavenging ROS, based on the presence of thiol
groups, as discussed in Section 3.3. Their synthesis has been observed to be induced
under various forms of cellular stress including fasting stress (Kondoh et a/., 2003). Much
is known about the physical and the chemical properties of MTs including their genetic
regulation. However, the physiological role of MTs, is still unclear. The conditions under
which these proteins are expressed as well as their function is a subject of controversy
(Thomas eta/., 1986; Sato and Bremner, 1993; Romero-Isart and VaSak, 2002).
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Although MTs are cytoplasmic proteins they also accumulate in lysosomes and have been
observed in the nucleus during development. The nuclear localisation of MTs may be
related to interactions with micronutrients such as Zn and Cd metal ions and with various
constituents during cell cycle regulation and differentiation (Andrews et a/., 1991; Lazo
eta/., 1995; Riggio etal., 2003). Thus, the nuclear localisation of MTs may be a vital factor
for determining the protective role of MTs against the genotoxic effects of certain
compounds within the nucleus (Rossman et a/., 1997). MTs could also modulate gene
expression by exchanging the bound Zn as well as free Zn between histones, transcription
factors and other enzymes. The S p l transcription factor is a classical example of a
transcription factor common to all vertebrates with a Zn finger DNA binding domain at its
carboxyl terminus to which MT transfers Zn ions (Zeng eta/., 1991).
4.1.1

Classification of metallothioneins

Metallothioneins were initially divided into three classes. Class I included all proteinaceous
MTs with locations of Cysteine (Cys) similar to those in the mammalian forms, whereas the
positions of the Cys residues in class II were different to those in class I. Class Ill
comprised of metalloisopolypeptides containing gammaglutamyl-Cysteinyl units similar to
proteinaceous MTs (Margoshes and Vallee, 1957). Due to the continuous identification of
variation within the classes of metallothioneins, this classification system has become
non-specific. A new nomenclature defining the MTs based on the length of sequence,
amino acid composition and the number and recurrence of the Cys residues is currently
utilised. This system differentiates MTs based on their sequence similarity, phylogenetic
relationships and also subdivides the MTs into families, subfamilies and isoforms or allelic
forms. Four mammalian isoforms have been described and are classified as MT-1, MT-2,
MT-3 and MT-4 (Karin and Richards, 1982a).
4.1.2

The aenetic oraanisation of metallothioneins

The four human MT genes are all located on chromosome 16q13 resulting in a multigene
family of MTs within an 82.1 kilo basepair (kb) region (Karin etal., 1984). In vertebrates,
genes for all isoforms consist of a 5'-untranslated region (5'-UTR), three coding exons
separated by two introns with AGICT consewed exonhntron boundaries and a
polyadenylation signal at the 3'-untranslated region (3'-UTR) end. The 5'-UTR contains
one or more copies of the regulatory metal responsive elements (MRE) which are involved
in the basal transcription of MT genes. These elements harbour a consensus sequence
CTNTGC(G/A)CNCGGCCC which acts as a binding target for the metal responsive
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element binding transcription factor (MTF-1) that regulates MT gene expression. The
MTF-1 gene is located on chromosome lp33, and encodes a 72.5 kDa protein composed
of six Cys2His2zinc finger motifs in the N-terminus that mediate the binding of the protein
to the DNA sequence and multiple domains which are involved in transcription activation
(Heuchel et a/., 1994). Even though the composition of the regulatory elements within the
MTs is similar, the induction ratios and transcription efficiencies of the various isoforms
differ (Quaife etal., 1994).
MT-1 is composed of 13 sub-isoforms encoded by genes within the MT gene cluster.
MT-IA, MT-IB, MT-1E (Karin and Richards, 198213) and MT-IF, MT-IG, MT-IH, MT-1X
(Schmidt et a/., 1984; Stennard etal., 1994) have been demonstrated to be functional.
West et a/. (1990) identified four additional MT-1 genes which are also located within the
MT gene cluster. These include MT-11, MT-IJ, MT-1K and MT-IL, however, these are
classified as nonfunctional on the basis of the non-conserved positions of the Cysteine
residues, the presence of in frame stop codons and the occurrence of aromatic amino
acids such as tyrosine and tryptophan as well as phenylalanine including histidine due to
the susceptibility of these amino acids to oxidation (Hamer, 1986). Partial sequencing of
the MT-11 sub-isoform, revealed a major deletion at the start of the second exon, which
was postulated to result in the inhibition of expression of this particular isoform (Stennard
etal., 1994). Since the publication of these results, no further investigations have been
performed to test the aforementioned postulation. MT-1C and MT-ID were also
categorised as being nonfunctional sub-isoforms due to the presence of in-frame
termination codons and deletions that would affect the reading frame (Hamer, 1986). A
summary of the various isoforms is presented in Table 4.1.
Table 4.1:

Summary of mammalian MT isoforms

~

continued

...

lsoform

Functionality

Reference

MT-1F

Functional

Schmidt etal., 1985; Stennard
et a/., 1994

MT-1G

Functional

Schmidt etal., 1984; Stennard
et a/., 1994

MT-1H

Functional

Schmidt et el., 1984; Stennard
et a/., 1994

I

I

I
1

Non-functional

Hamer, 1986; West etal., 1990;
Stennard et a/.,1994

MT-1K

Non-functional

Hamer, 1986; West et a/. , 1990;
Stennard eta/., 1994

1
I

MT-IX
-

Hamer, 1986; West et a/., 1990;
Stennard et alL1994

MT-1J

MT-IL

-

~
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~~~

I

I

Functional

Hamer, 1986; West et a/., 1990;
Stennard et a/..l994
Schmidt eta/.. 1984; Stennard
et a/.. 1994

~-

MT-2A

Functional

Huang eta/.. 1998

MT-2B

Non-functional

Huang et a/., 1998

MT-2A as well as MT-3, also known as the growth inhibition factor (GIF), are classified as
functional. The structural organisation of the various MT genes is illustrated in Figure 4.1,
where MT-4 is depicted at the 5'-end of the gene cluster and MT-1X at the 3'-end. The
orientation of the genes indicated in Figure 4.1 is also the 5' to 3' direction of transcription
for all genes except MT-1G p e s t et ab, 1990). The physiological requirement for such a
large number of genes is unclear. A common element of the functional isoforms is the
cis-acting elements in the 5'-UTR which induce differential MT expression in response to
metal ions and various agents released during cellular stress (Sadhu and Godamu, 1988).
Figure 4.1:

Physical map of the human metallothionein locus on chromosome
16q13
E

E

E

E

E

E

E

E = Em Rl sees the arrows lndlwte the tnnscnpt~onalonenlatlon of the MT genes vert~wlbars represent the exons wltnln each gene
Numbers 4 to 1 lndlute the respectwe MT sof forms A-X = ruc-noforms of MT-1 Adapted horn West et a1 (1990)

An MT-like gene located on chromosome Ilq13 has been identified. This gene has been
illustrated to be actively regulated in the male germ line cells. The synthesis of the 32 kDa
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protein, the testis-specific metallothionein-like protein (tesmin) is a clear marker of early
male germ cell differentiation (Sugihara et a/., 1999). This observation coincides with the
noted increase of MT-1A and MT-IB during development as discussed in Section 4.1.7.2,
as well as the high level of expression of MTs in testis unexposed to metal ions. Even
though tesmin has several characteristics similar to MT, its amino acid content is different
to that of other MTs. The differences include the low Cys content of the protein and the
presence of leucine residues, which are not present in MT isoforms (Waalkes and
Peratoni, 1986, West etal., 1990). In addition to these characteristics, this protein is
composed of aromatic amino acids. Based on the aforementioned properties, it can be
suggested that even though tesmin is MT-like with reference to molecular weight and its
metal binding nature it can not be classified as a metallothionein isoform (Waalkes and
Peratoni, 1986).
It was also illustrated by Schmidt et a/.(1985) via the analysis of human-rodent cell hybrids
that, in addition to the M i genes located on chromosome 16 and tesmin, there are other
pseudogenes that are located on other autosomes. A .processed MT-2 pseudogene
(MT2B), in which no introns interrupt the coding sequence, is located on chromosome 4
and displays allelic variation distinguished by Eco RI digestion (Karin and Richards,
1982b). The other MT-like genes are located on chromosome 1, with one being on the
long arm of the chromosome and the other on the short arm. An additional two MT-like
genes were detected, one on chromosome 18 and the other on chromosome 20 (Schmidt

etal., 1985). The location of the aforementioned pseudogenes is dispersed throughout the
genome and the chromosomal linkage of the functional isoforms and non-functional ones
is characteristic of a multigene family of higher eukaryotes, thus supporting the
classification of MTs as a gene family.
4.1.3

Biochemical vroverties of metallothioneins

The mammalian forms of MT proteins are characterised by a molecular weight of 6-7 kDa,
containing 60-68 amino acid residues. The primary structure contains 20 Cys residues, 6-8
lysine (Lys) residues and 7-10 serine (Ser) residues, all involved in the binding of a total of
seven equivalents of bivalent metal ions per mole of protein as illustrated in Figure 4.2.
The distribution of the Cys residues within the amino acid sequence is characteristic for
each isoform (Hamer, 1986; Banci, 2003). All Cys residues occur in the reduced form, thus
do not form any disulphide bonds, and are bound to the metal ions via mercaptide bonds.
MTs are also heat stable and do not contain aromatic amino acids.
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MTs contain two separate metal-thiolate clusters with differential capacity to associate with
metal ions. One cluster binds four metal ions and the other cluster binds three metal ions,
as depicted in Figure 4.2 by the three-dimensional structure of a metal bound MT. The
three-metal binding cluster @-domain) consisting of nine Cys residues is located in the
N-terminal containing amino acid residues 1-30. The four-metal binding cluster (alpha
(a)domain) is located in the C-terminal composed of amino acids 31-61, including eleven
Cys residues. The two metal thiolate clusters are connected by a flexible hinge region
composed of a conserved Lys-Lys segment (Winge and Miklossy, 1982). The protein
folding patterns in the a and

P domains are topologically similar but achiral and

characterised by a high proportion of reverse turns. In both the clusters, the polypeptide
chain makes three turns to spiral around the metal atoms. The hydrophobic residues are
clustered in the two exposed loops of the clusters (VaSak and Hasler, 2000; Romero-Isart
and VaSak, 2002).

Figure 4.2:

Crystal structure of
Cd5,Zn2-MT-2 from
rat liver

The synthesis of the predominantly disordered
apoprotein (thionine or apometallothionein) is
induced by heavy metals, such as Cd, Zn, Cu
and mercury (Hg), which bind to it and result in
a folded metallothionein protein (Galdes et a/.,
1978; VaSak et a/., 1984). Other metals such
as cobalt (Co) and manganese (Mn) induce
MT synthesis but do not bind to the newly
synthesised protein, which usually contains Zn
as the bound metal. The affinity of metal ions
for the binding sites on MTs differs in the
following order: Zn<Cd<Cu<Hg (Bijhler and
Kagi, 1974). At an acidic pH, the metal ions
are released resulting in an apoprotein (Karin
et a/., 1980).
Metallothioneins contain an alanine at the
carboxyl

The large circles represent Cd ions and the smaller
circles indicate the position of the Zn ions. Adapted from
~omero-isartand Va3dk (2002).

terminus

(C-terminus)

and

N-acetylmethionine at the N-terminus of the
polypeptide (Karin and Richards, 1982a).

However, this composition differs between isoforms. Two major isoforms of MT, MT-I and
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MT-2, are found in most vertebrate tissues. These two isoforms are ubiquitously
expressed and have similar amino acid composition. Their synthesis is induced by a
variety of stress conditions, which are discussed in the subsequent sections. MTs isolated
from human livers contain mainly Zn, whereas those from human kidney consist primarily
of Cd. These differences reflect the variable natural heavy metal exposure of the different
organs. MT-2 has a higher affinity for Zn and is the more predominant of the two even
though the relative proportion of these isoforms depends upon the stimulus resulting in
their synthesis (KBgi et a/., 1961; Sato and Bremner, 1993; Sato et a/., 1995). In higher
organisms, MTs are the sole proteins in which Cd accumulates naturally.
The expression of MT-3 and MT-4 is, however, highly restricted to the brain, predominantly
in the glutaminergic neurons (Palmiter et a/., 1992; Giacconi etal., 2003) and squamous
epithelial cells of the skin, tongue and intestinal lining (Quaife et a/., 1994) respectively.
Even though these two isoforms are not inducible, they both bind Zn and Cu. A report by
Blaauwgeers et a/. (1996) indicated that MT-3 is not primarily brain specific but is rather a
central nervous system-specific isoform. Over expression of MT-3 in cultured human
fibroblasts has been reported to have a protective role against oxidative stress (You etal.,
2002).
Whether or not the various isoforms have different functions remains to be elucidated. The
variation in the expression profiles of MT isoforms can be correlated to that of the GSHPx
isoforms, with GSHPx-4 highly expressed in the testis and brain but not in the liver and
kidney whereby the predominant isoform is GSHPx-1 (Esposito eta/., 2000).
The primary structure of the four isoforms is illustrated in Table 4.2, where a distinct MT-3
consewed Cys-proline (Pro)-Cys-Pro (CPCP) sequence motif is illustrated. When
compared to MT-1 and 2, MT-3 has a threonine (Thr) at position 5 and an acidic
hexapeptide at position 53 which are depicted in Table 4.2. The presence of the
aforementioned amino acid sequence has been illustrated to be decisive for the activity of
MT-3. MT-3 exhibits a 70% sequence identity to MT-1 and MT-2. However, MT-4 is less
homologous to MT-1 and MT-2 due to the difference in the majority of the Cys residues
(Quaife eta/., 1994).
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Representation of amino acid sequences of mammalian MT isoforms

MT
isoforms
MT1
MT2

amino acid sequence
MDPNCSCATG GSCTCTGSCK CKECKCNSCK KSCCSCCPMS CAKCAWCIC KGASEKCSCC A

IMDPNCSCRAG

DSCTCAGSCK CKECKCTSCK KSCCSCCPVG CAKCAWCIC

KGASDKCSCC A

M = methionine:
-~
~. D
- = asoartic
~ .acd:~.~F = ohenvlalanine:
~ ~ -N = asoaraoine: C = Cvsteine: S = Serine: A = alanine: T = threonine: G =
Giyc~ne,K = iysme, E = glutamlc ac~dP'= pr&e; Q = g~utaml;le,i=
i o l e d c m ; ~=
~ argmne ~ h e a m l n oacdr nlghloghted in purple
~

repnSdnt the dlstlnd difference at pordlon five of the raspectlve lsoforms The tetranuchnide indicated In yellow denotes the conserved
amino aud sequence of the MT-3 isoform The datngulshlng hexapeptw of MI-3 is ~llustratedIn green.

As discussed in Section 4.1.2, MT-1 is further subdivided into the various sub-isoforms,
whose amino acid sequence is depicted in Table 4.3. Though these sub-isoforms have
numerous amino acid differences, there are characteristic differences at various positions
within the amino acid sequence, that result in some of these sub-isoforms being classified
as non-functional, such as those indicated with open boxes.

A comparison of amino acid sequences of mammalian MT-1 subisoforms

Table 4.3:

isofonn

I MDPNCSCATG

MTlA

I

amino acid sequence

I

GSCTCTGSCK CKECKCNSCK KSCCSCCPMS CAKCAWCIC KGASEKCSCC A

MTlB

MDPNCSCTTG GSCACAGSCK CKECKCTSCK KCCCSCCPVG CAKCAQGCVC KGSSEKCRCC A

MTlE

MDPNCSCAAA GVSCTCASSC KCKECKCTSC KKSCCSCCPV GCAKCAQGCI CKGASEKCSC CA

MTlF

MDPNCSCAAG VSCTCAGSCK CKECKCTSCK KSCCSCCPVG CSKCAQGCVC KGASEKCSCC D

MTlG

MDPNCSCAAA GVSCTCASSC KCKECKCTSC KKSCCSCCPV GCAKCAQGCI CKGASEKCSC CA

MTlH

MDPNCSCEAG GSCACAGSCK CKKCKCTSCK KSCCSCCPLG CAKCAQGCIC KGASEKCSCC A

MTlK

I MDPNCSCTTG

MT~J

I M D P ~ C T T GGSCTCAGSCK

MTlX

VSCACTGSCK CKECKCTSCK KSCCSCCPVG cAKC&CVC

KGTLENCSCC A

CKECKCTSCK K S C ~ C P M GX A K C ~ ~ C IKGTSEKCSCC
C
A

MDPNCSCSPV GSCACAGSCK CNECKCTSCK KSCCSCCPVG CAKCAQGCIC KGTSDKCSCC A

M = methionine; D = aspartic acid; N = asparagines; C = Cysteine: S = Serine; A = alanine; T = Ihreonine; G = Glycine; K = lysine; E =
glutamic acid; P = proiine; Q = glutamine; I = isoleucine; H = Histidine; F = phenylalanine; R = arginine. X = in-frame stop codon. 0 =
CharaderMic differences in amino acids.

4.1.4

Evolutionarv conservation of metallothioneins

The organisation of the rodent and primate MT gene family has been extensively studied
via hybridisation, cloning and chromosomal localisation experiments. Mice appear to
contain only two functional and tightly linked MT-1 and MT-2 genes. Rats on the other
hand seem to harbour at least four MT-related sequences within the genome. Even though
there are differences between the different isoforms, the coding regions of these
mammalian isoforms are strongly conserved, as illustrated by the following list.
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9 Monkey MT-2 and human MT-2 differ by 1.2% non-synonymous and 4.8%

synonymous changes.
9 Rat MT-1 and human MT-1F differ by 9.9% non synonymous and 28% synonymous

changes (Karin and Richards, 1982a; Karin and Richards, 1982b).
Within the mammalian MT genes, there is no clear relationship between the MT-1 and
MT-2 classes in the divergent species. In primates, the MT-1 genes of humans and
monkeys are more closely related to one another than the MT-2 genes in other species.
Similarly, within rodents, the mouse, rat and hamster MT-1 genes are more closely related
to one another than to their MT-2 counterparts. A comparison of primate to rodent MT
genes indicates that the primate MT-Is are less divergent from primate MT-2 than from
rodent MT-Is. A possible explanation for this is that both rodents and primates
independently acquired the two gene isoforms (Karin and Richards, 1982b).
The MTs of Drosophila, Neurospora and crab are homologous to the mammalian MTs and
are designated as class 1 MTs. The positions of the Cys residues in the polypeptides are
highly conserved with the major difference being in their length in comparison to the
mammalian isoform. The two crab MTs are 57 and 58 amino acids in length and
correspond to the a and p domain of the mammalian MT isoforms. Drosophila MTs consist
of 40 amino acids and correspond primarily to the

P domain, whereas the Neurospora MT

contains only 25 amino acids homologous to the p domain. A comparison of these proteins
to mammalian MT gives an evolutionary rate of 7 x 10"' substitutions/codon/year. As
predicted from the conservation of mammalian MT proteins structure, the coding regions
are highly homologous and the non-coding regions are more divergent (Hamer, 1986).
4.1.5

The reactivitv of metallothioneins

The abundance of the conserved polarisable Cys thiolate ligands within the MT results in a
high metal ion binding aftinity in these proteins. The metal-thiolate complexes of MTs have
a high thermodynamic stability and as a consequence of their structural flexibility they are
kinetically very labile. Therefore, the thiolate ligands undergo both metallation and
demetallation rapidly, producing apo-MT and metal bound MT. This property allows the
intramolecular transfer of metals, for example, Zn between other enzymes and MTs
(Romero-kart and VaSak, 2002).
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Although the thiol groups of MTs are masked through their interaction with metal ions, they
retain a substantial degree of the nucleophilicity. This together with the protein's
thermostability and kinetic lability could explain the reactivity of the coordinated Cysteine
side chains with oxidising agents. The interaction of the Cys residues of the metal thiolate
clusters with cellular oxidants result in the release of the bound metal via the free radical
attack at the metal-bound thiolates, leading to protein oxidation or modification and
subsequent metal release (Thornalley and VaSak, 1985).
4.1.6

Basal MT gene expression

The core promoters of MT-1 and MT-2 genes are composed of the classical TATA box and
initiator regions. These regions are recognised by transcription factor IID (TFIID) resulting
in the assembly of the pre-initiating complex that mediates basal transcription. As
discussed in Section 4.1.2, the 5'-UTR also contains one or more MREs which function in
conjunction with the MTF-1. However, the MTF-1 is primarily involved in metal-induced MT
expression. Therefore the MREs, together with the essential metal ions, such as Zn that
associate with MTF-1 at levels required to support life, contribute to the basal as well as
inducible MT expression. MTF-1 is not only essential for induction by Zn but also mediates
responses to Cd, Cu and other heavy metals (Heuchel eta/., 1994). Kimura et a/. (2002)
illustrated that activation of MTF-1 can also be mediated by MT via the increase of
intracellular levels of Zn.
It has previously been demonstrated that in mice and chicken MT-1 genes, expression
during Hz02 -induced oxidative stress is mediated through an E box motif which is a
binding site of the adeno major late transcription factor (MLTF). This binding site overlaps
with an antioxidant response element (ARE) to form a MLTFIARE sequence that is
necessary for both basal and inducible MT expression. Subsequent to the binding of the
MLTF (a member of the basic helix-loop-helix-Zip protein family) to the E box, its
interaction with other transcription factors regulates MT gene expression (Dalton et a/.,
1994; 1997). It is of interest for the purpose of elucidating the role of MT to note that the
ARES are also found in regulatory sequences involved in the expression of genes
responsive to free radicals (Dalton eta/., 1994). These include genes encoding the
phase II detoxification enzymes and the Ya-subunit of the glutathione-S-transferase. This
feature lends credence to the proposed function of MTs being radical scavengers.
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All MT gene promoters also consist of at least a single GC box (consensus sequence,
GGGGCGGGG)
which contributes to the basal level expression of MT via interaction with
members of the Zn finger transcription factors. Enhancer elements, known as basal level
enhancers (BLE) are also present within the 5'-UTR of MT. These elements function
similar to the classical enhancer elements (Lee et a/., 1987) and interact with the
proinflammatory activator protein -1 (AP-1) and activator protein 2 (AP-2) to enhance the
expression of MT under conditions inducing the expression of these genes.
4.1.7

lnduction o f MT aene expression

In addition to basal expression of the MT genes, the biosynthesis of these proteins is
induced by a variety of agents and conditions such as metal ions, hormones, cytokines,
growth factors, tumour enhancers, chelators and many other forms of stress (Karin et a/.,
1980; Sato and Bremner, 1993; Fraga and Oteiza, 2002). MTs are also induced under
non-physiological conditions such as infection, irradiation, hot or cold exposure and
starvation (Sato and Bremner, 1993). Physiological MT synthesis and concentration have
been o b s e ~ e d to be increased during cell proliferation and particularly during
development. Variations in the expression and extracellular localisation of MT isoforms
have also been noted during differentiation and monocyte activation (Riggio et a/., 2003).
These proteins have been postulated to protect tissues against various forms of oxidative
damage, including radiation, lipid peroxidation, detoxification of potentially toxic heavy
metal ions and in the homeostasis of essential trace elements during development. MTs
also regulate the synthesis, assembly and activity of Zn metalloproteins (Bremner and
Davies, 1975).
4.1.7.1

Induction bv metal ions

The initial observation indicating that MTs are induced by high levels of metal ions were
provided by an investigation which illustrated that an increase in the level of Zn resulted in
a proportional increase in the concentration of Zn-MT in rat liver and other organs
(Bremner and Davies, 1975). A similar result was observed in HeLa cells with a high Zn
content, where high MT expression was detected (Chimienti eta/., 2001). The
concentration of the metal ions required for peak transcription levels varies according to
the metal ions and the time required to reach these levels. Zn and Cd are two of the most
potent inducers of MT expression.
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As discussed in Section 4.1.2, MTF-1 is vital for the metal ion induced MT gene
expression. Following cellular exposure to metal ions, MTF-1 translocates from the
cytoplasm to the nucleus, where it binds to the MRE of the MT gene promoter sequences
and regulates transcription. This regulation is attained via the interaction of MTF-1 with
components of the RNA polymerase I1 transcriptional unit (Smirnova et a/., 2000).
Although the activity of MTF-1 is induced by a variety of metal ions, its binding ability to the
MREs DNA sequence is mediated by allosteric interactions with Zn. It is therefore only
responsive to Zn (Heuchel eta/., 1994). The ratio of thiol groups to Zn atoms in the MT-Zn
complexes was observed to be approximately 3:l. This is consistent with the view that
each metal atom is bound to three Cysteine residues in the protein (Kagi and Vallee,
1961).
4.1.7.2

Induction by chemical stress

Although the concentration of heavy metals is a major determinant of tissue MT levels,
induction of MT synthesis may also be due to a variety of chemical stimuli. Cisplatin, an
anticancer drug which is known to exert its action through free radical generation leading
to lipid peroxidation, has also been noted to induce an increased expression of MTs
(Satoh et a/., 1988). Other agents such as tert-butyl hydroperoxide (t-BHP) which
produces ROS (Wang et a/., 2000; Baumann etal., 1991) and paraquat, a superoxide
radical generator, causes in vitro MT induction (Sato, 1991; Choi 2003). In vivo rat studies
indicated that the liver is the most responsive to these oxidising agents, with the pancreas
and the kidney being the second most responsive organs (Fornace etal., 1988; Baumann
etal., 1991).
Ultra violet (UV) irradiation has also been postulated to lead to an induction of MT
synthesis resulting from the production of ROS by the radiolysis of water, which in turn
damages DNA. MT synthesis in this instance is postulated to induce resistance to DNA
damage via scavenging ROS. In a study reported by Fornace et al. (1988), induction of
MT1 and MT2 mRNA peaked at four hours (hrs) after exposure to UV irradiation in
Chinese hamster lung fibroblasts. The non-induction of the other MT isoforms support the
postulated inducer specificity observed within MT isoforms. An increase in MT expression
has also been observed in rainbow trout when they hatch, due to the exposure to UV light.
However, the expression profile seems to be tissue specific or at least mediated by tissue
specific factors (Fornace etal., 1988).
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The role of MT in free radical regulation and scavenging in aquatic species has been
extensively investigated (Anderson etal., 1999; Kling and Olsson, 2000; Filipovic and
Rapor, 2003). Since high oxygen pressure (pOz) leads to an excessive load of ROS (lorio,
2002), and fish often encounter high pOz levels and more frequently than terrestrial
animals, it is important for fish to respond well to raised ROS levels. One such protective
mechanism for free radicals damage may be the upregulation of MT. A previous study by
Kling and Olsson (2000) indicated that exposure of rainbow trout gonadal cells to Hz02 led
to the upregulation of MT protein synthesis. These products were detected by Northern
blot analysis and immunohistochemistry respectively. The authors also compared the cell
survival rate subsequent to treatment with metals prior to the exposure to H202. This
illustrated that metal treatment of the cells induced MT expression and led to a significant
raise in H202 tolerance. There was, however, a difference in the cell survival of the
gonadal cells compared to the embryonic cells, which showed a less significant MT
induction. This observation emphasises the tissue specific expression of MT (Huang eta/.,
1998).
4.1.7.3

Phvsioloaical inducers of MT svnthesis

Cytokines such as TNFa, interleukin l(IL1) and IL6 are secreted from a variety of cells
during an inflammatory, immune or stimulus response and are the major mediators of
hepatic acute phase protein synthesis, including MTs (Hernandez etal., 2000). These
cytokines have a two fold function, that is, they induce inflammation through the production
of ROS and also down regulate the inflammation by inducing synthesis of acute phase
responses (Min et a/., 1992). They have been observed to induce synthesis of Mn-SOD, a
mitochondria1 localised enzyme essential for the conversion of 0y to H202 and

02.

Mn-SOD is also thought to be an acute-phase protein vital for the protection of cells
against oxygen toxicity, via scavenging of free radicals. Among the inflammatory
cytokines, IL6 is a key regulator for the induction of a wide variety of the acute-phase
proteins. It has also been observed to be the major mediator of MT gene expression (Sato
etal., 1995).
The mechanism by which the cytokines induce Mn-SOD and MT expression is not clear,
but it has been postulated that the secreted IL6 associates with the membrane bound IL6
receptor. This results in the formation of a complex that activates Janus kinases (JAK),
which in turn phosphorylates the signal transducer and activator of transcription kinases
(STAT). The resulting complex translocates to the nucleus and induces transcription of MT
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by binding to STAT response elements in the regulatory sequences (Hirano etal., 1997;
Haq etal., 2003). Deletion experiments in an attempt to characterise the MT promoter
region, demonstrated the presence of overlapping IL6 response elements (116-REs) in the
mouse MTI promoter sequences (Kasutani etal., 1998). Sequences to which the STAT
transcription factors bind to were demonstrated to be located 259 bp upstream of the MT
gene transcription initiation site, in close proximity to the IL6-REs. The presence of various
responsive elements within the MT gene promoter is consistent with the observed
difference in induction and transcriptional efficiency in the various isoforms.
In the investigation by Sato et a/. (1995) on the role of Mn-SOD and MT, it was
demonstrated that the pre-treatment of rats with TNFa and IL6 prevented lipid peroxidation
and subsequent liver damage induced by carbon tetrachloride (CCld. These cytokines
increased the activity of the mitochondria1 Mn-SOD and synthesis of cytoplasmic MT. The
difference in the subcellular localisation of MT and Mn-SOD suggests that they may play a
cooperative antioxidative role in various compartments of the cell.
Glucocorticoid hormones also induce MT expression, however, the induction is
independent of other regulatory sequences present within the MT promoter (Godowski
etal., 1987; Hernandez eta/., 2000). The MT regulatory sequences include glucocorticoid
responsive elements (GREs) which upon binding of the glucocorticoid hormones as well
as the RNA polymerase II transcription unit induce transcription. Human MT2 consists of
only a single copy of the GRE and this element is absent in MTI genes, whereas there are
two copies in mouse MT2 and MTI. In mice, MTI and MT2 are induced at equal levels by
glucocorticoid hormones (Karin etal., 1984; Kadonaga etal., 1987).
As described in the previous sections, cytokines induce MT synthesis, however,
pre-treatment with dexamethasone, a steroid hormone that inhibits cytokine production,
prevented the increase on MT concentration in vitro (Min et a/., 1992; Sato et a/., 1995).
These results suggest that even though glucorcorticoids are direct inducers of MT
synthesis, they inhibit MT synthesis during inflammation by suppressing cytokine
production (Karin etal., 1980; Min etal., 1992).
4.1.7.4

Induction due to lipid peroxidation

Since ROS increases membrane permeability by oxidation of membrane lipids, it results in
the induction of lipid peroxidation which subsequently leads to tissue damage. It is
expected that some mediators released during this process may induce MT synthesis. The
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hepatic concentration of MT indirectly induced by these ROS was well correlated with lipid
peroxide levels by the measurement of thiobarbituric acid-reactive substances (TBARS).
To evaluate the relationship between lipid peroxidation and MT synthesis, the effect of
vitamin E (a lipid soluble antioxidant which prevents lipid oxidation) on the production of
MT was investigated by Sato and Bremner, (1993). The administration of CC14 to rats
increased hepatic concentration of TBARS and induced leakage of aspartate
aminotransferase (AST) from liver to plasma indicating the occurrence of lipid peroxidation
and liver damage. However, the MT concentration was similar in untreated rats versus
those pre-treated with vitamin E, illustrating that lipid peroxidation in the liver is not
necessary for induction of MT synthesis by CC4 (Cagen and Klaassen, 1979; Sato and
Bremner, 1993; Sato et a/., 1995). This could reflect sequestration of the reactive
metabolite of CCI4 by MT, or alternatively support the hypothesis that MTs are not directly
induced by free radicals but rather by the release of cytokines or other mediators released
during oxidative stress (Sato et a/., 1995). Lipid peroxidation also occurs when a cell is
exposed to alkylating agents such as bromobenzene, which in turn results in a reduced
GSHPx concentration (Chvapil et a/., 1972).
4.1.8

Radical scavennina mechanism of metallothioneins

The exact mechanism by which MTs scavenge free radicals is not clear, but a variety of
mechanisms have been proposed. Four of the proposed mechanisms are listed below.
a.

The Cys residues of MTs, particularly their thiolate groups, seem to be the primary
target for the reaction with OH- forming diamagnetic metal-thiolate clusters. The
thiolate ions of MT are bound to the transition metals, however, these metals are
constantly undergoing intramolecular exchange thereby making the thiolate ions of
MT accessible to electron acceptors such as ROS (Simpkins et a/., 1996). The
primary structure of MT, in particular the presence of Cys residues, has been
postulated to be a crucial feature in their reactivity with OH'. The chemical
composition, mainly the sulphur content, is a more important factor than the size of
the MT. Thornalley and VaSak (1985) utilised bovine serum albumin (BSA) as a
control to investigate the effects of MT on free radical scavenging. It was observed
that the effective concentration of Cys sulphur in MT is 20-times the molar
concentration of Cys residues in GSH and Ctimes that of BSA. It was suggested
from this investigation that MTs have multiple sites for OH- attack, rendering them
with a more effective OH' scavenging ability than GSH (Thornalley and VaSak,

1985). In contrast, the quenching of superoxide radicals by MT appeared to be
inefficient when compared to that of superoxide dismutase (SOD) and GSH.
It has also been hypothesised that the primary determinant of MT protection is the
release of the Zn followed by its uptake into the membrane. Subsequent to the
uptake of Zn, the membrane will be stabilised since Zn protects against lipid
peroxidation by a variety of mechanisms such as a decrease in iron (Fe) uptake,
induction of MT or an increase in GSHPx activity (Chvapil et a/., 1972; Thomas
eta/., 1986).
Thirdly, MT can chelate Fe or mediate its conversion to an unstable form. Fe leads
to the production of hydroxyl radicals that can subsequently initiate lipid oxidation
(Fraga and Oteiza, 2002).
MT may also play a physiological role as a cofactor of GSHPx for the degradation of
harmful oxidants. It is also hypothesised that MT may increase the cellular levels of
Zn and Cu which may activate antioxidant enzymes.
Whether any of these functions are dominant in the defence system against oxidative
stress remains to be elucidated. Even though there is evidence of the protective role of MT
against ROS generated by various mechanisms, several studies as described in the
subsequent text, have indicated that MTs do not function as antioxidants in vivo.
Conrad et a/. (2000) demonstrated that MT null mice and parental controls were equally
sensitive to oxidative damage induced by y-radiation and 2-nitropropane. In contrast to this
investigation, initial studies by Lazo et a/. (1995) and Zheng eta/. (1996) with cells from
MT null and wild-type mice, indicated that MTs function as antioxidants. Lazo et a/. (1995)
utilised embryonic cells which were treated with paraquat to induce production of ROS. It
was reported that the wild-type cells were less sensitive to the growth inhibitory effects of
ROS. Zheng eta/. (1996) reported that the MT null hepatocyte cultures that were utilised
were more sensitive to the cytotoxic action of t-BHP and produced more lipid peroxidation
compared to the wild-type derived hepatocytes. A similar study was performed in
astrocytes (Suzuki et a/., 2000) and results supporting those by Zheng et a/. (1996) were
obtained.

A possible explanation for the contrasting results is that Lazo eta/. (1995) and Zheng et a/.
(1996) exposed the cells in culture directly to ROS generated by t-BHP and paraquat,
whereas those in Conrad et a/. (2000) were exposed to physiological doses of oxidative
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stress caused by y-radiation. Therefore it is possible that MT only exerts a protective effect
under extreme conditions of oxidative stress observed when cells are directly exposed to
overwhelming oxidative damage. However, the in vivo level of oxidative stress may never
reach a level where MTs function as antioxidants. These observations also emphasise the
tissue specific nature of MTs. Similar findings to those of Conrad et a/. (2000), were
reported by Liu et a/. (1999), illustrating that transgenic mouse models that over express
MT were not protected from any oxidative damage caused by y-radiation, similar to the
control mice.
Oxygen free radicals formed in tissues can be spontaneously degraded by any of the other
aforementioned biological systems, such as GSH or SOD. The particularly short half-life of
the hydroxyl radical is another constituent that may lead to the non-functioning of MTs
in vivo. Thus MTs and other scavengers can only be effective if they are within close

proximity of the site of radical production in order to interact with the radicals before
reacting with other cellular compartments. It is evident from the literature presented in the
previous sections that the precise role of metallothioneins is still to be elucidated.
However, many studies have demonstrated that the presence of ROS within a cell has
detrimental effects that lead to the pathogenesis of a variety of disorders.
Based on these previous reports, the role of ROS in mitochondria1 cytopathies and other
disorders such as diabetes, particularly T2D in the context of this investigation has
become apparent. It is evident that future research should be focused on elucidating the
role of these reactive oxygen species in the pathogenesis of ROS-related disorders and
the effects thereof on the expression of genes. At the start of the current study, it was
hypothesised that an increase in the level of MT expression is expected in the group of
individuals affected with T2D that were included in this investigation, and that a lower
expression level will be detected in individuals not affected. The analysis of the gene
expression profiles of metallothioneins in individuals with ROS related disorders will prove
to be imperative for the elucidation of their role in these respective disorders.
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RESEARCH OBJECTIVES

The objective of this research project was to explore the use of metallothioneins as
biomarkers for ROS related disorders, specifically T2D in this investigation. This will aid in
the pre-symptomatic detection of increased levels of ROS.
4.2.1

Specific objectives of this investhation

In order to address the research objective outlined in Section 4.2, the following specific
objectives were investigated in this study.
a.

The first objective of this investigation was to determine the levels of ROS in vivo
i.e. in whole blood of the following three groups of individuals.

i. Individuals affected with T2D, which were designated as Group-I,
ii. Individuals not affected with T2D, which were referred to as Group-2 and

iii. Individuals at risk for developing T2D who were classified as Group-3.
b.

The second objective was to investigate whether there is a ROS-dependant
induction on MT gene expression in whole blood of individuals with elevated levels
of ROS as compared to those with lower ROS levels. This second goal also
entailed that the presence of MT protein had to be determined.

c.

The final objective was to elucidate the expression of MT genes in HeLa cell lines
with high levels of ROS, and to compare the results obtained from the in vitro study
to those of the in vivo study as listed in the first objective for the three groups of
individuals.

CHAPTER FIVE
MATERIALS AND METHODS

This project forms part of the broader mitochondrial project which has been approved by
the Ethics Committee of the North-West University (Potchefstroom campus), under the title
"Mitochondrial DNA (mtDNA) mutations in patients with suspected mitochondrial disorders
in the South African context': approval number 02M02. This study was also approved by
the Ethics committee of the Faculty of Medicine of the University of Pretoria, and the
Pretoria Academic Hospital. The approval number 91/98 was assigned to the study
entitled "Mitochondria1DNA (mtDNA) mutations in patients with suspected mitochondrial
disorders in the South African context". Due to the inclusion of diabetic individuals in this
study, ethical approval for the diabetes project was also obtained under the title "Molecular
analysis of non-insulin dependant diabetes mellitus (NIDDM) in the South African
population" and has been assigned the approval number 02M08.
5.1

PATIENT POPULATION

All individuals included in this investigation were recruited from Potchefstroom, in the
North-West province of South Africa. Patients who were clinically diagnosed with diabetes
mellitus, in particular T2D, were recruited into the investigation subsequent to the
acquisition of written informed consent. The inclusion criterion for these individuals was
based on a previous clinical diagnosis of T2D, by their respective clinicians. This group,
which was composed of one Indian, one Black and 17 Caucasian South African
individuals, is referred to as Group-I throughout this report. Clinically unaffected aged
matched individuals were also recruited into the investigation following attainment of
written informed consent and were referred to as Group-2. This group was composed of
one Black and 11 Caucasian South African individuals. The selection of non-diabetic, aged
matched individuals to include in this investigation, was based on a negative diagnosis for
T2D. Individuals comprising these two groups were randomly selected from the Centre for
Diabetes at the North-West University (Potchefstroom campus). Medical data for the
diabetic and non-diabetic individuals was also obtained where possible. During the
recruitment of these individuals, questions pertaining to the lifestyle factors, which may
have had an influence in the parameters measured in this investigation, were asked for
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both groups. The information, which was obtained from all the individuals during the
recruitment phase, is presented in Table 5.1.
Table 5.1:
Number
1
2

Summary o f the information required from the individuals recruited
into the investigation
Information
Age and gender

4

Mass in kilograms (kg), height in metres (m), waist size in cm and hip size in cm
Alcohol intake, cigarette smoking, laser treatment and cataract removal
Family history of diabetes

5

Medication for T2D. hv~ertensionor other t v ~ e sof medication

3

T2D =type two diabetes mellitus.

A group of individuals classified as being at risk of developing diabetes were also included
in this investigation. These individuals formed part of the Profiles of Obese Women with
Insulin Resistance Syndrome (POWIRS2) study, and were referred to as Group-3. This
group was composed of female Caucasian South African individuals The selection criteria
for these individuals were that they had to have BMI values above the normal value of 25,
due to the association of high BMI and obesity with diabetes (Hotamisligil etal., 1995) as
well as family history of diabetes mellitus. Screening of the genes associated with the
pathogenesis of T2D as listed in Figure 3.6, was not the aim of this study. A family history
of diabetes was regarded as indicative of possible genetic predisposition to developing
diabetes.
Medical history as well as the information outlined in Table 5.1 were also obtained for
these individuals when recruiting them onto the research programme. After 10 hrs of
fasting, whole blood from these individuals was obtained with informed consent. The blood
obtained from individuals comprising these three groups was pre-treated as required for
each of the biochemical parameters described in Section 5.2.

5.2

BIOCHEMICAL ANALYSES

Various biochemical parameters were analysed to determine the level of ROS and the
energy status in whole blood of the individuals in the three groups. ROS levels were also
measured in t-BHP-treated and control cell lines. The analyses listed as numbers 1-6 in
Table 5.2, were performed in whole blood. Due to the large quantity of cells required,
which could not even be attained via culturing for the assays listed as 1-6, these analyses
were not performed on cell cultures. To determine the production of ROS and to analyse
the effects of ROS on cell viability in cell cultures, the analyses numbered as 7 and 8 were
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In the d-ROMs test, the hydroperoxides react with a chromogenic substrate, which results
in a coloured solution. The coloured complex is detected and quantified via spectrometric
analysis as Carratelli Units (CARR U). A blank was also prepared in a similar manner to
the samples as well as the control serum sample provided with the kit, with the exception
that the biological material was replaced with water. The absorbance was recorded
kinetically at 505 nanometres (nrn), in 1 min time intervals for 5 min. The absorbance of
the blank was subtracted from those of the standards and the samples. The hydroperoxide
concentration was calculated from the formula in Equation 5.1.
Equation 5.1:

Determination of the concentration of hydroperoxides

r

I
CARRU=&
min

xF

CARR U = Carratelii units, where 1 CARR U corresponds to 0.08 mg.lOO mr' H202;AAbs = mean difference in absorbance: min =
minutes: F = correction factor with an assigned value of 9000. Adapted from lorio (2002).

Reference intervals determined by Lubrano eta/. (2002) as listed in Table 5.4 were utilised
as a reference in this investigation to characterise oxidative stress levels in the serum
samples.
Table 5.4:

r

Reference intervals for oxidative stress levels

CARR U

mg.100 mf' H202

250-300
300-320
320-340
340-400
400-500
>500

16-20
20-24
24-27
27-32
32-40
>40

Oxidative stress level
Normal range

1

Range of border line threshold
Range of mild oxidative stress
Range of oxidative stress
Range of high oxidative stress
Range of very high oxidative stress

CARR U = Carratelii units, where 1 CARR U corresponds to 0.08 rng.100 mlr'H202; H202 = hydrogen peroxide. Adapted from Lubrano
et a1 (2002).

5.2.2

Oxvaen Radical Absorbance Capacitv IORAC) assay

The Oxygen Radical Absorbance Capacity (ORAC) assay was utilised to measure the total
antioxidant capacity of biological samples. It is based on the induced free radical damage
of fluorescein, that is observed by a decrease in fluorescence emission. In the presence of
an antioxidant, such as Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid, a
water-soluble analogue of a-tocopherol) which was used as a standard in this assay, the
inhibition of free radical damage was measured. This measurement reflects the protection
against a decrease in fluorescence of fluorescein (Cao and Prior, 1998).
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The ORAC assay was performed in blood samples collected in serum tubes. The serum
was obtained subsequent to it being separated from the blood cells via centrifugation. Due
to the sensitivity of the ORAC assay, the samples were diluted 100 - 200 fold with
phosphate buffer. The serum was also pre-treated with 0.5 molar (M) perchloric acid
(PCA) and centrifuged at 10,000 x gravitational acceleration (x g) to precipitate the
proteins and to prevent oxidation of the antioxidants. The resulting supernant was utilised
for the ORAC assay.
A Trolox standard series were prepared on microtitre plates from a 500 micromolar (pM)
stock solution in a 75 mM phosphate buffer (di-potassium hydrogen phosphate (KzHPO~),
di-sodium hydrogen phosphate (NaH2P04)at pH 7.4) as illustrated in Table 5.5, giving the
final concentration indicated. The serum samples were diluted in the phosphate buffer and
aliquoted to the wells in duplicate to a total reaction volume of 20 pI as in the standards.
Table 5.5:
Reagent
I Phosphate
Buffer

Illustration of the layout of the microtitre plate for the ORAC assay
I

2

3

4

5

6

20

19

18

16

14

12

Trolox (PI)

0

1

2

4

6

8

[final] FM

0

25

50

100

150

200

(PI)

To each well, 160 pl of a fluorescein solution (56 nM in phosphate buffer) was added.
Temperature plays a critical role in the ORAC because the reaction can be affected by the
thermal decomposition of 2, 2'Azobis (2-amidinopropane) dihydrochloride (AAPH), a
peroxyl radical generator utilised in the assay. To eliminate the problem of temperature
non-homogeneity across the plate, the plate was pre-incubated at 37 degrees Celsius ("C)
for 15 min (Huang et a/. 2002). The reaction was initialised by adding 20 p1 AAPH (240
nanomolar (nM) in the phosphate buffer) and the plate immediately placed in the FL600
Bio-Tek microplate reader pre-heated to 37 "C. Fluorescence measurements were taken
every two minutes (excitation at 485 nm and emission at 520 nm from the top of the plate)
until the final reading was circa (ca.) 5% of the initial reading. The area under the curve
was calculated according to Equation 5.2 to quantify the antioxidant capacity of the
respective tissues. The area under curve technique that was utilised to determine the
ORAC is further discussed in Section 6.2.1.2.
Equation 5.2:

I

Determination of the area under the curve
S = (0.5 + F5lFO + FIOIFO + F15lFO + ...+ FilFO + FilFO) X 5

FO = initial fluorescence at 0 min; Fi = fluorescence measurement at time i; S = area under the curve. Adapted from Cao and Prior
(1998).
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The final readings (ORAC value) were expressed as Trolox equivalents, as illustrated in
Equation 5.3. The data was analysed utilising Microsoff ~ x c e l " to calculate the total
cellular antioxidant capacity applying both Equation 5.2 for the area under the curve and
5.3 for the final ORAC value. The ORAC activity against peroxyl radicals measured in
serum of healthy individual has been estimated to ca. 1,800 - 1,900 pM Trolox Units (Cao
and Prior, 1998).
Equation 5.3:

Determination of the ORAC value
ORAC Value (PM) = 20k (S~ampk-Sb~an~)I(Sfrolo~-Sb~ank)

k = sample dilution fador; S = area under the fluorescence curve. Adapted from Cao and Prior (1998).

5.2.3

Glutathione redox analvsis

This method of analysis is based on the recycling process of glutathione by the enzyme
glutathione reductase. This reaction is vital within the cell, since it is one of the enzymatic
mechanisms that a cell utilises to scavenge ROS. The exact mode of action is discussed
in Section 3.3. As GSSG is only present in minimal amounts in comparison to GSH,
auto-oxidation of the latter will result in a false GSSG representation. The accurate
determination of the GSH:GSSG ratio was accomplished by the exploitation of a GSH
scavenger, 1-methyl-2-vinyl-pyridinium trifluoromethane sulfonate (M2VP), a sulfhydryl
group alkylating agent at a concentration of 30 millimolar (mM) in 0.1 Normal (N)
hydrochloric acid (HCI). This reagent facilitates accurate measurement of GSSG as it
prevents the auto-oxidation of GSH (Asensi et a/., 1999).
5.2.3.1

S a m ~ l epreparation for GSSG analysis

Whole blood was collected in ethylenediamine tetra-acetic acid (EDTA) tubes for the
glutathione redox analysis. Of the EDTA treated blood, 100 pI was aliquoted into a 1.5 ml
microcentrifuge tube containing 30 mM M2VP, for the GSSG test. The samples were
stored in M2VP at -70°C, for no longer than 30 days. The samples were thawed and
thoroughly mixed prior to analysis. The samples were subsequently mixed with 290 pl of
5% metaphosphoric acid (MPA), vortexed and centrifuged at 1,000 x g for 10 min. The
acidic supernatant (25 pI) was carefully aspirated and diluted with 350 pl buffer A (500 mM
sodium phosphate (NaP04) at pH of 7.5, 1 mM EDTA) for the GSSG analysis.

' ~icrosoft~is
a registered trademark of Micrmofl Corporation, Redmond, WA, U.S.A.
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5.2.3.2

Sample preparation for total GSH (tGSH1 analysis

For the GSH analysis, 50 p1 of the EDTA blood was aliquoted into a separate sterile 1.5 ml
microcentrifuge tube. The samples were stored at -70°C, until analysis, but were thawed
and incubated at room temperature prior to analysis. To precipitate the proteins, 350 p1 of
5% MPA was added to each of the samples. The precipitate was subsequently removed
via centrifugation at 1,000 x g for 10 min. Subsequently, 5 p1 of the MPA extract was
diluted with 300 pI of buffer A, as discussed in Section 5.4.1.1.
5.2.3.3

GSH o r GSSG analysis

The assay was performed in a microtitre plate via Fluorometry. A 3 pM GSH solution was
prepared and used as a standard. The plate was set up as indicated in Table 5.6. The
components specified in Table 5.6 are those of the standards and the blank, with a total
reaction volume of 50 pl.
Table 5.6:

Schematic representation of the set up of a microtitre plate for total
GSH or GSSG analysis

Standard (3pM) in pI

Buffer A (pl)
Final concentration (pM)

1
0.0
50.0
0.0

2
8.3
41.7
0.5

3
16.7
33.3
1.0

4
25.0
25.0
1.5

5
33.3
16.7
2.0

6
41.7
8.3
2.5

7
50
0.0
3.0

Duplicates of each sample (50 pI of the samples diluted in buffer A) were aliquoted into
separate wells. To each well 50 p1 of 5, 5' dithiobis-(2-nitrobenzoic acid) solution (DTNB)
at 0.3 mM in buffer A (500 mM NaP04 (pH 7 3 , 1 mM EDTA) and glutathione reductase
(GR, 0.02 u.~I")were added. The solutions were mixed and incubated at 25°C for 5 min in
a preheated microplate reader. To initialise the reaction, 50 pI of NADPH (1 mM) was
aliquoted into each well. DTNB reacts with GSH resulting in coloured product,
thiobis-(2-nitrobenzoic acid). The coloured product was measured kinetically at 412 nm for
3 min on a FL600 Bio-Tek microplate reader. The concentration of either GSSG or GSH,
which is proportional to the concentration of the coloured product, was calculated utilising
the linear slope of standards. The results of the GSH and GSSG assay were compared to
obtain a ratio of the two, as depicted in Equation 5.4
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Calculation of the GSH:GSSG ratio
GSH, = FM x dilution factor (488)

I

GSSG = pM x dilution factor (60)
GSH:GSSG = (GSH, - 2GSSG)IGSSG

I

GSH,=GSH + GSSG.Asensi et a1 (1999).

5.2.4

NADH:NAD+ratio analvsis

As discussed in Section 3.1.5, the favoured reduction of pyruvate to lactate under
defective OXPHOS conditions results in the production of a high concentration of NAD'.
The analysis of the NADH and NAD" is based on the reaction catalysed by the enzyme,
alcohol dehydrogenase (ADH) that initiates the reduction of NAD" to NADH. NAD* is
oxidised, upon the addition of N-ethyldibenzopyrazine ethyl sulphate (PES) which is in turn
re-oxidised in the presence of 3-[4,5-dimethylthiazol-2-yl]-2,5diphenyltetrazolium bromide
( M V ) , producing a colour change measured at 570 nm.
This test was performed in blood collected in fluoride tubes. The fluoride treated blood was
mixed with a buffer solution composed of 10 mM nicotinamide, 20 mM sodium carbonate
(NaHC03) and 100 mM di-sodium carbonate (Na~C03).The mixture was snap frozen in
liquid nitrogen and stored at -70 "C until the analysis was performed. The samples were
thawed on ice before analysis, subsequent to which each of the samples were split into
two. In the one sample aliquot, the NAD'was destroyed by the incubation of this mixture at
60°C for 30 min. The mixture was subsequently cooled on ice. At this point, the sample
could be stored at -70°C if not analysed promptly.
To quantify the NADH present within each sample, 80 pl of each sample was aliquoted
into each well of the microtitre plate. The standards were prepared from 0 nM to 1000 nM
NADH to derive a standard curve, which was utilised to quantify the amount of NADH,
present in each sample. To these standards and the samples the following reagents were
added: 25 p1 1.O M Tris-HCI (2-amino-2-hydroxymethy1)-1,3-propanediol hydrochloride
(pH 8.0), 5 p1 PES (100 mM), 12.5 pl M V (10 mM), 7 p1 ADH (29.4 milligrams (mg).ml-I)
and 96.5 p1 double distilled water (ddH20). The mixture was incubated at room
temperature for 5 min. To initialise the reaction catalysed by ADH i.e. the conversion of
ethanol to acetaldehyde resulting in the reduction of NAD", 24 p1 of 33% volume per total
volume (vlv) ethanol was added. The absorbance at 560 nm was measured on the FL600
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Bio-Tek microplate fluorescence for four minutes (min). The absorbance values were used
to the NADH:NAD+ratio as illustrated in Equation 5.5.
Equation 5.5:

&=

Determination of the NADH:NAD+ ratio

absorbance of sample in which NAD' was destroyed via heating; Awal= absorbance of sample not heated; t = time rnin

5.2.5

Lactate:pvruvate ratio analysis

The increase in the cellular concentration of L-lactate is characteristic of a defective
OXPHOS or any of the pathways integral to the cellular energy metabolism. The
1actate:pyruvate (UP) ratio was determined in all groups of individuals. The pyruvate
concentration was determined by the reversible reaction catalysed by lactate
dehydrogenase (LDH), where pyruvate is favourably converted to lactate, with the
concomitant reduction of NAD' to NADH. The increase in NADH which is measured at 340
nm is proportional to the amount of pyruvate converted to lactate. The addition of
glutamate and

glutamate-pyruvate transaminase (GPT)

when

determining the

concentration of lactate which catalyses the transamination of pyruvate to alanine allowed
for the precise determination of the concentration of lactate.
Blood utilised for this assay was collected in EDTA tubes. The blood sample was
immediately deproteinised by the addition of 1 ml of 1 M PCA to 500 pI and centrifuged at
3,000 x g for 15 min. The supernatant was transferred to a 1.5 ml eppendorf tube and kept
on ice for 15 min. To neutralise the solution, 3 M tripotassium buffer was added until a
neutral pH was obtained, followed by incubation of the sample on ice. The potassium
perchlorate precipitate was subsequently removed after centrifugation at 1,000 x g for 10
min.
The remaining clear supernatant was used for the lactate and pyruvate analyses. The
reaction components were added into cuvettes as illustrated in Table 5.7 and 5.8. For the
lactate analysis, the increase in the concentration of NADH was measured in an alkaline
buffer whereas for the pyruvate analysis the decrease in NADH is measured in a neutral
buffer.
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Reagents utilised in the lactate determination assay
Reagent

Blank

Standard

Sample

Rerun assay internal
standard

Glycylglycine buffer (0.6 M, pH
lo), glutamate (0.1 M) in p1

100

100

100

100

NAD (18 rng.ml-') in pl

20

20

20

20

GPT (0.1 mg.ml-') in p1

2

2

2

2

Sample in pI

---

--

20

10

I

Standard (0.15 ma.mrl) in ul

1

1018161412

1

I

--

10

I

NAD = oxidised niwtinamide adenine dinucleotide; GPT = glutamate-pymvatetransarninase; ddH20 = double distilled water; -- = no
reagent added

The reagents were gently mixed and incubated at room temperature for 5 min. The
samples were aliquoted into cuvettes and placed in the Bio-Tek UVIKON UV-Vis double
beam spectrophotometer. The absorbance was measured at 340 nm. Subsequent to the
first reading, 5 p1 of the enzyme, LDH (0.1 mg.ml-') was added and the samples were once
again thoroughly mixed, incubated at room temperature for 30 min and the formation of
NADH determined at 340 nm. The reading taken before the addition of LDH was referred
to as A, and that taken after the addition is A2. The concentration of lactate was
determined by the use of Equation 5.6.
Equation 5.6:

Determination of the lactate concentration

I

I

X (V x MW) I(c x d x v)

Lactate (mg.l-') = ([A,Al]lt)

t = time (min); A, = absorbance value before the addition of LDH; A2 = absorbance value affer the addition of LDH; V = total reaction
volume (ml) in cuvette; v = sample volume (mi); d = path of cuvette 110 millimetre (mm)]; c = NADH extinction coefficient (0.63
I. mmol'. mni'); MW = molecular weight of ladate (90.1 grams per mole (g.mol")].

The same procedure was followed for the determination of the pyruvate content. However,
the reagents listed in Table 5.8 were utilised.
Table 5.8:

Reagents utilised in the pyruvate determination assay

1

Rerun assay
internal standard

Blank

Standard

Triethanolarnine (0.5 M),
EDTA (5 mM) pH 7.6 in pI

100

100

100

100

NADH (5 mg.ml-') in p1

20

20

20

20

Reagent

I Sam~lesolution in ul
Standard (0.15 mg.rnl-') in pI
ddH20 in pl

I

I

-

I

I

10

I

20

/
I

1018/614/2
100

90192194196198

90

80

NADH = reduced nicotinamide adenine dinucleotide; EDTA = ethienediamine tetra acetic acid (disodium sail); ddHIO = double distilled
water; - = no reagent added.
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Following the addition of 5 pl of LDH (0.1 mg.ml-I), the samples were thoroughly mixed,
incubated at room temperature for 30 min, and the depletion of NADH determined at
340 nm. The reading that was taken before the addition of LDH was referred to as A1 and
that taken after the addition was A2. These values were utilised in the equation below to
determine the concentration of pyruvate.
Equation 5.7:

i

Determination of the pyruvate concentration
Pyruvate (mg.l-') = ([A2-A#) X O/ x MW) I (E x d x v)

t = time (min): A, = absorbance value before the addition of LDH; A2 = absorbance value af7er the addition of LDH; V = total reaction
volume (ml) in cuvette: v = sample volume (ml): E = NADH extindion coefficient(0.63 i.mmolhrn.'); d = path of cuvette (10 mm): MW =
molecular weight of pyruvate (88.1 gmol").

5.2.6

ATP:ADP ratio assay

The energy status of cells in whole blood was determined via the ATP:ADP assay. A
0.5 ml volume of fresh whole blood was thoroughly mixed with 1.5 ml ice cold 2 M PCA.
The sample was placed on ice for 15 min. To precipitate the proteins, the mixture of blood
and PCA was centrifuged at 1,000 x g for 15 min. The supernatant was transferred into a
sterile tube, neutralised by the addition of 3 M tri-potassium buffer (pH 7.5) and centrifuged
at 5,000 x g to remove the precipitated potassium perchlorate.
In order to measure the total cellular ATP (ATP + ADP converted to ATP), 150 p1 of each
of the neutralised samples was mixed with 140 pl of buffer A (3 mM phosphoenol pyruvate
(PEP), 50 mM imidazole-HCI at pH 7.0, 2 mM magnesium chloride (MgCIz), 75 mM
potassium chloride (KCI) and 5 pl of pyruvate kinase (100 pg. ml-I buffer A). The mixture
was incubated at room temperature for 60 min. This reaction facilitated the conversion of
cellular ADP to ATP, resulting in the formation of pyruvate. To inactivate the enzyme, the
mixture was heated at 60°C for 10 min. Subsequent to the heat inactivation, 300 pI of
buffer B (50 mM Tris-HCI at (pH 8.1), 10 mM glucose, 100 pg.ml-' glucose 6-phosphate
dehydrogenase, 100 pg.ml-l hexokinase) was added before the first measurement was
taken.
The first absorbance reading (AI) was recorded at 340 nm in the Bio-Tek UVIKON UV-Vis
double beam spectrophotometer. This reading gave an indication of the amount of ADP
that was converted to ATP. To this mixture, 5 pI of NADP' (1 mM) was added to start the
reaction that converts glucose 6-phosphate (formed via the reaction catalysed by
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hexokinase) to 6-phophogluconate. The NADPH formed was measured at 340 nm,
corresponding to the amount of total ATP present (ADP and ATP).
The ADP present in the sample was measured via the same procedure, however, pyruvate
kinase was not added but substituted with buffer A (Lust et a/., 1981). A series of
standards to quantify the concentration of ATP as well as ADP were prepared to range
between 0 and 1,000 pM. From the data of both of the standards, as summarised in Table

5.9, a standard curve was plotted. The equation obtained from the standard curve was
utilised to estimate the ATP and ADP concentration in each of the samples and from that
data the ATP:ADP ratio was determined.

Table 5.9:

Summary of concentrations for the ATP and ADP standards

Concentration of ATP (pM)

0 pM

200 pM

400 pM

600 pM

800 pM

I000 pM

Volume of ATP standard (pi)

0
150

30
120

60
90

90
60

120
30

150
0

Volume of buffer lul)

5.3

CELL CULTURE FOR ROS ANALYSIS

Cells which were originally obtained from the cervical cancer cell line of Henrietta Lacks
(HeLa) were obtained from the National Repository for Biological Materials (NRBM). These
cells were cultured in Dulbecco's Modified Eagle's Medium supplied by Highveld Biological
(Pty) Ltd (DMEM, with 4.5 grams per litre (g.1-') glucose, 0.110 g.rl sodium pyruvate with
L-glutamate) supplemented with 10% foetal calf serum (FCS, GIBCO@'), 100 units per
millilitre ( ~ . m l - I penicillin
)
supplied by GIBCO@ and 100 microgram per millilitre (pg.ml-I)
streptomycin. A 100 p1 volume of previously cultured cells was aliquoted into a 1.5 ml
Eppendorf tube under sterile conditions. A 250 p1 aliquot of 0.4% Trypan blue together with
150 p1 of 1 X phosphate buffered saline (PBS) were both supplied by ~io-whittakerTM2,
were added to the 100 p1 aliquot of cells and mixed gently. The cells were counted via the
use of a haemocytometer.
Subsequent to quantifying the cells, a desired number of cells were re-seeded into either
sterile 25 cubic centimetre (cm3) flasks or 96 well plates ( ~ u n c l o n depending
~~~)
on the
analysis to be performed and incubated at 37 "C, 5% COz in a humidified HERA cell
Heraeus incubator. The process of cell seeding was performed every two to three days to

' G I B C O ' ~reaistered
~
trademark of lnvitroaen Cornoration. Auckland. New Zealand
Blo-~hlttake;"

IS

.

a trademark of Cambr& BIO~ L e n c eWalkerswlle
.
lnc Walkersvllle. MD. U S A

' Nunclonm is a trademark of Nalge Nunc Internatjonal. Rochester. NY. U S A
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maintain the cells in a viable state. Once the cells were confluent, they were treated
accordingly.
5.3.1

Treatment of control cells with t-BHP

A subset of control HeLa cell lines were treated with t-BHP (Sigma Aldrich), a compound
that leads to increased presence of ROS, via the formation of peroxyl and alkoxyl radicals.
D'fferent concentrations of t-BHP (0.5 mM, 0.8 mM, 1 mM) were administered for 3 hrs,
and the levels of ROS produced were determined for each dosage via the biochemical
parameters described in Sections 5.4.7 and 5.4.8.
5.3.2

ROS determination in t-BHP-treated HeLa cells

To determine the production of ROS in t-BHP-treated HeLa cells, 3 x

l o 4 cells per well

were seeded on 96 well plates (Nunclonm plates) in a total volume of 100 p1 per well and
incubated overnight. The method described by Wang and Joseph, (1999) was followed.
Subsequent to the overnight incubation the media was discarded and the cells
supplemented with media containing ImM, 0.8 mM and 0.5 mM t-BHP (made up in
media) respectively. A subset of cells were utilised as a negative control, whereby no
t-BHP was added. The exposure was allowed to occur for 3 hrs at 37°C. The detection of
ROS

production

was

enabled

by

the

addition

10 pI

of

a

10 mM

2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA) solution as described by Shimizu
et a/. (2004). H2DCFDA is widely utilised as a ROS probe (Wang and Joseph, 1999; Perez
and Cederbaum, 2003). The reactions were incubated for a further 30 min, at 37°C. The
cells were subsequently washed with 200 p1 PBS and 100 p1 PBS added thereafter. The
fluorescence (485 nm excitation and 530 nm emission) was measured via the FL600
Bio-Tek microplate reader. The sample measurements were normalised according to the
protein content of the cells.
5.3.2.1

Protein assay

The standard Bicinchoninic Acid (BCA) method for protein determination was performed,
using 1 pg.pfl BSA as a standard. The BCA method is similar to the Lowry assay. It
depends on the conversion of copper II (cu2') to copper (Cu')

ions under alkaline

conditions. The formation of Cu* leads to the formation of a purple colour reaction, which is
measured at 560 nm. The production of Cu' is proportional to the protein content. The
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protein content of the samples is inferred from the known concentration of the BSA
standard (Smith et a/., 1985). The standards were set up as illustrated in Table 5.10.
Table 5.10:

Layout of the standard range on microtitre plate for the protein
determination assay

Concentration (pg. pl")
BSA standard (PI)

ddHzO (PI)

0
0
10

2

2
8

4
4

6

8

6

6

4

8
2

10
10
0

ddHpO= double distilled water; BSA = bovine serum albumin.

To each of the standards as well as the samples, 200 pI of a mixture of BCA and copper II
sulphate (Cu2S04) in a ratio of 50:l was added. The plate was incubated at 37°C for 20
min, subsequent to which the absorbance of the reaction was measured at 560 nm in a
FL600 Bio-Tek microplate reader.
5.3.3

Cell viabilitv assav in t-BHP-treated HeLa cells

Similar to the ROS determination method described in Section 5.3.2, HeLa cells were
seeded in 96 well plates at a density of 3 x 104cellper well. The cells were treated with 0.5
mM, 0.8 mM and 1 mM t-BHP respectively, by incubating the plates for 3 hrs at 37°C with
medium containing the respective concentrations of t-BHP. The method described by
Denizot and Lang (1986) was followed. A positive control composed of 0.1% Triton
X-o
l o@'

(supplied by Boehringer Mannheim) in PBS was added to cells not treated with

t-BHP, 30 min prior to the completion of the 3 hrs incubation period.
Subsequent to the incubation period, the plate was centrifuged at 1,000 x g for 5 min, and
the media discarded by pipetting. The cells were washed three times with 200 p1 PBS and
centrifuged for a further 5 min at 1,000 x g after each washing step. The residual PBS was
subsequently removed. To each of the wells, 0.5 mg.ml-I M l T was added and the cells
incubated in the CO* incubator at 37°C for five hrs. During the incubation period, the
reaction that occurred resulted in the formation of formazan crystals. The reaction was
stopped by adding 10 p1 dimethyl sulfoxide (DMSO), and shaken until the crystals were
completely dissolved. The absorbance was measured in the FL600 Bio-Tek microplate
reader at 560 nm and at 645 nm as the background wavelength. The measurements
obtained for the samples were normalised according to the values obtained for protein
content, and the results expressed in terms of the % cell viability.

' Triton X-100° is a registered trademark of Rohm 8 Haas Company. Philadelphia. PA, U.S.A
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RNA ISOLATION FROM CULTURED CELLS AND BLOOD

To quantify the amount of MT mRNA present in the cell lines as well as in whole blood,
total ribonucleic acid (RNA) was firstly isolated by the use of the TRIZOL@' Reagent. This is
a mono-phasic solution composed of phenol and guanidine isothiocyanate. The phenol
separates the lysate or blood sample into phases and guanidine isothiocyanate lyses the
cells and is an effective protein denaturant.
RNA isolation from cultured cells was performed once the cells had reached an optimal
level of confluency. They were centrifuged to obtain a pellet of cells, which was lysed by
adding TRIZOL@ Reagent. The amount of TRIZOL@ Reagent added was 1 ml of the reagent
per 5-10 x106 cells. Adequate mixing was accomplished by passing the lysate several
times through the pipette, followed by the transfer of the cells to a 15 ml polypropylene
tube. The homogenised sample was incubated at 30°C to permit the complete dissociation
of nucleoprotein complexes. The addition of 0.2 ml of chloroform per 1 ml of

TRIZOL@

Reagent followed by centrifugation at 12,000 x g for no more than 15 min lead to the
separation of the solution into an aqueous phase and an organic phase. Subsequent to
centrifugation, the mixture separated into a lower red coloured phenol-chloroform phase, a
white interphase and a colourless upper aqueous phase. The RNA remained exclusively in
the colourless upper aqueous phase.
The aqueous RNA-containing phase was transferred into a sterile 15 ml centrifuge tube.
The remaining organic phase can be utilised for DNA or protein isolation. The RNA was
subsequently precipitated by mixing the solution with 0.5 ml isopropanol per 1 ml of
TRIZOL@

Reagent utilised for the initial homogenisation step, followed by centrifugation at

12,000 x g for 10 min at 2-8°C. The remaining supernatant was discarded and the gel-like
pellet of RNA subsequently washed with 75% ethanol (1 ml of 75% ethanol per 1 ml of
TRIZOL@

Reagent used for the initial homogenisation step). The sample was mixed

thoroughly by vortexing and centrifuged at no more than 7,500 x g for 5 min at 2-8°C.
After this procedure, the pellet was air dried and rehydrated by the addition of RNase free
water (supplied by ~ r o m e ~ a " and
)
incubated at 60°C for 10 min. The quantity of RNA
was determined via the use of the

en end off^

Biophotometer. The method described

here was also followed for the isolation of RNA from blood, with the exception of the use of
TRIZOL@

' TRIZOL.

LS Reagent, which is more suitable for RNA isolation from liquid samples. The

is a reaistered trademark of Molecular Research Centre Inc.. OH. USA.
USA

' ~romega*IS a Gglstered trademark of Pmmega Corporation, Madison, WI
' ~ppendo#'~sa registered trademark of Eppendorf Hamburg, Germany
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concentration as well as the purity of the RNA was determined via spectrophotometry in
TE buffer (10 mM Tris-HCI (pH 8.0), 1 mM Na2EDTA).Agarose gel analysis of the RNA as
discussed in Section 5.7.1 was also utilised to determine the purity and analyse the
integrity of the isolated RNA.
5.4.1

Aaarose gel electrophoresis

Mini submarine agarose gels of 2% weight per volume (wlv) were utilised to analyse the
RNA isolated from blood. LE agarose was added into 1 X TBE [89.15 mM ~ r i s @
(pH 8.0),
88.95 mM boric acid, 2.498 mM disodium ethylenediamine tetra-acetic acid (Na2EDTA)
followed by the addition of 0.5 pg.ml-l ethidium bromide (EtBr) supplied by Sigma Aldrich,
once a solution of TBE and agarose was obtained. Before loading the RNA product on the
gel, it was mixed with gel loading dye (0.04% Orange G and 50% glycerol) to increase its
density. A 100 bp molecular weight marker was loaded on every gel to enable sizing of the
12s rRNA as well as the 18s rRNA product. The gels were subsequently electrophoresed
)
stated otherwise. The RNA
in 1 X TBE buffer at 10 volts per centimetre ( ~ . c m - l unless
was visualised via UV fluorescence and the results photographed via a gel documentation
system.
5.5

REAL-TIME POLYMERASE CHAIN REACTION FOR QUANTIFICATION OF
METALLOTHIONEIN RNA

To determine the quantity of MT expressed in each of the patient samples as well as
t-BHP treated HeLa cells, Real-Time polymerase chain reaction (PCR) was employed to
obtain this objective. Two methods were utilised for this purpose. The first was the
iScriptTM'one-step RT-PCR kit with SYBR@Green supplied by Bio-Rad laboratories that
was utilised for the real-time quantification of the RNA templates. At the point of this
investigation, this method had just been introduced into the market, and its efficiency was
compared to the conventional reverse transcription polymerase chain reaction (RT-PCR)
synthesis of complementary DNA (cDNA) method followed by Real-Time PCR of the
cDNA product. For RT-PCR 100 nanograms (ng) of RNA isolated from blood of both
groups of individuals as well as from t-BHP treated cell lines were utilised. This method
facilitates the cDNA synthesis and PCR amplification in the same tube. The reaction
conditions were suitable for the activity of both the Moloney Murine Leukemia Virus
Reverse Transcriptase (M-MLV-RT) and the iTaqm antibody-mediated hot-start DNA
polymerase.

' iSuiptW is a trademark of Bio-Rad. Hercules. CA, U.S.A.
-

~

-

-

-
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All the reagents were supplied with the kit. The kit included the 2X SYBR ree en@' RTPCR reaction mix which was composed of the 2X reaction buffer (0.4 mM of each
2'-deoxynucleotide-5'-triphosphate (dNTP), [2'-deoxyguanosine-5'-triphosphate (dGTP),

2'-deoxycytidine-5'-triphosphate (dCTP),

2'-deoxyadenosine-5'-triphosphate (dATP),

2'-deoxythymidine-5'-triphosphate (dTTP)], 6 mM MgC12, 0.5 U of iTaq DNA polymerase

and 20 nM fluorescein, SYBR

re en" I dye ), Nuclease free Hz0 and an optimised 50X

formulation of Script M-MLV-RT. Oligonucleotide primers for the amplification of the MT
genes were newly designed, via the use of the Primer3 output program (2004), and those
for the housekeeping genes listed in Table 5.11 were obtained from the indicated
references. Complementarity between the primer sequences as well as self annealing
properties were analysed for each primer sequence before their use on the
Oligonucleotide Properties Calculator. The respective primers whose sequences are listed
in Table 5.1 1 were obtained from lnqaba Biotechnical Industries (Pty) Ltd.
Table 5.11:

Nucleotide sequences of primer utilised for the Real-Time detection
o f Metallothionein isoforms

Fwd = fonvard primer; Rev = reverse primer; GAPDH = giyceraldehydes-3-phosphate dehydrogenase; T. = annealing temperature; bp =
base pair. The optimised T. is further discussed in Section 6.4.

For the analysis of gene expression, 10 pM of each of the gene specific primers listed in
Table 5.1 1 were utilised, and the total reaction volume was made up to 20 p1. The reaction
was carried out in the Bio-Rad icyclerl~' iQ optical system as depicted in Table 5.12. Data
were collected throughout the melting curve analysis.

' SYBR Greenmis a registeredtrademark of Molecular Probes, Eugene. OR. U S A
iCyder iQ

'is a trademark of Bio-Rad, Hercules, CA. U.S.A.
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Real-Time PCR conditions utilising the iScriptTMone-step RT-PCR kit

I

1

Reaction

Conditions

cDNA synthesis

50°C for 10 min

Script Reverse Transcription activation

95°C for 3 min

I

PCR cycling and detection (for 30 cycles)
72°C for 20 sec

Melt curve analysis
55°C for 10 sec (80 cycles, increased
by 0.5% after each cycle)
PCR = polymerase chain reaction; cDNA = complementary deoxyribonucleicacid

The second method of analysis included cDNA synthesis of the isolated RNA, followed by
Real-Time PCR detection of the respective genes. For cDNA synthesis, 3 pg of total RNA
was denatured together with 0.5 pg of random primer at 70°C for 5 min. Subsequent to the
denaturation, 5 p1 of 5 X M-MLV buffer and 0.3 mM dNTPs, 5 U of M-MLV-RT (promega@)
were added per reaction and ddH20 to a total volume of 40 p1. The cDNA synthesis
programme included synthesis at 37 "C for 60 min, denaturation at 80°C for 10 min. The
reaction mixture was subsequently placed on ice until RT-PCR was performed.
Following cDNA synthesis, 1 pI (75 ng) of cDNA was utilised for Real-Time PCR with the
iQ SYBR ree en@' supermix supplied by Bio-Rad laboratories. The Bio-Rad iCyclerTMiQ
optical system was utilised for Real-Time PCR according to the following programme:
Table 5.13:

Real-Time PCR conditions utilising the iQ SYBR ree en@ RT-PCR kit

1

Reaction
Script Reverse Transcription activation

1

Conditions
95°C for 3 min
95°C for 20 sec

PCR cycling and detection (for 30 cycles)

63°C for 10 sec
72°C for 20 sec
95°C for 1 min
55°C for 1 min

Melt curve analysis

55°C for 10 sec (80 cycles, increased
by 0.5"C after each cycle)
PCR = polymerase chain reaction.

' iQ SYBR ~reen'is a registeredtrademark of Molecular Probes, Eugene. OR, U S A .
-

-

--

-

~

-~
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In both methods, the expression on MT genes as well as the housekeeping genes listed in
Table 5.11, was measured by in an increase in the fluorescence of SYBR Green. Every
Real-Time PCR reaction included a negative control and the reactions for each sample
were performed in duplicate. The mean values were utilised for calculations. The
melt-curve analysis following the PCR contributed to distinguishing the specificity of the
PCR products. In a case where non-specific amplification was detected, conventional PCR
was utilised to optimise the conditions.
The fluorescence for each of the reactions was displayed graphically on the Bio-Rad
iCyclerTMiQ optical system software version 3.0. From this presentation of results the
cycle threshold (Ct) value was determined by the software. The Ct value is defined as the
number of cycles needed for the fluorescence signal to reach a specific threshold level of
detection. A threshold level was determined and the value was maintained for all the
analyses performed. This value was set to the log linear range of the amplification curve.
To estimate the PCR efficiency of each of the primer sets listed in Table 5.11, the PCR
efficiency was first analysed by measuring serial dilution from 75 ng+l-' to 0.12 ng+l-' via
the use of Equation one indicated in Table 5.14. The GeNorm software version 1.4 was
utilised to determine the normalisation values. The formulas indicated in Table 5.14 were
utilised to evaluate the relative expression ratio for each for the MT genes.
Table 5.14:

Equations utilised for the determination of the relative expression of
MT-2A and housekeeping genes

Equation number

Equation

1

E = lo(-"s)-l

2

Q = E ( minCt -sampleCt)

3

SDQ = E(minCt-sampleCt) InE. SD sample
Normalisation factor

4

t
I

Normalised expression

I

...

I

E = PCR emciency: s = slope of graph; Ct = cycle threshold; Q = Relative quantity of gene expression; min =minimum; SDQ = standard
deviation of the relative quantity; NF = normalisation factor: n = total number of housekeeping genes; HKG = housekeeping gene;
SDNF, standard deviation of the normalisationfactor; NE = normalised expression: SD =standard deviation. Adapted from Muller et a/.
(2002) and PfaM ef a / (2002).
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ELISA FOR HUMAN METALLOTHIONEIN

The detection of metallothionein protein was achieved by the utilisation of the
enzyme-linked immunosorbent assay (ELISA) that provided a non radioactive
measurement of MT proteins. This method is based on the competitive ELISA setup
reported by Butcher etal. (2003) with modification described in Section 6.5. 96-well
microtitre plates were coated with 100 p1 coating buffer (2 pg.ml-' standard metallothionein
obtained from rabbit liver, (Sigma Aldrich) and 0.1 M NaHC03 at pH 9.6). The plates were
coated overnight at 4°C to obtain maximum coating. A dilution series of MT standards
were simultaneously prepared in Eppendorf tubes, ranging from 0.02 pg.ml-' to
200 pg.ml-I. Primary antibody (mouse monoclonal antibody to metallothionein in PBS,
supplied by Stressgen) at a concentration of 1:1,000 in 1% Tween 20"' in PBS, was added
to the standards, and to the samples, to a total volume of 320 p1 (160 p1 sample or
standard and 160 p1 primary antibody) . The mixtures incubated at 4°C overnight.
The coating buffer was decanted and followed by the addition of the blocking buffer (0.3%
BSA in 0.05% Tween 207. The buffer was incubated in the plates for 1 hr at room
temperature and all unbound areas blocked to prevent non-specific binding of the primary
antibody. The blocking buffer was decanted subsequent to the 1 hr incubation period and
the plate washed three times with the wash buffer (1 X PBS, 0.05% Tween 209. To each
of the wells, 100 p1 of the standards-primary antibody and sample-primary antibody
mixtures were added in triplicate subsequent to the wash step. The plate was incubated at
room temperature for 60 min with shaking. The reaction that occurred during the
incubation period entailed the binding of the unbound primary antibody to the antigen
coated onto the surface of the plate. Thus after incubation the sample-primary antibody
and standard-primary antibody conjugates were washed off. The remaining primary
antibody was bound onto the MT-coated plate.
To each well, 100 pl (1:5,000) of the detection antibody (Goat anti-mouse immunoglobulin
G (IgG): horse radish peroxidase (HRP) conjugate, ZymedTM2), was added and incubated
for 60 min at room temperature with shaking, followed by a wash step 5 times. A 100 p1 of
the detection antibody substrate 3,5,3',5'-tetramethylbenzidine (TMB), which yields a
coloured product upon reacting with HRP. The reaction was stopped by the addition of
100 p1 of IM HCI. The absorbance was measured at 460 nm on a FL600 Bio-Tek

' Tween 20e1s a registered trademark of Atlas Chern~calIndustres lnc . Wilmmgton, DE. U S A

'Zymed"

IS

a trademark of Zymed laboratores. San Franusco. CA U S A
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microplate reader. Protein determination assay was performed as described in Section
5.4.7.1 for each of the standards and the samples. The concentration of MTs was
expressed as pg MT per pg protein.
STATISTICAL ANALYSIS OF DATA

5.7

All of the statistical parameters such as the mean, median and standard deviation of the
data obtained were measured via the use of ~tatistica@'version6.1 software package
unless stated otherwise. In cases where the data distribution was normal, the means were
indicated by a small box. The larger box indicated the standard error of the mean and the
whiskers of the box plots indicated the standard deviation. Whenever the data was not
normally distributed, the median was indicated by a small box within the whisker plot. The
spread of the values was represented by the larger 25-75% box, and the minimum and the
maximum values of the variable were indicated by the whiskers on either end of the larger
box.
The statistical significance of the results obtained from the tests performed was expressed
in terms of a p-value. This value represented the probability that an error is involved in
accepting the observed difference. A p-value equal to or less than 0.05 was selected in
this investigation as the level of significance required. The value was selected on the basis
of its conventional use, although, other levels of significance such as 0.01 may be utilised
(Samuels, 1989).
In order to measure the level of statistical difference, the distribution of the data had to be
determined. The Shapiro Wilk's test was performed to test for normality, where a p-value
above 0.05 indicated a normal distribution of the data, i.e. Gaussian distribution. However,
any p-value below the above-mentioned value was indicative of data that was not normally
distributed (Watt, 1993).
In cases where the data was normally distributed, the one-way analysis of variance

(ANOVA) was performed to analyse the variation between the mean values of each of the
groups for each of the parameters analysed and determine the significance of the
observed difference in terms of a p-value (Pavlidis, 2003). To correct for the multiple
comparisons that were performed subsequent to analysing the difference in the means or
medians, the Bonferroni correction was performed. This correction compensates for the

' StatisticaOisa copyright of Statsofl Inc., Tulsa. OK. U.S.A.
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probability that multiple comparisons may result in false rejection of the null hypothesis
(Rice, 1995). The Student t-test was not used initially because multiple comparisons were
being performed. It has been reported that the use of the Student t-test for multiple
comparisons is not ideal as the chance of making a type I error, i.e. the probability of
rejecting a true hypothesis, are higher, thus there is a need to correct for multiple testing
bias. In addition, the estimation of the standard deviation when more than two groups are
being analysed is more precise with the one-way ANOVA (Samuels, 1989). Therefore, due
to the abovementioned limitations of using the Student t-test for multiple comparisons, in
cases where a significant difference between the means of the data was obtained via the
ANOVA, the Bonferroni corrected Student t-test was performed. This test enabled the
determination of significantly different inter group comparisons.
In instances where the data was not normally distributed, the Kruskal-Wallis test was
utilised to analyse the o b s e ~ e ddifference in the median values (Watt, 1993). A p-value
equal to, or less than

(S)

0.05 was indicative of a 95% probability that the o b s e ~ e d

difference was due to the factors analysed and not due to chance. To further analyse the
observed difference in the median values, multiple comparisons were performed via the
Bonferroni corrected Mann-Whitney test. Unlike the t-test, the Mann-Whitney test is a
distribution-free type of test, and was therefore utilised for data that was not normally
distributed (Samuels, 1989).
One of the aims of this investigation was to determine if there was a relation between
increased levels of ROS and MT genes expression. To determine if there was a correlation
between the data obtained from the biochemical parameters, the Spearman ranked
correlation analysis for non-parametric data was performed on ~tatistica". This analysis
provided the correlation coefficient (r), which is a measure that indicates the degree to
which two variables have a linear relationship as well as the p-values for this association.
The correlation coefficient can range from -1.OO to + I .00, with -1.OO representing a perfect
negative correlation, + I .OO indicating a perfect positive correlation and 0.00 representing
no correlation. Correlation coefficients less than 0.33 indicate weak relationships, those
between 0.34 and 0.66 indicate a medium relationship, whereas those greater than 0.67
indicate a strong relationship (Cann, 2003). P-values greater than or equal to 0.05 were
selected, and this value indicated whether the distribution of the data sets compared were
distributed close to the linear regression line. The correlation analysis was performed for
the Real-Time PCR data as well as the ELlSA data.
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The materials and methods presented in this chapter were utilised to generate the data
presented in Chapter Six. A discussion of the clinical as well as anthropometric data of all
73 individuals included in the investigation is presented in Section 6.1. The results of the
biochemical parameters are presented in Section 6.2, whereas those of the Real-Time
PCR and ELlSA are discussed in Sections 6.4 and 6.5 respectively. The data obtained for
analyses performed with HeLa cells is discussed in Section 6.3.

CHAPTER SIX
RESULTS AND DISCUSSION

Reactive oxygen species have been implicated in the pathogenesis of various disorders
such as T2D, which is the focus of the current research project. The mitochondrion is the
primary source of ROS production via the leakage of electrons mainly from complex I and
complex Ill as illustrated in Figure 3.2. Choski etal. (2004) as well as others, have
postulated that the resultant protein modifications due to elevated levels of ROS within the
mitochondria may lead to alterations in the functioning of the respiratory complexes,
resulting in their dysfunction. This could contribute to the pathogenesis of metabolic
diseases with a mitochondrial involvement. Diabetes mellitus, which may be classified as a
secondary mitochondrial disorder and various mitochondrial cytopathies due to a defect in
the mitochondrial proteins, such as those forming part of the OXPHOS have been reported
to have a ROS aetiology (Segrouchni et a/., 2002). It may be concluded that although
genetic alterations play a vital role in the pathogenesis of an array of metabolic disorders
they are not the only factors leading to aberrant protein functioning, but other factors such
as elevated ROS production may contribute to disease pathogenesis as discussed in
Section 3.3. These obse~ationsemphasise the need for early detection of ROS or their
metabolites.
Oxidative stress is particularly detrimental in the pathogenesis of a disorder, as it does not
present with any symptoms in the initial stages and is therefore difficult to recognise. The
aim of the investigation was to determine the effect of oxidative stress on the expression of
MT genes under pathological oxidative stress conditions in T2D individuals. Based on
recent reports, various forms of stress including the presence of these reactive species
result in the induction of MT synthesis (Fornance etal., 1988; Kling and Olsson, 2000).
The mechanism of induction as well as the tissue specific expression still need to be
elucidated.
Various techniques were employed to determine the redox status, and the ROS levels
within whole blood of each member of the three groups of individuals. Real-Time PCR was
utilised to analyse the expression levels of the MT genes and the MT proteins were
analysed using the ELISA. The results obtained with these analyses are presented in the
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subsequent Sections. Any deviations from the protocols described in Chapter Five are
indicated and it is also explained why the respective alterations were performed.
6.1

PATIENT POPULATION

In this molecular investigation, three groups of individuals were recruited into the study,
subsequent to the acquisition of informed consent. During the recruitment of these
individuals, various questions were asked to obtain information on their life style patterns,
history of diabetes in the family, medical treatment as well as anthropometric data. A
summary of the responses obtained to these questions is presented in Appendix A.
Group-I, i.e. the diabetic individuals, was composed of 19 individuals who were clinically
diagnosed with T2D. This group was composed of 12 males and seven females. These
individuals were between the ages 48 and 79 yrs, with an average age of 66. Group-2 was
a group of 12 elderly individuals who were not diagnosed with T2D, but were afflicted with
other age related disorders such as hypertension and rheumatoid arthritis. The minimum
and maximum ages in this group of individuals were 40 and 78 yrs respectively, with the
average age being 61. This Group of individuals was not sex matched with Group-I as it
was composed of four males and eight females. When Group1 and Group-2 were
combined, 19.4% of this cohort was below the age of 50, whereas the remaining 80.6%
were older than 50 yrs of age.
Group-3 included 42 individuals who were at risk for developing diabetes. The individuals
comprising Group-3 formed part of the POWIRS2 study. In contrast to Group-I and
Group2 combined, these individuals ranged between the ages 21 and 48 yrs, with 97.6%
being younger than 48 yrs. Although both Group2 and Group-3 were composed of
non-diabetic individuals, Group-3 had a mean age of 29, whereas Group4 had a mean
age of 61. Therefore, based on age as well as the effect of ROS on aging, as discussed in
Section 3.3.3, it was expected that a distinct difference between the levels of ROS of
Group2 and Group-3 would be obtained. The age comparisons throughout the study were
based on the combined ages of Group-I and Group4 in comparison to those of Group-3.
As discussed in Section 5.1 the criteria for classification of these individuals as being at
risk of developing diabetes was based on a high BMI as well as family history of diabetes
mellitus, particularly, T2D.
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Due of the effect that cigarette smoking and alcohol intake have on the production of ROS,
the individuals recruited into this investigation were required to indicate whether they
smoked or not. Of the individuals comprising Group-1, 16% indicated that they were
smoking during the time of the study and none of those in Group2 smoked. In addition
16% of Group-1 and 17% of Group-2 were ex-smokers. When the results from the
responses in Group-3 were analysed, 11.9% of this group indicated that they were
smokers at the time of sampling, whereas 7.1% were ex-smokers. Approximately 42% and
33% of the individuals comprising Group-I and Group-2 respectively consumed alcohol,
although, in moderate volumes. In Group-3, 9.5% indicated that they did not take any
alcohol, while the remaining 90.5% consumed alcohol, although not on a regular basis.
As presented in Table 3.11, one of the symptoms of the effect of oxidative stress
particularly in the eye is corneal opacities and cataract. The aforementioned eye
complications are observed at a higher incidence in diabetic individuals as opposed to
non-diabetic individuals and in older individuals (Bhattacharya eta/., 2003). For this
reason, the individuals that were recruited into this investigation were asked if they had
cataract removal. When Group-1 and Group-2 were combined, 35.5% of the combined
group had undergone an operation to have their cataracts removed. None of the
POWIRS2 group of individuals had cataracts removed. Another eye complication that has
been reported in diabetic individuals is retinopathy, which occurs mainly due to high blood
glucose levels over time (Porta and Allione, 2004). Laser therapy is currently utilised to
treat retinopathy, and because of this, the individuals were asked if they had ever had
laser therapy. Individuals who had not undergone surgery for cataract removal also did not
undergo laser therapy. However, early onset retinopathy could not be excluded, since it
was not investigated by an ophthalmologist in this study. These individuals reported that
they were not clinically evaluated for this condition by an ophthalmologist prior to their
recruitment into this study.
At the time of recruitment, the diabetic individuals were already on medical treatment. The
majority of these patients also presented with hypertension and were on medical treatment
for hypertension as well. The effect of medication is further discussed in Section 6.2.1.1 on
page 86. The presence of hypertension was not exclusive to diabetic individuals. Of the 12
individuals in Group-2, six were undergoing treatment for hypertension, whereas one was
being treated for high cholesterol and the remaining five were not on any medication.
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Other parameters that were analysed were the BMI as well as the waist hip ratio (WHR),
due to these factors being characteristic in most diabetic individuals or those prone to
developing diabetes, as discussed in Section 3.3.2.1. Obesity is characterised by
inflammation as well as increased ROS production (Hotamisligil and Spiegelman, 1994;
Dhindsa eta/., 2004) which eventually leads to the activation of NF-KB. Individuals with
BMI values less than 25 were classified as being normal, those with BMI values between
26 and 29 were overweight and those above 30 were characterised as being obese
(Hotamisligil and Spiegelman, 1995). Due to the presence of GREs within the promoter
sequence of MT genes, as discussed in Section 4.1.7.3, it was expected that individuals
who were obese, would present with high levels of ROS and thus higher expression of MT
genes. Of the individuals comprising Group-I, 16% had a normal BMI, 37% were
overweight and the remaining 47% were obese. Group-2 had 42% of individuals with
normal BMI values, 17% overweight and the remaining 41% were obese. On the other
hand, the majority of individuals in Group-3 (45.2%) had BMI ratios within the normal
range, and 31% of this group were obese. Unlike Group-1 and Group-2 combined, a
smaller percentage (16.1%) of Group-3 was overweight.
Based on the clinical as well as the lifestyle patterns presented in this Section and a
detailed description in Appendix A, it was evident that although Group-2 was age matched
with Group-I, it could not serve as a control group for Group-I. The presence of age
related pathological conditions within Group-2 also make it unsuitable to use as a control
group. Thus, the POWIRS2 group (Group-3) of individuals were designated to be the
control group in this investigation, even though they were not age matched. It was
envisaged that this factor would minimise the reported increase in the levels of ROS with
age (Lenaz,1998).
6.2

OXIDATIVE STRESS IN DIABETIC AND NON-DIABETIC INDIVIDUALS

It has been reported that various forms of stress lead to an increase in MT expression,
particularly in the liver (Karin et a/., 1980; Sato and Bremner, 1993; Fraga and Oteiza,
2002). Even though oxidative stress has been suggested to also lead to an over
expression of MT, the mechanism of how this occurs and which tissues it occurs in still
requires clarification. Therefore, the aim was to investigate the role of ROS production in
T2D individuals in the expression of MT genes during this molecular study.
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6.2.1 Biochemical analvses

Due to the fact that various metabolic and biochemical pathways are affected by the
presence of high levels of ROS, a few of these processes were analysed in the respective
samples. The profiles obtained from these biochemical analyses including the RNA and
protein data are discussed in detail in the subsequent paragraphs.
6.2.1.1

d-ROMs test

The reactive oxygen metabolites that were measured via this assay are characterised by
having an odd number of electrons in the most external orbit of the oxygen. Because of
their reactivity, they form derivatives that maintain good chemical reactivity and good
oxidising power. Upon the addition of the chromogenic solution provided with the d-ROMs
test kit, a coloured complex, which was measured at 510 and 550 nm, was produced.
According to Table 5.4 healthy individuals have values ranging between 250-300 CARR U.
This value has been noted to differ depending on the season of the year the samples were
collected and analysed. In summer, the majority of healthy individuals range within
260-270, whereas in winter their values ranged from 280-290 CARR U. All individuals
included in this investigation were recruited during winter. A factor that may lead to
elevated ROS in winter may be the increased activity of the immune system via the
increased respiratory action of activated phagocytic cells which produce ROS (lorio, 2002).
The increased activity of the OXPHOS system during the winter period to produce heat via
the coupling of oxidation and phosphorylation may also in turn lead to high production of
ROS, as discussed in Section 3.1.5.
Upon analysis of the d-ROMs data with the Shapiro Wilk's test on ~tatistica', a p-value of
0.045 was obtained, indicating that the data did not have a normal distribution, i.e. a
non-Gaussian distribution, as illustrated in Graph 6.1. As discussed in Section 5.7,
according to the Shapiro Wilk's test, a p-value of greater than 0.05 indicated a normal
distribution of the data. The raw data from which Graph 6.1 was derived from is presented
in Appendix B.
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Graph 6.1:

Representation of the d-ROMs test data distribution for all groups
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The curve indicates the expected distribution curve ifthe data is normally distributed; the bar graph indicates the distribution of d-ROM
data in CARR U analysed in this investigation.

The mean values, median, and standard deviation for each group of individuals are
presented in Table 6.1. The mean value observed for Group-2 was much greater than that
of Group-I and Group-3. This could be attributed to the observation that 75% of this group
presented with values greater than 500 CARR U. The largest variation was observed in
Group-1 as indicated by a standard deviation value greater than that of the Group-2 and
Group-3, as well as the overall standard deviation.
Table 6.1:

Summary o f the results of the d-ROMs test

I

Group

Standard
deviation

Mean

Median

Minimum

Maximum

Group-I

584.1

1015.0

761.2
540.5

550.0
766.5

200.0

Group-2
Group3
Group-I and Group-2

1162.0
1118.0

220.9

652.6

514.5
629.0

394.0
214.0

1162.0

250.2

All groups

588.1

546.0

200.0
200.0

1162.0

238.7

7

243.5
229.5

All non-diabetic individuals (Group-2) were within the moderate oxidative stress to heavy
oxidative stress range as indicated by the minimum and maximum values in Table 6.1.
The T2D patients (Group-I), on the other hand, varied from normal ranges to heavy
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oxidative stress. The at-risk group of individuals (Group-3) displayed a broader range of
values. However, the median value for Group3 was lower than that of the other two
groups. This difference was also observed when the elderly individuals, i.e. Group-I and
Group-2, were grouped together and compared to Group-3.
A graphical illustration of the results obtained from T2D patients (Group-I), elderly
non-diabetic individuals (Group-2) as well as individuals forming part of the POWIRS2
group (Group-3) is presented in Graph 6.2. Elderly non-diabetic individuals (Group-2) who
were expected to have d-ROMs values lower than the patient group (Group-I) exhibited
the opposite result, as depicted in Graph 6.2. This observation can be explained by the
fact that the diabetic individuals (Group-I) were already on medication such as
~lucophage". This antihyperglycaemic agent improves glucose tolerance and lowers
basal and postprandial plasma glucose. The treatment of T2D with such medication may
have reduced ROS production in this group of individuals. The d-ROMs values of Group-2
were found to be higher than those of Group-3. This observation was expected due to the
reported effect of ROS on ageing and the increase of ROS production with age (Lenaz,
1998). However, the difference between the d-ROMs values of Group-2 and Group-3 were
not significantly different, as indicated in Table 6.2.
As discussed in Section 3.3.2.1 high levels of glucose increase intracellular ROS
production from the mitochondria in the p-cells, which in turn results in reduced glucose
induced insulin secretion. Hyperglycaemia also destroys the overall effect of the cellular
antioxidant mechanisms. Although the levels of oxidative stress are high in the circulatory
system of individuals in Group-I, it is still relatively lower than in individuals who are not on
any medication for the treatment of diabetes, i.e. Group-2. This indicates that, to a certain
extent, the medication does influence the oxidative status in blood of these individuals.

' Gluwphageais a registered trademark of Merck Sant6 SA.S.. associate of Me&

KGaA. Dannstadt, Germany.

87
-

-

-

~

-

-

-

- -

-

-

-- - -

~- -

~

-~

~~

~~

~

-

-

CHAPTER SIX

RESULTS AND DISCUSSION

Graph 6.2:

Representation of the d-ROMs test results
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Due to the non-Gaussian distribution of the d-ROMs data, the Kruskal-Wallis test was
employed for the analysis of variation between the medians of the three groups. An overall
difference (p-value = 0.020) was detected by the Kruskal-Wallis test between the three
groups. It was imperative to perform multiple comparisons via the Mann-Whitney U test to
establish whether the difference obtained was due to the intracellular levels of ROS or if it
was by chance, as well as to determine the significance of the difference observed.
However, given the

probability of

multiple testing bias, Bonferroni corrected

Mann-Whitney U tests were performed. The values indicated in Table 6.2 are the p-values
obtained from this test.
Table 6.2:

1

p-values obtained for intra group comparisons via the Bonferroni
corrected Mann-Whitney U tests for the d-ROMs analyses

Group number

I

Group-I

1

Group-2

I

Grou~3

I

The values indicated are rounded off to the third decimal; p-values < 0.05, indicating statistical significance, are presented in bold. Grey
shaded cells contain no data.

It can be suggested from Table 6.2, that there is no significant difference between the
d-ROMs values of Group-I and Group-3, as indicated by a p-value of 1.000, which is
greater than the statistically significant p-value of 0.05. However, Group9 and Group-3
presented a significant difference with a p-value of 0.016, as indicated by the bold text in
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Table 6.2. Even though there is a difference between Group-I and Group-2, it is below the
95% level of statistical significance, as indicated by a p-value of 0.167. This observation
supported the conclusion stated in Section 6.1 that Group2 should not serve as a control
in this investigation. It is also suggested that a larger sample size should be analysed in
order to provide results that are more representative of these groups. When Group-I and
Group9 were combined and the Bonferroni corrected Mann-Whitney U tests were
performed, as discussed in Section 5.7, to determine if there is a significant difference
between this combined group and Group-3, a p-value of 0.409 was obtained. This value
indicated that there is no statistically significant difference between Group-3 and the
combined Group-I and Group-2.
The d-ROMs test has been demonstrated to be a valuable tool in the evaluation of
metabolism in obese and diabetic patients (Dandona and Aljada, 2002). Because of the
significantly high levels of lipid peroxides in individuals with high BMI as compared to those
with normal BMI (Hotamisligil and Spiegelman, 1994), the d-ROMs values obtained in this
study were expected to be higher in obese individuals. This would be in agreement with
the reported presence and the role of ROS and obesity in the pathogenesis of diabetes. In
the cohort of T2D individuals (Group-I) and non-diabetic individuals (Group-2), 77.4% had
BMI values greater than the normal value of 25. The rest of the group had lower BMI
values, although their d-ROMs values were indicative of heavy oxidative stress. The lack
of significant difference obtained for the d-ROMs data may be attributed to the lack of a
strong correlation (r = -0.007 with a corresponding p-value of 0.950) between the BMI
values and the d-ROMs data in these three groups. Another factor may have been the
presence of a small difference in the percentage of obese individuals between the three
groups as discussed in Section 6.1 page 83. From these d-ROMs test results, as well as
the effect that the lifestyle factors discussed in Section 6.1 have on oxidative stress, it is
evident that various factors affect the oxidative status within serum. The effect of incorrect
life styles, e.g. smoking and alcohol intake on ROS production observed in this study is
consistent with that reported by Dhindsa et a/. (2004). These life style factors will
collectively affect the outcome of the d-ROMs test. Although this data was present at the
beginning of the study, due to a large proportion of the general population being exposed
to pollutants that increase the production of ROS (Prithivirajsingh et a/., 2004), selection
against these parameters would not have provided an accurate representation of the
population at large.
Due to the complex nature of diabetes, this test can not serve as a reliable indicator of
increased reactive metabolites on its own. Based on the factors discussed in Section 6.1.
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the d-ROMs test results and the reports by Dhindsa eta/. (2004) and Prithivirajsingh eta/.
(2004), a conclusion regarding the oxidative status within a biological sample cannot be
made from measuring a single parameter, lending credence to the analysis of the
antioxidant activity within serum obtained from these individuals.

6.2.1.2

ORAC assay

The primary antioxidant activity of serum is derived from micro molecules such as ascorbic
acid, Vitamin E, p-carotene and macromolecules such as transferin. Even though
antioxidant enzymes such as SOD and GSHPx have lower antioxidant capacity in serum,
they also aid in eradicating free radicals. The different antioxidant components active in
the serum make it difficult to measure the antioxidant capacity of each of them. This
limitation lends credence to the use of an assay that measures the total antioxidant
capacity, such as the ORAC assay (Cao et a/., 1996). When measuring the antioxidant
capacity in each of the serum samples via the ORAC assay two major factors were
considered, that is, the time that the inhibition lasted as well as the percentage of inhibition
at different time intervals, in terms of fluorescence. The ability to define these two
parameters is an advantage of the use of the ORAC assay (Cao and Prior, 1998). An
additional advantage of the ORAC assay is that it does not distinguish between the
hydrophilic and lipophilic antioxidants (Prior eta/., 2003).
The antioxidant capacity of the various antioxidants differs, thus not resulting in the
general lag phase, as depicted in Graph 6.3. This difference in the decay of the
fluorescence of fluorescein is illustrated for various concentrations of Trolox (vitamin E).
The decrease in emission of florescence due to the damage to fluorescein does not follow
zero-order kinetics (i.e. linear with time), thus suggesting that the interpretation of the
antioxidant capacity based of the standard curve should not assume zero-order kinetics.
To overcome these difficulties, the area under the curve was utilised to quantify the
antioxidant capacity of each sample, in Trolox Units. Another factor that could have
masked the antioxidant response was the presence of proteins within the serum sample.
This was eliminated by precipitating the proteins with the addition of 0.5 M PCA in a 1:l
ratio.
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Graph 6.3:

Representation of results generated with Trolox standards via the
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To determine the total antioxidant capacity of each sample, the ORAC value in Trolox
Units was estimated using the standard curve depicted in Graph 6.4 representing the area
under the curve of each of the Trolox standards presented in Graph 6.3. The standard
curve was drawn from the results obtained from the standards with varying concentration
of Trolox (as indicated in Table 5.5) as well as Equations 5.2 and 5.3. From this data, the
total antioxidant capacity within the serum samples was determined. The ORAC values of
the samples were within the same range as those of the standards. The readings were
performed over a period of 2 hrs and no significant differences were observed after 1.5
hrs.
It was reported in a study by Sacheck eta/. (2003), that in older individuals, between the
ages of 65 and 80 yrs , the baseline ORAC value in Trolox Units is ca. 675 pM, whereas in
younger individuals between 18 and 35 years this value is ca. 720 pM. This data was,
however, based on the antioxidant capacity of lipophilic antioxidants. Prior et a/. (2003)
reported that the total antioxidant capacity taking into account both the hydrophilic and the
lipophilic antioxidant components in serum, as measured with the ORAC assay is ca.
1,807 pM for individuals between 60 and 71 years of age and 1,909 pM for individuals
between ages 22 and 40 yrs. The low ORAC values that were detected in all three groups
as indicated in Appendix B, may be attributed to various factors such as the type of
nutrients consumed before blood collection and whether these individuals were taking
antioxidant supplements. These aspects, which are further discussed in the subsequent
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paragraphs of this section, may affect the outcome of both the d-ROMs test data and the
ORAC data.
Graph 6.4:

Standard curve of Trolox standards at varying concentrations
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Subsequent to analysis of the data via the Shapiro Wilk's test, it was evident that the
ORAC data obtained for the three groups of individuals was not normally distributed
(p-value = 0.013) as depicted in Graph 6.5. The one-way ANOVA was thus not performed.
Graph 6.5:
35

Representation of the analysis of the distribution of the ORAC data
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The curve indicates the expected distribution curve if the data is normally distributed; the bar graph represents the distribution of the
ORAC data in Trolox units, analysed in this investigation.
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A summary of the results for the ORAC values in Trolox Units for each group is presented
in Table 6.3. As indicated by the mean values in Table 6.3, Group3 had a mean value
closest to the normal range. However, the standard deviation within this group was the
highest of the three groups. This can be attributed to the high variation in the ORAC data
of this group of individuals. The values obtained for each individual are presented in
Appendix B.
Table 6.3:

Summary of the results of the ORAC test

The observed high standard deviation in Group-3 may be due to the high variation in the
BMI values of individuals comprising this group, as illustrated in Appendix A. A family
history of diabetes mellitus was present in 38% of Group-3. However, a cohort of the
individuals with a family history of diabetes did not present with low ORAC values. Within
this cohort, no distinct group of characteristics could be identified. From this observation it
can be suggested that various factors, such as those discussed in Section 6.1, as well as
genetic predisposition may affect the antioxidant capacity, however their contribution
varies in each individual.
A graphical representation of the distribution of the ORAC values in Trolox Units for the
three groups of individuals is illustrated in Graph 6.6, where the minimum and the
maximum values of Group-3 represent the largest range of the three groups. The results
presented in this Section highlight the importance of the early detection of hyperglycaemia
which eventually has an effect of the production of ROS by the respective cells.
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Illustration o f the ORAC data between the three groups

The Kruskal-Wallis test was carried out to test for a significant difference between the
median values of the three groups. From this analysis, no significant difference for the
ORAC analyses (p-value = 0.711) was observed within this data set.
In this investigation, 3 of the 31 individuals in Group-I and Group2 combined, exhibited
high levels of antioxidant capacity i.e. 9.67%, as indicated by the values above the
reported 1909 pM in Appendix B. Of this group, 38.7% presented with antioxidant capacity
much lower than the normal range, i.e. values between 554 and 984 pM. The remaining
51.63% were within the normal range and the threshold of 1,200 pM. In Group-3
(POWIRS2), 23.8% displayed high levels of antioxidant capacity, 28.6% demonstrated low
values, whereas the rest of the group presented with values within the normal range and
the threshold value.
It can be suggested from the low ORAC values of the 38.7% of Group-I combined with
Group9 and the 23.8% of Group-3, that there is depletion in the endogenous antioxidants
at a period, which, according to the d-ROMs test data, corresponds to high levels of
oxidative stress. Another important factor to consider with regard to Group-I and Group-2
is that most individuals were elderly and were also affected by other ROS related disorders
such as hypertension, which could affect their antioxidant status. As discussed in Section
6.2.1.1, the individuals comprising Group-I were already on medication. It was expected
that if the medication did reduce the levels of ROS, by reducing hyperglycaemia, as
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illustrated from the results obtained for the d-ROMs test, the values for the ORAC assay
would be lower than those of Group-2 and Group-3. This observation, as depicted in Table
6.3, may be due to the lower antioxidant capacity required in blood of the diabetic
individuals (Group-I).
To obtain an indication of the effects of the aforementioned factors on the antioxidant
capacity within whole blood of these individuals, it would be essential to perform an oral
glucose tolerance test in a future study, in order to determine the glycaemic state of these
individuals. It is suggested that various factors such as BMI, age, as well as predisposition
to hyperglycaemia may have affected the antioxidant status in whole blood of these
individuals.
There are reports indicating that the intake of fruits and vegetables (2-3 sewings) provides
ca. 1,640 Trolox Units (Silliman

etal., 2003). The dietary antioxidants that are found in

foods such as fruits, vegetables, wine, beer and other foods were not taken into
consideration during the recruitment of Group-I individuals. This is mainly due to the fact
that these were patients who came to the diabetes clinic to collect medication, therefore
making it difficult to put them on a specific diet prior to blood collection. This factor may
have thus influenced the results obtained from this analysis. Although diet was envisaged
to affect the outcome of the ORAC data, this test was performed to analyse the feasibility
of using it in the absence of a controlled diet. However, prior to fasting the individuals
comprising Group-3 (POWIRS2) were put on a controlled diet, composed of complex
carbohydrates, low fat and protein. Thus for this group of individuals, the effects of these
foods were negligible.
The ORAC assay is widely accepted as a standard tool to measure the antioxidant activity
in the pharmaceutical and food industries (Prior and Cao, 1999; Huang etal., 2002). The
ORAC assay detects the radical absorbance capacity and not directly oxidative stress. The
inability to distinguish between the T2D patients and the elderly non-diabetic individuals
based on the ORAC data highlights the importance of a molecular biomarker for the
detection of the antioxidant capacity as well as oxidative stress in ROS related disorders.
The proportion of individuals who displayed high antioxidant capacity, presented with high
oxidative stress levels as indicated by the d-ROMs test. This observation, which was not
expected, supports the utilisation of a combination of techniques to characterise the
oxidative stress levels within a specific tissue. Detailed results of the ORAC assay for each
sample are presented in Appendix B.
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the GSH:GSSG ratio is 349.30 (GSH = 1,359 pM and GSSG = 4 PM). The ratio reported
by Giustarini etal. (2003) was utilised in the current investigation as a reference to
characterise the observed GSH:GSSG ratio. According to the Shapiro Wilk's Test, the data
for the GSH:GSSG ratio was not normally distributed (p-value = 0.000), as indicated in
Graph 6.7. The data was skewed to the left.
Representation of the analysis of the distribution of the GSH:GSSG
r a i o data

Graph 6.7:
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The curve indicates the expected distribution curve if the data is normally distributed: the bar graph represents the distribution of the
GSH:GSSG ratios analysed in this investigation.

A mean value of 79.36 was obtained for Group-I as indicated in Table 6.4. Upon analysis
of the GSH:GSSG ratio in Group-2, it was evident that these individuals had a low mean
ratio (166.67) when compared to the reported value in normal individuals. However, this
value was higher than that of the diabetic individuals, i.e. Group-I. This result was
expected due to the results obtained from the d-ROMs test. The high standard deviations
obtained for Group-2 and Group-3 compared to Group-I, as presented in Table 6.4, may
be attributed to the high variation observed in the GSH:GSSG ratios in these two groups of
individuals. The observed variation may be due to the varied effects of other antioxidant
mechanisms utilised by the cells such as SOD and catalase, which were not individually
analysed in this investigation.
Group3 had a mean ratio closer to that observed in normal individuals. Two individuals in
Group-3 (1521 and 1523) displayed very high values, 1776.82 and 1515.87 respectively,
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for this analysis as indicated in Appendix B. These two samples were repeated and similar
results were obtained. These outliers were omitted for the purpose of statistical analysis
since they resulted in a high standard deviation as well as high maximum values for this
group of individuals. Individual 1521 who presented with a GSH:GSSG ratio of 1776.82,
had a BMI value of 40.2 and a maternal history of T2D, whereas individual 1523 had a
value of 23.4, and consumed alcohol. This difference in the BMI values of these individuals
with high ratios indicates that various factors affect oxidative stress. It is therefore
suggested that in the future study a comprehensive clinical and lifestyle profile of each
individual be included.
Table 6.4:

Summary o f the results of the GSH:GSSG ratio analysis

A distinct variation in the mean values for the GSH:GSSG ratio was observed between the
individuals who formed part of Group3 and those of Group-I and Group-2 combined. It is
therefore suggested that the GSH concentration in individuals comprising Group-3 was
much higher than Group-I and Group-2 and that the GSSG levels were much lower. Even
though the mean GSH:GSSG ratio, i.e. 217.99 in the POWIRS2 group of individuals was
below that reported by Giustarini eta/. (2003), it was however, not as greatly reduced as
the values of Group-I and Group-2. From this data it can be suggested that the high
oxidative stress conditions illustrated in the d-ROMs test and the ORAC results may have
resulted in a low GSH:GSSG ratio, and are thus indicative of a lowered concentration of
GSH available to scavenge the ROS. A graphical representation of these results is
presented in Graph 6.8, indicating the median as well as minimum and maximum values of
this data set.
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Graph 6.8:

Representation of GSH:GSSG ratio between the three groups
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To analyse the differences between the median values of the three groups, the
Kruskal-Wallis test was performed and a p-value of 0.0002 was generated. This indicated
that a significant difference existed between the medians of the three groups. Bonferroni
corrected Mann-Whitney U tests were performed to analyse the inter group median
differences. The p-values obtained from these analyses are indicated in Table 6.5.
Table 6.5:

p-values obtained for inter group comparisons via Bonferroni
corrected Mann-Whitney U tests for the GSH:GSSG ratios

shaded cells contain no data

A significant difference was observed (p-value of 0.001) between Group-I and Group-3, as
well as a significant difference between Group-2 and Group-3 with a p-value of 0.021, as
indicated by the bold text in Table 6.5. However, no significant difference was observed
between Group-1 and Group-2 (p-value = 1.000). The low median values observed for
Group-I and Group9 when compared to that of Group-3, as illustrated in Table 6.4
indicate that due to the probable high levels of oxidative stress associated with ageing
(Lenaz, 1998), this low molecular weight thiol was highly oxidised, resulting in a lowered
ratio in the elderly groups (Group-I and Group-2) compared to the younger group of
individuals (Group-3).
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When the combined Group-1 and Group-2 was compared to Group-3 a p-value of 0.0003
was obtained indicating a significant difference between these groups. Although there was
no significant difference between these groups based on the d-ROMs data
(p-value = 0.409), the data of the GSH:GSSG ratio indicated that the redox status in the
individuals comprising Group-I and Group2 was compromised when compared to that of
Group-3.
6.2.1.4

NADH:NAD+redox analvsis

NAD* is involved in various biological processes, such as regulation of energy metabolism,
DNA repair, transcription and is also a coenzyme for various enzymatic pathways. NAD' is
synthesised from tryptophan, or via the recycling of degraded NAD* products such as
nicotinamide. It is converted to NADH mainly in catabolic reactions including glycolysis and
the citric acid cycle, as depicted in Figure 3.3. To maintain a proper redox state, NADH is
re-oxidised, by means of several mechanisms including complex I of the respiration chain.
Due to the impermeability of NAD* from the mitochondrial matrix to the cytosol, the ethanol
acetylaldehyde shuttle system is involved in the transfer of NAD*. Therefore an increase in
the mitochondrial NAD*, will lead to the production of acetylaldehyde by the mitochondrial
ADH. Acetylaldehyde diffuses freely to the cytosol and is reduced to ethanol via the
cytosolic ADH, resulting in an increase in cytosolic NAD*. This process forms the basis of
the experimental method utilised in this investigation to analyse the NADH:NAD+ratio.
This ratio plays an important role in the regulation of the intracellular redox state and is
often considered as an indication of the metabolic state. Various reports have indicated
that the NADH:NAD* ratio fluctuates in response to changes in metabolism. Many
metabolic enzymes are regulated by this ratio, such as those involved in the glycolytic
pathway, for

example glyceraldehyde-3-phosphate dehydrogenase and

pyruvate

dehydrogenase complex. Swierczynski eta/., 2001 reported that the NADH:NAD+ ratio in
mammalian blood is 3.3 (10:3).
A variety of age related diseases as well as metabolic disorders have been indirectly
associated with an aberration in the NADH:NAD+ ratio (Lin and Guarente, 2003). An
example of this postulated association is the role of this ratio in diabetic vascular
dysfunction (Dandona and Aljada, 2002). Hyperglycaemia, which induces vascular
complications, has been reported to cause a decrease in the NADH:NAD+ ratio, due to an
influx of glucose into the pentose phosphate pathway as discussed in Section 3.3.2. In
another investigation, an association between lower complex I activity and T2D was found
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(Suzuki et a/., 1999). It can be concluded from these reports that in a diabetic state the
ratio is more difficult to regulate and will consequently affect the activity of complex I. The
wide range of ratios as depicted in the data distribution graph in Graph 6.9, obtained in the
current study for all three groups, strongly supports the above statement. To determine the
distribution of the data, the Shapiro Wilk's Test was performed and a p-value of 0.000 was
obtained, indicating that the data distribution was not normal.
Graph 6.9:

Representation of the NADH:NAD+ratio data distribution
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The curve indicates the expected distribution curve if the data is normally distributed; bar graph indicates the distribution of the
NADH:NAD* ratios analysed in this investigation.

Of the individuals included in this investigation only one individual from Group-3 had an
NADH:NAD+ ratio within the range of that reported by Swierczynski etal. (2001). This
analysis was performed in duplicate for each sample. The deviation of these results from
the values reported by Swierczynski et a/. (2001) could be attributed to the fact that in their
analysis, Swierczynski et a/. (2001) analysed this ratio in rat liver. Due to the unavailability
of reports stating the normal ratio in human blood at the time of this investigation, the value
reported by Swierczynski etal. (2001) was used as a reference. From this observation, it
can be suggested that each laboratory has to define a normal value for this analysis for the
respective tissues.
A summary of the statistical parameters analysed from the NADH:NAD+ ratio data are
presented in Table 6.6. The NADH:NAD' ratio for Group-3 has a higher standard deviation
as depicted in Table 6.6, due to the maximum value of 2.8 obtained for one of the
individuals in this group.
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Summary of NADH:NAD+ ratios between Group-I, Group-2 and
Group3
Mean

Median

Minimum

Maximum

Standard
deviation

Group-2

1.1

0.8

1.4

0.2

Group-3

0.6

1.1
0.3

0.1

2.8

Group-I and Group-2

1.1

1.O

0.7

1.8

0.6
0.2

All groups

0.8

0.9

0.1

2.8

0.5

Group

A graphical representation of the distribution of the data for the three groups of individuals
is presented in Graph 6.10. The median, minimum and maximum values are indicated.
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Representation of the NADH:NAD+ ratio in the three nroups of
individuals
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Despite the lack of a reference value for normal individuals, the differences in the median
values of the NADH:NAD' ratios between the three groups of individuals was still analysed
utilising the Kruskal-Wallis test. A p-value of 0.0003 was obtained indicating that there is
significant difference in the median values of the three groups. To determine the inter
group differences, Bonferroni corrected Mann-Whitney U tests were performed.
As depicted in Table 6.7, the difference observed between Group-I and Group-3
(p-value=O019) as

well

as

the

difference between

Group-3

and

Group-2

(p-value = 0.001) were above the 95% level of statistical significance. However, no
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significant difference, (p-value = 0.836) was observed between Group-I and Group-2. The
lack of a significant difference between Group-I and Group4 corresponds with the results
obtained for the GSH:GSSG ratio and the d-ROM tests.
p-values obtained for inter group comparisons via Bonferroni
corrected Mann-Whitney U tests for the NADH:NAD' ratios

Table 6.7

The values indicated are rounded off to the third decimal; p-values c 0.05, indicating statistical significance, am presented in bdd. Grey
shaded cells contain no data.

The results presented for the ATP:ADP ratios in Section 6.2.1.6 and the 1actate:pyruvate
ratios in Section 6.2.1.5 also indicate that there is no significant difference (below the 95%
level of statistical significance) in the biochemical parameters analysed in this investigation
between Group-I and Group-2. This observation supports the postulated role of ROS in
aging as well as in the pathogenesis of various metabolic disorders, such as T2D and
mitochondrial cytopathies. The suggested lack of sensitivity of these biochemical analyses,
particularly in a heterogeneous tissue such as blood, highlights the importance of a
biomarker for the detection of increased levels of ROS.
It has been postulated that if the NADH:NAD' ratio is very high, the regulation thereof will
be more sensitive to a change in the concentration of NADH than NAD*. Since NAD* is a
cofactor in the reaction catalysed by glyceraldehyde phosphate dehydrogenase as
depicted in Figure 3.4, the variation in this ratio will affect this step within the glycolytic
pathway, resulting in altered energy metabolism. As discussed previously any impairment
within Complex I of the OXPHOS pathway affecting the oxidation of NADH will also affect
this ratio. It can also be suggested that the process of energy metabolism will be
compromised if the NADH:NAD+ ratio is impaired. This suggestion was further explored in
this investigation by measuring the ATP:ADP ratio for these individuals and the results
thereof are presented in Section 6.2.1.6.
LactakPvruvate ratio analysis in blood

6.2.1.5

Under physiological conditions, the lactate and pyruvate levels in blood are regulated by
their production from glycolysis and the utilisation thereof during gluconeogenesis as well
as in mitochondrial oxidation. In blood, the 1actate:pyruvate (UP) ratio reflects the redox
state. In a case where there is a defect in the glucose metabolism, or mitochondria1
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impairment, the oxidation of pyruvate to acetyl-CoA by pyruvate dehydrogenase complex
does not occur. Due to the only other possible reaction being the conversion thereof to
lactate, a shift in the pyruvate to lactate ratio will occur, which eventually leads to
metabolic acidosis.
Various methods can be utilised in the determination of the UP ratio (Vassault etal.,
1991), however due to the sensitivity of the spectrophotometry, this was the method of
choice. T2D is one of the many diseases that present with ketoacidosis, as discussed in
Section 3.3.2. Ketoacidosis in a hyperglycaemic state leads to high lactate levels within the
blood, which is characteristic of T2D. Under normal metabolic conditions, the UP ratio is
maintained within the range of 15-25 (Wanders etal., 1992; Minniti et aL, 2001;
ter Hofstede etal., 2004). Ratios exceeding 25 are indicative of a disturbance in the
cellular oxidation-reduction state. Minniti etal. (2001) reported that lactate values differ in
various body fluids such as arterial blood, which exhibits the lowest values, venous blood
and cerebrospinal fluid, which has the highest values. Thus, results obtained in this
investigation are based on the reported normal range for venous blood. According to the
Shapiro Wilk's Test, the UP ratio data for the groups of individuals did not have a normal
distribution (p-value = 0.000) as indicated in Graph 6.1 1.
Gra~h
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In T2D individuals (Group-I), high levels of lactate were observed in this investigation as
indicated by the median UP ratio of 33.3 observed for this group, as listed in Table 6.8.
The elderly non-diabetic individuals (Group-2) also presented with a high median value of
28.9 when compared to the 17.4 obtained for the POWIRS2 group (Group-3) of
individuals. This difference indicates an alteration in the redox states within the various
groups of individuals. The relatively high UP ratios obtained for all three groups, as
opposed to the reported ratio between 15 and 20, may be attributed to the fact that during
blood drawing a tourniquet was utilised, thus inhibiting the free flow of oxygenated blood.
Hypoxaemia has been reported to result in high concentrations of lactic acid in blood due
to the preferential conversion of pyruvate to lactic acid under anaerobic conditions (Joulia
eta/., 2003). Therefore, the procedure followed to obtain blood may have led to high UP

ratios. However, because this procedure was performed for all three groups, a relative
estimation of the UP ratios could be made.
Table 6.8:

Summary of the 1actate:pyruvate ratios between the three groups of
individuals
Mean

Median

Minimum

Maximum

Standard
deviation

Grouu-I

35.6

33.3

18.8

68.3

15.1

Group2

28.9

16.3

55.1

11.4

Group-3

30.0
19.3

17.4

10.2

49.9

8.0

Group-I and Group-2

33.4

31.0

16.3

68.3

13.8

25.27

20.94

10.2

68.3

12.9

Group

All arouus

A representation of the statistical parameters listed in Table 6.8 is presented in Graph

6.12. The large variation in the UP ratios between and within the groups is indicated by the
large distribution of the minimum and maximum values observed for each of the groups.
The constant metabolism of pyruvate to either enter the citric acid cycle as depicted in
Figure 3.3, or to form lactic acid could be a factor that led to this variation. The inability to
monitor the diet of Group-1 and Group-2, thereby not regulating the uptake of
carbohydrates, protein or fats, may also have led to the observed variation.
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Due to the data of the UP ratios of these three groups having a non-parametric distribution
as indicated in Graph 6.1 1, the Kruskal-Wallis test was performed to analyse the
difference between the median values. A p-value of 0.000 was obtained, indicating a
significant difference between these three groups. To determine the inter group
differences, Bonferroni corrected Mann-Whitney U tests were performed. The results of
these analyses are listed in Table 6.9.
Table 6.9:

p-values obtained for inter group comparisons via the Bonferroni
corrected Mann-Whitney U tests for the 1actate:pyruvate ratios

The values indicated are rounded off to the third decimal; p-values < 0.05, indicating statistical significance, are presented in bold. Grey
shaded cells contain no data.

A significant difference (p-value = 0.000) was observed between Group-I and Group-3, as
indicated by the bold text in Table 6.9. It is also evident from the p-value of 0.005 obtained
when comparing Group-2 and Group-3 that a statistically significant difference exists
between these two groups. However, no difference was observed between Group-I and
Group-2. This data supports the conclusion made subsequent to the analysis of the
anthropometric data, the lifestyle patterns as discussed in Section 6.1, as well as the
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d-ROMs test data presented in Section 6.2.1.1, namely that Group-2 should not serve as a
control for Group-I .
6.2.1.6

ATP:ADP ratio analysis in whole blood

In a metabolic disorder, energy production is decreased. Since the mitochondria produce
the most amount of energy, any impairment within these organelles will be identified by
decreased levels of energy in the form of ATP. It is thus hypothesised in this investigation
that due to the high levels of ROS (present in individuals within the various groups)
resulting in mitochondria1 dysfunction, a low energy status will be detected.
In order to measure the energy status within blood, the method describe by Lust et a/.
(1981) was employed. In this procedure, the total cellular ATP (ATP and ADP converted to
ATP) was measured spectrophotometrically by detecting the formation of NADPH in the
reaction catalysed by hexokinase and glucose-6-phosphate dehydrogenase.
The Shapiro Wilk's Test was performed to determine the distribution of the ATP:ADP ratios
obtained for all three groups. From this analysis, a p-value of 0.001 was observed,
indicative of data not normally distributed, as depicted in Graph 6.13.
Graph 6.13:

Representation of the analysis of the distribution of the ATP:ADP
ratios

ATP:ADP ratio
The curve indicates the expected distribution curve if the data is normally distributed; the bar graph indicates the distribution of the
ATP:ADP ratios analysed in this investigation.
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Nadlinger et a/. (2002) reported in their investigation that the blood ATP:ADP ratio in a
normal individual who is not under any physical stress is between 10 and 12. This value
was used as a reference in this investigation. A summary of the results of the ATP:ADP
analysis is presented in Table 6.10.
Table6.10:

1

Summary of the ATP:ADP ratios between the three groups of
individuals

I

Group n u m h

Mean

1

Median

I

Minimum

I

Maximum

I

I

Group-1

4.5

2.6

1.3

10.0

3.3

Group-2

5.0

1.3

9.0

2.5

Group-3

4.6
8.4

1.2

4.5

1.3

19.3
10.0

4.4

Group-1 and Group-2

8.3
4.2

All groups

6.7

6.3

1.2

19.3

4.3

3.0

From the results presented in Table 6.10 it was apparent that individuals comprising
Group-I and Group2 had reduced energy levels as indicated by the mean values, which
are greatly decreased when compared to the normal range. Even though Group-3
presented with a lowered mean value, it was higher than that of Group-I and Group-2. A
graphical illustration of these results is presented in Graph 6.14, where the median values
for each group are indicated. Group-3 had a higher standard deviation due the great
variation in the ATP:ADP ratios between the individuals comprising this group, as indicated
in Appendix B by the large range of values obtained.
Graph 6.14:
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Due to the data having a non-Gaussian distribution pattern according to the Shapiro Wilk's
Test, the Kruskal-Wallis test was performed and a p-value of 0.0017 was generated. This
indicated that a significant difference existed between the medians of the three groups.
Bonferroni corrected Mann-Whitney U tests were performed to analyse the inter group
median differences and the results thereof are presented in Table 6.11 in terms of
p-values.
Table 6.11:

p-values obtained for inter group comparisons via the via Bonferroni
corrected Mann-Whitney U tests for the ATP:ADP ratios

The values indicated are rounded off to the third decimal: p-values c 0.05, indicating statistical significance, are presented in bold. Grey
shaded cells contain no data.

No significant difference was observed between the diabetic elderly (Group-I) and
non-diabetic elderly (Group-2) individuals (p-value of 1.000). However, a significant
difference was observed between Group-3 and Group-2, with a p-value of 0.027, as well
as Group-3 and Group-I (p-value of 0.007). When the data for Group-I and Group-2 was
combined and compared to the results obtained for Group-3 via the Bonferroni corrected
Mann-Whitney U test, a significant difference was obtained with a p-value of 0.001.
The results obtained for the ATP:ADP ratio for these groups correlates with those obtained
for the NADH:NAD ratio. These results are also consistent with those presented by
Nadlinger eta/. (2002), where it was observed that post physical exercise, lower NADH
concentrations were obtained as well as lower ATP levels. None of the individuals
comprising the three groups took part in physical exercise during recruitment, or indicated
that they had undergone any physical training prior to sampling. However, the results
follow a similar trend as those of Nadlinger et a/. (2002), which indicate that where there is
a decrease in NADH for utilisation in the OXPHOS, it will result in a decrease in the ATP
levels.
It is apparent from the analysis of the aforementioned biochemical parameters that
Group-I and Group2 cannot be clearly distinguished based on these parameters. This is
mainly due to various factors such as that individuals comprising Group2 were affected
with other ROS related disorders, were elderly, and had BMI ratios above the normal
range. This may indicate that the ROS related complications observed in Group-I and
Group9 may in both cases be related to their age and not necessarily to T2D. Therefore,
lo9
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because of the age difference between Group-3 and the combined Group-I and Group-2,
Bonferroni corrected Mann-Whitney U tests (non-parametric data) were performed for all
six biochemical parameters assayed to analyse the significance of differences observed
between these groups.

A significant difference was obtained for four of the six biochemical parameters analysed
as indicated in Table 6.12. The text indicated in bold, denotes the parameters where a
level of statistical significance was attained.
Table 6.12:

F

p-values obtained from the Bonferroni corrected Mann-Whitney U
tests when the combined Group-I and Group-2 was compared to
Group3
Parameter

D-value

d-ROMs test

0.409

ORAC analvsis

0.825
0.000

GSH:GSSG ratio analysis
NADH:NAD ratio analysis

1

0.000

Lactate:pyruvate ratio analysis

0.000

ATP:ADP ratio analysis

0.001

The values indicated are rounded off to the third decimal; p-values < 0.05, indicating statistical significance, are presented in bold.

Based on the results presented in Table 6.12, the combined Group-I and Group9 had
significantly different redox capacity as well as energy states when compared to Group-3.
However, the difference that was observed for oxidative stress as indicated by the
p-values of the d-ROMs and ORAC assays was not significantly different. Therefore,
based on the redox and energy states between Group-3 and the combined Group-I and
Group-2, these two groups can be distinguished from each other. However, the inability to
distinguish between these groups based on the ROS data indicates the need to use
alternative methods for the detection of ROS.
The data of all six biochemical parameters analysed for the three groups of individuals was
further analysed via statistica0 to determine and measure the correlation between the
various analyses. Each of the values for all of the parameters for each group were utilised
for this analysis. As discussed in Section 5.7, the Spearman ranked correlations test was
performed. The results of the analysis of correlation are indicated in Table 6.13.
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Correlation coefficients of all six biochemical parameters generated
with the Spearman ranked test for the three groups of individuals

Grey shaded cells contain no data; the yellow shaded cell indicates a strong posilive correlation in GmupZ between the NADH:NAD*
ratios and the GSH:GSSG ratio, with a signifcant pvalue; the green shaded cells indicate a weak relalbnship in the gmupr with
signficant P-values; the blue shaded cell indicates a medium relaionship between the NADH:NAD+ ratios and the lactate:pyruvate
r a t i i for all three groups.
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The values listed in Table 6.13 indicate the correlation coefficients (r) as well as the
p-values of the regression analysis for all three groups and the individual groups. A
positive correlation between the d-ROMs test and ORAC data was expected. According to
the Spearman ranked test, a weak relationship was detected as indicated by a correlation
coefficient of 0.014, with a corresponding p-value of 0.905 for all three groups. Weak
relationships were also observed for the d-ROMs test and ORAC data in each of the three
groups.
In cases of high energy production i.e. high ATP:ADP ratio, a negative correlation between
the ATP:ADP ratio and the 1actate:pyruvate ratio is expected, with the ATP:ADP ratio
having a positive correlation to the NADH:NAD+ratio. A weak negative correlation between
the ATP:ADP ratio and the NADH:NAD' ratio was observed (r-value = -0.304) for all three
groups. However, a p-value of 0.009 was generated, indicating that there is a 0.9%
probability of obtaining this result due to chance. A weak negative correlation between the
ATP:ADP ratio and the 1actate:pyruvate ratio (r-value = -0.301) was observed with a
p-value of 0.010. A medium strength positive correlation between the NADH:NAD+ ratio
and the 1actate:pyruvate ratio (r-value = 0.344, p-value = 0.003) was obtained. As
indicated in Table 6.13, a strong positive relationship between the NADH:NAD' ratio and
the GSH:GSSG ratio (r = 0.713) exists in Group-2, with a p-value of 0.009, indicating a
99.1% probability of observing this relationship in this sample group. According to the
values indicated in Table 6.13, the 1actate:pyruvate ratio, ATP:ADP ratio, GSH:GSSG ratio
and the NADH:NAD+ ratio had significant p-values for the regression analysis. It may be
suggested from the results of the correlation analyses that relationships between the
aforementioned biochemical parameters do exist, even though the correlation coefficients
obtained did not indicate strong relationships.
From the results obtained during correlation analyses via the Spearman ranked test, it may
be suggested that the cohort size was not large enough to be representative of the
diabetic population and the non-diabetic population group. Due to the number of
individuals that were selected in the study to test the effect of ROS in T2D individuals as
according to Samuels (1989), a larger sample size would aid in providing a more accurate
estimation of this effect of ROS, particularly in a complex disorder such as T2D. Thus it is
suggested that a true profile of the biochemical parameters in T2D individuals can be
obtained via the analysis of a larger population group. The use of a heterogeneous tissue
such as blood, which has not been reported for such analyses, may have also lead to the
low sensitivity observed for these biochemical assays. The effect of the endogenous levels
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of ROS on MT gene expression in these three groups of individuals was analysed via
Real-Time PCR and ELISA. The results thereof are discussed in Sections 6.4.2and 6.5.2,
respectively.
6.3

OXIDATIVE STRESS IN CONTROL CELL LINES TREATED WITH t-BHP

For the purpose of this investigation, a positive control for ROS-induced expression of MT
genes was required. MT expression was therefore analysed in ROS producing HeLa cells
as discussed in Section 6.3.1.As stated in Sections 5.3.2 and 5.3.3,the ROS
determination, and the cell viability assay were performed to quantify the oxidative stress.
The results obtained for these two parameters were normalised to the protein content of
the cells. The BCA method discussed in Section 5.3.2.1was utilised for the protein
determination. Real-Time PCR was used to analyse the differential expression of MT
genes and the ELISA was used for the detection of the MT proteins. The results of these
analyses are presented in Sections 6.4.1and 6.5.1respectively.
6.3.1 Analysis o f ROS production in t-BHP treated HeLa cells

t-BHP has been proved to induce free radical damage in lymphocytes and many other cell
types (Wolfler etal. 1999), via the formation of peroxyl- and alkoxyl radicals in the
presence of transition metal ions. These intermediates initiate lipid peroxidiation, DNA
damage, and affect cell integrity. HeLa cell lines were treated with 0.5 mM, 0.8 mM, 1 mM
t-BHP. A three hour incubation period was optimal, since longer periods of incubation led
to too much cell damage, resulting in a loss of cells, therefore producing erroneous results.
Each of the t-BHP concentrations as well as the control were performed in replicates of
seven, to analyse the reproducibility of the results and the homogeneity between the
it was observed that HeLa cell viability was
different wells. As discussed in Section 6.3.2,
affected by the presence of t-BHP. Cell viability decreased when the concentration of
t-BHP was increased.
The production of ROS within the t-BHP treated cells was measured, as discussed in
Section 5.3.2by a fluorometric analysis via the use a H2DCFDA. The oxidation of the
non-fluorescent H2DCFDA to the highly fluorescent 2',7'-dichlorofluorescein (DCF) is
commonly used to detect the generation of reactive oxygen intermediates within cells.
Oxidation of H2DCFDA has been reported to not be directly sensitive to free radicals, but
rather that free radicals can indirectly contribute to the formation of DCF through their
reaction with cellular substrates that yield peroxy products and peroxyl radicals Wang and
Joseph, 1999).
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The mean absorbance values which were measured at an excitation of 485 nm and
emission of 530 nm for all seven replicates of each of the t-BHP concentrations are listed
in Table 6.14.The data were plotted using each of the medians of the absorbance values
divided by the protein concentration in order to express the results in relative fluorescence
units (RFU)per pg protein. To obtain a relative quantification of the production of ROS,

RFU per pg protein values of each of the different concentrations of t-BHP were subtracted
from the mean value obtained for the negative control.
Table 6.14:

Summary of the statistical analysis of the t-BHP treated HeLa cells

Parameter
Protein concentration (pg.ul")
Mean (RFU. pg.' protein)
Median(RFU. pg-' protein)
Median-Blank (0mM t-BHP)
Standard deviation

I

0 mM t-BHP

1

0.5 mM t-BHP

17.17
1478.92
1396.61
0.00
294.77

14.18
4637.45
4784.23
3387.62
542.30

1

0.8 mM t-BHP

13.40
5963.47
6026.56
4629.95
971.70

1

1 mhl t-BHP

1

13.40
4530.41
6270.09
4873.48
3152.20

pg = micro grams; mM = millimolar; t-BHP = tert-butyl hydroperoxide; RFU = relative fluorescence units.

As depicted in Graph 6.15 there was a linear increase in the production of ROS with an
increase in the concentration of t-BHP. These results support the report by Wang et a/.

(2000)that cells exposed to t-BHP have an increased production of ROS.
Graph 6.15:

Representation of the extent of ROS production in t-BHP treated cell

Median

25%-75%
Min-Max
L

RFU

:

relative fluorescence units; pg = micrograms; m M = millimolar.
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In this investigation, as presented in Table 6.14 and Graph 6.15, an increase in the
standard deviation was observed with an increase in t-BHP concentrations. This
observation could be explained by a possible differential production of ROS by the cells
within the 96 well plates. It is also suggested that at the 0.8 mM and 1 mM t-BHP
concentrations, a subset of the cells may have activated the endogenous cellular
antioxidant mechanisms discussed in Section 3.3, thus resulting in increased variation. At
the 1 mM t-BHP concentration, values close to those detected at 0 mM t-BHP were also
observed, further supporting the hypothesis that the activation of endogenous cellular
antioxidant mechanisms result in decreased ROS production.

The significance of the differences between the median values of the different t-BHP
concentrations and the negative control was analysed via the Kruskal-Wallis test. A 95%
level of statistical significance was utilised with a corresponding p-value equal to 0.05 or
less. A p-value of 0.006 was obtained, indicating that the difference observed between the
median values is significant. To analyse the inter group median differences, Bonferroni
corrected Mann-Whitney U tests were performed. The results of this test are in presented
in Table 6.15.
Table 6.15:

1

Treatment

i

0 mM t-BHP

p-values obtained for inter group comparisons via the Bonferroni
corrected Mann-Whitney U tests for the t-BHP treated HeLa cells

1

0.5 mM t-BHP

0.8 mM t-BHP

0.413

0.003

I

1 mM t-BHP

1

0.074

The values indicated are rounded off to the third decimal: p-values < 0.05, indicating statistical signficance, are presented in bold.

A significant difference was observed between the 0 mM t-BHP and 0.8 mM t-BHP

concentrations (p-value = 0.003). Even though a difference was present between the
0 mM t-BHP and 0.5 mM t-BHP as well as 0 mM t-BHP and 1 mM t-BHP, it was not
statistically significant. It may be concluded from this observation that at 0.8 mM t-BHP
concentration, ROS production was greatly increased when compared to the 0 mM t-BHP
concentration. It is suggested that at 1 mM t-BHP, the cellular endogenous antioxidant
mechanisms were activated in a subset of cells, leading to a distribution that is not
significantly different from those of the 0 mM t-BHP, thus creating the overlap in the results
of the ROS production.
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6.3.2 Analysis of cell viabilitv in t-BHP treated HeLa cells

The MTT assay is commonly used to analyse cell viability. Within a living cell, MTT is
reduced by mitochondria1 dehydrogenases to a blue-magenta coloured formazan
precipitate. The absorption of the dissolved formazan in the visible region correlates with
the number of metabolically active cells, since tetrazolium are only reduced by
metabolically active cells. Cytotoxic compounds such as Triton-X loo@,high concentration
of t-BHP, and Glacial acetic acid (supplied by Merck) were used in this analysis as positive
controls. These compounds have been reported to damage and destroy cells, and thus
decreasing the reduction of MTT to formazan (Mueller eta/., 2004). HeLa cells were
seeded in 96 well plates at a density of 3 x 104cellper well. Each of these cytotoxic agents
were added 30 min prior to the MTT analyses of the 0.5 mM, 0.8 mM, 1 mM t-BHP
concentrations. A graphical illustration of the effects of the aforementioned positive
controls is presented in Graph 6.16.
Graph 6.16:

Representation of the effects of the different cytotoxic agents on
HeLa cell viability

Triton-X 100

10 m M

50 mM

0.5%

1%

3%

6%

Acetic acid

t-BHP

Positive controls
3HP = lee-bufyl hydroperoxide.

As depicted in Graph 6.16, Triton-X 100 resulted in the least cell viability, however it was
not the compound of choice because it resulted in the detachment of metabolically active
cells from the plate. It was not clear whether the low cell viability was due to the reduction
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of live cells, or due to the toxic effects thereof. The positive control of choice was therefore
6% acetic acid for the M l T analysis, as it was evident that very little cell detachment
occurred subsequent to the analyses of the cells under the microscope. From the results
presented in Graph 6.16, it is evident that although t-BHP is toxic to the cells, it does not
lead to excessive cell death during the 30 min incubation period as compared to
Triton-X 100.
The effects of the three hour incubations with 0.5 mM, 0.8 mM, 1 mM t-BHP
concentrations were subsequently analysed with 6% Glacial acetic acid as a positive
control. The results of these analyses are present in Graph 6.17.
Graph 6.17:

Representation of the effects of the t-BHP and Acetic acid on cell
viability

6%
Acetic acid

I

0

0.5

0.8

1

t-BHP Concentration (mM)

I

I

rnM = millimolar: t-BHP = tert-butyl hydroperoxide.

It can be concluded from the data presentation in Graph 6.17, that the concentration of
t-BHP utilised to induce ROS production did affect the cell viability. The protein

concentrations for each of the treatments were measured and cell viability expressed in

RFU per pg protein, as indicated in Table 6.16. Measuring the protein content enabled the
normalisation of the data based on their protein content (Wang and Joseph, 1999).
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Table 6.16:

Summary of the cell viability analysis in t-BHP treated cells
Parameter
6% Glacial
OmM
O.5mM
O.8mM

Proteinconcentration(g.r1)
Median(absorbanceat 560nm)
Absorbanceper g protein

acetic acid
10.90
0.01
0.00

t-BHP
10.62
0.30
0.03

t-BHP
10.32
0.13
0.012

1 mM
t-BHP
9.50
0.11
0.01

t-BHP
8.86
0.10
0.01

I.Ig = micro grams; t-BHP = tert-butyl hydroperoxide.

According to the Kruskal-Wallis test, the difference in the median values of the cell viability
assay for the various t-BHP treatments was not significantly different (p-value = 0.39), and
the ROS measurements were therefore based on a similar quantity of cells for all
treatments. It can therefore be concluded from the ROS assay as well as the MTT assay
that the HeLa cells eventually produced ROS leading to both apoptosis and necrosis. The
effect of the ROS production on MT gene expression was further analysed and the results
thereof are presented in Section 6.4.1.
REAL-TIME PCR ANALYSIS OF METALLOTHIONEIN RNA

6.4

The Guanidinium thiocyanate and phenol-chloroform extraction method utilising the TRizol
LS reagent was employed for RNA isolation from blood as well as from HeLa cells treated
with varying concentrations of t-BHP for three hours. Subsequent to the RNA isolation, the
purity,

concentration

and

integrity

of

the

isolated

RNA,

was

analysed

via

spectrophotometry and agarose gel electrophoresis, respectively. Upon analysis of the
RNA isolated from blood, it was observed that there was DNA contamination of the
isolated RNA. To overcome this obstacle, RNase free DNase was utilised to destroy the
DNA as described in Section 5.7.2, yet keeping the RNA intact. The RNA was further
analysed on a 2% (w/v) agarose gel. The results thereof are presented in Figure 6.1.
Figure 6.1 :

Photographic representation of untreated RNA and DNase treated
RNA
Molecular
marker

ABC
--------

D E

F G

H
Contaminating
DNA

1,031 bp
500 bp

18S rRNA

100 bp

Gel
artifact
tRNA and
5SrRNA

2% (w/v) agarose gel, electrophoresed at 10 V.em.1in TBE buffer. A = 100 bp molecular weight maker; B = DNase treated RNA for
sample 1414; C = DNase treated RNA for sample 1424; D = untreated RNA for sample 1424; E = DNase treated RNA for sample 1531;
F = untreated RNA for sample 1531; G = DNase treated RNA for sample 1521; H = untreated RNA for sample 1521; tRNA = transfer
RNA; rRNA = ribosomal RNA, S = Svedberg units.
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The DNA contamination of RNA was also observed subsequent to the Real-Time PCR
analysis of the RNA where amplification of the MT-2A pseudogene was observed upon
analysis of the Real-Time PCR products on a 2% agarose. The MT-2A primer set listed in
Table 5.11 was analysed for complementarity to other MT genes via the Basic Local
Alignment Search Tool (BLAST). The forward primer sequence had 96% complementarity
to the MT-2A pseudogene, whereas the reverse primer had 95% complementarity. A
fragment of ca. 400 base pairs, as indicated in Figure 6.2 was observed which
corresponded to a fragment size that would the obtained if the MT-2A pseudogene was
amplified. From these two observations it was thus concluded that the RNA had DNA
contamination.

Figure 6.2:

Photographic
representation
amplified via Real-Time PCR
ABC
--------

Molecular
marker

the

DE

MT-2A pseudogene

FG

product

H

1,031 bp
600 bp
500 bp
400 bp

400 bp

300 bp
200 bp

187 bp

2% (w/v) agarose gel electrophoresed

at 10 V.cm'1 in TBE buffer. A = 100 bp molecular weight maker; B = Real-Time PCR productfrom
RNA isolated from HeLa cells, which was utilised as a positive control of MT -2A; C = control sample 1; D = control sample 2; E = sample
1524; F = sample 1414; G = sample 1415; H = negative control.

cDNA synthesis was performed with 3 Ilg of total RNA using the MMLV-RT enzyme, and
was subsequently utilised for Real-Time PCR. Real-Time PCR was the method of choice
due to its accuracy, sensitivity, and minimal amount of RNA required. As discussed in
Section 5.6, two methods were initially employed for Real-Time PCR, however, the
iScripFMone step Real-Time PCR was omitted as the method of choice, because the PCR
efficiency was lower than that of the iQ SYBR Green@Real-Time PCR kit. The optimised
temperatures listed in Table 5.11 were utilised for the Real-Time PCR amplification of the
receptive genes.
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6.4.1 Real-Time PCR detection of the expression o f MT aenes in HeLa cells

To analyse the effect of ROS production via treatment with t-BHP on the expression of MT
genes, Real-Time PCR was employed. Due to the requirement of internal controls, as
indicated by Radonic etal. (2004), four housekeeping genes listed in Table 5.11 were
analysed. The annealing temperature for all the primer sets listed in Table 5.11 was
optimised at 60°C. In this investigation glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and p-microglobulin were found to be the most stably expressed genes, and
were used for the normalisation of the MT expression profile. These genes were listed by
RadoniC etal. (2004) as suitable genes to use as housekeeping genes for the
normalisation of Real-Time PCR experiments. It was observed that the increased ROS
production led to an increase of MT-2A gene expression and not increased expression of
MT-1 isoforms, even though ROS-dependent induction was reported by Dalton et a/.
(1994). To compare the different RNA transcription levels, the Ct values for MT-2A for the
t-BHP treated cell lines were compared via the GeNorrn software version 1.4. The Ct is
defined as the number of cycles needed for the fluorescence signal to reach a specific
threshold level of detection. At this point, a significant increase in the quantity of the PCR
product was detected.
To ensure comparability between the two housekeeping genes as well as the MT-2A, the
PCR efficiency was first determined for each gene by measuring serial dilution from 15
ng+d-' to 0.12 ng.$'.

Ct values less than 40 were used for calculation of the PCR

efficiency, via the Relative expression software tool (REST) as discussed by Pfaffl etal.
(2002). The PCR efficiency for GAPDH, p-microglobulin and MT-2A were 1.94, 1.99, and
1.99 respectively. In this analysis, a PCR efficiency value of 2 indicated a 100%
amplification efficiency. For the analysis of gene expression in each of the t-BHP HeLa cell
lines, the Real-Time PCR for each sample was performed in triplicate. The GeNorm
software version 1.4 program was utilised to determine the normalisation and the formulas
indicated in Table 5.14 utilised in the Microsofl ~ x c e l @
software programme to measure the
relative expression of MT-2A. A summary of this data obtained is presented on Table 6.17.
Table 6.17:
Conditions

Summary of MT-2A gene expression in t-BHP treated cells
Mean Ct

Standard
deviation of Ct

Normalised
quantity

Expression
ratio

Standard deviation
of Expression ratio

0 mM t-BHP

19.4

0.173

1.000

0.187

0.5 mM t-BHP

18.5

0.173

0.259
0.523

2.018

0.8 mM t-BHP

17.4

0.402

0.672

4.613

0.285
0.549
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As graphically presented in Graph 6.18, there was a proportional increase in putative ROS
induced expression of MT genes. The 0.5 mM t-BHP concentration treatment resulted in a
two fold expression of the MT-2A gene. A four and a half-fold and five-fold increase in
expression of MTZA as compared to the control cell lines was observed for the 0.8 mM
and 1 mM t-BHP concentrations respectively. A high standard deviation was however,
obtained for both the 0.8 mM (0.549) and 1 mM t-BHP (1.148) concentrations, indicating
varied responses of cells to the t-BHP treatment, resulting in a high variation of the
expression of MT genes. This increase in the standard deviation with an increase in the
t-BHP concentration was also observed when the ROS production was measured as
discussed in Section 6.3.1. This observation supports the suggestions made in Section
6.3.1, that a subset of cells may have activated endogenous antioxidant mechanisms to
overcome the effect of ROS. This postulation was however not tested due to the large
quantity of cells required for the ORAC assay as discussed in Section 5.2. It was also
noted, as indicated in Graph 6.18, that the difference in MT expression between the 0.5
mM t-BHP and 0.8 mM t-BHP concentrations was greater than the difference between 0.8
mM t-BHP and 1 mM t-BHP treatments. This observation may illustrate that at the former
concentrations, the endogenous cellular antioxidant mechanisms were not sufficient to
scavenge the ROS, thus resulting in a robust ROS-dependant MT expression. However, at
the latter concentrations, the antioxidant mechanisms were more efficient at diminishing
ROS, although there was still high enough levels of ROS to result in the expression of MT
genes.
Graph 6.18:

Representation of the effects of the t-BHP treatment on the
expression of MT-2A in vitro

0 mM

0.5 rnM

t-BHP concentrations
1-BHP = te~-butylhydroperoxide.

0.8 mM
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It can therefore be concluded from the results presented in this Section that the increase in
ROS production, induced by the treatment of cells with t-BHP, does result in an increase in
the expression of MT genes. However, in this cell line MTZA was the only MT isoform that
was expressed at a level above the threshold value. Even though these results are derived
from in vitro work, they serve as a positive control for the ROS-induced expression of MT
genes, since at the time of this investigation no in vivo analysis, particularly in humans, of
ROS-induced MT expression had been reported.
6.4.2

Real-Time PCR detection of the Metallothionein aene expression in whole

blood

It has previously been reported that quantitative changes in MT mRNA content in
lymphocytes exposed to high Cd concentrations can be detected (Yamada and Koizumi,
2001). The report by Yamada and Koizumi (2001) supports the postulated metal-induced
expression of MT genes. However, the limiting factor of such investigations is that the cells
were isolated and grown in culture prior to RNA isolation. Therefore, this observation still
requires to be elucidated in vivo. It was the aim of this investigation to quantify the
expression levels of MT mRNA from RNA isolated from whole blood of T2D individuals as
well as individuals not affected with T2D and to explore the possibility of utilising the
differential expression of MT genes as a biomarker for oxidative stress in T2D individuals.
RNA was isolated from whole blood as described in Section 5.6.1. In order to estimate the
differences in the mRNA content of whole blood, all five housekeeping genes listed in
Table 5.8 were initially analysed to evaluate their use as internal controls in reactions
containing control RNA isolated from whole blood. All reactions were performed in
duplicate. From the experimental results obtained from control samples the expression of
GAPDH was the most stable, with Ct values ranging between 30 and 42.7. The expression
of p-actin, P-microglobulin and RNA polymerase II exhibited great variation, where in some
samples expression of these genes above the threshold position was not detected. It was
thus concluded that GAPDH was the most stably expressed housekeeping gene and thus
ideal to be utilised for normalisation of the expression of MT genes. It has been suggested
by Ullmannova and HaSkovec (2003) as well as by Radonic eta/. (2004) that it is best to
utilise two housekeeping genes for normalisation. In this regard, it was concluded that
utilising a single stably expressed gene would provide more accurate results as opposed
to the use of a second gene whose expression was not stable. Therefore, GAPDH was the
only housekeeping gene utilised for normalisation in this investigation.
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In contrast to the 35 cycles utilised for Real-Time PCR performed on RNA isolated from
t-BHP treated cell lines, 45 cycles for RNA isolated from whole blood were performed. This
is mainly due to the low PCR efficiency that was obtained for RNA isolated from blood
utilising the method discussed in Section 6.4.1. When determining the PCR efficiency a
linear increase in the Ct values with an increase in the concentration of cDNA utilised is
required. This was observed for HeLa cells. However, for RNA obtained from whole blood
of individuals in the three groups, the Ct values were within the same range even with an
increase in cDNA concentration. The procedure for determining the expression profile for
MT in HeLa cells, i.e. determining the normalised expression via Equation 1.0 listed in
Table 5.14, was not followed in this regard.
As indicated in Appendix C the expression profile was classified as below the
experimentally defined threshold position or above. Out of the three MT gene isoforms
analysed, i.e. MT-IA, MT-1B and MT-2A, only MTIB was detected above the threshold
level in all the individuals analysed. In contrast, MT-2A was detected in only 13.7% of the
73 individuals at levels above the threshold. Statistical parameters of the cycle threshold

values obtained were measured and are listed in Table 6.18.
Table 6.18:

Summary of the cycle threshold values obtained for the expression
of MT and GAPDH genes

Group

Mean

Median

Minimum

Maximum

Standard
deviation

Group-I

36.71

36.90

31.80

41.30

2.67

Group-2

37.67

38.20

32.50

42.70

2.82

Group3

37.42

37.70

30.30

43.70

2.71

.

From the analysis of the median values via the Kruskal-Wallis test for all three genes
presented in Table 6.18, it was observed that no significant difference (p-value = 1.000)
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was present between the individuals in the three groups who presented with Ct values
above the threshold level. The Ct values of MT-2A and MT-10 expression for the samples
that were above the threshold position are indicated in Appendix C and graphically
presented in Graph 6.19. Due to the Bio-Rad iCyclerTMiQ optical system software version
3.0 providing the Ct values for those above the threshold levels only, the samples with
gene expression below the threshold level are indicated as NA in Appendix C and are
therefore not indicated in Graph 6.19a. The Ct values of GAPDH are also indicated in
Appendix C, and the distribution of these values is depicted in Graph 6.19.

Graph 6.19:

Scatter plots of the cycle threshold values for the expression of MT
and GAPDH genes in vivo
Cycle threshold values for MT-2A expression

Cycle threshold values for MT-1B expression
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continued ...
Cycle threshold values for GAPDH expression

s

As discussed below Table 6.17, according to the Kruskal-Wallis test, no significant
difference between the Ct values of GAPDH and those of MT-16 was observed
(p-value = 1.000). From this result it was concluded that there is no significant difference
between the expression profile of GAPDH and that of MT-16, indicating that the MT-16
mRNA that was detected was the baseline expression of this gene.
Of the individuals comprising Group-I, 21% had Ct values for MT-2A above the threshold
level, whereas in the remaining 79% no Ct values above the threshold level were detected.
The above-mentioned 21% of individuals comprising Group-I presented with high values
for the d-ROMs test, low values for the ORAC assay and lowered GSH:GSSG ratios.
However, there are individuals within this group who had similar biochemical profiles but
did not present with Ct values above the threshold level.
In Group-2, 16.7% presented with Ct values for MT-2A above the threshold level. In 83.3%
of this cohort, no expression of MT-2A was observed above the threshold level. The
GSH:GSSG ratio of the 16.7% was greatly reduced as indicated in Appendix B. The
reactive oxygen metabolites were also increased as depicted by the high value obtained
for the d-ROMs test for one of these individuals, whereas the other individual presented
with a relatively low value for the d-ROMs test.
In Group-3, 9.5% of individuals presented with Ct values for MT-2A above the threshold
level and for the remaining 90.5% no expression above the threshold level was observed.
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The values of the d-ROMs test for the 9.5% also ranged between border line threshold and
high oxidative stress similar to those of the individuals in Group-1 and Group-2. The values
for the GSH:GSSG ratio were however significantly higher that those of the individuals in
Group-I and Group-2 presenting with Ct-values for MT-2A above the threshold level. From
these observations, it is suggested that no relationship between the results of the
biochemical parameters analysed is present in this cohort of 73 individuals. To obtain a
true reflection of the effects of increased levels of ROS on the expression of MT genes in
humans, it is suggested that alternative methods be explored for the detection of MT
expression.
Another suggestion that may be put forward from this data is that blood is not an ideal
tissue to utilise for analysis of differential expression of MT genes due to its heterogeneous
nature, leading to the non-specificity of the results obtained. Even though the expression
of MT-16 was above the threshold level in the three groups, no significant difference in the
median values according to the Kruskal-Wallis test was obtained (p-value = 1.000).
DETECTION OF METALLOTHIONEIN PROTEINS VIA ELlSA

6.5

In order to further evaluate the expression of MT genes in t-BHP treated HeLa cells, as
well as serum from individuals in Group-I, Group-2 and Group-3, the competitive ELlSA
as discussed in Section 5.7 was performed. Each sample was performed in triplicate. The
factors listed in Table 6.19 were modified to fit the experimental conditions of this
investigation.
Table 6.19:

1

Summary o f the factors that were optimised for the competitive
ELlSA

Parameter

I

I

O~timisedconditions

Plate coating

4 pg. ml-' MT in freshly prepared 0.1 M NaHC03at pH 9.6

Sample volume

The amount of sample utilised was based on protein content instead of volume.
250 uq sample protein per 160 ul volume was utilised

I Primarv antibodv

I Polvclonal antibodv was utilised instead of the monoclonal antibodv

1

Blocking

Blocking was carried out for 2 hrs to obtain optimal blocking, thus preventing
non-specific binding of the antibody.

Detection antibody

1:10,000 detection antibody (Goat anti-rabbit immunoglobulin G (IgG): horse
radish peroxidase (HRP) conjugate) concentration was prepared in block buffer

gg. mr' = microgram per millilire: PI= microlitre: NaHCO, = sodium bicarbonate; h n = hours: M = molar: IgG = immunoglobulin G: HRP
= horse radish peroxidase.

It has been suggested by Dabrio eta/. (2002) that pre-treatment of the sample with
P-mercaptoethanol aids in overcoming oxidation of the protein, which results in
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overestimation of the protein concentration. However, in this investigation adding
P-mercaptoethanol resulted in the standard series reacting at a slower rate than that of the
samples. For this reason, this procedure was not followed. The sensitivity of the
competitive ELlSA as well as the small amount of starting material required for this assay
were the main reasons why this method of analysis was included in this study. The low
immunogenicity of MT as well as the risk of polymerisation, could lead to lowered detection
efficiency. However, these limitations were overcome by comparing the data obtained via
the ELlSA assay with results of the Real-Time PCR.
6.5.1

ELlSA detection of the Metallothionein protein t-BHP treated HeLa cells

As previously discussed, HeLa cells treated with varying concentration of t-BHP to induce
ROS production were utilised as a positive control for the ROS-induced expression of MT
genes. Subsequent to the Real-Time PCR analysis of gene expression, the competitive
ELlSA was performed to analyse the presence of MT proteins. The protein content of the
cells was determined according to the method described in Section 5.3.2.1. A mean value
for the absorbance values at 460 nm was obtained for the triplicates and the presence of
MT proteins expressed as pg MT per pg protein. The reproducibility of this assay was low.
It is therefore suggested that further optimisation of this method is required for the use of
the competitive ELlSA in the detection of MT proteins. Although there was low
reproducibility the data was still further analysed to determine the expression of MT protein
in HeLa cells treated with t-BHP. The results of this assay are presented in Table 6.20.
Table 6.20:

1

Summary of the ELlSA data obtained from t-BHP treated HeLa cells

Parameter

1

0 mM t-BHP

1

0.5 mM t-BHP

Protein concentration (pg.pl-')

0.71

Mean (absorbance at 460 nm)

0.04

0.61
0.02

pg MT per pg protein

0.00

0.54

1

0.8 mM t-BHP

I

I mM t-BHP

1.32

0.23

0.13
3.40

0.07
1.68

I

-

pg = micro grams; t-BHP = fed-butyl hydroperoxide; nm = nanometre; mM = millimolac MT = metallothionein.

For the analysis of the data, the 0 mM t-BHP concentration was utilised as a reference,
with no induced expression of MT gene, thus no MT protein. The presence of MT protein
in terms of pg MT per pg protein is indicated in Graph 6.20. The high standard deviation
o b s e ~ e das
, indicated in Graph 6.20, may be due to the low reproducibility of the ELISA,
thus resulting in high variation. However, it can also be suggested that, as discussed in
Section 6.4.1, other cellular antioxidant mechanisms may have been activated thus
scavenging the ROS and therefore resulting in the variable translation of MT mRNA to MT
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protein. This factor could also explain the low levels of MT protein in the HeLa cells treated
with 1 rnM t-BHP.
Graph 6.20:

Representation of the ELlSA data of t-BHP treated HeLa cells

0.5 mM

0.8 mM

t-BHP concentration (mM)
3HP = tea-butyl hydroperoxide

6.5.2

ELlSA detection of the Metallothionein protein in serum

Due to the unavailability of a reported reference group or sample for physiological levels of
MT in serum, results reported by Sullivan etal. (1998) of MT concentration in isolated
erythrocytes were utilised in this investigation as a reference. Sullivan etal. (1998)
reported that in erythrocytes of control individuals, i.e. not undergoing Zn supplementation,
an MT concentration of 0.027 pg MT. pg-' protein was detected. This value was greatly
increased in individuals supplemented with Zn. In the current investigation, low levels of
MT were detected for all three groups as presented in Appendix D, however 24.6% of the
individuals as indicated by asterisks in Appendix D, did present with a high level of MT
protein. As depicted in Graph 6.21, most values cluster within the range of 0 to 0.02
particularly in Group-1 and Group-3. This result was not expected for Group-1 based on
the significantly higher oxidative stress detected within this group when compared to
Group-3. The factors that may have led to this result are discussed in the subsequent
paragraphs.
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Scatter plots of the ELlSA data for all three groups

It has been reported by Butcher etal. (2003) that the reproducibility of the competitive
ELlSA is very low at low concentrations of MT. This was also observed in the current
investigation, where samples were analysed in triplicate and a low reproducibility was
detected. Although two of the three replicates were in most cases within the same range,
the third replicate was always out of range. A high standard deviation was thus observed
between the three values obtained for each sample.
Even though there was great variation between the replicates, the data obtained was still
analysed via ~tatistica" based on the values listed in Appendix D to determine the
significance of the differences obtained for the presence of MT proteins between the three
groups. The mean value for Group-3 and Group-1 were low, as indicated in Table 6.21.
This observation was however expected due to the lower d-ROMs values, as well as the
higher GSH:GSSG ratio, that was obtained for Group-3, however it was not expected for
Group-1. The low mean value could also be attributed to the result presented in Graph
6.21, where it is illustrated that in the majority of individuals within these two groups values
'
were detected. Therefore it may be suggested from this
lower than 0.02 pg ~ T . p g -protein
observation that there was a lower concentration of MT protein within Group-1 and
Group9 when compared to Group-2.
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Summary of the statistical parameters analysed for the ELlSA data
Standard
deviation

Group

Mean

Median

Minimum

Group-I

0.02

0.01

0.00

0.08

0.03

Group2

0.04

0.03

0.00

0.11

0.03

Group-3

0.02

0.01

0.01

0.08

0.02

According to the Shapiro Wilk's W test performed via the ~tatistica"software program the
ELlSA data was not normally distributed, with a p-value less than 0.01. A great proportion
of the values were clustered within the range from 0.00 to 0.02. The Kruskal-Wallis test
was performed via the ~tatistica"software program to determine the level of significance
in the differences obtained between the median values of three groups. A p-value of 0.414
was obtained indicating that no statistically significant difference between the median
values existed.
No statistically significant difference in the presence of the MT protein between these three
groups was observed. From this investigation, as well as those of Olivier, 2004 and
Reinecke, 2004, it is evident that the competitive ELlSA is not the ideal method to utilise
for analysis of MT proteins, or that further optimisation, may be required. Other methods
such as western blot, capillary zone electrophoresis, immunohistochemistry and the Cd
binding assay which have previously been utilised for the detection of MT could be
employed for this purpose (Harley eta/., 1989; Kubo etal., 1999; Hasumi etal., 2003).
However, due to the time efficiency and sensitivity of Real-Time PCR, it was the method of
choice. Harley etal. (1989) reported that an induction in MT expression as well as
increased levels of the protein were observed utilising northern blot and the Cd binding
assay, respectively.
6.6

SUMMARY OF THE RESULTS

One of the objectives of this study was to determine the levels of ROS in the three groups.
From the results obtained, it seems as though elevated levels of ROS were present in
elderly diabetic individuals (Group-I), supporting the reported presence of high levels of
ROS in T2D (Dandona eta/., 1996; Sakai etal., 2003). Elevated levels of ROS were also
detected in elderly non-diabetic individuals (Group-2), in contrast to the POWIRS2 group
(Group-3) of individuals, where lower levels of ROS were detected. These results illustrate
that ROS does not only play a role in the pathogenesis of T2D but is also involved in the
presentation of other age related complications observed in Group-2. The high standard
deviation, obtained with the various biochemical analyses reported in this thesis, may
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suggest the instability of these parameters, thus making them unsuitable for the
determination of ROS and the redox status in pathological conditions. However, other
factors such as obesity, smoking as well as the possible genetic predisposition (as
suggested by a family history of diabetes) of a subset of the individuals included in this
study may have led to the high variation observed in the biochemical parameters
analysed.
From the results presented in this chapter in Sections 6.3, 6.4.1 and 6.5.1, on the analyses
performed in vitro, it is evident that MT expression is induced by elevated levels of ROS.
Therefore the objective of elucidating the expression pattern of MT genes in HeLa cells
and using this cell line as a positive control as discussed in Section 4.2.1 was attained.
However, these results were not observed in in vivo conditions. Despite the observed high
oxidative stress in Group-I, it could not be concluded with certainty that the elevated ROS
in T2D does not result in increased MT expression. This observation could suggest that
other cellular endogenous antioxidant mechanisms are involved in the eradication of ROS,
thus the levels of ROS may not be sufficient in pathological conditions such as T2D to
induce ROS-dependant expression of MT genes. In support of this observation, Aksenov
and Markesbery (2001) suggested in their report subsequent to the analysis of the
expression pattern of key glutathione redox system genes (GSHPx and glutathione
reductase) in the hippocampus of patients with Alzheimer's disease, that there was
insufficient induction of these genes therefore contributing to the elevated levels of ROS
within the tissue analysed.
Although a distinct expression pattern of MT genes was not observed in the three groups
of individuals to enable differentiation between these groups based on the MT gene
expression profile, the second objective of this study as outlined in Section 4.2.1 was
accomplished. The aim was to investigate the expression profile of MT genes in T2D
individuals. Therefore, from the results presented here the hypothesised ROS-induced MT
expression in T2D individuals due to the increased levels of ROS as discussed in Section
4.2.1 can not be rejected with certainty.
Oxygen free radicals formed in tissues can be spontaneously degraded by endogenous
cellular mechanisms, such as GSH or SOD. Thus, the lack of detection of induced MT
gene expression may be due to the action of these cellular mechanisms. The particularly
short half-life of the free radicals could be another factor that may have led to the high
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variation observed in the biochemical parameters analysed as well as the lack of detection
of MT expression in vivo. It has also been reported that MT and other scavengers can only
be effective if they are within close proximity of the site of radical production in order to
interact with the radicals before they react with other cellular compartments (Fahn and
Cohen, 1992). The aforementioned postulation thus supports the suggested analysis of
the affected tissue in T2D individuals. Furthermore, the high level of variation in the
concentration of metallothionein proteins in different species and tissues that was detected
by Miura et a/. (1997) and Esposito et a/. (2000) reflected the effects of age and cell
function on the expression of these genes. However, it was observed in this investigation
that blood is not an ideal tissue to utilise for the analysis of MT gene expression.
From the p-values presented in Section 6.5.2, which were obtained via the Kruskal-Wallis
test, it may be suggested that no significant difference in the presence of the MT protein
exists between the three groups. It is further illustrated in Graph 6.19, by the clustering
pattern of the Ct values of MT-1B and those of GAPDH that the distribution of the Ct
values for MT-1B is similar to those of GAPDH. The expression of MT-2A above the
threshold level was only detected in a subset of individuals, as indicated in Graph 6.19 and
in Appendix C. However, no distinct group of characteristics among this cohort could be
identified. However, to obtain a better representation of MT expression in the T2D
population group, a larger cohort may need to be analysed. Therefore, it is suggested that
the remaining functional MT isoforms discussed in Table 4.1 should be analysed to obtain
a comprehensive expression profile of MT genes in T2D individuals and those not
affected.
It may also be concluded from the results presented in this chapter that further analyses
are, however, required in order to optimise the ELISA. Alternatively, as mentioned earlier,
other methods could be utilised for the detection of MTs. If this could be accomplished in
the future, analysis of MT expression in specific tissues involved in the pathogenesis of
T2D would prove to be significant in the evaluation of the effects of pathophysiological
levels of ROS on the expression of MT.

CHAPTERSEVEN
CONCLUSIONS

Various reports have demonstrated that oxygen free radicals, which are mainly produced
via the reduction of

0 2

to H20, are at the centre of the pathogenesis of various disorders

(Fahn and Cohen, 1992; Dandona eta/., 1996; Segrouchni etal., 2002). A cell utilises loq3
molecules of O2 per day. It is estimated that 1% of the respired molecular

0 2

will be

converted to superoxide. Thus, this means that 10" free radical species are produced by
each cell per day. Therefore, the higher the energy demands of a cell, the more 0

2

used

with a resultant increase in the production of ROS. This occurs particularly in high energy
demanding tissues. If there is an imbalance between the oxidants and the antioxidant
mechanisms these tissues will be affected and this is commonly referred to as "oxidative
stress". This phenomenon is observed to a great extent in disorders such as Alzheimer's
disease, diabetes mellitus and mitochondria1 cytopathies, where the brain, muscles and
heart present with symptoms earlier than the rest of the body (Suzuki etal., 1999; Zhu
et a/., 2004).
High levels of ROS result in various effects such as DNA damage, oxidative modification
of proteins, lipid peroxidation, modification of sugars (increased glycation and
glycoxidation) and eventually leads to apoptosis (Dandona etal., 1996; Suzuki etal.,
1999). When a cell is exposed to oxidative stress, endogenous mechanisms such as
enzymatic and chemical antioxidants, as discussed in Section 3.3, are employed to
destroy ROS and reduce their harmful effects. Under normal conditions, these
mechanisms are sufficient to counteract the free radical damage. Based on these effects
of ROS it was decided to investigate the role of ROS in the pathogenesis of diabetes
mellitus, particularly T2D.

7.1

OXIDATIVE STRESS IN T2D. NON-DIABETIC AND INDIVIDUALS AT RISK
FOR DEVELOPING DIABETES

Diabetes mellitus is a metabolic disorder that is recognised as one of the leading causes of
mortality and morbidity in the world, affecting ca. 5-6% of the world population (King etal.,
1998). The effects of increased levels of ROS in the pathogenesis of T2D have not been
fully understood. However, as illustrated in Section 6.2, in T2D individuals the antioxidant
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mechanism previously mentioned are overwhelmed due to the increased oxidative stress.
T2D is characterised by among other features glucose auto-oxidation, protein glycation,
and activity of the pentose phosphate pathway as discussed in Section 3.3. These
features reflect increased ROS production and metabolic stress resulting from changes in
the energy metabolism (Lee and Chung, 1998; Orie etal., 1999; Suzuki etal., 1999).
The use of the d-ROMs test in this investigation enabled the analysis of a broader range of
reactive oxygen metabolites as presented in Section 6.2.1 .I,
thus providing a holistic view
of the level of reactive oxygen metabolites in blood samples of these individuals. Oxidative
stress was found to be significantly increased in elderly individuals (Group-2) when
compared to the younger, non-diabetic individuals (Group-3), with a p-value of 0.016. The
minimum and the maximum ages in Group-2 were 40 and 78 respectively, with 8.3% of the
individuals being equal to or younger than 40 years of age, and the remaining 91.7% older
than 40 years. In contrast, 7.1% of the individuals in Group9 were above or at the age of
40, whereas 92.9% were younger than 48 years. The results obtained in this study, where
increased oxidative stress was detected in Group-2 when compared to Group-3, support
the postulated increase in the production of ROS with an increase in age (Lenaz, 1998). It
was reported in studies performed by Dandona etal. (1996) and Segrouchni etal. (2002),
where oxidative stress was measured, that diabetic individuals had an increased ROS
production in comparison to their control groups. Even though different techniques were
utilised, the difference between these reports and the current investigation may be due to
the fact that individuals comprising Group-I were already on medical treatment for T2D,
which may have resulted in the reduction of ROS production, and thus no significant
difference between Group-I and Group-3. These results are the first to use the d-ROMs
test in diabetic individuals to analyse the levels of the reactive oxygen species.
As previously mentioned, the endogenous antioxidant capacity is compromised in high
oxidative stress conditions. This observation was detected upon the use of the ORAC
assay for the three groups of individuals. The total antioxidant capacity in serum obtained
from diabetic and elderly non-diabetic individuals was reduced, but not to the level of
statistical significance (see page 93), when compared to the group of individuals at risk for
developing diabetes. This result is a reflection of the results obtained via the d-ROMs test.
Another parameter indicative of oxidative stress that was analysed was the GSH:GSSG
ratio. The results presented in Section 6.2.1.3, support the hypothesis made in Section
3.3.2.2, that hyperglycaemia leads to a depletion of GSH. However, a depletion of GSH
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was not exclusive to Group-I but was also noted in Group-2. The aforementioned
observations indicate that ROS production via various mechanisms presented throughout
the literature leads to the consumption of GSH, resulting in a decreased GSH:GSSG ratio
in these two groups of individuals. This result is in accordance with that presented by
Aksenov and Markesbery (2001) where sulfhydryl containing proteins were found to be
reduced in patients with Alzheimer's disease, due to the increased oxidative stress in the
hippocampus of these patients. The increased oxidative stress detected in individuals
comprising Group-I and Group2 may be due to the unavailability of GSH to scavenge the
ROS thus leading to the many complications observed in these individuals, as presented
in Appendix A.
Due to the NADH:NAD' ratio being an important marker of the cellular redox status as well
as the metabolic state, it was investigated in this molecular study. This ratio was found to
be affected by the presence of high levels of ROS. The observation was furthermore
supported by the analysis of the energy status in whole blood of all groups of individuals. It
can be suggested from the results presented in Section 6.2.1.6 that the energy levels in
terms of the ATP:ADP ratio in Group-I and Group9 was significantly reduced
(p-value = 0.001) when compared to Group-3. An overall increase in the 1actate:pyruvte
ratios was also noted in Group-I and Group-2 suggesting that less pyruvate is formed for
metabolism via the TCA cycle, more lactate is formed, thus resulting in the lowered energy
levels as detected via the ATP:ADP ratio. The afore-mentioned observations eventually
lead to lactic acidosis, which is one of the characteristic symptoms of T2D. According to
the results of the correlation analyses no relationship existed between the d-ROM and the
ORAC data. However from the results of all three groups, relationships between the
ATP:ADP ratio, NADH:NAD+ ratio, GSH:GSSG ratio and the Lactate:pyruvate ratio do
exist, even though the correlation coefficients obtained did not indicate strong
relationships.
The detection of increased levels of oxidative stress in these biological samples is a step
closer to elucidating the relation between free radical production and disease
pathogenesis. The chronic ROS exposure observed in disorders such as T2D leads to
decreased functioning of the 'power house' of the cell, the mitochondrion. The early
detection of the reactive oxygen species is likely to improve disease treatment as well as
set a platform for therapeutic intervention with antioxidant agents to prevent cellular
damage. The results presented here support the hypothesis that increased oxidative
stress contributes to the pathogenesis of T2D. However, these results also indicate the
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complexity of diabetes mellitus as well as an array of factors that may lead to diabetes
such as the type of diet, obesity, genetic predisposition and lack of physical exercise. The
production of ROS is influenced by various factors such as those discussed in Section 6.1
and the effects thereof are variable. Based on the results presented in this study, it is
suggested that it would be important to monitor and obtain information pertaining to such
factors when classifying and characterising individuals since these factors will influence
the results. For a study focusing on a disorder such as diabetes and an intricate process
such as ROS production the aforementioned suggestion will add value to the outcome of
the study.

7.2

ROS-DEPENDENT INDUCTION OF METALLOTHIONEIN GENE EXPRESSION

There are several reports that indicate that MT expression is associated with certain
neurological diseases such as facioscapulohumeral muscular dystrophy (FSHD),
Amyotrophic lateral sclerosis, Alzheimer's and Parkinson's disease (Blaauwgeers eta/.,
1996; Winokur et a/., 2003). Due to the hypothesised role of ROS in these disorders, it has
been suggested that the expression of MT genes is induced by the presence of ROS. The
investigation outlined in this thesis, was aimed at elucidating whether in T2D individuals,
where high levels of ROS were detected, the afore-mentioned genes were expressed.
An in vitro phase of the study was also performed to serve as a positive control. To induce
MT gene expression in HeLa cells, t-BHP was utilised. The increased ROS production was
found to lead to a proportional increase in the expression of MT genes. In this cell line, a
five-fold increase in the expression of MT-2A was observed at the 0.8 mM t-BHP
concentration. No over expression of MT-1 isoforms was detected. However, from the
results obtained from the ELlSA as presented in Section 6.5.1, it can not be stated with
certainty that an increase in the MT proteins was detected. A parallel study to that
discussed in this thesis was also performed by Olivier (2004), where it was found that ROS
production via induced complex I deficiency resulted in the selective induction of
expression of the MT-2 genes. Therefore, from the results of the in vitro analyses as well
as other reports, it can be concluded that MT expression is indeed induced by elevated
levels of ROS.
The expression profile of MT genes was also investigated in T2D elderly individuals
(Group-I), non-diabetic elderly individuals (Group-2) as well as individuals at risk of
developing T2D (Group-3) via Real-Time PCR. There was expression of the MT-24 gene
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in 13.7% of 73 individuals. Although expression was detected, these results could not be
matched to the ROS profile of these individuals. MT-1A and MT-1B gene expression were
also analysed. No expression of MT-1A was detected in any of these individuals. No
MT-1B over-expression was detected in all individuals. However, MT-1B expression was
detected at the level of the GAPDH housekeeping gene. It can be suggested from these
results that only basal expression of MT-1B was detected. These observations indicate
that although there is a ROS dependent increase in the expression of MT genes as
observed with the t-BHP treatment of HeLa cells (in vitro conditions), in pathological
conditions it cannot be stated with certainty that the present ROS leads to the induction of
expression of these genes. This is due to the fact that no significant difference in ROS
induced expression of MT genes was attained in the individuals presenting with high levels
of ROS.
Another factor that may have led to the ambiguity of the gene expression data is that
whole blood, which is a heterogeneous medium, was utilised and it has been reported that
there is tissue specific expression of MT genes (Fornance etal., 1988). However, if a
specific tissue such as the pancreas was analysed, a more definite and precise profile may
have been obtained. Although the protective role of MTs has been investigated in
transgenic mouse models with targeted over expression of MT in the heart and in cultured
pancreatic p-cells (Chen etal., 2001; Liang etal., 2002), as well as cell cultures of
dopaminergic and hippocampal neurons (Kprhler et a/., 2003), the pathological
ROS-dependant induction of MT expression has not been analysed. Thus, the next phase
of such an investigation would be to analyse the ROS status in specific tissues, and
thereafter analyse the expression profile of MT genes in the respective tissues.
In the investigation performed by Reinecke (2004), it was illustrated that over expression
of MT genes confers resistance of HeLa cells to the effects of elevated ROS produced by
the treatment of cells with t-BHP as well as rotenone. From the results of the in vitro work it
can be concluded that metallothioneins play a vital role in the protection of these cells from
ROS. This provides evidence to the hypothesised antioxidant function of metallothionein.
These results support the observation made by Suzuki et a/. (2000) that the levels of H20y
in cultured astrocytes over-expressing MT-1 were the lowest, while those of MT-1 and
MT-2 null mice were the highest.
Due to the instability and short half-life of reactive oxygen species, the currently utilised
techniques are not optimal. This factor thus highlights the need to establish sensitwe and
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reliable methods. The results generated in this investigation are one step closer to
attaining this objective. Identification of molecular markers such as metallothioneins will in
the future prove to be pivotal in the field of molecular diagnostics. Such techniques will
make the early detection of diseases more feasible and will thus aid the treatment of
various ROS-related disorders.
7.3

FUTURE DIRECTIONS FOR THE ANALYSIS OF METALLOTHIONEIN GENE
EXPRESSION.

Despite the large number of methods that can be employed to detect MT mRNA as well as
MT protein, the unavailability of a reference material for in vivo analysis of these proteins
makes it difficult to quantify expression levels. Thus a reference group or reliable
standards for the various tissues will aid in the characterisation of the expression of MT
within biological samples.
Although MT have been proposed by the European Commission and other international
scientific organisations to be included in environmental monitoring programmes as
biomarkers to assess metal pollution in aquatic animals (Ren eta/., 1998), it is evident
from the current research that this proposition can not be applied to humans yet,
particularly if MTs are to be used as biomarkers for oxidative stress. Thus, further in vivo
studies need to be performed to elucidate the differential expression of metallothioneins in
ROS-related disorders. The investigation presented here is the first to perform in vivo
analysis of the expression of MT genes in a ROS-related disorder.
Yamada and Koizumi (2001) indicated in their investigation that blood cadmium levels
between 0.1 pM and 0.5 pM resulted in the increase in MT mRNA in cultured human
peripheral blood lymphocytes. Blood cadmium levels of exposed humans have been
reported to be ca. 0.5 pM, thus suggesting that Cd-induced expression of MT genes
should be detected in these individuals. Further investigations to test this suggestion have
yet to be performed. It would be vital to obtain the outcome of such studies to investigate
the in vivo pattern of MT gene expression, in response to various inducers such as those
discussed in Section 4.1.7. However, due to the toxic nature of some of these inducers,
such a study would not be ethical to perform.
Rasilainen eta/. (2002) suggested in their investigation that the administration of cysteine
in cultured pancreatic p-cells increased the antioxidant capacity by providing reducing
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equivalents and enhancing GSH synthesis. It may be suggested from this report and the
results presented in this thesis that increased concentrations of MT in pancreatic P-cells
may improve ROS scavenging together with GSH due to its high cysteine content. This
approach will aid in the therapeutic intervention in diabetes mellitus and many other
ROS-related disorders.
Although various cellular antioxidant mechanisms such as the SOD, and glutathione redox
systems have previously been investigated (Rahman and MacNee, 2000; Zelko etal.,
2002), the precise role of these mechanisms in disease pathogenesis as well as the
regulation of their expression remains to be elucidated. It is important to note that these
antioxidant genes, including MTs have common inducers, such as pro-inflammatory
agents as well as oxidants. Based on the aforementioned characteristic of these genes, an
investigation of the cumulative effect of various antioxidant genes on disease
pathogenesis will therefore be important in the future. The analysis of the expression
pattern of these genes in specific tissues affected in the respective ROS-related disorders
will provide a holistic view on the regulation of expression of this class of proteins.
7.4

MODEL FOR THE DETECTION OF METALLOTHIONEIN GENE EXPRESSION

It has become evident over the past decade that elevated levels of ROS have an important
role in the pathogenesis of diabetes mellitus as well as various complications associated
with this metabolic disease (Suzuki etal., 1999; Dandona etal., 1996). The prevalence of
disorders such as diabetes mellitus, mitochondria1 cytopathies, Alzheimer's and
Parkinson's disease is slowly increasing. Even though a proportion of the population has a
genetic predisposition for these disorders, the life style patterns may play a vital role in the
development of many of these disorders. A common element of these metabolic disorders
is the elevated levels of ROS. As previously described in Section 3.3, the effects of ROS
on the cell are detrimental, eventually leading to disease presentation. It is postulated in
Figure 7.1, that the early detection of ROS may aid in the pre-symptomatic diagnosis of
various metabolic disorders.
The effects of ROS on the induction of expression of metallothioneins has been explored
and proven to occur in in vitro conditions. Thus, as indicated in Figure 7.1, the
establishment of standard methods for the analysis of gene expression patterns of
metallothioneins in individuals at risk for developing any of the afore-mentioned disorders
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will add value to the current diagnostic procedures. Another advantage of this approach is
that early therapeutic intervention in this class of disorders will be feasible.
Schematic representation of the proposed model for the detection of
metallothionein gene expression for diagnostic purposes

Figure 7.1:
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Although differential expression of MT genes was not detected in vivo, the results
presented indicate the presence of high levels of ROS in T2D individuals as well as elderly
individuals. Due to the heterogeneous nature of whole blood, it is suggested that for the
analysis of MT expression, specific tissues affected in the respective disorders be
analysed. It is hypothesised that if that approach is undertaken the expression profile of
these proteins, postulated to have an antioxidant role, will be elucidated.
The study presented here supports the reported role of ROS in disease pathogenesis and
ageing as indicated by the differences in the d-ROMs test data and the ORAC data of
Group-1 and Group-2 combined when compared to Group-3. Although there was a
difference in the levels of ROS between the three groups, no correlation was observed
between the high levels of ROS in the elderly diabetic and non-diabetic individuals and MT
gene expression, even though the expression of these proteins has been reported to be
induced by oxidative stress. The postulated ROS-dependent induction of MT expression,
reported by Sato et a/. (1995) and Van der Westhuizen et a/. (2003) was, however, made
from in vitro studies. This postulation is however still supported in this investigation where
increased ROS production in HeLa cells was observed to result in a proportional increase
in MTZA gene expression, as discussed in Section 6.4.1. This phenomenon, however,
requires further elucidation via in vivo studies. The results generated in this study
represent the first investigation of MT gene expression in a human pathological condition.
This investigation highlights the fact that blood is not an optimal medium in which MT gene
expression can be analysed. It can therefore be suggested that MTs can not yet be utilised
as biomarkers for the detection of elevated levels of ROS in whole blood, particularly in
pathological conditions with ROS aetiology.
The analysis of differential gene expression is currently one of the major focus areas in
genetics and molecular medicine. This application will be valuable in different areas of
science, including plant genetics, drug discovery as well as personalised medication. This
investigation facilitates understanding of the intricate nature of complex disorders such as
diabetes mellitus, shedding light on one of the nodes in the network of biological events
that culminate in the expression of disease phenotype.
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APPENDIX A
SUMMARY

OF

CLINICAL

DATA

OF

INDIVIDUALS

INCLUDED IN THE INVESTIGATION

A summary of the clinical data obtained from the individuals forming part of this investigation.
The clinical and anthropometric data, life style patterns as well as the family history of diabetes
mellitus are all included in Table A. 1. A discussion of this data is presented in Section 6.1.
Table A.l:

Summarv of clinical ~arameters of diabetic ~atients, non-diabetic
individuals as well as individuals recruited into this investigation

Individual
number

Family history of
Diabetes Mellitus

Medication

1415-PT

1416-PT
1418-PT
1419-PT

1421-PT

79

20.9

0.98

Male

Yes

No

Yes

Maternal family
history

Treatment for
T2D

48

33.6

0.85

Female

No

No

No

No known family
history

Treatment for
T2 D

63

29.9

0.98

Female

No

No

No

Maternal history

Treatment for
T2D and
hypertension

SUMMARY OF CLINICAL DATA OF INDIVIDUALS

Table A.l:
ndividual
lumber
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continued ...

-

-

NHR

iender

Llcohol igarette Cataract
intake smokina removal

Male

No

Male

Yes

-

Male

Yes
Male

-

r-sskej

I

No

1
No

1

I
Yes

I

I

I

No

1
I

=emale

No

1

No

No
yes

No
None

1
I
I

No
NO

I

Male

No

Male

k;-/
No Ie

-

I

No

No

yes
No

I

No

Maternal parent
affected

Treatment for
T2D

No known family
history

Treatment for
T2D and
hypertension

history

Treatment for
T2D and
hypertension

Paternal
grandmother

Treatment for
T2D

No known family

Maternal and
Paternal history

Treatment for
T2D and
hypertension

Maternal parent

Treatment for
T2D and
hypertension

No known family
history

Treatment for
hypertension

Parental history and
maternal family
history

High
cholesterol
treatment

None
Maternal parent

None

I

I
I

1

I

No

;I

Treatment for
T2D and

Paternal parent and
biological siblings

Yes

1
I
1

Medication

I

Male

-

Family history of
Diabetes Mellitus

None

None

Treatment for
hypertension

Maternal parent and
biological sibling

Treatment for
hypertension

Paternal history of
diabetes mellitus

Treatment for
hypertension

No
Yes

No

Yes

No known family
history

Treatment for
hypertension

No

No

No

No known family
history

No medication

:emale

No

No

Yes

Male

Yes

Ex-smoker

No

Male

No

No

No

-

yes
Yes

I

1

No
No

I

I

No
No

No known family
history
Paternal
arandmother
No known family
history

No medication

None

Vo diabetes or
hypertension
related
medication

Maternal family
history

Vo diabetes or
hypertension
related
medication

-

I

1

Treatment for
hypertension

None

SUMMARY OF CLINICAL DATA OF INDIVIDUALS

Table A.l:

continued

BMI

-

...
Sender

Female

Yes

No

No

None

Female

Yes

Yes

No

Paternal family
history

29.2

Female

Yes

No

No

-

-

29.4

Female

Yes

No

No

Female

No

No

No

Female

Yes

No

No

Female

Yes

No

No

20.3

Female

No

NO

No

29.2

Female

Yes

No

No

19.3

Female

Yes

No

No

21.0

Female

Yes

Yes

No

Female

Yes

No

No

Female

Yes

No

Unknown

29.5

30.6

No diabetes or
hypertension
related
medication
No diabetes or
hypertension
related

-

19.7

21.5

27.5

-

-

20.2

22.6

40.4

Female

hypertension
related
medication
No diabetes or
hypertension
Maternal parent
related
medication
No diabetes or
No known family
hypertension
related
history
medication
No diabetes or
hypertension
None
related
medication
No diabetes or
hypertension
None
related
medication
No diabetes or
'aternal parent and
hypertension
paternal
related
grandmother
medication
No diabetes or
hypertension
Paternal
related
grandmother
medication
No diabetes or
hypertension
None
related
medication
No diabetes or
hypertension
None
related
medication
No diabetes or
hypertension
None
related
medication
No diabetes or
Maternal familv
hv~ertension
historv
1 related
medication
I No diabetes or
Maternal
hypertension
grandmother
related
medication
None

!
I
..

!
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Table A.l:

continued

...

F1 1

Family history of
Diabetes Mellitus

hge BMI

Medication
No diabetes or

0.80

Female

Yes

0.76

Female

Yes

history

Exsmoker

Maternal history

related
medication

I1

hypertension
related
medication

1 No diabetes or
0.78

Female

Yes

Yes

No known family
history

hypertension
related
medication

( No diabetes or
Female

0.77

Yes

Female

0.80

0.70

'One

-I-

Maternal
grandmother
-

Yes

Maternal history

Yes

Female

I
I
I

I

hypertension
related
medication

No diabetes or
hypertension
related
medication
diabetes or
hypertension
related

NO

1 medication
INo diabetes or
0.72

Female

Yes

0.76

Female

Yes

'One

1

hypertension
related

Exsmoker

history

related
medication

INo diabetes or

0.76

Female

Yes

Yes

'One

1(

hypertension
related
medication

INo diabetes or
'One

1I

hypertension
related
medication

INo diabetes or
0.76

I

Female

I

Yes

Maternal family
history

hypertension
related
medication
I No diabetes or
hypertension
related
medication

I

I

1 No diabetes or
No known family
history

hypertension
related
medication

SUMMARY OF CLINICAL DATA OF INDIVIDUALS
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BMI

23.8

WHR Sender

Female

Ucohol
intake
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igarette :ataract
moking removal

Family history of
Diabetes Mellitus

Medication

None

No diabetes or
hypertension
related
medication

None

No diabetes or
hypertension
related
medication

None

No diabetes or
hypertension
related
medication

None

No diabetes or
hypertension
related
medication

Yes

None

No diabetes or
hypertension
related
medication

Yes

Maternal
grandmother

No diabetes or
hypertension
related
medication

None

No diabetes or
hypertension
related
medication

Yes

None

No diabetes or
hypertension
related
medication

No

Maternal family
history

No diabetes or
hypertension
related
medication

Yes

None

No diabetes or
hypertension
related
medication

Yes

Paternal
grandmother

No diabetes or
hypertension
related
medication

Yes

Paternal parent

No diabetes or
hypertension
related
medication

Yes

No known family
history

Yes

No

No

32.8

Female

Yes

21.2

30.5

20.8

Female

Female

Female

Yes

Yes

21.7

32.4

27.2

Female

Female

Female

28.6

Female

-

-

22.0

Female

Yes

34.3

20.0

Female

Female

Yes

30.1

Female

BMI = body mass index; WHR = waist hip ratio; PT = T2D patients (Group-1); CT = mntrol
individuals (Gmup3).

No diabetes or
hypertension
related

APPENDIX B
SUMMARY OF BIOCHEMICAL DATA OF INDIVIDUALS
INCLUDED IN THE INVESTIGATION

The data for all six biochemical parameters analysed in this investigation for all three
groups of individuals is presented in Table B.1. The classification of individuals is
according to groups. Group-I represents the T2D diabetic individuals, Group-2 represent
the non-diabetic elderly individuals and Group-3 is comprised of individuals who are
classified as being at risk of developing diabetes.
Table B.l:
Individual
Number

Summary of biochemical parameters of diabetic patients, non-diabetic
individuals as well as individuals recruited into this investigation
Group

d-ROM
(CARR U)

ORAC
(Trolox U)

Lactate:
pyruvate
ratio

GSH:GSSG
ratio

NADH:
NAD' ratio

ATP: ADP
ratio
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Individual
Number

(

continued

I

...

(CARR U)

I

ORAC
(Tolox U)

I

I

~yruvate
Lactate:
GSH:GSSG
ratio
ratio

/

NADH:

ratio

1

ATP: ADP
ratio

1

APPENDIX C
RESULTS OF THE

EXPRESSION PROFILES FOR

METALLOTHIONEIN GENE ISOFORMS AND GAPDH

The cycle threshold values (Ct) obtained for the expression of MT-1B and MTZA are
presented in Table C.l including those obtained for GAPDH. The Bio-Rad CyclerTMiQ
optical system software version 3.0 provided the Ct values for the expression of genes that
were above the threshold level. Therefore, those samples in which Ct values were not
provided by the software are indicated as NA. A summary of the data presented in Table
C.l is presented in Graph 6.19.
Table C.l:

1428
1430
1434

Expression ratios of MT genes based on Real-Time PCR detection of
MT mRNA

Group2
Group2
Group2

Above
Below
Below

39.5
NA
NA

36.9
33.0
36.5

40.1
36.2
38.5
158

-

-

~

-

-

~

-

~~

-

-
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APPENDIX C

EXPRESSION PROFILES FOR MTAND GAPDH GENES

Table C.l:

continued ...
a

-

-

-

-

-

-

-

1539
1540
1541
1542

Group-3
Group-3
Group9
Group-3

Below
Below
Below
Below

NA
NA
NA
NA

35.8
37.2
36.7
37.3

-

39.7
33.2
36.4
31.3

-

-

1 = indicates expression of MT-2A gene, either above or below the threshold level; NA = Ct values below the threshold level which are
indicated as being not available; Ct = cycle threshold value; MT-1A = metallothionein-IA; MT-ZA = metallothionein-ZA; GAPDH =
glyceraldehydes-3-phosphate dehydrogenase: PCR = polymerase chain reaction.
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APPENDIX D
RESULTS

FROM

THE

ELlSA

ANALYSIS

OF

METALLOTHIONIEN PROTEINS
The results presented in Table D.l indicate the presence of MT proteins as obtained via
the ELlSA from serum samples of individuals comprising Group-I, Group-2 and Group-3.
A graphical representation of these results is presented in Graph 6.21.
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