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ABSTRACT
Dietary restriction (DR) across a wide phylogenetic range increases both
mean and maximal lifespan by retarding the ageing process and delaying the
onset and incidence of age-related pathologies. DR animals exhibit reduced
tissue oxidative damage but anti-oxidant enzyme activities and other defence
mechanisms against reactive oxygen species (ROS) are not consistently upregulated in such animals. As an alternative explanation ROS generation was
studied in isolated mitochondria from tissues of DR rats. About 90% of cellular
ROS generation is thought to result from the single electron transfer to molecular
oxygen within the mitochondria. Indeed mitochondria isolated from a range of
tissues from DR rats had lower rates of H2O2 generation when compared to agematched control animals, whilst mitochondrial state III and IV respiration rates
were unaltered. DR mitochondria exhibit a lower membrane potential resulting
from an increased inner membrane proton leak. A significant, positive correlation
exists between mitochondrial membrane potential, and H20 2 generation rates
and the lowered driving potential observed is proposed as the mechanism
underlying the lower ROS generation in mitochondria from DR tissues. Plasma
insulin concentrations are significantly reduced in DR animals and raising plasma
insulin concentrations was found to abolish the DR effect on both the
mitochondrial proton leak, and the rate of H20 2 generation. The aim of this work
was to characterise this response in skeletal muscle, liver and brown adipose
tissue (BAT) mitochondria and to elucidate the molecular mechanism whereby
mitochondrial proton leak is increased. The work focussed on the membrane
protein proton channels, namely the uncoupling proteins (UCPs) and the adenine
nucleotide translocase (ANT). A consistent finding to DR feeding in both liver and
skeletal muscle tissues was that the mitochondrial respiration rates were
unaltered, proton leak was increased lowering the membrane potential and the
mitochondrial H20 2 generation rates were decreased. Plasma insulin was found
to abolish all these effects of DR feeding by acting indirectly on the liver and
skeletal muscle mitochondria. Reduced rates of H20 2 generation occurred with
DR feeding from complex I of the electron transport chain in both liver and
skeletal muscle mitochondria. Activation of the ANT as a proton channel, rather
than the UCPs, under state IV respiration was the molecular mechanism
underlying increased membrane proton conductance under DR feeding
conditions. Plasma fatty acid concentrations were increased in response to DR
feeding and were lowered upon partial restoration of plasma insulin
concentrations. It is the increase in plasma fatty acid concentration in DR animals
that is stimulating the protonophoric activity of the ANT during state IV respiration
resulting in an increased proton leak, the lowering of the membrane potential and
reduced H20 2 generation. The thermogenic BAT mitochondria responded
differently to DR feeding compared with those of liver and skeletal muscle. DR
animals are mildly cold stressed and BAT mitochondrial state IV respiration rate
and proton leak were significantly increased by DR feeding as UCP1 was
significantly activated in this tissue.
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ABBREVIATIONS
ADP

Adenosine 5’-Diphosphate

ANT

Adenine Nucleotide Translocase

ATP

Adenosine 5’-Triphosphate

BAT

Brown adipose tissue

BSA

Bovine Serum Albumin

CAT

Carboxyatractylate

DR

Dietary restriction

EDTA

Ethylenediaminetetraacetic Acid

EGTA

Ethylene-bis(oxyethylenenitrilo)tetraacetic acid

ETC

Electron transport chain

FCCP

Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone

GDP

Guanosine 5’-Diphosphate

HEPES

4-(2-Hydroxyethyl)piperazine-1 -ethanesulfonic acid

MnSOD

Manganese superoxide dismutase

NEFA

Non-esterified fatty acids

NFk P

Nuclear factor kappa (3

PMF

Proton gradient

RQ

Respiratory quotient

ROS

reactive oxygen species

SDS

Sodium dodecyl sulphate

UCP

Uncoupling protein
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Chapter 1: General Introduction

CHAPTER 1
General Introduction
1.1 Biological Ageing
Ageing is a poorly understood biological process, commonly defined in
terms of survival statistics, but which at the level of the organism results in the
gradual loss of homeostasis with time [1]. It has been argued for the human that
ageing begins at birth, or even in utero, as determined from the build-up of
molecular and cellular damage [2, 3]. It is a process that can be identified across
a wide phylogenetic range of organisms but the detailed underlying molecular
mechanisms that drive this process are still a matter of controversy [3, 4]. The
developing loss of homeostatic control increases the probability of a transition to
disease and injury, with the overall effect of limiting the lifespan by increasing the
probability of death [5].
The average expectation of human life in industrialised nations such as
the United Kingdom, has doubled over the last two hundred years and most
nations are experiencing this demographic transition [5]. This is the result of a fall
in the perinatal mortality rate and an improvement in the clinical management of
age-related pathology [5]. The 2001 Census showed that for the first time the
number of people in England and Wales aged 60 years or over was greater than
the number aged 16 years or younger (Census 2001). In 1951 there were 0.2
million people aged 85 years or older; by 2001 this figure was 1.1 million; by
2020 it is projected that 20% of the UK population will be 65 years or older [6].
The economic and social implications of this continuing demographic transition
are obvious, particularly for health care provision both nationally and world-wide.
Developing a fuller understanding of the underlying biology of the ageing process
is therefore a matter of some urgency if a rational approach is to be taken to the
continuing demographic transition to an older population.
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Elucidating the underlying molecular mechanisms that underlie both the
process of ageing and determine its rate is difficult because of the interplay of
subtle changes at the molecular, cellular, tissue and organ levels which are
compounded further by metabolic and homeostatic changes to maintain normal
functioning of the aged animal [1]. Differentiating between "cause" and "effect" of
ageing is complicated further by the introduction of age-related pathologies, and
the stochastic element evident in both development and ageing [7]. Heritability of
life spans is modest explaining about 25% of longevity for homozygous human
twins [8, 9], and inbred laboratory animals [10], with significant individual
variability in longevity. This interaction between genetics and chance introduces
heterogeneity, both between and within species, with regard to the detailed
progression of the ageing process and it has impeded the development of a full
understanding of the underlying mechanisms.
1.2 Dietary Restriction
1.2.1 Dietary Restriction (DR) Effects on Life Span
Since a series of reports by McCay et al. in the 1930’s of the effect of
restricted feeding to extend life span in rats [11, 12] the dietary restriction (DR)
methodology in one form or another has been recognised to prolong mean and
maximal lifespan across a wide phylogenetic range of organisms. Within the
Mammalia, especially the Rodentia, it has become the ‘gold standard’ strategy
for extending survival and retarding the rate of ageing [1]. The development of
experimental strategies to manipulate the rate of ageing, specifically to retard its
rate of progression, has been viewed as central to overcome the difficulty within
the field of separating out cause and effect [1].

Other strategies such as exercise have been proposed to retard ageing
and promote extended survival in mammals [13]. However in the human and in
rats subjected to exercise regimes, retardation in the rate of ageing is not
induced by exercise. An increase in median survival may be observed, that is the
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shape of the survival profile is altered but maximum, or average last decile
survival, is unaffected. This is due to exercise reducing the chance of premature
death, however, the ageing process, and so maximal lifespan, remains unaltered.
Such animals do not increase their food intake to compensate for their increased
energy use. In limited respects, exercise regimes mimic DR by inducing a degree
of growth retardation, decreased body fat content and reduced availability of
calories but interestingly this is not translated into a retardation of the rate of
ageing [13].
The DR paradigm has now been applied to a range of outbred, inbred,
mutant, transgenic and knockout strains of rodents. When applied to genetically
obese mice (ob/ob) dietary restriction induced an increase in the maximal
lifespan compared with control mice even though the body weight and fat content
of the DR mice was comparable to that of control, non-obese animals. This
suggests that the effect of DR on survival is not due to a simple reduction in lean
body weight or a reduction in fat deposition [14].
Although a number of studies have been reported on the effect of specific
nutrient reductions or deletions on life span [15], the consensus in the field has
been that for DR feeding to modify survival, a 30-70% reduction in dietary calorie
intake must occur [16, 17]. Thus the essential manipulation of DR feeding
regimes has been seen as a restriction in energy intake, however this was
achieved, by the feeding regime or composition of the diet, rather than a
restricted intake of any specific dietary component. This resulted in the change of
terminology from dietary restriction to ‘calorie restriction’.

In recent years this dogma has been challenged, both for rodents and in
Drosophila, where either protein restriction per se, or specifically in rodents, isocaloric feeding with a diet deficient in methionine, replicate many of the
responses in survival and physiology that are characteristic of the classical DR
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approach [18-21]. The interpretation of the methionine restriction studies remains
controversial because interfering with protein synthesis may be an indirect way of
inducing a DR condition. Any procedure that interferes with protein synthesis
may inadvertently retard the digestion, absorption and assimilation of available
carbohydrate. Although only non-significant differences in food intake were
reported for mice fed the iso-caloric methionine deficient diet, no data is available
on the efficiency of absorption and assimilation in this model system. Further the
published studies report that the plasma insulin concentrations are depressed by
75%, a magnitude similar to that seen in the standard DR animal, and plasma
glucose concentrations were lowered by 20%, a figure significantly greater than
that reported for animals fed a DR diet [18]. The lowered plasma glucose
concentration linked to the marked depression of plasma insulin suggests a
suppression of glycolysis, a central response observed in the standard DR
model. The duration and severity of DR (ranging from 30 - 70% calorie
restriction) is directly proportional to its effect on survival with early onset DR
effects being shown in animals of just 6 months of age [16, 22, 23].
1.2.2 Effect of DR on Different Organisms
The majority of the research that documents the effect of dietary restriction
on life span and physiology has been conducted in rats and mice, although a
wide phylogenetic range of organisms respond to DR feeding with extended
survival [24, 25].
In yeast, age is determined by the number of cell divisions of the mother
before senescence. Saccharomyces cerevisiae grown in a medium containing
2% ethanol, as opposed to 2% glucose, had an extended lifespan and
reproductive capacity [26]. The DR effect in yeast is thought to be mediated by
the NAD - SIR 2 pathway which acts to inhibit rDNA recombination and the
formation of rDNA circles [27]. Sir2 is also considered to influence lifespan in
Drosophila melanogaster. Drosophila melanogaster fed a reduced yeast diet had
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lowered egg production. Egg production is inversely related to lifespan and so
these flies exhibited characteristics comparable with that of DR mammals [28,
29]. Drosophila over-expressing Sir 2 had prolonged life spans on a normal food
diet whilst DR had no effects on the survival of SIR 2 null mutants [30].
Hypotheses have been proposed as to the role of the mammalian homologue of
SIR 2, SIRT 1, in DR life span extension, however, at present there is a lack of
agreement between studies [31].
Two recently published papers have shown that SIRT1 is not associated
with elevated lifespan in humans [32, 33]. The first paper used haplotypes to
capture common variation present in the SIRT1 genomic region and in a large
sample, 1026 unrelated German individuals aged 95 -109 years, no association
between SIRT1 and the longevity phenotype was detected [33]. This was then
repeated using subjects from the Netherlands and the only association found for
SIRT1 was a possible protective function against cardiovascular mortality and a
role in cognitive function [32]. SIRT1 was thought to increase longevity in DR
animals by repressing the PPAR pathway (the PPAR pathway is explained fully
in Section 1.4.5). A recent paper challenged this hypothesis by showing an
elevation of PPARy activity in adipose tissue due to DR feeding. The activity of
mTOR, rather than SIRT1, was considered to be a plausible mechanism for the
increased PPARy activity observed. This gene was suppressed with age and
preserved by DR and had previously been shown to modulate PPARy [34].
These publications all indicate that increased longevity due to DR may not be
dependent upon SIRT1.

Caenorhabditis elegans fed reduced E.coll diets of 108 - 101° bacteria ml'1
were found to have increased mean and maximal life spans. The stage of the life
cycle whereby E.coll restriction was implemented was irrelevant to its effect on
lifespan extension [35, 36]. Klass [35] observed death by starvation at bacterial
concentrations of 5 x 107 bacteria ml'1 or lower, implying lifespan extension was a
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factor of food deprivation. Johnson et at. [36] performed lifespan and
developmental studies on C.elegans larvae that had been fed on a food
restricted, axenic culture medium (culture medium containing one type of
microbe). During axenic starvation lifespan was increased, the worms continued
to develop slowly, however, on return to full feeding, they would develop
abnormally with some animals spontaneously escaping from axenic arrest and
exhibiting rapid development. This indicates that axenic arrest may be caused by
the reduction of a specific nutrient and in this respect is unlike DR where total
energy reduction is occurring.
DR is a reproducible technique for extending life span in rodents and this
effect is seen in eukaryotes that include fish, nematodes, insect, spiders, rotifers
and also in suctorian protozoa. There is now data that DR feeding is effective in
extending survival in mid-sized dogs [37] but the central question within the
Mammalia is whether the observations reported in short-lived species such as
rodents, are applicable to the long-lived species such as the primates, including
humans.
To answer this question in 1987 a study was initiated by the National
Institute on Aging (NIA) to determine if DR is also effective in extending life span
in the Rhesus and squirrel monkeys, closely related species to the human. A
second, similar study was started using the same two species in 1991 at the
University of Wisconsin-Madison [38]. As Rhesus monkeys have an average
lifespan of 25 years and a maximal lifespan of 40 years, complete survival curves
are yet to be published [39]. However, in 2006-07, unpublished preliminary
survival data was provided to this laboratory by the NIA as part of a review of the
effects of DR feeding in primates. To date the survival data provided by the NIA
are somewhat equivocal in showing a clear effect of DR on survival in Rhesus
monkeys [40]. Although detailed survival data was not released from the
University of Wisconsin-Madison study, in a personal communication from Dr
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Richard Weindruch he commented, ‘It is fair to say we are observing an
emerging survival advantage for the monkeys on DR’. This comment refers again
to survival in Rhesus monkeys, for neither study has released survival data for
the effect of DR feeding with the squirrel monkey.
At present, calorie restricted Rhesus monkeys have reduced body size
and core temperature [39, 41] and retarded skeletal muscle development which
parallel the effect of DR feeding in rodents [39, 42]. Delayed reproductive
maturation in DR rodents was not reproducible in Rhesus monkeys, possibly due
to different types of reproductive cycle, menstrual compared with an oestrous
cycle, and a lower level of restriction (30% in Rhesus monkeys compared to 50%
in rodent studies) [39, 43-45].
Elevated

insulin

sensitivity

[46]

that

reduced

plasma

triglyceride

concentrations and increased high density lipoprotein sub-fractions [47] suggest
that the DR Rhesus monkeys are more resistant to age-related diseases such as
diabetes and cardiovascular disease. Age-related biomarkers such as melatonin,
[48] and dehydroepiandrosterone sulphate (DHEA) [49] that normally decline with
age were not reduced in DR fed animals, indicating a protective role of DR
against some changes that occur with age. The majority of published data on
biomarkers of ageing from the NIA study indicate DR is inducing a similar
response in the Rhesus monkey to that in the rodent, but the survival data is not
conclusive. There are major differences in the two studies using DR feeding with
the Rhesus monkey. Of particular importance in the study designs is the method
used to determine dietary intake in the experimental animals. The effective
degree of restriction in the NIA study for the animals on DR feeding appears less
severe than that employed at the University of Wisconsin-Madison, showing
higher concentrations of plasma glucose and insulin, in spite of the claim that
both studies are using a 30% restriction from the control intake [40].
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Ethical issues combined with a mean lifespan of over 70 years make
studies on human survival in response to DR feeding difficult, although these
have been attempted. Direct experimental evaluation of DR feeding in humans is
restricted to studies whose primary objective was not to evaluate the effect of DR
on human ageing and where the subject numbers were very small. Walford et al.
reported reduced systolic and diastolic blood pressures when placing four male
and female subjects on a DR diet for two years [50]. Although encouraging, it
should be considered that by taking an average human lifespan to be 70 years,
this would mean these volunteers were placed on a DR diet for approximately
3% of their lives - the equivalent of 20 days in the lifetime of a rat. Clearly the
period of restriction is inadequate to establish any response of survival to chronic
DR feeding in the human. Further to this study one group carried out a number of
experiments on overweight men and women that had been subjected to a 25%
DR diet for 6 months [51-53]. These subjects had reduced plasma insulin
concentrations,

reduced

core temperatures,

reduced

DNA damage and

indications of increased skeletal muscle mitochondrial biogenesis. Although this
implies that calorie restriction may indeed be reproducible in the human, these
subjects also displayed characteristics that were different to DR in rodents. Their
resting metabolic rate was reduced, plasma glucose concentrations were
unaltered,

plasma

dehydroepiandrosterone

sulphate

concentrations

were

unaltered and protein carbonyl concentrations (a measure of oxidative damage to
proteins) were unchanged. These observations may be due to an insufficient
intensity of calorie restriction. Although these individuals were calorie restricted
their body weights were only reduced by 9% compared to the controls which,
considering that they were already over-weight, is not a substantial decrease
compared with the rodent model. To confirm these findings it would be necessary
to use humans of average weight that are placed on a 40% restricted diet for a
significant length of time (>1 year).
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Additional observations on the inhabitants of the Japanese island of
Okinawa, a population with reduced calorie intake, have shown the incidence of
centenarians to be 2 to 40 times greater than that of other Japanese islands. The
incidence of age-related pathology, such as stroke, cardiovascular disease,
neurodegeneration and cancer are all significantly lowered in this population.
Adults consume 80% and school children 62% of the recommended calorie
intake for the population of mainland Japan, which is currently the longest lived
population in the world [6], This provides indirect epidemiological evidence that
low calorie intake mimics the DR feeding paradigms in animal studies, is effective
in lowering the incidence of age-related pathology and promoting survival in the
human [54]. Therefore on the balance of available data, the response and data
obtained from manipulating life span by DR feeding in rodents, appears directly
relevant to the understanding of human ageing.

1.2.3 Effect of DR on Disease
Dietary restriction reduces the prevalence and incidence of a diverse
range of age-related diseases ranging from neurological conditions to cancer [23,
55-59].
Alzheimer's is a progressive neurological disease affecting cognitive
function, which is caused by an abnormal accumulation of extracellular deposits
of amyloid (3-peptide. Alzheimer’s causes a progressive impairment of memory,
judgement, language and orientation to physical surroundings. Transgenic
mouse models for Alzheimer's, 3xTgAD, exhibit age-dependent deposition of
amyloid p-peptide in the hippocampus and cerebral cortex. 3xTgAD mice when
compared to age-matched control mice have impaired cognitive function with
age, shown by an increased path length required to locate an underwater
platform in a maze. 3xTgAD mice placed on a 40% calorie restricted diet had a
significant reduction in depositions of amyloid P-peptide and path lengths for the
water maze were comparable with control mice. DR therefore appears to have a
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protective effect against the development of neuropathology in a mouse strain
developed as a model of Alzheimer’s disease in humans [57].
DR has also been shown to significantly reduce the spontaneous
occurrence of carcinomas and hypertension. C3H/Umc mice are highly
susceptible to adenocarcinomas with 71% of female control animals developing
mammary tumours by 500 days. When fed on a low calorie diet the development
of spontaneous mammary adenocarcinomas was completely prevented [56].
A study by Hursting et a!., [58], using p53 double knockout mice also
showed an effect of DR on spontaneous tumour development. The p53 (-/-)
double knockout mice are extremely susceptible to tumour development with the
median lifespan of these animals being just 16 weeks. DR caused the p53(-/-)
mice to develop significantly fewer tumours and their median lifespan to increase
to 25 weeks [58].
The spontaneously hypertensive (SH) Wistar rat dies 6 months earlier
than the normotensive control, at approximately 18 months of age. Dietary
restriction results in the lifespans of normotensive rats and SH rats being
increased by 40% and 33-68% respectively. When subjected to DR feeding, the
frequency of the specific lesions associated with hypertension and early death in
the SH rat were not significantly different from those in the calorie restricted,
normotensive controls, however in both circumstances the frequency was
significantly lower than that observed for SH rats fed control diets. It was
therefore concluded that SH rats on DR regimes had extended lifespans as
hypertension-related pathology was reduced allowing the animals to die from
age-related causes, rather than specific end-organ damage induced by
hypertension [59]. An intriguing aspect of this study was that the DR feeding did
not lower the blood pressure of SH rats. This is interpreted to mean that the
effect of DR feeding to reduce the development of hypertension-induced
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pathology was downstream from the elevation of systolic and diastolic blood
pressure.
Endocrine induction of mammary tumours via the implantation of a
cholesterol pellet containing diethylstilbestrol was inhibited by a low calorie diet.
Inbred rats (A x C line 9935) fed a 74% reduced calorie intake had the same
incidence of mammary tumours as rats fed ad libitum but generally developed
mammary tumours 100 days later. Rats fed a high fat diet developed a greater
number of tumours and the speed of tumour growth was significantly accelerated
[55]. Clearly, beneficial effects of DR are not limited to age-related phenomena
alone, exhibiting an obvious effect on endocrine induced carcinogenesis.
1.2.4 Effects of DR on Age-Related Biomarkers
Progression of the ageing process may result in the accumulation of
damage to critical cell components such as genomic and mitochondrial DNA,
proteins and lipids. Oxidative damage, which will be discussed in detail in section
1.2.5, is considered to accumulate with age as proteins become oxidised to
carbonyls,

DNA

bases

are

oxidised

to

8-hydroxy-2'-deoxyguanosine,

guanidinohydantoin, iminoallantoin, spiroiminodihydantoin etc. and lipids are
peroxidised. Studies have shown DR to reduce the accumulation of damage to
these macromolecules with age however it should not be assumed that this is the
mechanism whereby lifespan extension is necessarily induced [60-62].

Consideration of the wider metabolic profile in DR animals has identified a
number of enzymes affected by DR feeding that are involved with the processes
of oxidation and detoxification [1]. Although DR retards the age-related decline
observed in most enzyme activities with ageing control animals, some enzymes
are either unaltered in activity by DR feeding regimes or their activities are
increased

[1].

Hepatic drug metabolising enzymes such as biphenyl-4-

hydroxylase, 4-methylumbelliferone glucuronyl transferase and p-nitrobenzoate
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reductase are elevated in restricted animals with NADPH dependent enzyme
activity such as malic enzyme, G-6-P dehydrogenase and 6-PC dehydrogenase
being 2 fold higher [63].
DR retards many aspects of immunology, reproductive, endocrine and
neurological ageing, the full details of which are reviewed in references [1, 25,
64]. DR causes a depression in natural killer cell [65] and lymphocyte activities
[66] and antibody production [67], whilst maintaining a higher resistance in the
animal to chronic pathology. This is considered to be due to enhanced
responsiveness of the immune system, however, recent studies have shown that
mitogenic assays of cell response in the immune system are not always
indicative of a greater resistance of an animal to disease. DR animals have
delayed onset of puberty for both male and female animals. For female animals
this is due to reduced levels of serum follicle stimulating hormone (FSH),
progesterone and increased serum oestradiol-17/3 [68] whereas males have a
delayed peak of testosterone (up to 20 days) with a depression in the peak
height [69]. This delay in puberty shows the DR can retard maturation, but this is
not a pre-requisite for the extension in longevity observed and reflects the timing
of the start of the DR feeding regime.
Non-reproductive endocrinology is also altered upon DR feeding. DR
suppression of parathyroid hormone in older animals retards skeletal maturation
and subsequent bone loss and resorption [70]. Age-related increases in serum
insulin concentrations and corticosterone are also suppressed in DR animals [64,
71]. Neurological research in response to DR feeding has focussed on striatal
dopamine receptors. These are depressed with age, an effect which is retarded
by DR feeding, and this effect is responsible for altered dopaminergic control of
physiological and behavioural functions in senescent rats [72].

13

Chavter 1: General Introduction

1.2.5 Possible Mechanisms of DR Induced Retarded Ageing
Numerous hypotheses have been proposed to explain the effect of DR
feeding on lifespan and age-related pathology but a full explanation has not been
developed and this area remains controversial. A brief overview of such
hypotheses is given in this section with a fuller exposition provided elsewhere [1].
An inverse relationship exists for mammals between life span and life-time
total energy expenditure. The majority of mammals have approximately the same
life-time energy expenditure of 220 kcal g '\ the exception being primates which
at 488 kcal g'1 are significantly higher than predicted from this relationship [73].
Mass-specific metabolic rate falls as a negative exponent of body mass.
Theoretically a reduction in metabolic rate could explain the response to DR
feeding,

however, direct measurements do not support such a simple

explanation. Detailed measurements of the standard metabolic rate indicate
either no change, or a small, but significant elevation in mass standardised
metabolic rate [74, 75].
The free radical theory of ageing was proposed in 1956 [76] but although
a significant body of data has been recorded in support of the main tenants of
this theory, it remains to be fully validated. It is proposed that with ageing there is
an accrual of oxidative damage resulting from the generation of free radicals
during oxidative metabolism. In vivo bioluminescence imaging, using transgenic
mice for the murine IL-6 promoter driving the luciferase reporter cDNA, has
supported this proposal however this methodology is yet to be used with DR
animals [77]. As discussed in Section 1.2.4, DR feeding induces a reduction in
tissue oxidative damage as a function of age. Reduced oxidative damage in DR
animals was initially thought to be due to an up-regulation of protective
antioxidant enzymes that reduced free radicals. Increased efficiency in cellular
repair processes and cell and tissue turnover of macromolecules would also
enhance the removal of oxidised macromolecules.
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Studies on the effect of DR on antioxidant enzyme activities have proved
to be inconsistent and enzyme- and tissue -specific. In 1986 Koizumi et al. [78]
were the first group to demonstrate prevention of the age-related decrease in
catalase activity by DR feeding. Several groups have since confirmed this finding
in a range of different tissues such as brain, liver and kidney [79-81]. However
other studies have reported an increase in catalase activity with age. The data
therefore is inconsistent and contradictory regarding the possible effects of
antioxidant enzyme activity to promote lifespan and retard the ageing process in
DR animals [82, 83]. Studies on other antioxidant enzymes such as SOD and
glutathione peroxidise, have similarly failed to show a consistent correlation
between either age, or with DR feeding [78, 81,82, 84, 85].
Research concerning the effect of age and DR feeding on DNA repair
mechanisms has proven also to be inconclusive. Licastro and Walford [86] used
unscheduled DNA synthesis in splenocytes to show an increase in DNA repair in
DR animals compared to age-matched control animals. This observation could
not be repeated for lymphocytes where DNA repair mechanisms increased in
efficiency as rats aged from 3 months to 17 months, although excision repair and
nucleotide excision repair processes were not measured [79]. Further, very
minimal concentrations of the DNA strand break 8-oxo-7.8-dihydroguanine were
observed with age. It appears some DNA repair mechanisms are extremely
efficient, even in aged animals.

In 1974 Spector [87] proposed a negative correlation between longevity of
animals and their protein turnover rate thereby implicating protein turnover as a
an important mechanism in determining the rate of ageing. Protein turnover
provides for a rapid metabolic response to changing physiological requirements
and is an effective way to remove damaged proteins [1]. Isolated liver
hepatocytes showed a decline in protein turnover rate with age which was
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retarded by a DR feeding regime [88]. These results were reproduced in vivo
using male Sprague - Dawley rats [89] and in vitro using primary hepatocytes
[90]. In skeletal muscle protein turnover was found to decrease after 4 weeks of
DR feeding whilst DR from weaning to senescence caused no effect on protein
synthesis and breakdown [91].
The upregulation of the protection and repair of cells was primarily thought
to be the mechanism sensitive to DR feeding that resulted in a slower accrual of
oxidative damage. However, as discussed above, the published data show either
a non-significant effect on enzyme activity, or only a very late acting up
regulation of enzyme activity, and many studies were not reproducible and were
inconsistent. Since the redox status of tissues represents an equilibrium between
oxidant generation and removal, the focus has shifted towards the study of
generation of reactive oxygen species (ROS) in an attempt to explain the slower
accrual of oxidative stress and damage in tissues of DR animals.
It is considered that 90% of the cellular ROS in non-immune cells is
generated during normal metabolism from oxidative phosphorylation in the
mitochondrion [92]. Indeed Barja has published studies showing a correlation
between mitochondrial ROS generation and lifespan [93, 94].

A compounding problem with the study of mitochondrial ROS generation
is that smaller animals tend to have shorter lifespans, but due to their higher
metabolic rates per body size they also have greater O2 consumption. A
significant positive correlation can be demonstrated across species between 0 2
consumption and ROS generation (described fully in Section 1.3.4), but, due to
differences in mass being unaccounted for, erroneous correlations may result
[94]. One solution is to compare mammals to birds [95]. A study comparing heart
mitochondrial ROS generation in pigeons and rats showed that pigeons had
decreased ROS generation in brain, liver, lung, heart and kidney, in spite of
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higher respiration rates [96, 97]. Here the association between respiration rate
and ROS generation is not maintained. The decrease observed was attributable
to reduced ROS generation per se from the mitochondrial electron transport
chain rather than reduced 0 2 consumption. In animals with extended life spans
lower mitochondrial ROS generation is observed, irrespective of their 0 2
consumption rate and correlations of respiration rates to ROS generation can be
erroneous and misleading [93].
Difficulties also exist when relating physiological changes, such as ROS
generation, to lifespan [98]. Body mass influences all levels of physiology so a
study claiming maximal lifespan is increased due to increases, or decreases in a
certain physiological characteristic, may actually be describing a function of
varying body mass. This difficulty can be avoided by adopting a statistical
approach which allows differentiation between alternative explanations for an
inter-specific association between maximal lifespan and specific physiological
characteristics [98]. The simplest methodology is to control statistically, through
the use of residuals, for the effects of body mass. This identifies residual
variation in the physiological characteristic that remains after controlling for the
mass variant, and allows its association with lifespan to be determined. If the
hypothesis is that oxidative damage is negatively correlated with lifespan it would
be expected that species that have high residual rates of oxidative damage
would have lower lifespans. In this way the confounding relationship resulting
from body mass is removed from the analysis.
A second problem that has been recognised for over 20 years, [99], is
phylogenetic relationship. This occurs when comparing lifespans of different
species. All animals share at some point in evolutionary phylogeny, a common
ancestor. The data is not therefore independent. When investigating relationships
between lifespans in different species a mutation in the phylogenetic tree could
mean that all animals downstream of that change in phylogeny share a common
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trait, resulting in the sample size being smaller than may be recognised. For
example horses, pigs, cows and sheep are considered to be different species
however if a mutation in the trait being measured had occurred far back in the
phylogenetic tree, all these species would have the same genetic trait so
reducing the sample size from 4 to 1. Once again this problem can be overcome
statistically so that raw interspecific data is transformed into phylogenetically
independent contrasts [100-102]. In this methodology sophisticated data analysis
packages are required to utilise data contained within the phylogeny along with
the original data to allow phylogenetic independent contrasts.
1.3 Mitochondria
Mitochondria are found in Eukaryote cells; they are organelles with the
morphological and DNA structure (circular plasmid) and coding sequence
characteristic of bacteria. They are thought to have originated from a symbiotic
relationship early on in Eukaryotic cell evolution that developed between free
living bacteria and the early Eukaryotic cells. Although under the electron
microscope they appear as discrete double membrane organelles, it is
considered that under certain conditions and in specific cells they may actually
be an interconnecting matrix and not be discrete organelles. They have multiple
copies of DNA not protected by histones with limited DNA repair capacity. Their
turnover and new mitochondria are formed by division from other mitochondria.
The details of the turnover mechanism are limited. For many years they were
considered to be replaced as a single organelle unit but it is unknown if protein
components in the mitochondria can be turnover independent from the organelle
as is seen for proteins in the cytosol. They are responsible for apoptosis which
results in the controlled destruction of the cell to avoid inducing necrosis, when
mitochondrial damage and loss of ability to generate ATP passes a certain
threshold point. This is normally triggered when the membrane potential falls
below a critical value [103].
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Mitochondria produce over 90% of the energy (ATP) in Eukaryote cells
through oxidative phosphorylation. This is a much more efficient process for
synthesizing ATP than anaerobic glycolysis by using oxygen as the final electron
acceptor. In using oxygen as the final electron acceptor, the Achilles heal of the
mitochondria is the ability for single electron transfer to molecular oxygen, thus
generating superoxide and NO [103].
Mitochondria are synthesised from proteins that are encoded both in the
nucleus and mitochondria. Most of the proteins that comprise the mitochondria
are encoded in genomic DNA and are imported into the organelle. Certain key
proteins in some of the complexes are encoded by mitochondrial genes and this
may make them more susceptible to loss because of oxidative damage or
mutations in the mitochondrial DNA which has a higher damage rate than
genomic DNA because of the generation of free radicals in the mitochondria (the
reader is directed to the book by Lane (2005) for a more wider ranging
discussion of the evolutionary origin and functional role of mitochondria in
Eukaryotic cells beyond that of the synthesis of ATP [103] ).
1.3.1 Synthesis of ATP
Energy is constantly required by mammals for movement, thermal
regulation and metabolic processes and generated either during anaerobic
glycolysis during the conversion of glucose to pyruvate or lactate, or at the
mitochondrion during oxidative phosphorylation. Mitochondria generate ATP, the
universal form of chemical energy, via oxidative phosphorylation that occurs in
the inner mitochondrial membrane at complex V, the ATP synthase, of the
electron transport chain [104, 105].

Pyruvate synthesised via glycolysis is transformed into acetyl co-enzyme
A before entering the Krebs cycle. During the Krebs cycle in the mitochondrial
matrix, NADH and FADH2 amongst other substrates are generated and fed into
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the mitochondrial electron transport chain, (Figure 1.1), providing a redox
potential from complex I to complex IV of approximately 1.1V [106]. The
electrons that are released from the mitochondrial substrates flow down the
electron transport chain under the redox gradient and the energy released is
harnessed by complexes I, III and IV to pump protons across the inner
mitochondrial membrane into the intermembrane space. As the intermembrane
proton concentration increases a protonmotive force is established that provides
the driving potential for ATP synthesis. The protonmotive force is consumed by
complex V, when activated by a high ADP/ATP ratio, to synthesize ATP by the
phosphorylation of ADP. The final acceptor of the electron stream at complex IV
is oxygen which combines with hydrogen to form water [104].
Protons can also re-enter the mitochondrial matrix as a result of a
delocalised non-ohmic proton leak, and through protein proton channels, such as
those formed by activated uncoupling proteins, and through the membrane
transporters such as the adenine nucleotide translocase (ANT) (these protein
complexes are discussed in more detail in Section 1.3.5). The energy released
from the protonmotive driving potential during the membrane leak is dissipated
as heat [105].
The electron transport chain is a fully reversible process. Although almost
all sections of the electron transport chain can be reversed, the reduction of
NAD+ to NADH by succinate has been studied in detail. The usual direction of
electron flow is from complex II to complex III however electrons can also flow
back from complex II to complex I. Reversal of the electron flow requires
considerable energy which can be obtained either by ATP hydrolysis, or by the
phosphorylation step in complex V where the complex acts as an ATPase. It is
unknown if reverse electron flow occurs in vivo and if it does so, the magnitude of
this effect. In isolated mitochondria respiring with a complex II substrate, reverse
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electron flow is problematic and so complex II substrates are normally used in
conjunction with a complex I inhibitor such as rotenone [104,105].
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The chemiosmotic theory proposed in 1961 by Mitchell [107], to explain
the link between the chemical substrates used by mitochondria and the synthesis
of ATP, states that the operation of the respiratory transport chain causes a pH
gradient to be established across the inner mitochondrial membrane. The proton
gradient is referred to as the protonmotive force (PMF) and is comprised of an
electrical potential (voltage) and a pH component. The two are related by the
equation:-

Ap = Avj/ -zApH

where Aij/ is the electrical potential difference or membrane potential (cytoplasm
- matrix), z is 2.303RT/F (R = gas constant, T = absolute temperature, F =
Faraday constant) and ApH is the difference in pH (cytoplasm - matrix). The
chemiosmotic theory postulates water formed at the termination of the electron
transport chain is anisotropic, with an OH' released at the cytoplasmic side of the
membrane and H+ at the mitochondrial side. In this way the protonmotive force
draws protons and hydroxyls in specific directions from the active site of ATP
formation [104].
1.3.2 Respiration Rates
Isolated mitochondria do not have access to the products of glycolysis and
so it is necessary to add substrates to the reaction media to initiate respiration.
Substrates such as succinate (a complex II substrate), pyruvate/malate and
glycerol-3-phosphate (complex I substrates), are used to supply electrons to
complexes of the electron transport chain. Respiration states are typically
categorised by the environment of the mitochondria as shown in Table 1.1 [104,
105].
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Table 1.1 - States of mitochondrial respiration
Respiration state

Is substrate
Present

Is ADP
Present

Is Oxygen
Present

I

No

No

Yes

II

Yes

No

Yes

III

Yes

Yes

Yes

IV

Yes

No

Yes

V

Yes

No

No

Respiration rates vary as the mitochondria respond to cellular ATP
demand for they are homeostatic around the membrane potential, a component
of the PMF. During state III for example, the PMF is utilised by complex V for
oxidative phosphorylation therefore electron chain transport, and so the
respiration rate, is increased to maintain the membrane potential [105]. When
mitochondria are non-phosphorylating, state II and IV respiration, respiration
mainly has to balance the proton leak. A typical trace showing the different
mitochondrial respiration rates is shown in Figure 1.2 [105].
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Figure 1.2 - An example of gradients obtained for mitochondrial respiration rates
state I-Vn051
Comparison of maximal metabolic rate to field metabolic rate suggests
that mitochondria in vivo respire at a rate close to state IV, reserving state III for
periods of extreme exertion [108].

1.3.3 Coupling of Electron Transport to Oxidative Phosphorylation
Usually a strict coupling of electron transport to oxidative phosphorylation
exists. A negative feedback mechanism exists so that in conditions of a low
ADP/ATP ratio, where ATP synthesis can not occur, cofactors initiating the
electron transport chain are prevented from being oxidised. In vivo the lack of
oxidised cofactors inhibits the Krebs cycle so preventing substrate breakdown
and thus conserving vital energy sources such as fats and carbohydrates.
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Electron transport chains of isolated mitochondria are not as stringently
coupled to oxidative phosphorylation. The preparation procedure can cause
mechanical disruption to the mitochondrial membrane so increasing delocalised
proton leak. Damaged mitochondria are deemed to be "uncoupled" when the
electron transport chain is no longer efficiently coupled to ATP synthesis, thus
making the negative feedback mechanism ineffective. Under these conditions
mitochondrial respiration rate is elevated and it is in this way that the quality of a
mitochondrial preparation can be determined. The respiratory control ratio (RCR)
is the ratio of state III to state IV respiration rates and in the majority of tissues
should be between 4 and 6, when respiration is supported by a complex II
substrate such as succinate [105].
Brown fat mitochondria are the exception due to the presence of the
activated uncoupling protein UCP1 embedded in the inner membrane. They have
regulated proton leak channels that result in a futile cycle resulting in heat
production (non-shivering thermogenesis) [105].
1.3.4 Mitochondrial Reactive Oxygen Species (ROS) Generation
Free radicals are molecules with unpaired electrons in their outer shells
which make them highly reactive with cellular macromolecules resulting in
oxidative damage. It is considered that approximately 90% of the cellular
exposure to ROS originates from the mitochondria [22]. Although the electron
transport chain has a tightly controlled flow of reducing equivalents the
mechanism can sometimes give rise to single electron leakage. The two main
ROS producing sites are considered to be complex I and complex III. Numerous
publications have shown quinones and quinols to be responsible for superoxide
production by complex III of the electron transport chain [109-111]. The
reconstitution of ubiquinone into submitochondrial particles has shown a positive
correlation between H20 2 generation and ubiquinone concentration [109-111].
H20 2 generation increased monotonously with reducible quinone concentrations
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whereas succinate dehydrogenase and succinate-cytochrome c reductase
activities plateaued at low concentrations of reducible ubiquinone [110]. This, in
combination with an ability to separate succinate dehydrogenase activity from
H2O2 generation, means that ubiquinone acts directly rather than as an electron
carrier or modulator of H20 2 generation [110]. Ubiquinone exists in two forms:
semiquinone and ubiquinol. Semiquinone has only one electron to transfer so
promoting superoxide production, [111], and the free radical ubisemiquinone has
been detected in mitochondrial membranes, comprising 0.2-1.5% of total quinone
content [112]. Semiquinone is therefore considered to be the main form whereby
superoxide is produced by complex III [110, 111, 113]. Complex III is thought to
produce superoxide at the semiquinone present at centre o (outer centre of the Q
cycle) [113] whereas complex I acts via either iron sulphur centres [96, 114] or
the active flavin site [115]. The importance of these two sites appears to be both
tissue and species specific [116].
The greater the reduction of the electron transport chain complexes the
higher the probability of a single electron transfer to molecular oxygen creating
superoxide (02~)- Chance and Williams [117] studied the reduction of respiratory
chain components under various conditions and discovered the greatest
reduction to occur during state IV respiration, as shown in Table 1.2.

Table 1.2 - Reduction of electron transport chain components during different
respiration states Fp=flavoDrotein, Cvt. = cytochrome (redrawn from \ 1171)

State of

% reduction of respiratory chain components

mitochondria
NAD+

Fp

Cyt. b

Cyt. c

Cyt. a

State III

53

20

16

6

4

State IV

99

40

35

14

0
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Korshunov et al. [115] demonstrated a relationship between mitochondrial
ROS generation during state IV respiration in isolated heart mitochondria by
measuring H2O2 generation and the membrane potential (Ay), the electrical
component of the PMF. To demonstrate that ROS generation was not merely a
function of the electron flux through the complexes, both an uncoupler of
mitochondrial respiration SF6847, and an inhibitor of succinate dehydrogenase,
malonate, were used to titrate the mitochondrial membrane potential to the rate
of H2O2 generation. Thus ROS generation was shown to be independent of the
rate of electron flow. In both cases, above a certain threshold, a strong positive
correlation existed between the membrane potential and rate of hydrogen
peroxide generated, Figure 1.3. State III membrane potential is below this
threshold explaining why periods of increased electron transport chain activity
during exercise do not cause cell death due to enhanced ROS generation and
resultant mitochondrial damage. An explanation for the relationship of H2O2
generation to A y is that under conditions of high Ay, intermediates of the
electron transport chain that transfer single electrons to oxygen become long
lived as a result of the reduced state of the complexes.
This study implies that the proton leak, which lowers membrane potential,
may be a mechanism to protect against excessive ROS generation during state
IV respiration. However, although other groups have confirmed the relationship
between membrane potential and the rate of ROS generation [118], in the
experiments of Korshunov, reverse electron flow could occur because rotenone
was not included in the incubation media.
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Figure 1.3 - /-/?0? generation as a function of Au/. State III respiration is shown by
the dashed line. Redrawn from f 1191
The relationship of in vitro ROS measurements to in vivo ROS production
is uncertain. Fully oxygenated buffers of 21% O2 are often used for in vitro
experiments however in vivo, the partial pressure of oxygen is considered to be
approximately 5% [2]. Elevated oxygen concentrations promote electron transfer
to molecular oxygen and so in vitro ROS measurements may be overestimates of
the in vivo situation. Some groups claim that no mitochondrial ROS generation
can be detected unless inhibitors of electron flow are used [120, 121]. Inhibitors
cause the electron transport chain complex prior to their inhibition to become
highly reduced, so maximising any potential ROS production. Measurement of
superoxide generation from intact mitochondria is problematic due to the
presence of mitochondrial manganese superoxide dismutase (MnSOD) which
catalyses the reaction

O2

+ O2 + 2H+ —> H2O2 +O2
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Indirect ROS generation is subsequently calculated via detection of the oxidant
hydrogen peroxide (H2O2). Again controversy exists regarding the presence of
MnSOD for in vivo this could increase the rate of O i~ production due to the
accelerated dismutation of superoxide to hydrogen peroxide [121].
Nitric oxide, a potent oxidant, which reacts with 0 2~ to form peroxynitrite
raises the possibility that 0 2'- is a physiological scavenger of the free radical
nitric oxide, and can offer a protective mechanism against oxidative damage
[122]. Clearly, ROS generation by mitochondria in vitro should be regarded only
as an estimate of the in vivo situation.
1.3.5 Mechanisms of Increased Proton Leak
Proton leak was originally considered to be a process that had evolved in
homeotherms for heat generation however proton leak has since been studied in
all mitochondria including those isolated from poikilotherms. Proton leak may
have evolved originally as a mechanism whereby ROS production, and so
oxidative damage, can be limited [123]. Proton leak can be increased by
mechanical damage during mitochondrial isolation however, several regulated
mechanisms, namely uncoupling proteins (UCP's) and the adenine nucleotide
translocase

(ANT), also exist to enhance the inner membrane proton

conductance.
ANT is a transporter that exchanges mitochondrial ATP for cytosolic ADP
during state III respiration. In state IV respiration the ANT can act as a mild
uncoupler, that when inhibited, partially or fully, abolishes the uncoupling effects
of free fatty acids [124, 125], The mechanism whereby free fatty acids interact
with ANT to cause uncoupling properties remains an area of debate. Possible
mechanisms that have been proposed are:
1. Skulachev [126] proposed a "flip-flop" model of fatty acid uncoupling.
Protonated fatty acids cross the mitochondrial membrane in milliseconds
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whereas their anionic forms require minutes [127]. The protonated fatty
acid spontaneously crosses the transbilayer in the membrane where it
dissociates

in the

matrix to

release

a

proton.

The ANT

then

electrophoretically transports the fatty acid anion to the intermembrane
side of the membrane. This alternative pathway for the fatty acid anion
occurs quickly in a matter of milliseconds so the kinetics of the model
would produce an effective uncoupling system.
2. Winkler and Klingenberg [128] proposed an alternative mechanism where
fatty acids bind to the ANT inducing a conformational change enabling a
proton channel to form within the protein complex.
3. Winkler and Klingenberg [128] also suggested that formation of a proton
channel by fatty acid carboxylic acid groups, due to their negative charge,
could facilitate H+ conductance.
ANT is not the only mitochondrial carrier implicated in proton conductance
during state IV, non-phosphorylating respiration. Other mitochondrial membrane
translocases, such as the glutamate/aspartate and dicarboxylate carriers may be
similarly activated by free fatty acids

[129]. ANT however makes up

approximately 10% of the intermembrane mitochondrial protein [130] and so
would be responsible for the overwhelming majority of the proton leak resulting
from the mitochondrial carrier proteins.
ANT is also considered to be a component of the permeability transition
pore [131]. This pore is a regulated, high conductance channel which, under the
action of matrix Ca2+, opens allowing increased inner membrane permeability to
ions and solutes. Subsequently a water flux across the inner membrane, due to
osmosis, causes passive swelling, outer membrane rupture and cytochrome c
release. In this way the ANT has a role in apoptosis.
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The second group of proteins to increase mitochondrial proton leak are
the uncoupling proteins. The uncoupling proteins are considered to have derived
from the ANT and the family of membrane translocases and share a homology
with ANT in their primary, secondary and tertiary structures. Importantly, as for
the ANT, there is no specific signal sequence at the N terminus of its polypeptide
chain which directs the protein into the membrane [132, 133], The information for
targeting, insertion and orientation into the membrane is therefore contained
within the tertiary structure of the UCP, implying that the process is independent
of tissue specific processes. The three dimensional structures of the ANT and
UCPs are very similar with only small differences in the connecting loops [134].
Several uncoupling proteins exist, UCP1-UCP5, each found in different tissues
(Table 1.3).
Table 1.3 - Expression of uncoupling proteins f 1351

UCP1
Brown
Adipose
tissue

UCP2
Ubiquitous

UCP3
Skeletal muscle
Brown Adipose
tissue

UCP4
Brain

UCP5
Brain

Brown fat (BAT) is a tissue whose primary physiological function is
thermoregulatory heat production. This is achieved by the uncoupling properties
of UCP1. The activity of BAT, just as for the protonophore activity of ANT, is
mediated by fatty acid induced uncoupling, however the in vivo metabolic
response to cold resulting in the activation of UCP 1 is controlled by the
sympathetic nervous system. The sympathetic nervous system response is
detailed below [132]:1. The thermoregulatory centre in the hypothalamus receives signals from
temperature receptors located in the skin; these signals are sent to BAT
via sympathetic nerves.
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2. Noradrenaline released from nerve terminals of BAT binds to (3-adrenergic
receptors activating adenylate cyclase in the cytosol of the BAT cell.
3. Adenylate cyclase produces cAMP from ATP which initiates the protein
kinase cascade and thus activating triglyceride lipase.
4. The lipases lyse triglycerides so releasing fatty acids and glycerol that
serve as substrates and activators of UCP1.
For general fatty acid mediated uncoupling to occur transportation into the
cell and the mitochondria is necessary. Transportation into the cell occurs due to
passive diffusion which is driven by association with cytosolic lipid binding
proteins e.g. albumin. Numerous putative transporters have also been implicated
in fatty acid cell transport such as plasma membrane fatty acid binding protein,
fatty acid translocase, caveolin etc. that are discussed in detail elsewhere [136].
Mitochondrial fatty acid transport occurs via the carnitine system which is
shown in Figure 1.4. Once transported into the mitochondria fatty acids can act
as substrates when p oxidation enzymes break down the fatty acids to form C 02,
so supplying reducing equivalents to the electron transport chain (Figure 1.1).
Uncoupling proteins can also be stimulated by superoxide and by free fatty acids,
such as palmitic acid [123].
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1.3.6 Measurement of Mitochondrial Bioenergetics
Complex homeostatic systems are notoriously difficult to quantify by the
classical ‘bottom-up’ approach because of the requirement to measure
simultaneously thousands of different enzyme and membrane transporter
activities. The application of a ‘top-down’ metabolic control analysis, specifically
regulation analysis, has provided a means of quantifying such complex
homeostatic systems to identify functional changes as they respond to external
effectors. Within this study such effectors that are of interest are ageing, dietary
restriction

and

dietary

restriction

coupled

with

exogenous

insulin

supplementation.
The systems analysis approach therefore allows the behaviour of a
complex, homeostatic organelle to be quantified in terms of elasticities (flux rate
through different pathways), control and concentration coefficients, and the
response to effectors, such as restricted feeding, without the requirement to
quantify the kinetics of each individual mitochondrial component.
In order to explain the concepts that underpin the metabolic control
analysis approach, a simplistic model can be used. Consider a simple system
A->X->B. In this system A is a reaction or group of reactions that produces the
intermediate X, and B is a reaction or group of reactions that consumes X. A and
B can be described in terms of rates, or fluxes whereas X has a concentration or
magnitude. If a change occurs with the group of reactions A and this causes a
change in rate of B it is said that A has control over B. In this way flux control
coefficients can be established which quantify the magnitude of control that A
exerts over B. Concentration control coefficients are the control that either A or B
has on the concentration of X. Control coefficients sum to 1 for flux control
coefficients and 0 for concentration control coefficients. The kinetic responses of
A and B to changes in concentration of X are termed elasticity coefficients and
can be used to identify the site of action of an effector [16].
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Regulation analysis, which was used for the analysis of the data for this
study, allows the response to an external effector to be quantified and also
Identifies the component in the system that is responding to the external effector.
For example, if a hormone were added to the above system and it caused an
overall increase in the concentration of X, the extent to which the hormone
lowered the consumer pathway, B, and increased the production pathway, A,
could be quantified [16].
This approach to mitochondrial bioenergetics is illustrated in Figure 1.5
that shows a conceptual model whereby the mitochondria is depicted as a
tripartite network of interconnected blocks of reactions that link through Ap, the
protonmotive force. The protonmotive force in mitochondria is the component
within the system about which homeostasis is maintained [16,105].
All components of the mitochondria that contribute to the generation of
Ay ( the electrical component of Ap as the addition of nigericin converts the ApH
component of Ap into an electrical potential - see chapter 2, section 2.4.2 for
more details), such as the electron transport chain, translocases etc. form the
‘chain’, or ‘substrate block’ of reactions. The Ay generated can be consumed by
two different and at times, competing pathways. When mitochondria are nonphosphorylating, as during state IV respiration, the network consists of just two
processes, substrate oxidation and proton leak. Proton leak refers to the
delocalised, non-ohmic leak of protons from the intermembrane space back into
the matrix. Elasticity analysis is often used to compare the kinetic response of
these subsystems to the driving force of Ay, where the ApH component of Ay is
converted into an electrical potential. Regulation analysis can be used to
determine the effect of restricted feeding on each of the mitochondrial
subsystems, i.e. the chain, phosphorylation and proton leak pathways, to identify
functional responses induced by the feeding regime[16,105].
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During state III respiration, Ay is being consumed by complex V, the F0-Fi
synthase to phosphorylate ADP to ATP. The proton leak diminishes significantly
as Ay declines by between 10-20% as ATP synthesis reaches the maximum rate
achievable. Here there is a partial imbalance between the maximum rate of
proton pumping by complexes I, III, and IV and its consumption through complex
V, thus resulting in a small lowering of Ay and a slight loss of homeostatic control
[16, 105],

Figure 1.5 - Mitochondria are homeostatic around Aw with the dashed boxes
being the producers of Avi/ and the bold boxes being the consumers of Ad
(redrawn from (1371)

1.4 Effect of Ageing, DR and Insulin on Mitochondrial Function
1.4.1 Overall Reactive Oxygen Species Generation
A correlation has been demonstrated between age and oxidative damage
induced by ROS generation, an effect which is retarded by dietary restriction [6062]. Bevilacqua et al. [138] determined the effect of 40% calorie restriction and
age on skeletal muscle mitochondrial ROS production with respiration supported
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by succinate, and in the presence of rotenone. An 18% increase in mitochondrial
H2O2 generation was observed between 18 month and 24 month old rats.
However animals subjected to a restricted diet regime, initiated at 6 months of
age, produced 51% and 49% lower H2O2 generation respectively. This study was
repeated using liver mitochondria with respiration supported either by succinate
or pyruvate/malate. At 18 months of age, after 12 months of DR feeding, no
difference was observed between control and DR liver mitochondria respiring
with either substrate. At 24 months of age, after 18 months of DR feeding, DR
liver mitochondria respiring with succinate showed significantly lower rates of
H2O2 production compared to control mitochondria whilst there remained no
difference when respiring with pyruvate/malate [139]. In 24 month old rats that
had been subjected to 12 months of 40% DR, a 47% reduction in H20 2
generation was observed for 24 month old DR liver mitochondria respiring with
the complex I substrate, pyruvate/malate. No significant differences for H20 2
generation were observed between 11 month and 24 month old control animals
[140]. Gredilla et al. [141] used rat heart mitochondria from animals fed a 40%
calorie restricted diet for 1 year. Mitochondrial H2O2 generation was found to be
45% lower in old restricted animals compared to controls when respiring with
pyruvate/malate. Again no significant difference in the rate of H2O2 generation
was observed between old and young animals.

There is a consensus in the published literature that, regardless of tissue,
there is no significant difference between rates of mitochondrial H2C>2 production
with age. This conclusion does not support the generally held view that
mitochondrial ROS generation rises progressively with ageing due to increasing
mitochondrial damage. This observation does support one interpretation of the
free radical theory of ageing that, as ageing is postulated to be a progressive
condition, the underlying cause of the ageing process should be equal
irrespective of age. However, it does not support one development of the theory
that proposes that as mitochondrial damage occurs from ROS and goes on to
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promote ROS production, a vicious cycle of increasing damage and ROS
generation would be initiated leading to significantly higher ROS generation in
older animals. Dietary restricted feeding lowers the rate of H20 2 production and it
could be postulated that this retards the accrual of oxidative damage with age.
This offers an explanation as to how dietary restriction may extend lifespan,
providing oxidative stress and damage are central to determining the rate of
ageing.
Lambert et al. [16,137] published novel research findings into the possible
functional reason as to why ROS production is decreased in calorie or dietary
restricted animals. Plasma insulin concentrations are significantly reduced in DR
animals as the endocrine system responds to restricted carbohydrate in the diet.
Plasma insulin concentrations in dietary restricted animals are depressed
significantly, being 25% of the control concentration while circulating glucose
concentrations are lowered by only 10-15% [16, 71, 142]. Therefore circulating
insulin concentrations are lowered by a significantly greater degree than is
required to offset the effect of the feeding regime on plasma glucose
concentrations. A shift in central metabolism away from glycolysis, to the
mobilisation of energy through gluconeogenesis and lipolysis is seen, and this
transition is confirmed by the RQ (respiratory quotient) or RER (respiratory
exchange ratio) data at the whole animal level [143] and by micro-array analysis
[144].
When insulin plasma concentrations are partially restored to near the
control group concentration by the subcutaneous implantation of mini-osmotic
pumps for two weeks prior to killing, the DR effect to lower liver mitochondrial
ROS generation was found to be abolished. DR animals are hyper-sensitive to
plasma insulin as the sensitivity of the insulin signalling pathway is up-regulated.
In the studies of Lambert et al. [16, 137] this limited the extent to which the
insulin concentration could be restored in younger (6-8 month old) rats. It has
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been proposed that insulin can directly stimulate H2O2 generation, and H2O2 and
other oxidants molecules may be involved in the insulin signal pathway [145].
Other possible mechanisms for the action of insulin on ROS generation are
discussed in Section 1.4.5.
1.4.2 Respiration Rate
Alterations in mitochondrial respiration rate with age appear to be
dependent on substrate handling and type. Many groups have reported no effect
of age when using the complex II substrate succinate to support mitochondrial
respiration [146-148], however with fi- hydroxybutyrate, a complex I substrate, a
depression in state III respiration rate has been reported [146-148]. fchydroxybutyric acid dehydrogenase is assumed to be part of an age-sensitive
pathway which has been called the “phosphorylating electron transport particle”
[146]. A decrease in state III respiration with age is probable as aged animals
have lowered spontaneous locomotor activity, which is considered to reflect loss
of mitochondrial efficiency. When the complex II substrate succinate is used to
support mitochondrial respiration, no age-specific effects on either state III or IV
respiration rate are usually seen. However, there exists the possibility of
introducing age-related artefacts during the mitochondrial isolation process if, for
any reason, mitochondria become more fragile with age. It is possible
mitochondria from aged rats exist as a mixture of old: young types and it is
feasible that only the “young” type of mitochondria survive the isolation procedure
while larger, more fragile 'older' type mitochondria do not [146].

Sohal et al. [82] reported an age-related increase in state IV respiration
rates supported by succinate in mitochondria isolated from the brain, heart and
kidney of mice. This effect was attenuated by 40% dietary restricted feeding. The
study was repeated with skeletal muscle mitochondria isolated from 33 month old
rats where a 23% decrease in state IV respiration supported by succinate was
observed in animals subjected to DR feeding [149], Data from this group
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conflicted with other studies that have shown no effect of DR on either state III,
[16], or IV respiration rates, [147, 150], in liver, brain, heart and kidney
mitochondria when succinate was used as the mitochondrial substrate. The lack
of an effect of DR feeding on either mitochondrial state III or IV respiration rates
was maintained regardless of the duration of the restricted feeding regime. Short
term, 40% restricted feeding for 6 weeks, and long-term 40% restricted feeding
for 1 year, had no effect on respiration rates for heart or liver mitochondria
supported by either succinate or pyruvate/malate [141, 151].
In the majority of tissues no effect of DR or age on mitochondrial
respiration rates is observed. The exception to this is for brown adipose tissue
(BAT). Lambert et al. [150] reported a significant increase in BAT mitochondrial
respiration rates for rats maintained at 50-55% of control body weight and food
intake. This elevation in respiration rate was maintained after adding the UCP 1
inhibitor guanosine 5’-diphosphate (GDP) implying that increased respiration rate
was not solely due to an increased activation of uncoupling protein activity but
may also be attributed to increased basal proton leak. DR animals have a core
temperature 1-2°C lower than control animals making them mildly cold stressed
[64]. As outlined in Section 1.3.5, the primary function of BAT is thermogenic, so
it is consistent with the physiological state of the animal that BAT mitochondrial
respiration rates would be increased in DR animals.

1.4.3 Bioenergetics
Lifespan extension using the DR approach has been considered by many
authors to be due to reduced ROS generation, occurring during state IV
respiration, so the limited studies reported on mitochondrial bioenergetics with
ageing have focused on the proton leak branch of the tripartite system.

Skeletal muscle mitochondria isolated from 4 month old and 33 month old
Wistar rats showed a 23% increase in proton leak with age [149], This data could
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be extended to cellular cultures as hepatocytes isolated from 3 and 30 month old
mice also exhibited an age dependent increase in proton leak. Analysis of
metabolic control coefficients for these hepatocytes showed an increase in
control over respiration and phosphorylation by the proton leak and ATP turnover
reactions with age. In 3 month old hepatocytes control over respiration and
phosphorylation was largely governed by substrate oxidation [152]. Lai et al.
[149] explained this as being due to increased proton leak in aged hepatocytes
and mitochondria being attributed to oxidative damage of membrane lipids
resulting in a "leakier" membrane which strongly supports a vicious cycle of
oxidative damage due to mitochondrial ROS generation. This reasoning conflicts
with many publications where mitochondrial ROS generation is shown to be
unaltered with age [139, 140, 151].
The application of a mitochondrial bioenergetic analysis under DR feeding
conditions has produced conflicting conclusions. Lambert and Merry [16] are the
only group to fully characterise the effects of DR on liver mitochondrial
bioenergetics using metabolic, regulation, elasticity and control analysis. DR had
no effect on the elasticities of any of the branches to PMF, in other words a
change in PMF changed the activities of each branch by the same amount
irrespective of whether the mitochondria were isolated from control, or DR
animals. DR also did not alter the control coefficients of the mitochondria
indicating that the distribution of control by the three branches over substrate
oxidation, leak, phosphorylation and PMF was not altered by reduced calorie
intake. For DR liver mitochondria an increase in the activity of both proton leak
and phosphorylation was observed accompanied by a slight decrease in
substrate oxidation. Increased phosphorylation implies that liver mitochondria
from DR animals produce ATP faster at a given PMF. This is to be expected as
these animals have limited calorie intake, however maintain the same metabolic
rate as control animals [143, 153]. Lowered substrate oxidation again is probably
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due to reduced substrate availability as the liver of DR animals switches from
glycolysis to gluconeogenesis and lipolysis [154, 155].
The most significant conclusion of these reports however was that DR
feeding resulted in a decrease in PMF. As shown in Section 1.3.4 a small
reduction in PMF, or membrane potential, results in a large decrease in ROS
generation [119]. Lambert and Merry [16] characterised this reduction in PMF
and found that it was due to a small decrease in substrate oxidation activity but
mainly an increase in the membrane proton leak. A decrease in substrate
oxidation causes the electron transport chain to pump protons at a lower rate, so
Av|/ will fall and subsequently so will oxygen consumption. An increase in proton
pumping will occur due to elevated proton leak so increasing the oxygen
consumption. These two mechanisms will balance mitochondrial oxygen
consumption so offering an explanation as to why state IV respiration rate is
unaltered by DR feeding.
Several studies have reported a decrease or unaltered proton leak due to
DR feeding. Animals fed a 60% calorie restricted diet for a short time (2 week),
medium time (2 month), and long time (12 month and 18 month) were all
reported to have decreased skeletal muscle mitochondrial proton leak when
compared to control animals [17, 138]. However when liver mitochondrial proton
leak was evaluated in rats fed a 60% calorie restricted diet for 1 month and 6
month, it was found to be unaltered when compared to control animals. Rats
subjected to 1 month of DR feeding had slightly higher state IV membrane
potentials, however after 6 months of a reduced calorie diet this difference had
disappeared. Elasticity analysis and top-down metabolic control analysis for
mitochondria from these animals showed that for oxidative phosphorylation, there
were no differences regardless of duration of DR feeding [156].
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It seems evident that not only may tissue-specific differences occur when
determining the effect of DR feeding on proton leak but there are conflicting
conclusions between studies. Decreased proton leak, or increased membrane
potential, resulting from DR feeding was explained to be the result of a reduced
resting (state IV) oxygen consumption rate that in turn caused a reduction in
ROS generation. This explanation of Bevilacqua, [17, 138] would contradict other
studies cited in Section 1.4.2 where state IV respiration rate is unaltered by DR
feeding.
A reduction in the proton leak induced by DR feeding could be explained
by an alteration in membrane phospholipids whereby there is a loss of double
bonds creating a more saturated and therefore impermeable membrane [60].
Bevilacqua et al. have shown DR to reduce proton leak, so increasing membrane
potential, whilst maintaining reduced H20 2 generation [138]. This clearly
contradicts the strong positive correlation that exists between membrane
potential and ROS production [119]. The alternative finding that DR feeding
increases proton leak agrees with publications as to how reduced ROS
generation can occur [118, 119]. Increased proton leak due to DR feeding differs
from that which occurs as a result of the ageing process for it is a form of
regulated uncoupling, rather than the response to oxidative damage that results
from a ‘leaky’ inner mitochondrial membrane. The authors explain this by saying
elevated mitochondrial proton leak with age is accompanied by an increase in
ROS generation. However, this again contradicts multiple publications whereby
mitochondrial ROS generation is shown to be unaltered by age [139, 140, 151].

Possible explanations for an increased proton leak resulting from DR
feeding are altered lipid composition in the inner membrane, or increased
concentration or activity of various regulated protein proton leak channels.
Examples of protein proton leak channels within the mitochondrial membrane are
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the uncoupling proteins, the ANT, and other membrane transporters such as the
glutamate/aspartate shuttle and the dicarboxylate carrier.
Inhibition of UCP1 causes a decrease in BAT mitochondrial proton leak,
however UCP1

knockout mice have unaltered proton leak conductance

compared to wild type animals implying that this protein does not contribute to
basal proton conductance [123, 157]. UCP3 and UCP2 can be stimulated by
superoxide to increase proton leak in skeletal muscle, kidney, spleen and
pancreatic p cells showing a pivotal role of these proteins in inducible proton leak
[123]. However, as basal proton leak was unaltered in UCP3 knockout mice, this
protein again appears only to contribute to the proton leak when stimulated [158].
ANT however has been shown to contribute to both basal and inducible
proton conductance. ANT knockout mice had proton leak rates that were
approximately half that of wild type mice showing a major contribution of ANT to
basal proton leak [130]. A study on adaptation to the cold in juvenile king
penguins after cold-water immersion after fledging resulted in an increase in
carboxyatractylate (CAT)-sensitive,

fatty acid-dependent proton leak that is

attributable to the ANT [159]. At present however, no research has been
published on the role of uncoupling proteins and the ANT in the DR model with
enhanced proton leak.

An exogenous increase in the plasma insulin concentration has been
shown to abolish both the effect of DR feeding on increasing the mitochondrial
proton leak and decreasing ROS generation [16]. Regulation analysis revealed
that this was achieved by increasing the activity of the substrate oxidation
subsystem whilst lowering that of the leak. Liver mitochondria isolated from DR
animals that had been exposed to elevated plasma insulin concentrations were
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found to have an increase in proton leak elasticity to the PMF. Clearly insulin is
central to the effect of DR feeding on mitochondrial function.
1.4.4 Effect of DR on Cell Cultures
The response of intact isolated cells may better represent the in vivo
response of that tissue than isolated mitochondria. It was therefore of some
concern that primary hepatocytes cultures were reported not to show the effect of
DR feeding on ROS and leak curve dynamics [160], Hepatocytes were isolated
by collagenase digestion of the livers of 6 month old rats that had been
maintained on 55% DR feeding from 2 months of age. Hepatocytes isolated from
DR animals were found to have unaltered membrane potentials and state IV
oxygen consumption rates, suggesting that there was no change in the proton
leak. In addition, DR had no effect on ROS production in these hepatocytes as
determined by dichlorofluorescene [160]. A more recent publication on the effect
of DR in isolated

hepatocytes has not confirmed

these observations.

Hepatocytes isolated from 12 month old rats that had been fed a 40% reduced
calorie diet were found to have lower membrane potentials and respiration rates
and an increased proton leak. Such cells also generated ROS at a lower rate
which

is

in agreement with

previous

publications where

mitochondrial

preparations were used [161]. The discrepancy between the two publications
may be due to the preparation of the cells. Lopez-Lluch et at. [161] treated their
cells with serum taken from DR animals whereas Lambert and Merry [160]
isolated cells from DR animals and grew them in Hank's balanced salt solution.
This may have resulted in the isolated cells quickly reverting to the control state
when exposed to a full culture medium as they were released from the
constraints of energy restriction and the endocrine environment of the DR animal.
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1.4.5 Possible Mechanisms by which Insulin Abolishes the DR Effect
Prior to research on the effect of insulin in the DR model [16], plasma
insulin had been shown to alter the inner mitochondrial membrane potential.
Dorsal root ganglion sensory neurons cultured from streptozocin-induced diabetic
rats had a 50% decrease in membrane potential compared with controls. Insulin
treatment completely abolished this diabetes induced decrease in membrane
potential [162].
It is unknown if plasma insulin alters membrane potential through a direct
or indirect mechanism. Plasma insulin is a potent inhibitor of lipolysis [154], so
causing a reduction in circulating free fatty acids. If increased fatty acid
uncoupling is occurring due to DR feeding this is a potential mechanism whereby
insulin could abolish the DR effect. Insulin may also be causing an increase in
uncoupling protein concentration via the peroxisome proliferator-activated
receptor (PPAR) pathway that is shown in Figure 1.6.
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T

Figure 1.6 - The effect of insulin on uncoupling protein expression via the PPAR
pathway \1631
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1.4.6 Summary of DR Effect on Mitochondrial Function
Various conflicting studies have been published on the effect of DR
feeding on mitochondrial function. ROS generation is significantly lowered by DR
feeding and the following figure summarizes the proposed mechanisms that can
be postulated to explain this (Figure 1.7).

Figure 1.7 - Summary of the possible mechanisms of DR action on mitochondrial
function
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1.5 Aims of the Work and Thesis Overview
There is a consensus in the literature that mitochondrial ROS generation
is lowered by DR feeding in rodents, however controversy still exists regarding
the mechanism by which this is achieved. In view of the controversy regarding
the effect of DR feeding regimes on the mitochondrial inner membrane proton
conductance, the initial objective of this work was to determine if the effect of DR
feeding on mitochondrial proton leak for liver was firstly reproducible and,
secondly to determine if this observation could be extended to mitochondria
isolated from other tissues such as skeletal muscle that is recognised to be
insulin sensitive. The overall aim was to determine if the lowered mitochondrial
ROS generation repeatedly observed in mitochondria isolated from a range of
tissues of DR fed rats was accompanied by the same change in mitochondrial
bioenergetics. Liver tissue was chosen as one tissue type as the mitochondrial
extraction procedure for this tissue is well documented and has been used
previously in this laboratory. BAT contains a known functional uncoupling protein,
UCP 1, whereas skeletal muscle is a recognised insulin-sensitive tissue.
The effect of DR feeding on the concentration and activity of the
mitochondrial ANT and uncoupling proteins was determined. Inhibitors of ANT
(CAT) and UCP (GDP) were used in conjunction with stimulatory agents
(superoxide generating systems such as xanthine/xanthine oxidase) to observe
any effect on mitochondrial proton leak kinetics.

The influence of DR feeding on mitochondrial ROS generation was
investigated using both complex I and II substrates with the aim of relating ROS
generation to membrane potential, proton leak and individual complexes of the
electron transport chain. The electron transport chain complexes were inhibited
using rotenone (complex I inhibitor) and antimycin A (complex III inhibitor) to
ascertain which complex was mainly affected by DR feeding to reduce ROS
generation. The ANT inhibitor, CAT, was added to ascertain if ANT had a role in
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mitochondrial ROS generation under DR feeding conditions. Only liver and
skeletal muscle tissues were used for mitochondrial ROS generation experiments
as

BAT is a regulatory

uncoupled tissue

and

produces

undetectable

concentrations of ROS.
Mitochondrial respiration rates under DR feeding conditions along with
mitochondrial ANT and uncoupling protein concentrations and activities were
measured to determine how the mitochondrial proton leak was altered by DR
feeding and how these modified ROS generation.
Plasma insulin concentrations were measured in DR and control animals
in an attempt to replicate previous publications [16]. The direct effect of insulin on
DR proton leak and systemic indirect effects (via the implantation of mini-osmotic
pumps) was evaluated. The effect of insulin on plasma free fatty acids
concentrations was determined in an attempt to characterise the mechanisms
whereby insulin abolishes the DR effect.
All experiments were carried out using animals less than 1 year of age to
ascertain the characteristics of DR feeding without the data being confounded by
age-related changes.
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CHAPTER 2
Material and methods
2.1 Materials
2.1.1 Standard Reagents

All reagents were supplied by Sigma, Dorset,

or Merck, New Jersey.
2.1.2 Western Blot Reagents

ANT (Catalogue number sc-9300), UCP 1

(Catalogue number sc-6529), UCP 2 (Catalogue number sc-6526) primary
antibodies were supplied by Santa Cruz, Heidelberg. COX 4 (Catalogue number
ab14744) primary antibody was obtained from AbCam, Cambridge and UCP 3
(Catalogue number ab-3046) primary antibody from Chemicon, California. Anti
goat secondary antibody was obtained from Santa Cruz (Catalogue number sc2020); the anti-rabbit and anti-mouse secondary antibodies were obtained from
Amersham, Buckinghamshire, as part of the ECL Plus reagents (Catalogue
number RPN2108). The molecular weight markers (Catalogue number sc-2361)
were supplied by Santa Cruz.
2.1.3 Common Buffers
TBS: 0.15 mol L‘1 NaCI, 0.038 mol L’1 Tris-HCI, pH 8
Liver extraction buffer A: 0.21 mol L"1 mannitol, 0.07 mol L'1 sucrose, 2 mmol
L'1 K+ HEPES, 0.05% w/v BSA, 1 pmol L'1 EGTA, pH 7.2
Liver extraction buffer B: 0.21 mol L‘1 mannitol, 0.07 mol L'1 sucrose, 4.3 mmol
L’1 K+ HEPES, 0.05% w/v BSA, pH 7.2
Skeletal muscle extraction buffer A: 100 mmol L‘1 sucrose, 100 mmol L'1 KCI,
50 mmol L‘1 Tris/HCI, 5 mmol L‘1 EGTA, 5 mmol L'1 MgCh, pH 7.4
Skeletal muscle extraction buffer B: 250 mmol L‘1 sucrose, 20 mmol L'1 Tris, 1
mmol L'1 EGTA pH 7.4
BAT extraction buffer A: 250 mmol L‘1 sucrose, 5 mmol L'1 Tris, 2 mmol L'1
EGTA, 1% w/v BSA, pH 7.4
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BAT extraction buffer B: 250 mmol L‘1 sucrose, 5 mmol L'1 Tris, 2 mmol L'1
EGTA pH 7.4
Reaction buffer: 120 mmol L‘1 KCI, 3 mmol L'1 K+ HEPES, 1 mmol L'1 EGTA, 2
mmol L"1 MgCI2, 0.35% w/v BSA, pH 7.2
BAT reaction buffer: 50 mmol L'1 KCI, 4 mmol L'1 KH2PO4, 5 mmol L'1 K+
HEPES, 1 mmol L’1 EGTA, pH 7.2)
Sample buffer: 45 mmol L'1 Tris-HCI, 10% glycerol, 3% li-mercaptoethanol, 1%
SDS, 50 mmol L'1 Dithiolthreitol, 0.01% bromophenol blue, pH 6.8
2.2 Animals and Husbandry
Male Brown Norway rats, substrain BN/SsNOIaHSD were obtained from
Harlan UK at 21-28 days of age and housed at a temperature of 22±2°C,
humidity 40-60% in groups of 4 until 6 weeks of age. They were then single
housed and randomly assigned to either control or dietary restricted (DR) feeding
regimes. Animals were fed a standard CRM maintenance diet as shown in the
appendix (Special Diet Services, Essex). DR animals were fed 8-8.5g of food
between 10.00-11.00 a.m. whilst control animals had unrestricted 24 hour access
to food, most feeding taking place between 10.00-11.00 a.m. Control animals eat
an average of 16 ± 0.5g over a 24 hour period. Water was supplied ad libitum to
all animals. The DR animals were stabilized at approximately 55% of the agematched body weight of normal fully-fed animals as described previously [16]
(see Figure 2.1). All animals were killed by stunning followed by cervical
dislocation, Schedule 1 method. Sentinel animals were screened to ensure
microbiological stability throughout the period of the study.
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2.2.1 Surgical Implantation of Mini Osmotic Pumps [16]
All solutions, glassware and instruments for surgical work were autoclaved
(15psi, 121°C for 20-25 minutes). Heat sensitive solutions, insulin and glucose,
were sterilized using a 75pm Millipore filter (Nalgene, Hereford). Alzet 2002 miniosmotic pumps (Charles River Laboratories, Wilmington) were filled with 200pl of
27pmol L"1 insulin in isotonic saline (pH < 2), a low pH is necessary to solubilise
the insulin, with 5% v/v stripped rat plasma to stop adverse reactions to the
administered solution. Control pumps containing 200pl of isotonic saline were
used in some animals to control for any artefacts induced by the surgical
procedure. The pumps were primed in sterile isotonic saline at 37°C for at least
an hour prior to surgery.
Surgery was carried out under aseptic conditions between 09.00 and
13.00 hours. Animals were anaesthetised with isoflurane 2%, 0 2/N20 (1:1) and
0.03mg kg'1 buprenorphine was given inter-muscularly as an analgesic. A
general widespectrum

antibiotic, 0.05ml 2.5%

Baytril, was

administered

subcutaneously before surgery. The shoulders and upper back region were
shaved and the skin swabbed with the antibacterial agent Betadine Alcoholic
Solution which is 10% w/v povidone-iodine USP. During surgery anaesthesia
was maintained with isoflurane 1.5% 0 2/N20 (1:1).The primed mini osmotic
pumps were inserted into a subcutaneous pouch on the animal’s back and the
wound was closed with Michelle surgical wound clips. Fluid enters the pumps via
osmosis, from the body of the rat, which causes compression of the pumps’ inner
chamber containing the insulin/saline solution which leads to the solution being
expelled at a predetermined rate. The animals were killed and the mitochondria
extracted a week after the pumps had been surgically implanted.
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2.3 Mitochondrial Preparation
2.3.1 Extraction of Liver Mitochondria [164]
The liver was dissected out of the animal and finely chopped in liver
extraction buffer A at 4°C. The blood was washed from the chopped tissue using
a stainless steel sieve and then the liver tissue was homogenised in liver
extraction buffer A using a Teflon Homogeniser driven by an electric motor at half
maximum speed. The homogenate was centrifuged at 660g, 4°C for 10 minutes.
The resulting pellet containing nuclei, cell debris and unbroken cells was
discarded and the supernatant was centrifuged at 6800g, 4°C for 10 minutes.
The mitochondrial pellet was homogenised in a Teflon homogenizer with liver
extraction buffer A and centrifuged at 6800g, 4°C for 10 minutes. The
mitochondrial pellet was then re-homogenised in a Teflon homogenizer with liver
extraction buffer B and re-centrifuged at 6800g, 4°C for 10 minutes. Starting from
the outside to the centre of the pellet, a transfer pipette was used to gently
resuspend the mitochondria in 1ml of liver extraction buffer B. All discarded
supernatants contained a mixture of cytosol and microsomes. This method had
previously been verified by Lambert [16, 165] using a series of mitochondrial and
cytosol specific enzyme markers.
2.3.2 Extraction of Skeletal Muscle Mitochondria [166]
Skeletal muscle consists of two types of mitochondria - intermyofibrillar
and subsarcolemmar. Isolation of subsarcolemmar mitochondria could be
obtained via differential centrifugation of the supernatant after the first
centrifugation however due to an extremely low yield (< 1 mg ml'1 when
resuspending in just 200pl buffer B) and low respiration rate (approximately state
1 respiration rate) only intermyofibrillar mitochondria were isolated. Muscle cells
require either the addition of a protease enzyme, or substantial mechanical
disruption using a polytron homogeniser in order to isolate mitochondria.
Extensive optimisation of the methodology was necessary in order to produce a
high mitochondrial yield without compromising quality. The use of a polytron

56

Chapter 2: M aterial and Methods

homogenizer for 10 seconds at 6.5 RPM (the lowest speed setting) was found to
be damaging to the mitochondria, obtaining RCR values of between 2 to 3.
Therefore a protocol was developed using only the protease enzyme, nagarse.
The muscles from both hind limbs of the animal were dissected and
weighed (semitendinosus, semimembranosus, caudo-femoralis, biceps femoris,
triceps surae, gastrocnemius, soleus, plantaris, popliteus, flexor hallucis longus,
flexor digitorum longus, tibialis posterior [167]). After washing the chopped tissue
at 4°C in skeletal muscle extraction buffer A using a stainless steel sieve, it was
centrifuged at 800g, 4°C for 10 minutes. The resulting pellet, containing
intermyofibrillar mitochondria, was digested by stirring on ice for 10 minutes
using 10 ml gram'1 of tissue of skeletal muscle extraction buffer A containing 2.1
units of nagarse per ml. The solution was then centrifuged at 1000g, 4°C for 10
minutes. The supernatant was filtered through 2 layers of gauze and centrifuged
at 8700g, 4°C for 10 minutes. The pellet was suspended in skeletal muscle
extraction buffer A and again centrifuged for 10 minutes at 8700g, 4°C. The
resulting mitochondrial pellet was suspended in skeletal muscle extraction buffer
B and centrifuged for a further 10 minutes at 8700g, 4°C before re-suspending
the final mitochondrial pellet in 750pl of skeletal muscle extraction buffer B using
the same technique as described for liver mitochondria.

2.3.3 Extraction of Brown Adipose Tissue Mitochondria
In developing the brown fat mitochondria isolation methodology it became
apparent that in order to

produce good

quality mitochondria,

minimal

homogenization followed by complete removal of excess fat was essential.
Brown fat was dissected from the inter- and sub-scapular regions and
finely minced in BAT extraction buffer A. The tissue was homogenised using a
Teflon homogeniser, the homogenate was then filtered through a double layer of
gauze and any remaining tissue pieces were re-homogenised. The sample was
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centrifuged at 8500g for 10 minutes at 4°C. The supernatant and layer of fat was
removed using a transfer pipette. Fat adhering to the sides of the tube was wiped
away before the pellet was transferred to a clean tube and resuspended in BAT
extraction buffer A. The solution was centrifuged at 700g for 10 minutes at 4°C;
the supernatant transferred into a clean tube and centrifuged at 8500g for 10
minutes at 4°C. The pellet was then washed in BAT extraction buffer B by re
suspension followed by centrifugation at 8500g for 10 minutes at 4°C. This
process was repeated twice before the final pellet was suspended in 750pl BAT
extraction buffer B using the same technique as for liver mitochondria.

2.3.4 Determination of Mitochondrial Protein Concentration
Protein concentrations were determined by the bicinchoninic acid
methodology (Sigma) according to the manufacturer’s instructions. The principle
of this assay is that a Cu2+ - protein complex forms under alkaline conditions
followed by a reduction of Cu2+ to Cu1+. The amount of reduction is proportional
to the quantity of protein present. Bicinchoninic acid forms a purple blue stable
complex with Cu1+. A 50:1 working solution of bicinchoninic acid solution and
copper (II) sulphate pentahydrate was prepared of which 20 parts to 1 part
protein was added per well in a 96 well microplate. This was incubated at 37°C
for 30 minutes before reading the absorption at 562nm in a SPECTRAmax plate
reader (Molecular Devices, Sunnyvale, Ca). Protein dilutions of 1:50 and 1:100
for liver mitochondria, 1 :1 0 and 1:2 0 for skeletal muscle mitochondria and 1 :10
for BAT mitochondria were used. Protein concentrations were calculated from
standard curves (0.8-4 mg ml"1 protein) using the SPECTRAmax Pro software.
2.4 Mitochondrial Bioenergetics and ROS Generation
2.4.1 Mitochondrial Respiration Rates
A Clark electrode (Rank Brothers Ltd., Cambridge) was used to measure
the oxygen concentration in the reaction buffer. The Clark electrode consists of a
platinum cathode and Ag/Ag chloride anode with 3 mol L"1 KCI allowing electrical
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conduction between the two. Arranged above the electrode is the reaction
chamber, maintained at 37°C by a heated water jacket. The electrodes are
immersed in 3 mol L'1 KCI and separated from the reaction chamber by a thin
Teflon membrane that is permeable to oxygen but prevents poisoning of the
electrodes. The electrodes are polarized at about 0.6 V so that the platinum
electrode was sufficiently negative in comparison to the silver anode to allow the
reduction of oxygen to water as follows:0 2 + 4H+ +4 e ->2H20
An oxidation reaction at the silver electrode occurs for every reduction reaction:4Ag + 4CI' -*• 4AgCI + 4 e'

The overall result is that a transfer of electrons from the cathode to the anode
occurs causing a current to flow between the two electrodes that is proportional
and linear to the partial pressure (0 2). The Clark electrode was connected to a
Powerlab (AD Instruments Ltd, Castle Hill, Australia) using a 4-channel
amplification system that allowed the capture and display of a digital signal using
the Chart software (version 5.5.5.0).
The current generated is very temperature dependent hence the
requirement that the sample chamber was maintained at a constant temperature
of 37°C by a water jacket connected to a precision Grant water bath. The
reaction buffer was stirred constantly to prevent localised depletion of 0 2 around
the electrode. The chamber was isolated from contact with the atmosphere by a
close-fitting plunger. A micro-hole in the plunger allowed a Hamilton syringe to be
used for the addition of small volumes of reagents and also the expulsion of any
air bubbles that were initially present. The buffer was fully oxygenated by a
continual stream of air being bubbled through the solution for several hours prior
to the start of an experiment. The 100% oxygen concentration mark was
considered to be when the reaction buffer was added to the chamber and 0 %

59
Chapter 2: M aterial and Methods

was the point when the mitochondria had consumed all the available 0 2 (state V
respiration). There appeared to be no 0 2 consumption at the electrode as
approximately the same 10 0 % and 0 % reading was obtained every repetition.
To determine respiration rates for liver and skeletal muscle mitochondria,
1 ml of reaction buffer, 5 pmol L'1 of the complex I inhibitor rotenone (1.25 pi ml"1
of 4 mmol L"1 rotenone) was added to prevent reverse electron flow and either
0.35 mg ml'1 skeletal muscle or 1 mg ml'1 liver mitochondria were added to the
reaction chamber. The Powerlab trace was set to a sampling rate of 10 s'1 and at
30 second intervals 4.5 mmol L"1 of the complex II substrate succinate (10 pi ml'1
of 0.45 mol L"1 succinate) followed by 0.1 mmol L"1 ADP (1 pi ml'1 of 0.1 mol L"1
ADP) were added. Thirty seconds after ADP was exhausted by phosphorylation
to ATP, as shown by a lowered respiration rate gradient, 2 pmol L"1 FCCP (1 pi
ml'1 of 2 mmol L'1 FCCP) was added. FCCP is a protonophore (significantly
increases the inner membrane proton conductance) that will completely dissipate
the PMF causing an increase in respiration rate to the maximum achievable as
the mitochondria attempt to re-establish the PMF.

To measure respiration rates for BAT mitochondria 1 ml of BAT reaction
buffer and 0.2 mg ml'1 BAT mitochondria were added to the reaction chamber.
The Powerlab trace was set to sample at 10 s'1 and after 30 seconds 10 mmol L"1
glycerol phosphate was added (10 pi ml'1 of 1 mol L'1 glycerol phosphate). In 30
second intervals 4 mmol L'1 GDP was added (8 pi ml'1 of 0.5 mol L'1 GDP)
followed by 2 pmol L'1 FCCP (1 pi ml'1 of 2 mmol L'1 FCCP).
To adjust for exogenous succinate, state I respiration rate was subtracted
from all other rates. Respiratory control ratios (RCR) to determine mitochondrial
quality were determined for all liver and skeletal muscle mitochondrial
preparations prior to experiments. Data for mitochondrial preparations where
RCR values were less than 4 was discarded.
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2.4.2 Bioenergetic Analysis
The top-down metabolic control analysis technique of regulation analysis
was used to determine the functional change in mitochondria isolated from
animal tissues maintained on the restricted feeding regime. A full account of this
approach as applied to all components of mitochondrial function is given in [137]
while the practical methodology is explained in detail in [168] and has been
discussed in Chapter 1 Section 1.3.6.
Mitochondria were incubated at a concentration of 0.35 mg ml'1 skeletal
muscle and 1 mg ml'1 liver mitochondria in 37°C in oxygenated reaction buffer
containing 5 pmol L'1 rotenone (1.25 pi ml'1 of 4mmol L'1 rotenone), 1 pg ml'1
oligomycin (1 pi ml'1 of 1 mg ml'1 oligomycin) and 112 nmol L'1 nigericin (1.12 pi
ml'1 of 100 pmol L"1 nigericin). Oligomycin is required to inhibit phosphorylation of
ADP through its action at the F0 site of complex V, thereby maintaining the
mitochondria in state IV when Ap is at its maximum. As previously described in
Chapter 1, PMF has two components, an electrical and a concentration term.
Because of the buffering capacity of the mitochondrial matrix and due to the extra
mitochondrial medium concentration being quite high, the pH changes caused by
proton translocation are quite small, but because the capacity of the inner
membrane is large, translocation of a small number of protons will cause large
changes in the membrane potential. Thus the electrical component is normally
far greater than pH gradient, however by the addition of nigericin, which
catalyses the K+/H+ antiport, the pH difference can be set to zero by converting
the pH component to an electrical potential. The use of nigericin to catalyse the
potassium/proton antiport, when there is no potassium gradient across the
membrane because of relatively high potassium concentrations used in the
buffer, will clamp the pH difference across the membrane and ensure that the
PMF is expressed entirely as a membrane potential.
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Respiration rates were measured using a Clark electrode as previously
described however the plunger was adapted to accommodate both the ion
selective TPMP+ and reference electrodes required for measuring the membrane
potential. These could then be inserted into the reaction chamber of the Clark
electrode whilst maintaining an air-tight seal. TPMP+ electrodes were constructed
as described previously [169]. 2 mM tetraphenylboron, 10% dioctylphthalate, and
3 .4 5 % w/v polyvinylchloride were mixed thoroughly before pouring the solution

into silonized glass petri dishes. The petri dishes were left for 24-48 hours on a
level surface to allow the solvents to evaporate, leaving a clear membrane.
Polyvinylchloride tubing was then attached to the membrane, to create the
electrode sleeves, by applying a drop of tetrahydrofuran and placing the tubing
squarely on the membrane until the solvent had evaporated. The sleeves were
left for 24 hours before removing with a scalpel blade. They were subsequently
filled with 10 mM TPMP+ and placed over the platinum wire of the electrode.
TPMP+ concentrations were titrated between 0-5 pmol L'1 to generate a
standard curve that enabled external TPMP+ concentrations to be measured. The
addition of 4.5 mmol L'1 of succinate (10 pi ml'1 of 4.5 mol L"1 succinate) induced
the mitochondria to respire and establish a proton gradient. This increase in
negative charge in the matrix allowed for the uptake of the positively charged,
cationic TPMP+ probe and the matrix internal concentration of TPMP+ could then
be calculated. Relating internal and external concentrations via the Nernst
equation allowed the mitochondrial membrane potential to be determined.
Malonate, an inhibitor of succinate dehydrogenase, was added in a stepwise
manner, (range 0 - 3 mmol L'1 for liver mitochondria and 0 - 0.5 mmol L'1 for
skeletal muscle mitochondria) which progressively inhibited the respiration rate,
the proton pumping capacity and lowered the internal TPMP+ concentration as
the electrical gradient declined. This allowed a proton leak curve to be obtained
based on the stoichiometry of six protons pumped per nmol of oxygen used when
respiration is supported by a complex II substrate such as succinate.
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Electrode drift was determined by adding 2 pmol L'1 FCCP (1pl ml"1 of 2
mmol L"1 FCCP) at the end of the experiment to dissipate the proton gradient and
expel all TPMP+ from the mitochondrial matrix. Where indicated 50 pmol L"1
xanthine (143 pi ml'1 of 0.35 mmol L'1 Xanthine), 0.01 U 3.5 ml"1 xanthine oxidase
(1.4 pi of 2 U ml"1 xanthine oxidase), 12U ml'1 superoxide dismutase (SOD) (2 pi
ml'1 of 6000 U ml'1 SOD), 150 pmol L'1 of a specified fatty acid (1 pi ml'1 of 150
mmol L"1 of specified fatty acid), 500 pmol L'1 GDP (1 pi ml'1 of 0.5 mol L'1 GDP),
9 pM (9 pi ml'1 of 1 mmol L'1 CAT) and 1 pmol L'1 CAT (1 pi ml'1 of 1 mmol L'1
CAT) for skeletal muscle and liver mitochondria respectively were added to the
cell prior to the TPMP+ additions. Mitochondrial matrix volume was set at 0.856 pi
mg'1 for liver and skeletal muscle mitochondria as determined previously [16].
The membrane TPMP+ binding correction factors were 0.286 and 0.250 for fully
fed and CR liver mitochondria respectively, as determined previously for this
strain and sex of rat [16]. Regardless of the animals feeding regime, the binding
correction factor applied to skeletal muscle mitochondria was 0.286.
Example of a PMF calculation
External concentration of TPMP+ (calculated using the standard curve) =
1.2 pmol L'1
TPMP+ added - external concentration of TPMP+ = 5 pmol L"1 -1.2 pmol L'1
= 3.8 pmol L'1
Internal concentration of TPMP+ = External concentration of TPMP+/ (0.001 (to
convert to concentration/litre) x matrix volume
(in pi mg'1 protein) x mg protein/ml)
= 3.8 pmol L'1 / (0.001 x 0.856 x 1)
= 4439 pmol L"1
membrane potential (via Nernst equation) = 61.5 mV log (matrix concentration of
TPMP+ x TPMP+ binding correction /
external concentration of TPMP+)
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= 61.5 mV log (4439 pmol L'1 x
0.286/1.2 [jmol L'1)
= 186 mV
Proton leak curves for BAT mitochondria were established using the same
methodology as described for liver and skeletal muscle mitochondria with a few
minor modifications. BAT reaction buffer containing no rotenone was used whilst
the complex I substrate, glycerol-3-phosphate was used to support respiration.
To inhibit respiration and therefore internal TPMP+ concentration, 0-200 pmol L"1
KCN in 0.5 mol L'1 HEPES was added over 5 minutes instead of malonate. The
purine nucleotide, GDP (4.5 mmol L'1 ) was added where indicated as a specific
inhibitor of uncoupling protein 1. Data for matrix volume and binding correction
factors were kindly supplied by Dr M.D. Brand, MRC Dunn Nutrition Unit,
University of Cambridge and were 0.851 pi mg'1 and 0.280 respectively.

2.4.3 Hydrogen Peroxide Assay
Amplex red (Molecular Probes, Paisley) was used to determine hydrogen
peroxide generation in mitochondria respiring under differing conditions. The
amplex red reagent (10-acetyl-3, 7-dihydroxyphenoxazine) reacts with H20 2 in a
1 :1 ratio producing resorufin. Resorufin is a red-fluorescent product that has a

maximal optical absorption and fluorescence emission at 571 nm and 581 nm,
respectively. The assay is highly sensitive being able to detect H20 2
concentrations as low as 10 pmoles in 100 pi volume (10 nmol L'1) and can be
adapted to measure H20 2 generation in real time.
The assay was carried out following the manufacturer’s instructions
(Molecular Probes, Paisley) and adapted to a 96 well microplate format. A
working solution was made up containing 100 pmol L'1 amplex red (10 pi ml'1 of
10 mmol L'1 Amplex red) and 0.2 U ml'1 of horse radish peroxidase (HRP) (2 pi
ml'1 of 10U ml'1 of HRP). 50 pi of the working solution along with 0.4 mg ml'1 of
liver or skeletal muscle mitochondria, 0.5 pg ml'1 oligomycin (5 pi ml'1 of 0.1 pg
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ml*1 of oligomycin) and 50 U ml"1 SOD (8.3 |jl ml*1 of 6 pi ml'1 of SOD) were added
to each well. SOD is a metalloenzyme which catalyses the dlsmutation of
superoxide ions into oxygen and hydrogen peroxide [170]. Exogenous SOD was
present in excess to convert all the superoxide generated on the cytoplasmic
side of the membrane to hydrogen peroxide [116]. Where indicated, 20 pmol L'1
antimycin A (20 pi ml*1 of 1 mmol L*1 antimycin A), 5 pmol L*1 rotenone (12.5 pi
ml'1 of 0.4 mmol L*1 rotenone) and 1 pmol L*1 (9.6 pi ml*1 of 0.05 mmol L*1 CAT) or
10 pmol L'1 CAT (10.3 pi ml'1 of 1 mmol L'1 CAT) for liver and skeletal muscle
mitochondria were added, respectively. Antimycin A, a complex III inhibitor, and
rotenone, a complex I inhibitor, were added to determine which electron transport
chain complexes contribute to H2O2 generation. An inhibitor causes a complex
upstream of the site of action to become highly reduced, by Inhibiting electron
flow downstream of the complex, so maximising superoxide generation.
Conversely, if the H2O2 generation rate falls in the presence of the inhibitor the
superoxide is generated downstream of the site of action of the inhibitor. This is
due to the complexes being in a more oxidised state as the electron flow is
inhibited.
The well volume was standardised to 100 pi by adding additional reaction
buffer so the final working solution concentrations were 50 pmol L*1 Amplex red
and 0.1 U ml'1 of HRP. After incubating the covered plate at 37°C for 5 minutes,
respiration was initiated by the addition of either 5 mM of complex II substrate K+
succinate (11.1 pi ml'1 of 0.45 mol L'1 succinate), or 2.5 mmol L'1 complex I
substrate pyruvate/malate (50 pi ml'1 of 0.05 mol L'1 pyruvate/malate). The
mitochondrial H2O2 generation rate was determined at 560 nm from either a 25
minute, or 40 minute kinetic assay using the kinetic module of the SPECTROmax
PRO plate reader software (see Table 2.1). The linear rate of absorbance
change was back-interpreted to a standard curve to convert to a rate of hydrogen
peroxide generation. A longer period for the kinetic assay was necessary for
conditions where very low H2O2 generation occurred. Liver mitochondrial H2O2
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production rates were more variable than for skeletal muscle mitochondria
requiring 7 replicates per group compared to 3 for skeletal muscle.
Table 2.1 - Kinetic assay times for different conditions
Conditions where
25 minute assay was used
Substrate = K+succinate
Inhibitors = none
Substrate = K+succinate
Inhibitors = Antimycin A
Substrate = K+succinate
Inhibitors = Antimycin A and rotenone

Conditions where
40 minute assay was used
Substrate = K+succinate
Inhibitors = rotenone
Substrate = pyruvate/malate
Inhibitors = none
Substrate = pyruvate/malate
Inhibitors = antimycin A
Substrate = pyruvate/malate
Inhibitors = antimycin A and rotenone
Substrate = pyruvate/malate
Inhibitors = rotenone

The use of the absorbance shift at 560 nm of amplex red, rather than the
fluorescence emission did not alter the lowest detectable limit of the assay, but it
did produce a steeper, more sensitive gradient for the standard curve although
with a more limited range at higher concentrations (Figure 2.2).

66
Chapter 2: M aterial and Methods

Concentration of H20 2 (nM)
•

o

Fluorescence
Absorbance

Figure 2.2 - The absorbance and fluorescence detection methods of H?0? with
amplex red could detect the same range of H?Ch concentrations but the
absorbance assay standard curve provides a more sensitive response, as shown
by the steeper gradient of the standard curve. The usable upper detection limit
when measuring absorbance was lower than with the fluorescence assay.
Fluorescence scale values have been reduced bv a factor of 10A<5
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2.5 UCP and ANT Concentration and Activity
2.5.1 Determination of ANT Mitochondrial Concentration by Titration with
Carboxyatractylate
All experiments for calculating ANT concentration in mitochondria were
carried out in a Clarke electrode chamber. Carboxyatractylate (CAT) is a tight
binding, specific inhibitor of the ANT, binding to the protein in the ratio of one
molecule of CAT to two molecules of ANT. As two molecules of ANT make up
the functional form of the protein the minimal amount of CAT required to inhibit
state III respiration completely is equal to the amount of ANT dimer present
which is circled in Figure 2.3[171].
Isolated mitochondria were added to the Clark electrode chamber at a
concentration of 1 mg ml'1 for liver mitochondria and 0.20 mg ml'1 for skeletal
muscle mitochondria. To test for the effect of free fatty acids on ANT
concentration reaction buffer containing 150 pmol L'1 palmitic acid was used. 4.5
mmol L'1 of succinate (10 pi ml'1 of 4.5 mol L'1 succinate) was used as the
substrate in the presence of 5 pmol L'1 of rotenone (1.25 pi ml'1 of 4 mmol L"1
rotenone). An excess of ADP was then added (1 mmol L'1 - 10 pi ml'1 of 0.1 mol
L"1 ADP) to maintain the mitochondria in state III respiration. Respiration was
then gradually inhibited by small additions of carboxyatractylate (CAT) (0.20 nmol
mg '1 for liver mitochondria and 1.25 nmol mg'1 for skeletal muscle mitochondria),
approximately every 10 seconds. To check that mitochondria were still in state IV
respiration, 280 pmol L'1 ADP (2.8 pi ml'1 of 0.1 mol L"1 ADP) was added followed
by 2 pmol L"1 FCCP (1 pi ml'1 of 2 mmol L'1 FCCP) to confirm that the electron
transport chain was still functional. If FCCP caused no increase in respiration the
mitochondria would be considered to be non-functional.
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A
CAT Concentration in mitochondrial Clarke electrode chamber (nmol mg ')

Figure 2.3 - An example of a CAT titration plot for 6 month old CR liver
mitochondria when no palmitic acid was present in the buffer

2.5.2 ANT Activity
The inner mitochondrial membrane ANT complex exchanges ATP for ADP
under state III conditions. The use of isotopically labelled ADP, [3H] ADP, allows
the activity of ANT when acting as a nucleotide translocase to be determined
from the ratio of external to internal [3H] ADP distribution after a specific time
period. Liver and skeletal muscle mitochondria (1 mg ml'1) were suspended in
reaction buffer containing 2 pg ml"1 oligomycin (2 pi ml'1of 1 mg mr 1 oligomycin) to
inhibit complex V, so preventing ADP depletion and 5 pM rotenone (1.25 pi ml'1
of 4 mmol L'1 rotenone). The mitochondria were then incubated at either 0°C (on
ice) or 25°C (in a water bath) for 5 minutes with 10 mmol L'1 K+ succinate (22 pi
ml'1 of 0.45 mol L'1 K+ succinate). These temperatures were chosen as 25°C
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produced the maximal ANT activity, as shown by Figure 2.4, whereas 0°C had
been used in published protocols [172]. The lower temperature of 0°C is
frequently chosen for this assay due to its rapidity. 100 pmol L'1 [3H] ADP was
added (10 pi ml'1 of 10 mmol L'1 ADP and 5 pi ml'1 of [3H] ADP with specific
activity of 4 Ci mmol'1) and inhibited after 10 seconds by either the addition of 5
pmol L'1 CAT for liver mitochondria (5 pi ml'1 of 1 mmol L'1 CAT), or 26 pmol L'1
CAT (26 pi ml'1 of 1 mmol L'1 CAT), for mitochondria isolated from skeletal
muscle. The tubes were centrifuged at 10,000g for 1 minute, washed with
reaction mixture and re-centrifuged. The final pellet was dissolved in 0.2 ml of 1%
SDS. A 100 pi aliquot of the dissolved pellet was then added to 3 ml of Meridian
gold scintillation fluid (Perkin-Elmer, Massachusetts) and the time to collect
10,000 cpm (provides for ±1% S.E.M. for all count rates) was determined by
liquid scintillation counting. The % uptake of [3H] ADP was calculated to
determine ANT activity.
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Figure 2.4 - The effect of temperature on ANT activity during state III respiration
for liver and muscle mitochondria isolated from a 6 month old control rat.
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2.5.3 Western Blot
SDS-PAGE was carried out using the discontinuous Tris-CI/ Tris-glycine
buffer system of Laemmli [173]. Mitochondrial protein that had been stored at 80°C prior to SDS-PAGE were washed 3 times in liver buffer B which contained
no BSA by re-suspension followed by centrifugation at 11,000 G for 5 minutes.
70 pg of skeletal muscle mitochondria, 100 pg liver mitochondria, or 5 pg BAT
mitochondria for UCP1 and 30 pg BAT mitochondria for UCP 3 were mixed with
5 pi sample buffer, heated at 100°C for five minutes and electrophoresed in a 12
% gel with Tris-glycine/SDS buffer for 90 minutes at 120 V. The gels were then
stained for protein using Coomassie brilliant blue (0.2% in 10% acetic acid).
Proteins were transferred to a PVDF membrane (catalogue no. IPVH0010,
Millipore) using a Bio-Rad mini protean II system, at 350 mA for 1 hour. The
transfer of protein to the membrane was confirmed using Ponceau S Stain (0.2 %
in 3 % acetic acid).
Non-specific binding of the antibodies to protein was prevented by
blocking the membranes in 5 % skimmed milk powder in TBS buffer (see Table
2.2 for specifics). Excess blocking buffer was removed by washing the
membranes three times for ten minutes in TBS. The membranes were incubated
with the primary antibody at the appropriate dilution (see Table 2.2) overnight.
The membranes were washed as previously described before incubating with the
secondary antibody, an immunoglobulin labelled with horse-radish peroxidase
(HRP) for one hour at room temperature with shaking. The membrane was
washed twice for twenty minutes and twice for ten minutes in changes of TBS
buffer.
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Table 2.2 - Concentrations of primary, secondary antibodies and their
subsequent blocking conditions
Primary
Antibody
Blocking

UCP 1

UCP 2

UCP 3

ANT

5 % milk in
TBS overnight

5 % milk in
TBS overnight

Skeletal
muscle- 5 %
milk in TBS

5 % milk in
TBS overnight

for one hour
at room
temperature

Dilution factor
for primary
antibody
Secondary
antibody
Dilution factor
for secondary
antibody

1:5000 in TBS

1:1000 in TBS

BAT —1%
milk in TBS
for one hour
at room
temperature
1:200 in TBS

Anti-Goat

Anti-Goat

Anti-Rabbit

Anti-Goat

1:25,000 in
TBS with 5 %
milk

1:25,000 in
TBS with 5 %
milk

1:5000 in TBS
with 2 % milk

1:25,000 in
TBS with 5 %
milk

1:500 in TBS

Detection of specific polypeptides was carried out using an enhanced
chemical luminescence Western blotting detection system (ECL Plus, Amersham
Pharmacia Biotech, Buckinghamshire) following the manufacturers instructions.
In brief this detection system is based on enhanced chemiluminescence (ECL)
that is achieved by oxidation of lumigen PS-3 acridan by the HRP enzyme that is
conjugated to the secondary antibody. This reaction generates thousands of
acridinium ester intermediates which react with peroxide to produce a sustained
intense light output with a maximum emission peak at a wavelength of 430nm.

The membrane is incubated in a 40:1 mixture of enhancer and acridan for
1 minute at room temperature. All excess solution is removed by applying gentle
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pressure to the membrane which is between 2 sheets of filter paper. The
membrane is placed protein side up in a light-tight cassette. Two layers of blue
light sensitive autoradiography film (Fugi X-ray film Cat no. RPN1674, Sigma)
were placed on top of the membranes. With the cassette securely closed the film
was exposed for between thirty minutes to two hours prior to development. Fixer
and developer (1:5 dilution) were Sigma Cat No's. P7167 and P7042
respectively.
The membrane was stripped overnight using stripping buffer (2% SDS,
62.5 mmol L'1 Tris-HCI, pH 6.7) to remove bound antibodies. The membrane was
washed twice in TBS buffer for ten minutes before blocking with 10% BSA in TBS
for 90 minutes at room temperature with rotary shaking. Excess blocking solution
was removed by a 1 minute wash in TBS before re-probing the membrane. As a
loading control, COX 4 primary antibody (1:5000 dilution of antibody in TBS) was
incubated for 1 hour at room temperature. The membrane was washed in TBS
once for 1 minute, once for 15 minutes, once for 10 minutes and again for 5
minutes. The membrane was then incubated with the secondary antibody,
peroxidase labelled anti-mouse at a dilution of 1:5000 in TBS for one hour at
room temperature with rotary shaking. Excess antibody was removed by washing
with TBS once for 1 minute, once for 15 minutes, twice for 10 minutes and three
times for 5 minutes. Detection of specific polypeptides was carried out using an
enhanced

chemical luminescence Western

blotting detection system as

described previously.

Digital analysis was performed using a Chemilmager 4400 (Alpha
Innotech Ltd., Cannock) to calculate band density with initial polypeptide bands
normalised to COX 4. COX 4 had been observed to be unaffected by the CR
feeding regime.
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2.6 Concentrations of Hormones and Free Fatty Acids in Rat Plasma
2.6.1 Enzyme Linked Immunosorbent Assay (ELISA) for Plasma Insulin
Concentration
Rat plasma insulin concentration was determined using a commercial
ELISA kit (Cat# DX-EIA-2048) purchased from DRG Instruments GmbH,
Germany and used according to the manufacturers instructions. The rat insulin
ELISA is a solid phase two-site enzyme immunoassay. It is based on the direct
sandwich technique in which two mouse monoclonal antibodies are directed
against separate antigenic epitotes on the insulin molecule. Insulin in the sample
reacts with peroxidase conjugated anti-insulin antibodies and anti-insulin
antibodies bound to the microtiter wells.
Blood was removed from animals upon killing via cardiac puncture using a
heparinised syringe. The blood was centrifuged at 3000g for 5 minutes and the
plasma supernatant was removed and stored at -20°C.
25 pi of rat insulin standards (0.15 - 5.5 pg L'1) or unknown rat plasma
samples were added to individual wells of the 96-well microplate pre-coated with
mouse monoclonal anti-insulin antibody.

To each well was added, 50 pi of

antibody conjugate (4.4 pg L'1 peroxidase conjugate mouse monoclonal anti
insulin). The plate was incubated for 2 hours at room temperature whilst shaking
at 800 RPM. During this incubation period insulin in the samples reacts with the
peroxidase-conjugated anti-insulin antibodies and anti-insulin antibodies bound
to the microtitration well. The plate wells were washed 6 times with 350 pi of the
supplied wash buffer in order to remove unbound enzyme labelled antibody. The
plate was tapped firmly against absorbent paper before adding 200 pi of the
substrate 3,3',5,5'-tetramethylbenzidine which reacts with the bound conjugated
peroxidase. After incubating each well for exactly 15 minutes at room
temperature, 50 pi of the stop solution 0.5 mol L"1 H2SO4 was added. The plate
was shaken for approximately 5 seconds to ensure complete mixing of substrate
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and stop solution. The absorbance of the plate was measured at 450 nm on a
SPECTROmax plate reader and the unknown rat plasma insulin concentrations
were determined via back-calculation from the standard curve using the
SPECTROmax Pro software.

2.6.2 Glucagon ELISA
Rat plasma glucagon concentrations were determined with a commercial
ELISA kit (Cat# YII-YK090-EX) purchased from Cosmo Bio Co. Ltd., Tokyo,
Japan and used in accordance with the manufacturer's instructions. The kit is
based on a polyclonal antibody raised against a synthetic pancreatic glucagon Cterminal peptide fragment (19-29) that is specific only for glucagon of pancreatic
origin and will not detect glucagon of intestinal origin. Synthetic glucagon is used
as the standard antigen and biotinylated glucagon as the labelled antigen for the
measurement of rat glucagon in plasma. The assay is based on a competitive
enzyme immunoassay using a combination of a highly specific antibody to
glucagon and a biotin - avidin affinity system.
Rat plasma samples were obtained as described previously for the rat
insulin ELISA assay. 50 pi of synthetic glucagon standards (0 - 10000 pg ml'1) or
unknown rat plasma samples, were added to each well on a 96-microwell plate,
which had been coated with a rabbit polyclonal antibody to the rat C-terminal
glucagon fragment, along with 50 pi of biotinylated synthetic pancreatic glucagon.
The plate was incubated for 48 hours at 4°C. During this incubation period
glucagon in the samples binds with the anti-glucagon antibodies immobilised on
the well walls. The plate wells were washed 3 times by adding 300 pi of the
supplied wash buffer in order to remove unbound enzyme labelled antibody. The
plate was tapped firmly against absorbent paper before adding 100 pi of HRP
labelled streptoavidin which binds to the antigen-antibody complex so that HRP
labelled streptoavidin-biotinylated glucagon-antibody complexes are formed on
the walls of each well. The plate was then incubated for exactly 1 hour at room
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temperature whilst shaking at 800 RPM. The plate wells were washed 3 times by
adding 300 pi of the supplied wash buffer in order to remove the excess
streptoavidin. 10 0 pi of the substrate solution, o-phenylenediamine hydrochloride
dissolved in 0.015% hydrogen peroxide, was added and then the plate was
allowed to incubate for exactly 20 minutes at room temperature before adding
100 pi of the 1 mol L‘1 H2S 0 4 stop solution. The plate was shaken for
approximately 5 seconds to ensure complete mixing of substrate and stop
solution. The absorbance of the plate was measured at 490nm with a
SPECTROmax microplate reader and the unknown rat plasma glucagon
concentrations were determined via back-calculation from the standard curve
using the SPECTROmax Pro software.
2.6.3 Non - esterified Free Fatty Acid Enzymatic Colourimetric Assay
Plasma non-esterified free fatty acid concentrations were determined by
the enzymatic generation of quinoneimine colour as described below.

A

commercial kit (NEFA C) was supplied by Wako Chemicals GmbH, Germany and
used according to the manufacturer's instructions. Plasma samples were
obtained as described previously for the insulin ELISA.
5pl of the standard (1 mmol L"1 oleic acid), water (blank), or plasma
samples were added to each well. 100 pi of solution A (0.3 KU L'1 acyl-CoAsynthetase, 3.0 KU L'1 ascorbate oxidase, 0.6 g L'1 coenzyme A, 5.0 mmol L'1
ATP, 1.5 mmol L'1 4-aminophenazone, 1.4% sodium azide, 3.0 mmol L'1
magnesium chloride surfactant and stabilisers in 50 mmol L'1 phosphate buffer,
pH 6.9) was added. The plate was mixed thoroughly and incubated for exactly 10
minutes at 37°C. The initial reaction for the first incubation was:Acyl-CA-Synthetase
NEFA + ATP + CoA-SH

* Acyl-CoA +
Aminophenazone +
phosphate
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To adjust for haemolysed samples, blanks of all rat plasma were determined by
the addition of 5 pi of the sample plasma to a well that had been Incubated
containing only 100 pi of solution A. Solution B (200 pi) was then added to each
well that contained 6.6 KU L'1 acyl-CoA-Oxidase, 7.5 KU L'1 peroxidase, 1.2
mmol L‘1 3 -methyl-N-ethyl-N-(P-hydroxyethyl)aniline (MEHA)) and the plate was
incubated for exactly 10 minutes at 37°C. During the second incubation period
the following reactions occurred:Acyl-CoA-Oxidase
Acyl-CoA + 0 2 ---------------------------------►

2, 3-trans-Enoyl-CoA +H20 2

Peroxidase
2 H20 2 + 4-Aminophenazone + MEHA-------------- ►Quinoneimine-colour + 4 H20

The absorbance of each well was read at 550nm with the subtraction of the
plasma blank reading from the sample value with a SPECTROmax microplate
reader. The results were then calculated via the below equations:NEFA (mg/dl) = Absorbance of Sample x Concentration of standard (mq/dU
Absorbance of Standard
Conversion factor = mg/dL x 0.035 = mmol/L
2.7 Statistical Analysis
The Anderson-Darling test for normality showed all data to be normally
distributed, therefore either an ANOVA, to compare more than 2 groups, or a 2
sample t test, to compare just 2 groups, were used. General linear modelling was
used to compare group means by ANOVA. The Tukey and Bonferroni posthoc
tests produced approximately the same levels of significance when comparing
group means. The Tukey test is considered to be preferable to the Bonferroni
test as the latter can be too conservative leading to type II errors. For this reason
only the results of the Tukey test are shown.
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Statistical methods for the comparison of mitochondrial proton leak data
have never been satisfactorily devised. Both the proton leak and membrane
potential have associated variances and therefore the X-axis is not appropriate
for use in a non-linear ANCOVA that requires the X axis data not to have an
associated variance. The variances also were different for the data for the two
axes. The slopes of the lines were not always parallel to each other and this also
violates one of the assumptions of ANCOVA where you are attempting to show a
difference in the elevation of the lines between experimental groups.
There is no satisfactory way of transforming the data to produce a linear form.
The data confirm that the relationship between proton leak and membrane
potential is ‘non ohmic’, hence non linear.
Discussions with Martin Brand who has developed and used this approach
extensively revealed that there was no adequate statistical approach yet
uncovered that can be used to compare these lines. The data presentation that
has been used by Martin’s group and many others, and accepted by the referees
of a number of journals, including Nature [16, 123, 152] is a comparison of leak
curves and the use of standard error bars to determine possible trends. This
approach has been adopted for the purpose of this thesis.
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CHAPTER 3
The Effect of DR on Mitochondrial Proton Leak and Respiration
Rates
3.1 Introduction
The first objective of this study was to ascertain the effect of DR on the
mitochondrial proton leak. Proton leak was originally considered to be a process
that had evolved in homeotherms for heat generation however, as proton leak
also occurs in mitochondria isolated from poikilotherms, proton leak may
originally have evolved as a mechanism to limit ROS production, and so
oxidative damage, in all Eukaryotes [123]. Therefore mitochondrial proton leak
may explain why lowered ROS production, and subsequently reduction of the
ageing process, occurs in DR animals.
The second objective was to attempt to explain the molecular basis of any
change in the mitochondrial inner membrane proton conductance that was
induced by DR feeding. ANT and uncoupling protein activities, as primary
proteins involved in mitochondrial proton leak channels, were therefore
determined with respect to the measured mitochondrial proton leak.

The third objective was to determine the effect of DR on mitochondrial
respiration rates. The respiration rate between species is closely linked to the
mitochondrial proton leak. Mitochondria when respiring with a complex II
substrate, exchange six H+ per two e' of O [174]. In this way respiration rate
contributes to mitochondrial proton leak. Since respiration rates have previously
been reported as being unaltered by DR feeding it was therefore necessary to
confirm this [141, 147, 150, 151].
The mitochondrial proton leak was determined in three different tissue
types. Liver mitochondria had previously been isolated and submitted to a full
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Regulation Analysis in this laboratory so reliable protocols for this tissue already
existed. Liver was therefore studied to determine the reproducibility of the DR
effect on membrane proton leak that had been identified from a previous
Regulation Analysis study. Skeletal muscle is a tissue known to be responsive to
insulin and was chosen as a tissue that could be expected to confirm the effect of
insulin previously identified with isolated liver mitochondria from DR rats. BAT
mitochondria are known to have a functional uncoupling protein, UCP1, and as
DR animals are mildly-cold stressed [64], this tissue was considered most likely
to show increased proton leak in response to DR feeding as a result of UCP1
activation during non-shivering thermogenesis. Mitochondrial proton leak curves
of these tissues were particularly interesting to study for to date, BAT
mitochondrial proton leak has never been characterised with respect to DR
feeding. Controversy exists regarding the effect of DR feeding on liver and
skeletal muscle mitochondrial proton leak as discussed in Chapter 1 Section
1.4.3, hence the requirement to repeat and extend these studies in liver
mitochondria.
3.2 Methods
Mitochondria were isolated from each tissue as described in Chapter 2,
Section 2.3 by differential centrifugation and mitochondrial proton leak curves
were constructed as described in detail in Chapter 2 Section 2.4.2.

GDP, a specific uncoupling protein inhibitor, was used with BAT
mitochondria to determine the degree of activation of BAT UCP1 and its effect on
the leak profile. Where indicated, mitochondrial ANT was inhibited with the
specific inhibitor CAT whilst uncoupling protein activation was induced with the
superoxide generating system of xanthine/xanthine oxidase.
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Prior to starting these experiments the generation of superoxide by
xanthine/xanthine oxidase, with its specific inhibition by SOD, was determined
using a Sigma protocol. Xanthine generates superoxide by the reaction:xanthine oxidase
xanthine + 0 2 + H20

-»

Uric Acid + 0 2*- + H+

The rate of reduction of cytochrome C by the superoxide radical, as
detailed in the reaction below, is used to measure the activity of both SOD and
xanthine oxidase.

Cytochrome C (oxidised) + 0 2*_ -> Cytochrome C (reduced) + 0 2
A 3 ml assay mixture (0.01 mmol L"1 cytochrome C, 0.1 mmol L'1 EDTA and 0.05
mmol L'1 xanthine pH 7.8) with the specified concentrations of xanthine oxidase
and SOD, as shown in Figure 3.1, were added to the cuvette and incubated at
25°C. The increase in absorbance at 550 nm was measured over a 5 minute
time-span. Figure 3.1 shows that a sufficient quantity of superoxide was
produced at lower xanthine oxidase concentrations than those used for the
proton leak experiments. In addition, at higher concentrations of xanthine
oxidase, SOD completely inhibited superoxide generation. The concentrations of
xanthine oxidase and SOD used for the proton leak experiments were therefore
sufficient to produce and remove the superoxide generated respectively.
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Figure 3.1 - The effect of xanthine, xanthine oxidase and SOD on the rate of
superoxide generation. Where indicated 1U 3 m l1 SOD was present.

Mitochondrial preparations isolated from DR and control animals were
used for each experiment in order to minimise variation resulting from the
isolation procedure. Where possible replicates under the same conditions were
carried out per animal, however due to limited mitochondrial yield for skeletal
muscle and

BAT tissues, this was

not always possible.

Mitochondrial

preparations were expected to deteriorate with time and so the order in which
experiments were carried out was varied each day to avoid bias. One animal was
used to produce sufficient mitochondria for liver and skeletal muscle experiments
however, due to a lack of tissue mass, tissue pooled from two animals was
required for the mitochondrial proton leak curves in BAT. A minimum of 6
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mitochondrial preparations (requiring 6 animals for liver and skeletal muscle
preparations and 12 animals for BAT) were used for each experimental condition.
Mitochondrial state IV respiration rates were measured for DR and control
animals to determine any changes in the substrate oxidation branch of the
tripartite system [16]. State III respiration rates were also calculated to evaluate
the overall effect, if any, of DR feeding on mitochondrial respiration rates.
The Anderson-Darling test for normality showed mitochondrial respiration
rates to be normally distributed therefore a two sample t test was chosen to
demonstrate any significant differences resulting from DR feeding, or the addition
of 10 mmol L'1 GDP.
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3.3 Results
3.3.1 The Effect of DR on Mitochondrial Proton Leak
Figures 3.2 and 3.3 show that mitochondrial proton conductance in liver
and muscle is increased by DR feeding, i.e., at any given membrane potential the
respiration rate required to balance the proton leak is significantly greater than
seen for mitochondria isolated from age-matched, control animals. The overall
kinetics of the curve, i.e. the shape of the curve, are unaltered by the DR feeding
regime.
Figure 3.4 shows the effect of DR feeding on the mitochondrial proton leak
in BAT. Membrane potential, as a result of uncoupling, was so low for BAT
mitochondria that only the upper point of the leak curve, the membrane potential
and resulting proton leak rate that occurs during state IV respiration could be
measured prior to inhibiting UCP1. DR feeding again was shown to increase the
proton leak and to lower the membrane potential during state IV respiration rates.
On addition of the specific dipurine nucleotide inhibitor of UCP1, GDP, a
complete proton leak curve could be obtained for BAT mitochondria as the
membrane potential rose significantly once the proton conductance of the
membrane was reduced. This increase in the electrical potential allowed the
cationic probe to be drawn into the mitochondrial matrix. Where UCP1 was
inhibited, as anticipated, no effect of DR feeding on the membrane proton leak
was observed.

3.3.2 The Effect of the ANT Activity on Mitochondrial Proton Leak
Figures 3.5 and 3.6 show the effect of the specific ANT inhibitor, CAT, on
the mitochondrial inner membrane proton leak in liver and skeletal muscle
mitochondria. The addition of CAT reduced, or abolished, the DR feeding
induced increase in the proton conductance, returning the kinetics of the leak
curve to that obtained from mitochondria isolated from age-matched control
animals. Therefore CAT abolishes the effect of DR feeding to increase
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mitochondrial proton leak. The addition of CAT had no effect on the proton leak
during state IV respiration for mitochondria isolated from either the liver or
skeletal muscle of control animals.

Membrane Potential (mV)
Figure 3.2 - Effect of DR feeding on liver mitochondrial proton leak
Proton leak curves (±SEM) for liver mitochondria isolated from 9.4 month old
male Brown Norway rats fed ad libitum or a restricted diet. The dashed line
emphasises that at a given membrane potential the respiration rate required to
balance mitochondrial proton leak is higher for DR animals than for control
animals. Group numbers: control = 6, DR = 6.

85

Chapter 3: The Effect o f DR on Mitochondrial Proton Leak and Respiration Rates

Figure 3.3

-

Effect of DR feeding on skeletal muscle mitochondrial proton

leak
Proton leak curves (±SEM) for skeletal muscle mitochondria isolated from 8.8
month old male Brown Norway rats fed ad libitum or a restricted diet. The dashed
line emphasises that at a given membrane potential the respiration rate required
to balance mitochondrial proton leak is higher for DR animals than for control
animals Group numbers: control = 7, DR = 7.
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Figure 3.4 - Effect of DR and GDP on BAT mitochondrial proton leak
Proton leak curves (±SEM) for BAT mitochondria isolated from 6.0 month old
male Brown Norway rats fed ad libitum or a restricted diet. Where indicated 500
umol L'1 GDP was added to the incubation buffer. Group numbers are 6 for all
conditions and feeding regimes.
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Figure 3.5 - Effect of CAT on liver mitochondrial proton leak
Proton leak curves (±SEM) for liver mitochondria isolated from 9.4 month old
male Brown Norway rats fed ad libitum or a restricted diet. Where indicated 1
umol L'1 CAT was added to the incubation buffer. Group numbers were 6 for all
conditions.
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Membrane Potential (mV)
Figure 3.6 - Effect of CAT on skeletal muscle mitochondrial proton leak
Proton leak curves (±SEM) for skeletal muscle mitochondria Isolated from 8.8
month old male Brown Norway rats fed ad libitum or a restricted diet. Where
indicated 9 umol L'1CAT was added to the incubation buffer. Group numbers are
7 for a ll conditions a n d feeding regimes.
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3.3.3 The Effect of Superoxide Generating Systems on Mitochondrial
Proton Leak
Figure 3.7 shows that for control liver mitochondria there is an increase in
mitochondrial proton leak when uncoupling proteins are stimulated with
xanthine/xanthine oxidase. However SOD does not alter the mitochondrial proton
leak kinetics. Figure 3.8 illustrates that a decrease in mitochondrial proton leak
on the addition of CAT was observed in the presence of xanthine/xanthine
oxidase for control liver mitochondria however the curve was not returned
completely to the profile established when no inhibitors were present. Figure 3.9
shows that for DR liver mitochondria there is a marginal increase upon the
addition of xanthine/xanthine oxidase however there is a high variance. A higher
number of animals would have confirmed if this was a real effect. Upon addition
of SOD there was an unexpected further increase in mitochondrial proton leak.
Figure 3.10 demonstrates that for DR mitochondria the addition of CAT with
xanthine/xanthine oxidase resulted in a decrease of proton leak so that the curve
was comparable to when no inhibitors were present.
Skeletal muscle mitochondria isolated from control animals were shown to
increase their proton leak in response to xanthine/xanthine oxidase, Figure 3.11.
This increased proton conductance was inhibited by SOD with the profile
returned to that of the control curve where no inhibitors or stimulators were
present. Figure 3.12 shows that the addition of CAT where xanthine/xanthine
oxidase had also been added to the medium resulted in a decrease in
mitochondrial proton leak. In contrast, there was no effect of xanthine/xanthine
oxidase on proton leak for skeletal muscle mitochondria isolated from DR
animals, Figure 3.13. Figure 3.14 shows the addition of SOD to muscle
mitochondria from DR rats to cause a decrease in mitochondrial proton leak
which is comparable to the effect of SOD on control skeletal muscle
mitochondria. The addition of CAT where xanthine/xanthine oxidase had also
been added to the medium resulted in the proton leak to be decreased in DR
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mitochondria as shown in Figure 3.14. In control mitochondria the addition of
CAT completely abolished the effect of xanthine/xanthine oxidase to increase the
proton leak. In DR mitochondria the proton leak was reduced by CAT to
approximately that obtained for DR mitochondria where no inhibitors or
stimulators were present.
Large variation occurred

between animals when xanthine/xanthine

oxidase was added to both DR and control BAT mitochondria. However,
xanthine/xanthine oxidase increased the proton leak at state IV respiration for
BAT mitochondria isolated from control animals, Figure 3.15. This effect was
completely abolished by the addition of SOD. Figure 3.16 shows that in DR fed
animals, xanthine/xanthine oxidase had no effect on BAT mitochondrial proton
leak; however the addition of SOD resulted in a decrease in the proton leak to
that for control mitochondria when no inhibitors or stimulators were present.
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Figure 3.7 - Effect of Superoxide on liver mitochondrial proton leak (control
rats)
Proton leak curves (±SEM) for liver mitochondria isolated from 6.5 month old
male Brown Norway rats fed ad libitum. Where indicated 50umol L'1 xanthine.
0.01 U 3.5mr1 xanthine oxidase and 12U m i1 SOD were added. Group numbers
were 6 fo r a ll conditions.
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Proton Leak (nmol O min'1 mg'1)
Figure 3.8

-

Effect of Superoxide in combination with CAT on liver

mitochondrial proton leak (control rats)
Proton leak curves (±SEM) for liver mitochondria isolated from 6.5 month old
male Brown Norway rats fed ad libitum. Where indicated 50 umol L'1 xanthine.
0.01 U 3.5 m i1xanthine oxidase and 1umol L~1 CAT were added. Group numbers
were 6 fo r a ll conditions.
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Membrane Potential (mV)
Figure 3.9

-

Effect of superoxide on liver mitochondrial proton leak (DR

rats)
Proton leak curves (±SEM) for liver mitochondria isolated from 6.5 month old
male fed a restricted diet. Where indicated 50 umol L'1 xanthine. 0.01 U 3.5 m f1
xanthine oxidase and 12U m i1 SOD were added. Group numbers were 6 for all
conditions.
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Figure 3.10

-

Effect of Superoxide in combination with CAT on liver

mitochondrial proton leak (DR rats)
Proton leak curves (±SEM) for liver mitochondria isolated from 6.5 month old
male Brown Norway rats fed a restricted diet. Where indicated 50 umol L 1
xanthine. 0.01 U 3.5 m f1 xanthine oxidase and 1umol L~1 CAT were added.
Group num bers were 6 fo r a ll conditions.
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Figure 3.11

-

Effect of suoeroxide on skeletal muscle mitochondrial proton

leak (control rats)
Proton leak curves (±SEM) for skeletal muscle mitochondria isolated from 6.4
month old male Brown Norway rats fed ad libitum. Where indicated 50 umol L'1
xanthine. 0.01 U 3.5 m f1 xanthine oxidase and 12 U mh1 SOD were added.
Group nu m be rs were 6 fo r a ll conditions.
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Figure 3.12

-

Effect of Superoxide in combination with CAT on skeletal

muscle mitochondrial proton leak (control rats)
Proton leak curves (±SEM) for skeletal muscle mitochondria isolated from 6.4
month old male Brown Norway rats fed ad libitum. Where indicated 50 umol L'1
xanthine. 0.01 U 3.5 m f1 xanthine oxidase and 9 umol L'1 CAT were added.
Group num bers w ere 6 fo r all conditions.
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Figure 3.13

-

Effect of superoxide on skeletal muscle mitochondrial proton

leak (DR rats)
Proton leak curves (±SEM) for skeletal muscle mitochondria isolated from 6.4
month old male Brown Norway rats fed a restricted diet. Where indicated 50 umol
L'1 xanthine. 0.01 U 3.5 m f1 xanthine oxidase and 12 U m f1 SOD were added.
Group nu m be rs w ere 6 fo r a ll conditions.
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Membrane Potential (mV)
Figure 3.14

-

Effect of superoxide and CAT on skeletal muscle

mitochondrial proton leak (DR rats)
Proton leak curves (±SEM) for skeletal muscle mitochondria isolated from 6.4
month old male Brown Norway rats fed restricted diet. Where indicated 50 umol
L'1 xanthine. 0.01 U 3.5 mP1 xanthine oxidase. 12 U m f1 SOD and 9 umol L'1
CAT were added. Group num bers were 6 fo r a li conditions.
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Figure 3.15

-

Effect of superoxide on BAT mitochondrial proton leak

(Control rats) Proton leak at state IV respiration (mean ± SEM) for BAT
mitochondria isolated from 5.9 month old male Brown Norway rats fed ad libitum.
Where indicated, 50 umol L'1 xanthine. 0.01 U 3.5 m f1 xanthine oxidase and 12
U m i1 SOD were added. Group numbers were 6 for all conditions.
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Figure 3.16

-

Effect of superoxide on BAT mitochondrial proton leak (DR)

Proton leak at State IV respiration (±SEM) for BAT mitochondria isolated from 5.9
month old male Brown Norway rats fed ad libitum or restricted diets such that
body weight was maintained at 55% that of control animals. Where indicated 50
umol L'1 xanthine, 0.01 U 3.5 m f1 xanthine oxidase and 12 U m f1 SOD were
added. Group numbers were 6 for all conditions.
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3.3.5 Effect of DR Feeding on Mitochondrial Respiration Rates
3.3.5.1 Liver and Skeletal Muscle Mitochondria
Table 3.1 - Mean state IV respiration rates and SEM for liver mitochondria of 9.4
month old Brown Norway rats (fully fed (FF) =6 , DR=6) where succinate was the
complex II substrate.

Skeletal muscle

Liver

Mitochondria

Mean state IV

Mean state III

Mean state IV

Mean state III

respiration

respiration rate

respiration rate

respiration rate

rate (nmol 0

(nmol 0 min'1

(nmol O min'1

(nmol O min'1

min'1 mg'1)

mg'1)

mg'1)

mg'1)

± S.E.M.

± S.E.M.

± S.E.M.

± S.E.M.

Control

20.88 ± 1.29

103.72 ±5.83

71.06 ±5.06

348.35 ± 5.73

Restricted

20.85 ± 1.33

107.99 ±6.19

72.03 ± 3.43

333.75 ± 6.24

feeding

Table 3.1 shows the state IV respiration rates for liver mitochondria
respiring with succinate as a substrate. A two sample T-test confirmed that DR
feeding did not significantly decrease state IV and state III respiration rates for
either liver or skeletal muscle mitochondria. Consequently RCR ratios were
unaltered by DR feeding.
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3.3.5.2 BAT Mitochondria

S ta te IV

lO m M G D P

Figure 3.17 - State IV respiration rates ± S.E.M. and their inhibition by 10 mM
GDP for BAT mitochondria isolated from 5.9 month old Brown Norway rats
(FF=6, DR=6). The complex I substrate used to support respiration was glvcerol3-phosphate. Columns with the same letter are significantly different at the
following probabilities: a<0.001, b<0.001, c<0.001. d<0.05. Columns with no
identical letters have not been statistically tested.

Figure 3.17 shows that the state IV respiration rate is significantly
increased in DR animals compared to that observed in control mitochondria (F=
80.22-1, io, P<0.001). On the addition of 4 mM GDP, an inhibitor of UCP 1, there
was a significant decrease in respiration rate for both DR and control animals (F=
144.853,20, Tukey test DR P<0.001, control P<0.001). The DR respiration rate,
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even in the present of GDP, is significantly higher than for control mitochondria
however this is at the threshold of significance (Tukey test P=0.048).
3.4 Discussion
The data in this chapter provide three main sets of information. The first
set describes the effect of DR feeding on mitochondrial proton leak for three
different tissues. The second set details the role of uncoupling proteins and the
ANT in modifying respiration and the mitochondrial proton leak and offers a
possible molecular explanation as to how alterations in mitochondrial proton leak
are induced in response to DR feeding regimes. The final set of information
describes the mitochondrial respiration rates in state III and state IV and can be
used to explain further any variations in the substrate oxidation branch of the
tripartite system.
Mitochondrial proton leak curves for control animals were consistent with
data in previous publications, [16, 123, 139], with the exception of brown fat
mitochondria. It was not possible to obtain data to construct a full leak curve for
BAT mitochondria. This could imply that the mitochondria had been damaged
(uncoupled) during the isolation procedure. Unfortunately quality assurance tests
such as the RCR can not be performed for the primary function of BAT
mitochondria is not to synthesize ATP, but instead they are regulatory uncoupled
for heat generation. However BAT leak curves where GDP was present were
carried out on the same mitochondrial preparations and gave similar proton leak
curves to those previously published [123,

175]. Therefore these BAT

mitochondrial preparations were uncoupled due to increased concentration, or
activity of UCP1, rather than damage. As a result of this uncoupling the
membrane potential was lowered to such an extent in BAT mitochondria,
particularly from DR animals, that reproducible uptake of the cationic TPMP
probe into the mitochondrial matrix did not occur. In addition, Echtay et al. [123,
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175] used a reaction buffer temperature of 25°C compared to 37°C in the present
study.
Mitochondrial proton leak was shown to be increased by DR feeding in all
three tissues that were examined which is in agreement with the study of
Lambert and Merry [16] in liver. The increased proton leak causes the
mitochondrial membrane potential to be reduced and, as membrane potential
can be positively correlated with ROS generation [119], it offers a functional
explanation of how ROS generation is reduced under DR feeding conditions.
The addition of CAT, the specific inhibitor of ANT, abolished the effect of
DR feeding in skeletal muscle and liver mitochondria to increase the proton leak.
This suggested that there is an increase in either the concentration, or activity of
the ANT in response to DR feeding and that this membrane transporter is
primarily responsible for the elevated mitochondrial proton leak in these animals.
No effect by CAT on proton leak was observed for skeletal muscle and liver
mitochondria isolated from control animals.
The addition of 10 mmol L'1 GDP to BAT mitochondrial proton leak curves
resulted in an increase in the membrane potential of over 80mV for both DR and
control mitochondria as the proton conductance of the membrane was reduced.
There appeared to be no difference in the proton leak between mitochondria
isolated from DR animals and those from control animals when the GDP inhibitor
is present. This is to be expected, as in both cases all functioning UCP1 proteins
are now in the de-activated state. DR mitochondrial proton leak is decreased
more by GDP than observed for control mitochondria as the UCP1 proteins are
clearly activated in DR mitochondria as a result of the mild cold stress DR
feeding induces. Core body temperatures of these animals have been reported to
be 1-1.5°C below that of age-matched control animals during the first year of life
[64].
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The addition of xanthine/xanthine oxidase increased mitochondrial proton
leak for liver mitochondria isolated from both DR and control animals.
Xanthine/xanthine oxidase generate superoxide which is thought to activate
uncoupling proteins [123]. Liver mitochondria only have one uncoupling protein,
UCP2, present in their inner mitochondrial membrane however it is unknown if
this protein is functioning as a protonophore [176], The results showing an
increase in mitochondrial proton leak on addition of xanthine/xanthine oxidase
imply that functional uncoupling proteins may be present in this tissue. This is not
in agreement with a previous publication [123]. It is debatable whether the results
shown are a true indication of uncoupling protein stimulation. There was large
variability between animals and more data would be required to confirm the
existence of functional uncoupling proteins in liver mitochondria. In addition,
when SOD was added to the xanthine/xanthine oxidase system, either no effect
(control mitochondria), or an increase in mitochondrial proton leak (DR
mitochondria), was seen. It would be expected that a decrease in mitochondrial
proton leak would be observed as uncoupling protein activation would be
abolished. SOD was shown earlier, Section 3.2, to be active and the
concentration used was sufficient to inhibit all superoxide that was produced by
the xanthine/xanthine oxidase system. In skeletal muscle mitochondria SOD was
shown to reduce the membrane proton conductance but this was not observed
with liver mitochondria. The results obtained for the effect of xanthine/xanthine
oxidase on liver mitochondrial proton leak are perplexing and not easily
explained.
The addition of CAT, where xanthine/xanthine oxidase had also been
added to the medium, resulted in a decreased proton leak in both DR and control
liver mitochondria. In control mitochondria, the addition of CAT completely
abolished the effect of xanthine/xanthine oxidase to increase the proton leak. In
DR mitochondria the proton leak was reduced by CAT to approximately that
obtained for DR mitochondria where no inhibitors or stimulators were present.

106

Chapter 3: The Effect o f DR on Mitochondrial Proton Leak and Respiration Rates

This implies that the effect of the ANT on mitochondrial proton leak is far greater
than any effect of uncoupling protein stimulation. As the mitochondrial proton
leak did not decrease to the value obtained when xanthine/xanthine oxidase was
not present, it implies that 0 2*- may also be stimulating the ANT. If 0 2*~
generated by the xanthine/xanthine oxidase system is activating the liver
mitochondrial translocases to increase proton conductance, this action would
explain the data observed because of the higher concentration of such
translocases in liver mitochondria.
The effect of superoxide on skeletal muscle mitochondrial proton leak was
very different to that obtained with liver mitochondria. Skeletal muscle
mitochondria are considered to have two uncoupling proteins, UCP 2 and UCP3,
in their inner mitochondrial membrane but again their ability to act as
protonophores is uncertain [177]. The addition of xanthine/xanthine oxidase to
muscle mitochondria isolated from control animals resulted in an increase in the
mitochondrial proton leak in combination with a reduction in the membrane
potential. The addition of SOD abolished this response so confirming that the
elevation in skeletal muscle mitochondrial proton leak was a response to
superoxide. This was in agreement with a previous publication [123] and
suggests that skeletal muscle mitochondria contain a functional protonophore
uncoupling protein which, due to the lack of effect of superoxide on liver
mitochondria, is most likely to be UCP3.

The effect of superoxide stimulation was markedly different with skeletal
muscle mitochondria isolated from DR animals. No effect of xanthine/xanthine
oxidase on the proton leak was observed for these mitochondria. The addition of
SOD caused a rightwards shift of the proton leak curve due to a reduction in
proton conductance of the membrane resulting in an increase in the
mitochondrial membrane potential. The uncoupling proteins of DR skeletal
muscle mitochondria appear therefore to be maximally activated as further
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exposure to superoxide did not result in any further activation. The addition of
SOD did not fully inhibit the effect of DR feeding on the skeletal muscle
mitochondrial proton leak. Thus activated uncoupling protein is not solely
responsible for the DR feeding induced increase in the proton leak. Therefore a
combination of uncoupling protein activation and increased ANT activity or
concentration appears to be responsible for the DR feeding induced increase in
the membrane proton conductance.
The addition of CAT to skeletal muscle mitochondria from either DR fed,
or control animals, produced the same proton leak curve irrespective of the
presence or absence of xanthine/xanthine oxidase. It can be concluded from this
that skeletal muscle mitochondrial proton leak is influenced more by the activity
of the ANT than the uncoupling proteins as uncoupling protein activation was
masked by ANT inhibition. As the control mitochondrial proton leak curve was
also shifted by the addition of CAT this implies that CV- may also be stimulating
the ANT as, prior to the addition of the superoxide generating system
xanthine/xanthine oxidase, no shift was observed when the ANT was inhibited.
The BAT mitochondrial response to xanthine/xanthine oxidase and SOD
was comparable to that of skeletal muscle mitochondria. BAT mitochondria have
UCP1, UCP2 and UCP3 present in their inner mitochondrial membranes. UCP1
is known to

be a functional

protonophore responsive to thermogenic

requirements and so an elevation in the proton leak in response to superoxide
and its inhibition by SOD was anticipated [123]. This response was observed for
BAT mitochondria isolated from control animals. No effect however, of
xanthine/xanthine oxidase on proton conductance was observed for mitochondria
isolated from DR animals. The addition of SOD resulted in a reduction in the
mitochondrial proton leak to that observed in control mitochondria.
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It appears that BAT mitochondria isolated from DR animals already have
maximal uncoupling protein activation therefore exposure to superoxide cannot
result in any further activation. Differentiating between uncoupling proteins, to
determine which is responsible for the elevated proton leak, is impossible due to
a lack of specific inhibitors to distinguish between members of this family of
proteins.
State III and IV respiration rates for liver and skeletal muscle mitochondria
were unaltered by DR feeding which agreed with previous studies reporting rates
for state III, [16], and IV respiration, [147, 150], where succinate was used as the
substrate. Unaltered respiration rates also confirm previous publications stating
that DR feeding does not alter metabolic rate [178, 179]. Mitochondria are
normally homeostatic around the membrane potential and so would respond to
an elevated proton leak by increasing their respiration rate. DR mitochondria do
not do this to any great extent; instead they allow their membrane potential to fall.
It has not been explained why this response should be seen but may reflect the
shift in the type of substrate used to support mitochondrial respiration under DR
feeding conditions.
DR evidently causes tissue-specific effects on respiration as BAT
mitochondria isolated from DR animals showed an 83.5% increase in respiration.
DR animals have a core temperature 1-2°C lower than control animals making
them mildly cold stressed [64]. As stated in Chapter 1 Section 1.3.5, the primary
function of BAT is non-shivering thermogenesis so it was expected that BAT
mitochondrial respiration rates would be increased in DR animals. On addition of
4 mM GDP, the DR mitochondrial respiration rate was still elevated by 35.6 %
but this difference was only just significant (P = 0.048) implying that the
increased activation of UCP1 may be solely responsible for the elevated
respiration rate in these mitochondria.
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Data for BAT mitochondria agrees in part with previous publications [150]
however it should be noted that the overall respiration rates were approximately
50% lower for control mitochondria, and 70% lower for DR mitochondria than
previously reported. A possible reason for this difference is that a less robust
technique was used for BAT mitochondrial extraction whereas Lambert et at.
[150] used polytron homogenisation that may have caused damage to the
mitochondria (uncoupling), so increasing state IV respiration rate. Unfortunately,
as previously stated, RCR’s cannot be used to determine BAT mitochondrial
quality so inconsistencies in BAT mitochondrial preparations cannot be
eliminated. Lambert et at. [150] also observed a depression in BAT respiration
due to the addition of GDP however the same proportional elevation due to DR
feeding was maintained. These differences in detail may have been due to the
different concentrations of GDP used. Lambert et al. [150] used just 0.5 mmol L'1
GDP which may have been insufficient to inhibit all the uncoupling protein
activity.
3.5 Summary
Liver mitochondria have elevated proton leak in response to DR feeding.
This effect is totally abolished on the addition of CAT implying ANT is responsible
for this increased leak. Data for the effect of uncoupling protein stimulation in
liver did not support the existence of a functional protonophore uncoupling
protein. State III and IV liver mitochondrial respiration rates were unaltered by DR
feeding.

Skeletal muscle mitochondria have also an elevated proton leak in
response to DR feeding. This effect again is abolished totally on the addition of
CAT implying ANT is responsible for this increased leak. A further increase in
control skeletal muscle mitochondrial proton leak induced by superoxide
indicates the presence of functional uncoupling protein, probably UCP3 in this
tissue. In DR muscle mitochondrial uncoupling proteins are already stimulated
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maximally which can partially explain the elevated proton leak observed.
However this uncoupling protein activation is surpassed by that of the ANT
protein which appears to be responsible for the increased mitochondrial proton
leak observed in skeletal muscle mitochondria isolated DR animals. State III and
IV skeletal muscle mitochondrial respiration rates were unaltered by DR feeding
BAT mitochondria again have an elevated proton leak in response to DR
feeding. Both control and DR mitochondrial proton leaks are decreased on the
addition of excess GDP so that no difference in respiration rates then exists
between the two feeding regimes. The elevated proton conductance of the BAT
inner mitochondrial membrane is attributable to increased uncoupling protein
activity in DR animals. The state IV respiration rate was significantly increased by
DR feeding and this reflected the increase in activated mitochondrial uncoupling
protein.
Of interest is that when the uncoupling proteins are activated in BAT
mitochondria to increase proton conductance, the substrate chain of the tripartite
system responds and a significant increase in state IV respiration is observed. In
mitochondria isolated from muscle and liver however, although the proton
conductance is increase, mainly through the activity or concentration of the ANT,
there is no compensatory increase in the substrate chain. The system is brought
into balance by a fall in the membrane potential. That the system has the
capacity to respond with an increase in the electron flow and respiration rate is
clear from the state III respiration rates. These do not differ significantly in
mitochondria isolated from DR fed animals in comparison with mitochondria
isolated from control rats.
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CHAPTER 4
The Effect of DR Feeding on Mitochondrial ROS Generation
Rates
4.1 Introduction
The main aim of this chapter was to characterise the effect of DR feeding
on isolated mitochondrial ROS generation. It is possible to use the H20 2
generation rate as a surrogate measure of mitochondrial superoxide generation
for the reasons discussed in Chapter 1, Section 1.3.4. The first objective was to
ascertain if DR feeding lowered mitochondrial H20 2 generation to confirm
previously published observations [16, 17, 139, 141]. The second objective was
to determine which electron transport chain complexes were responsible for any
differences in mitochondrial H20 2 generation induced by DR feeding. This would
be achieved with the use of specific electron transport chain inhibitors, namely
rotenone (complex I) and antimycin A (complex III) and, where possible,
observations made on H20 2 generation using both a complex I and complex II
substrate. If DR feeding caused a difference in mitochondrial H20 2 generation,
CAT would be used to determine if, when the enhanced proton leak was inhibited
and the membrane potential allowed to rise, the effect of DR feeding on H20 2
generation could be abolished. The role of the ANT in controlling mitochondrial
ROS generation would be characterised in this way.

A possible connection between mitochondrial ROS generation and
membrane potential would also be determined. Korshunov et al. [119] have
previously demonstrated a strong positive correlation between mitochondrial
membrane potential and ROS generation in mitochondria isolated from rat heart.
This relationship has been confirmed by others [118] but crucially, it was
established under conditions that allowed reverse electron flow through complex
I when respiration was supported with succinate, a complex II substrate. A further
objective of this chapter was to relate mitochondrial H20 2 generation to
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previously determined proton leak measurements in order to develop a
mechanistic explanation for alterations in mitochondrial H2O2 generation induced
by DR feeding.
4.2 Method
Mitochondria were isolated from each tissue as described in Chapter 2,
Section 2.3 and mitochondrial H2O2 generation rates were determined as
described in Chapter 2, Section 2.4.3. Only liver and skeletal muscle tissues
were used in mitochondrial ROS generation experiments as BAT is a regulatory
uncoupled

tissue

with

a

relatively

low

membrane

potential

producing

undetectable concentrations of H2O2. As a result of low H2O2 generation rates in
liver mitochondria, at the limits of the H2O2 assay, only a complex II substrate
was used.
Figure 4.1 shows typical standard curves for liver and skeletal muscle
mitochondria that were used to calculate mitochondrial H2O2 generation rates.
The fitted regression lines are similar and the R2 values are high both in the
presence and absence of mitochondrial protein indicative that the mitochondria
do not interfere with the assay by light scattering confounding the absorbance
readings.
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H20 2( hM)

Figure 4.1 - Standard curves for the amplex red assay in the presence and
absence of 0.04 mg skeletal muscle or liver mitochondria
The Anderson-Darling test for normality showed mitochondrial respiration
rates to be normally distributed therefore a one way ANOVA test was used to
show significant differences in H20 2 generation rates induced by DR feeding, or
in response to addition of inhibitors of the ETC complexes.
4.3 Results
4.3.1

Mitochondrial H20 2 Generation using a Complex II Substrate,

Succinate, to Support Respiration
4.3.1.1 The Effect of DR and CAT on the Rate of Mitochondrial H20 2
Generation
Figures 4.2 and 4.3 show that DR feeding regimes induce a reduction in
mitochondrial H20 2 generation rates from mitochondria isolated from both liver
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(F= 35.37i, 31, P<0.001) and skeletal muscle (F= 131.42i i30, P<0.001). Skeletal
muscle H2O2 generation rates were greater than for liver regardless of whether
the mitochondria had been isolated from rats fed a control, or DR diet
(F=479.493i6i , P<0.001).
On the addition of CAT no significant difference in H2O2 generation rates
were seen between the skeletal muscle and liver mitochondria isolated from DR
fed animals and control animals. When CAT was added to mitochondria isolated
from control animals no change was seen in the H2O2 generation rate in either
tissue, however, CAT resulted in an increase in the rate of H2O2 generation in
both liver (F=14.783,50, P<0.001) and skeletal muscle (F=4 0 .1 3 3i62 ,P<0 .0 0 1 )
mitochondria isolated from DR animals.
4.3.1.2 The Effect of DR and CAT on Rates of Mitochondrial H20 2
Generation in the Presence of a Complex III Inhibitor, Antimycin A
Figures 4.4 and 4.5 show that in the presence of antimycin A there was a
significant increase in the rate of mitochondrial H2O2 generation compared to
when this inhibitor was absent from the buffer. The level of significance for this
increase was (F=7 3 .44 3i59, P<0.001) for liver and (F=150.773t6i, P<0.001) for
skeletal muscle mitochondria regardless of whether the mitochondria had been
isolated from rats fed a control or DR diet.

On the addition of antimycin A, shown in figures 4.4 and 4.5,
mitochondria isolated from DR animals still produced H2O2 at a lower rate than
those which had been isolated from control animals (liver F=13.1 9i j28, P<0.002
and skeletal muscle F=12.841i31, P<0.002). When CAT was used in combination
with antimycin A there was a reduction in the rate of H2O2 generation for
mitochondria isolated from both DR and control animals (DR skeletal muscle
mitochondria F=28.64i ,27, P<0.001 and control skeletal muscle mitochondria;
F=23.82i ,32> P<0.001, control liver mitochondria F=4.29i .3i , P<0.05, and DR liver
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mitochondria F = 6.35i ,24, P<0.02.) In the presence of CAT and antimycin A the
observed decrease in H20 2 due to DR feeding was conserved (liver F = 14.03i,
27,

P<0.002 and skeletal muscle mitochondria F= 14.80i ,28i P<0.002) and CAT

did not elevate the H20 2 generation to control rates as seen previously. An
interaction appears to occur between antimycin A and CAT so that the specific
inhibitory action of both compounds is partially lost. This effect can be seen in
Figures 4.4 - 4.7 and 4.11.
4.3.1.3 The Effect of DR and CAT on Rates of Mitochondrial H20 2
Generation in the Presence of Both a Complex I Inhibitor, Rotenone,
and Complex III Inhibitor, Antimycin A, of the Electron Transport
Chain
Figures 4.6 and 4.7 show that in the presence of both antimycin A and
rotenone there was a decrease in rate of mitochondrial H20 2 generation
compared to when no inhibitors were present. Levels of significance were F =
1 1 .2 0 -1, 26,P<0.001 for DR liver

and F = 256.24!, 30,P<0.001 for control liver

mitochondria whereas it was F = 34.12!, 29> P<0.001 for control skeletal muscle
mitochondria and F = 333.89 1,31 , P<0.003 for DR skeletal muscle mitochondria.
On the addition of antimycin A and rotenone, as shown in figures 4.6 and
4.7, mitochondrial H20 2 generation occurs at approximately the same rate for DR
and control mitochondria isolated from both liver and skeletal muscle. No change
in mitochondrial H20 2 generation occurs on the addition of CAT for either liver or
skeletal muscle mitochondria isolated from DR or control animals.
4.3.1.4 The Effect of DR and CAT on Rates of Mitochondrial H20 2
Generation in the Presence of a Complex I inhibitor, Rotenone, of the
Electron Transport Chain
Figures 4.8 and 4.9 show that in the presence of rotenone there is a
decrease in rate of mitochondrial H20 2 generation compared to when no
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inhibitors were present. Levels of significance were P<0.001 for liver and
P<0.001 for skeletal muscle mitochondria regardless of whether the mitochondria
had been isolated from rats fed a control or DR diet. Liver and skeletal muscle
mitochondrial H20 2 rates were so low and variable in the presence of rotenone
that no statistical analysis was performed however CAT appeared not to alter any
rates of H20 2generation.

Figure 4.2

-

The effect of DR and CAT on liver mitochondrial H?Q?

generation using 4.5 mmol L'1 succinate to support respiration
Mean hbO? generation (±SEM) for liver mitochondria isolated from 6.5 month old
male Brown Norway rats fed ad libitum or restricted diets. Where indicated 1
umol L'1 CAT was present whilst no other inhibitors were added. Columns with
the same letter are significantly different to each other at the following
probabilities: a <0.001. b<0.001. Columns without the same letters were not
compared statistically. Group numbers were 6 for all conditions.
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No inhibitors
Figure 4.3

-

With CAT

The effect of DR and CAT on skeletal muscle mitochondrial

H?0? generation using 4.5 mmol L'1 succinate to support respiration
Mean H?0? generation (±SEM) for liver mitochondria isolated from 6.5 month old
male Brown Norway rats fed ad libitum or restricted diet. Where indicated 9 umol
L' 1 CAT was present whilst no other inhibitors were added. Columns with the
same letter are significantly different at the following probabilities: a <0 .0 0 1 .
b<0.001. Columns without the same letters were not compared statistically.
Group numbers were 6 for all conditions.
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No inhibitors
Figure 4.4

-

Antimycin A

With CAT

The effect of DR and CAT on liver mitochondrial H?Q?

generation in the presence of the complex III electron transport chain
inhibitor, antimvcln A. 4.5 mmol L'1 succinate was used to support
respiration.
Mean hbO? generation (±SEM) for liver mitochondria isolated from 6.5 month old
male Brown Norway rats fed ad libitum or restricted diets. Where indicated 20
umol L'1 antimvcin A complex III inhibitor or 20 umol L'1 antimvcin A and 1 umol
L~1 CAT was present. Columns with the same letter are significantly different to
the following probabilities: a< 0.001. b<0.001. c<0.002. d<0.05. e<0.02. f<0.002.
Columns without the same letters were not compared statistically. Group
numbers were 6 for all conditions.
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5 I

No inhibitors

Antimycin A

With CAT

Figure 4.5 - The effect of DR and CAT on skeletal muscle mitochondrial
H?Q? generation in the presence of the complex III electron transport chain
inhibitor, antimvcin A. 4.5 mmol L 1 succinate was used to support
respiration.
Mean H?0? generation (±SEM) for skeletal muscle mitochondria isolated from 6.5
month old male Brown Norway rats fed ad libitum or restricted diets. Where
indicated 20 umol L' 1 antimvcin A or 20 umol L'1 antimvcin A and 9 umol L'1 CAT
were present. Columns with the same letter are significantly different at the
following probabilities: a< 0 .0 0 1 , b< 0 .0 0 1 . c<0 .0 0 2 . d<0 .0 0 1 , e< 0 .0 0 1 . f<0 .0 0 2 .
Columns without the same letters were not compared statistically. Group
numbers were 6 for all conditions.
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Figure 4.6

-

The effect of DR and CAT on liver mitochondrial H?0?

generation in the presence of both the complex I, rotenone. and complex III
inhibitor, antimycin A. 4.5 mmol L'1 succinate was used to support
respiration,
Mean H?09 generation (±SEM) for liver mitochondria isolated from 6.5 month old
male Brown Norway rats fed ad libitum or a restricted diet. Where indicated 20
umol L'1 antimvcin A (Anti A) and 5 umol L' 1 rotenone (Rot) or 20 umol L' 1
antimvcin A (Anti A) and 5 umol L'1 rotenone (Rot) with 1 umol L' 1 CAT was
present. Columns with the same letter are significantly different to the following
probability: a< 0.001, b<0.001. Columns without the same letters were not
compared statistically. Group numbers were 6 for all conditions.
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Figure 4.7

-

The effect of DR and CAT on skeletal muscle mitochondrial

H?Q? generation in the presence of both a complex I, rotenone, and
complex III, antimvcin A, electron transport chain inhibitor. 4.5 mmol L'1
succinate was used to support respiration.
Mean H?0? generation rate (±SEM) for skeletal muscle mitochondria isolated
from 6.5 month old male Brown Norway rats fed ad libitum or restricted diet.
Where indicated 20 umol L' 1 antimvcin A (Anti A) and 5 umol L 1 rotenone (Rot)
or 20 umol L' 1 antimvcin A (Anti A) and 5 umol L' 1 rotenone (Rot) with 9 umol L' 1
CAT was present. Columns with the same letter are significantly different to the
following probability: a< 0.001. b<0.003. Columns without the same letters were
not compared statistically. Group numbers were 6 for all conditions.
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-

With CAT

The effect of DR and CAT on liver mitochondrial H?Q?

generation in the presence of the complex I electron transport chain
inhibitor, rotenone. Succinate (4.5 mmol L'1) was used to support
respiration.
Mean H 9O9 generation rate (±SEM) for liver mitochondria isolated from 6.5 month
old male Brown Norway rats fed ad libitum or a restricted diet. Where indicated 5
umol L' 1 rotenone or 5 umol L' 1 rotenone with 1 umol L 1 CAT was present. Group
numbers were 6 for all conditions.
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The effect of DR and CAT on skeletal muscle mitochondrial

H?Q? generation in the presence of the complex I electron transport chain
inhibitor, rotenone. Succinate (4.5 mmol L 1) was used to support
respiration.
Mean hbOo generation (±SEM) for skeletal muscle mitochondria isolated from 6.5
month old male Brown Norway rats fed ad libitum or a restricted diet. Where
indicated 5 umol L'1 rotenone or 5 umol L'1 rotenone with 9 umol L'1 CAT was
present. Group numbers were 6 for all conditions.
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4.3.2 Mitochondrial H2 O2 Generation using a Complex I Substrate,
Pyruvate/Malate, to Support Respiration
4.3.2.1 The Effect of DR and CAT on the Rate of Mitochondrial H20 2
Generation
Figure 4.10 shows a reduction in skeletal muscle mitochondrial H20 2
production due to DR feeding (F = 20.38-I, 21, P0.001). Skeletal muscle H20 2
generation was greatest during reverse electron flow when respiring with the
complex II substrate succinate, Figure 4.3, than with forward electron flow, Figure
4.10, when respiration was supported by a complex I substrate, pyruvate/malate
(F=1043.44a, 32 , P<0.001).
On the addition of CAT no difference in H20 2 generation was seen for
skeletal muscle mitochondria isolated from control animals. However, CAT
caused an increase in the H20 2 generation rate for skeletal muscle (F = 11.59i,
•is, P<0.001) mitochondria isolated from DR animals. The addition of CAT
resulted in mitochondria isolated from control and DR animals generating H20 2at
approximately the same rate.
4.3.2.2 The Effect of DR and CAT on the Rate of Mitochondrial H20 2
Generation in the Presence of a Complex III Inhibitor, Antimycin A
Figure 4.11 shows that in the presence of antimycin A there was an
increase in rate of skeletal muscle mitochondrial H20 2 generation compared to
when no inhibitors were present in both control (F= 146.08i,26, P< 0.001) and DR
(F=146.08i i26, P< 0.001) mitochondria.
On the addition of antimycin A skeletal muscle mitochondria isolated from
DR animals generated H20 2 at a lower rate in comparison with muscle
mitochondria isolated from control animals (F= 17.17i i3o, P<0.001). When CAT
was used in combination with antimycin A there was again a reduction in the rate
of H20 2 generation for mitochondria isolated from both DR and control animals
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(DR F= 7.93-1,27, P<0.01 and control skeletal muscle mitochondria F= 8.87i ,3o ,
P<0.007). In the presence of CAT the observed decrease in H2O2 due to DR
feeding was conserved (F = 7.53!,27 , P<0.012). This reduction in H20 2 generation
is again interpreted as an interaction between the two inhibitors that partially or
fully decreases their activity.

4.3.2.3 The Effect of DR and CAT on Rates of Mitochondrial H20 2
Generation in the Presence of a Complex I Inhibitor, Rotenone
Figure 4.12 shows that in the presence of rotenone there was an increase
in rate of mitochondrial H2O2 generation compared to when no inhibitors were
present (DR F= 11.12i.22, P<0.001, and control mitochondria F= 5.79i ,22,
P<0.001). In the presence of rotenone skeletal muscle mitochondria isolated from
DR animals had reduced rates of mitochondrial H2O2 production (F= 6.99i ,22 ,P<
0 . 001 ).

On the addition of CAT no difference was seen for skeletal muscle
mitochondria isolated from control animals. However, CAT caused an increase in
rate of H2O2 production for skeletal muscle mitochondria isolated from DR
animals (F= 6.89i.i6, P<0.02). The addition of CAT caused mitochondria isolated
from control and DR animals to produce H2O2 at approximately the same rate.
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0.25 -,

No inhibitors
Figure 4.10

-

With CAT

The effect of DR and CAT on skeletal muscle mitochondrial

H?Q? generation using 2.5 mmol L 1 pyruvate/malate to support respiration
Mean H?Ch generation (±SEM) for skeletal muscle mitochondria isolated from 6.5
month old male Brown Norway rats fed ad libitum or restricted diets. Where
indicated 9 umol L'1 CAT was present whilst no other inhibitors were present.
Columns with the same letter are significantly different to the following
probability: a< 0.001, b<0.001. Group numbers were 6 for all conditions.
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0.8

a, c, d

-1

No inhibitors
Figure 4.11

-

antimycin A

With CAT

The effect of DR and CAT on skeletal muscle mitochondrial

HoOo generation in the presence of the complex III electron transport chain
inhibitor, antimvcln A. Pvruvate/malate (2.5 mmol L'1) was used to support
respiration.
Mean H?0? generation (±SEM) for skeletal muscle mitochondria isolated from 6.5
month old male Brown Norway rats fed ad libitum or a restricted diet. Where
indicated 20 umol L'1 antimvcin A and 9 umol L 1 CAT in combination with 2
QumoIL'1 antimvcin A was present. Columns with the same letter are significantly
different to the following probability: a< 0.001, b<0.001, c<0.001, d<0.007,
e<0.01, f<0.012. Group numbers were 6 for all conditions.
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Figure 4.12

-

The effect of DR and CAT on skeletal muscle mitochondrial

H?Oo generation In the presence of the complex I electron transport chain
inhibitor, rotenone. Pvruvate/malate (2,5 mmol L'1) was used to support
respiration.
Mean H?Cb generation (±SEM) for skeletal muscle mitochondria isolated from 6.5
month old male Brown Norway rats fed ad libitum or a restricted diet. Where
indicated 5 umol L'1 rotenone in combination with 9 umol L'1 CAT was present.
Columns with the same letter are significantly different to the following
probabilities: a P<0.001. b P<0.001. c P<0.02. Group numbers were 6 for all
conditions.
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4.4 Discussion
The amplex red method for H20 2 detection had not been used previously
in the laboratory, therefore it was important to verify that the rates obtained were
in agreement with previously published data. Rates of H20 2 generation for liver
mitochondria

isolated

from

control

animals

where

succinate

supported

respiration, and in the absence of any inhibitors, were in agreement with
previously published data using the PHPA detection system [16]. Published data
on skeletal muscle mitochondrial H20 2 generation whilst respiring with succinate,
and in the absence of any inhibitors, was not available under the same conditions
that were used. However, the rates obtained were comparable to that of heart
muscle mitochondria [141]. They were also comparable to published data on
skeletal muscle H20 2 generation when mitochondrial respiration was supported
with a complex I substrate [116].
Liver and skeletal muscle mitochondrial H20 2 generation was significantly
reduced by a DR feeding regime regardless of whether respiration was
supported by succinate (complex II) or pyruvate/malate (complex I) substrates.
This effect was abolished upon the addition of CAT implying that the ANT is
primarily responsible for this decrease in H20 2 generation resulting from dietary
restriction. When respiration was supported by succinate and the complex I
inhibitor rotenone was present, H20 2 generation was negligible for both skeletal
muscle and liver mitochondria isolated from control and DR animals. This
indicated^that when respiring with succinate the majority of H20 2 is produced by
reverse electron flow through complex I. Reverse electron flow has been
considered to be a non-physiological process that does not occur in vivo;
however the absence of reverse electron flow in vivo has not been established
unequivocally and it remains a controversial issue. It was therefore of some
concern that although H20 2 production was reduced by DR feeding in vitro it was
not transferable to the whole animal and so could not be attributed to explaining
the lifespan extension observed. However, as the decrease in skeletal muscle
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H2O2 production due to DR feeding was also observed during forward electron
flow through complex I, when mitochondria were respiring with the complex I
substrate pyruvate/malate, a reduction in H2O2 production may be responsible for
the decrease in oxidative damage observed for DR animals and may therefore
play some role in inducing the lifespan extension observed.
Liver and skeletal muscle mitochondrial H2O2 generation rates were
increased as expected in the presence of antimycin A, irrespective of whether
respiration was supported by succinate or pyruvate/malate. Antimycin A is
recognised to block the outer site in the Q cycle within complex III. In the
presence of antimycin A, CAT induced a reduction in H2O2 production rates. One
possible explanation for this is that the binding of one molecule to the
mitochondria may cause a conformational change in the binding site for the other
molecule so preventing its action. It appears that the presence of antimycin A
completely inhibits the action of CAT, while CAT partially decreases the inhibitory
action of antimycin A. This effect is seen whenever these two inhibitors were
used in combination (Figures 4.4 -4 .7 and 4.11). No data has been published on
the interaction of antimycin A and CAT but this effect of CAT to partially inhibit
the action of antimycin A was seen repeatedly with mitochondria from liver and
skeletal muscle when respiring with either a complex I or II substrate.

The combination of the complex I and III electron transport chain inhibitors
antimycin A and rotenone, provided strong support that complex I is responsible
for the reduced liver and skeletal muscle mitochondrial H2O2 generation rates
that result from DR feeding. Figure 4.13 is a schematic drawing which explains
how this was deduced from the data. Alterations in the rate of H20 2 generation
due to various inhibitors is not taken into account in this representation, so as not
to confuse the understanding of how complex I was determined to be responsible
for the reduced rate of H2O2 generation seen for DR mitochondria.
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Antliyycin A

Rotenone

1.
Complex I

------ J

Rates of H20 2generation
Control =0.4
DR
= 0.2

>

I

1

Complex II

w Complex III

Rates of H20 2generation
Control = 0.4
DR
= 0.4

1

^

Complex IV

1

Rotenone

Control = 0.4
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= 0.2

Figure 4.13 - Schematic drawing showing where inhibitors block the electron
transport chain and hypothetical rates of mitochondrial hbO? generation (nmol
H?0? m in 1 mg'1) 1. No inhibitors are present 2. Antimycin A is present and
mitochondria respiring with either succinate or pyruvate/malate 3. Antimvcin A
and rotenone are present whilst the mitochondria are respiring with succinate 4.
Rotenone is present whilst the mitochondria are respiring with pyruvate/malate

If H2O2 generation was altered by DR at complex I in the presence of
antimycin A (Figure 4.13 number 2), using the hypothetical values for rate of
mitochondrial H2O2 generation, rates for the various mitochondria would be:
Control mitochondria

0.4 + 0.4 = 0.8 nmol H20 2 min'1 mg'1

DR mitochondria

0.2 + 0.4 = 0.6 nmol H20 2 min'1 mg'1
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A reduction in the rate of H2O2 generation due to DR feeding would still be
present which is in agreement with the data obtained.
On the addition of antimycin A and rotenone whilst respiring with succinate
(Figure 4.13 number 3), using the hypothetical values for rate of mitochondrial
H2O2 generation, rates for the various mitochondria would be:
Control mitochondria

0.4 nmol H20 2 min'1 mg'1

DR mitochondria

0.4 nmol H20 2min'1 mg'1

Under these conditions no difference exists between mitochondria isolated from
DR and control animals. Again this is in agreement with the data obtained.
For mitochondria respiring with pyruvate/malate and in the presence of
rotenone (Figure 4.13 number 4), using the hypothetical values for rate of
mitochondrial H2O2 generation, rates for the various mitochondria would be:
Control mitochondria

0.4 nmol H20 2min'1 mg'1

DR mitochondria

0.2 nmol H20 2 min'1 mg'1

A reduction in rate of H2O2 generation due to DR feeding would still be present
which is in agreement with the data obtained.

In conditions where mitochondria isolated from DR animals had reduced
rates of H2O2 production the addition of CAT abolished the DR effect. Again the
ANT clearly plays a pivotal part in reduced H2O2 generation induced by DR
feeding.

In Chapter 3 mitochondria isolated from DR animals were observed to
have an increased proton leak and did not respond by increasing their electron
transport chain activity to balance this. Mitochondria are usually homeostatic
around their membrane potential however DR mitochondria respond to elevated
proton leak by allowing their membrane potential to fall. Mitochondrial proton leak
was determined for this study in the presence of rotenone so it relates to the

133

Chapter 4: The Effect o f DR Feeding on M itochondrial ROS Generation Rates

proton leak and membrane potential occurring during forward electron flow.
Under conditions of forward electron flow when mitochondria were respiring with
a complex I substrate, the rate of H2O2 generation is reduced due to DR feeding.
On the addition of CAT DR mitochondrial proton leak is decreased and the
membrane potential increases to approximately that of control mitochondria.
Under conditions of forward electron flow and in the presence of CAT, when DR
mitochondria have membrane potentials approximately equivalent to those for
control mitochondria, the rate of H20 2 generation is increased to approximately
that of control mitochondria. Korshunov et al. [119] demonstrated a strong
dependence between the rate of mitochondrial H20 2 generation and membrane
potential under conditions of reverse electron flow. This study supports the same
conclusion for forward electron flow.
4.5 Summary
Dietary restricted feeding induces both isolated liver and skeletal muscle
mitochondria to generate H20 2 at a lower rate than observed for mitochondria
isolated from control animals, regardless of whether mitochondrial respiration is
supported by succinate or pyruvate/malate. This reduction occurs mainly at
complex I of the electron transport chain, which is in agreement with papers
relating lifespan to ROS production [96, 180], and is abolished upon the addition
of CAT. An enhanced proton leak through the ANT during state IV respiration
appears central to this reduction in mitochondrial H20 2 generation induced by DR
feeding. No evidence for a reduced electron flux as measured by state IV and III
respiration rates is seen under DR feeding conditions.
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CHAPTER 5
The Effect of DR Feeding on Mitochondrial ANT Concentration,
Activity and its Effect on Uncoupling Protein Concentrations
5.1 Introduction
The first aim of this chapter was to ascertain if the increased proton leak
induced by DR feeding was because the inner mitochondrial membrane
concentration of uncoupling protein and/or ANT was increased. Two methods
were available to determine mitochondrial ANT concentration: titration with CAT
and Western blot.
The second aim of this chapter was to ascertain if increased proton leak
induced by DR feeding was due to increased ANT activity. In Chapter 3 it was
demonstrated that the UCP1 activity of brown fat mitochondria isolated from DR
animals was increased compared to control mitochondria. Unfortunately, due to a
lack of specific inhibitors, no methodology is available to distinguish between
mitochondrial UCP2 and UCP3 activity so only the effect of DR feeding on ANT
activity could be determined. ANT activity can only be measured during state III
respiration when it acts as a translocase of ADP and ATP. Although proton leak
and the majority of H20 2 generation occurs during state IV respiration, ANT
activity during state III was measured in case this was indicative of any change in
translocase activity for this transporter.
5.2 Method
Mitochondria were extracted from each tissue as described in Chapter 2,
Section 2.3. Mitochondrial UCP1, UCP2, UCP3 concentrations and ANT
concentration and activity were determined as detailed in Chapter 2, Section 2.5.
The

exception

to

these

methodologies

was

when

determining

UCP2

concentration in skeletal muscle mitochondria. Here, several antibodies to UCP2
from different commercial sources were used with varying methodologies in an
attempt to identify UCP2 in skeletal muscle mitochondria by Western blotting.
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Antibodies against UCP2 were obtained from Chemicon, California (ab3226),
Calbiochem, Nottingham (662047) and two from Santa Cruz, Heidelberg (sc6525 and sc-6526). Table 5.1 shows the different conditions that were used with
each antibody when determining UCP2 concentration in 70 pg skeletal muscle
mitochondria.
Table 5.1 - Western blot protocols to determine UCP2 protein concentrations in
skeletal muscle mitochondria

Supplier of
Primary UCP2
Antibody
Blocking

Dilution of
Primary
Antibody
Secondary
antibody

Dilution of
secondary
antibody

Chemicon

Calbiochem

Santa Cruz
(sc 6525)
1% overnight
at 4°C

Santa Cruz
(sc 6526)
1% milk in
TBS for 1
hour at room
temperature

1% milk in TBS
for 1 hour at
room
temperature

5% milk in
TBS for 1
hour at room
temperature

1:200

1:200 in TBS

1:500

1:500

Amersham anti
rabbit
(Catalogue
number
RPN 4301)

Amersham
anti-rabbit
(Catalogue
number
RPN 4301)

Sigma Anti
Goat
(catalogue
number
sc-2020)

Sigma Anti
Goat
(catalogue
number
sc-2020)

1:5000 in TBS
containing 2%
milk

1:5000 in
TBS
containing
2% milk

1:25,000 in
TBS
containing
5% milk

1:25,000 in
TBS
containing
5% milk

Mitochondrial preparations that had previously given a strong signal within
the correct molecular weight range for the specified antibody were used as
positive controls. Negative controls for UCP2 and ANT antibodies could not be of
mitochondrial origin as both proteins are considered to be ubiquitous across
tissues. Mixed cytosolic and microsome fractions were used (70 pg per well) by
collecting the supernatant during liver mitochondrial extraction. The supernatant
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was collected after the first 6800g centrifugal spin. Cytosol and microsomal
fractions do not have COX IV and so an antibody to GAPDH obtained from
Biogenesis, Poole (catalogue number 4699-9555) was used. On stripping the
membrane as detailed in Chapter 2, Section 2.5.3, the membrane was blocked
for 1 hour at room temperature in 10% milk in TBS. The membrane was then
washed 3 times for 10 minutes in TBS before incubating for 2 hours at room
temperature, with rotary shaking, with a 1:2000 dilution of GAPDH primary
antibody in TBS containing 3% milk. The membrane was washed briefly in TBS
before incubating with peroxidase labelled anti-mouse at a dilution of 1:5000 in
TBS for one hour at room temperature with rotary shaking. The membrane was
washed 3 times for 10 minutes in TBS before detection was carried out using an
enhanced chemical luminescence Western

blotting detection system as

described in Chapter 2 Section 2.5.3.

The protocol for electrophoresis was verified using Coomassie stain, as
shown in Figure 5.1, to determine if the conditions were correct for good
separation of protein bands. After the gel had been run it was left immersed in
Coomassie stain (0.25 g Coomassie brilliant blue in 90 ml of 1:1 methanol: H20
and 10 ml concentrated acetic acid) overnight. The gel was then left to destain
for one hour in 9:1 methanol: acetic acid solution. The gel was left in water in
order for the gel to swell back to its original size. To determine if a good range of
molecular weight bands were transferred to the membrane a Ponceau stain was
used as described in Chapter 2 Section 2.5.3 and shown in Figure 5.2.

The Anderson-Darling test for normality showed mitochondrial UCP1,
UCP2, UCP3 and ANT concentrations and activities to be normally distributed
therefore 2 sample t tests were used to show significant differences in protein
concentrations and activity induced by DR feeding.
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Liver

Skeletal
muscle

Cytosol

Brown
Fat

117 kDa
92 kDa

49 kDa-------

33 kDa

22 kDa-

Fioure 5.1 - Coomassie stain showing good separation of bands. Mitochondrial
fractions only were used.
Molecular
Weight
Liver
Marker Liver

I

I

l

Cytosol

I

117 kDa
92 kDa

49 kDa

33 kDa

22 kDa

Figure 5.2 - Ponceau stain showing that proteins of a range of molecular weights
were transferred to the membrane from the gel. Mitochondrial fractions were
used.

138

Chapter 5: The Effect o f DR Feeding on Mitochondrial ANT Concentration. Activity and
its Effect on Uncouvlins Protein Concentrations______

5.3 Results
5.3.1 The Effect of DR Feeding on Mitochondrial ANT Concentration and
Activity
Figure 5.3 shows that non-specific bands were present for both muscle
and liver mitochondria in the Western blots. ANT is known to be present at a high
concentration in the inner membrane of both liver and skeletal muscle
mitochondria. Therefore a band should be present for both at the same molecular
weight (33 kDa). Figure 5.3 shows a gel containing both skeletal muscle and liver
mitochondria which was used to confirm that the upper band (36 kDa) seen with
skeletal muscle mitochondria and the faint lower band (30kDa) seen for liver
mitochondria were non-specific as these bands were not present in both tissues.
Figure 5.4 shows the absence of bands with a negative control however GAPDH
antibody confirmed that cytosolic protein was present (37 kDa). This confirms
that any bands seen within the correct molecular weight range were likely to be
ANT protein.

DR feeding did not significantly alter the concentration of ANT for either
skeletal muscle or liver mitochondria regardless of whether mitochondrial ANT
concentration was measured by a Western blot, or the CAT titration method as
shown in Tables 5.2 and 5.3 and Figures 5.5 and 5.6.
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Table 5.2 - Mean concentration of ANT using the Western blot technique. Group
numbers: Control and DR liver mitochondria = 7, Control skeletal muscle
mitochondria = 6. DR skeletal muscle mitochondria = 7

Liver mitochondria

Control
mitochondria
DR
Mitochondria

Band density
ratios of
ANT:COXIV
0.977

Standard
error of the
mean
0.059

0.913

0.030

Skeletal muscle
mitochondria
Band density
Standard
ratios of
error of the
ANT:COXIV
mean
0.767
0.035
0.753

0.064

Table 5.3 - Mean concentration of ANT using the titration technique. Group
numbers (the same numbers both with and without palmitic acid): Control liver
mitochondria

= 7, DR liver mitochondria = 6, Control skeletal muscle

mitochondria = 8, DR skeletal muscle mitochondria = 7

Liver Mitochondria
ANT
Palmitic Concentration
acid
(nmol mg '1
protein)
Present
Control
0.78
mitochondria Absent
0.75
DR
Present
0.79
Mitochondria Absent
0.79

Standard
error of
the
mean
0.020
0.018
0.017
0.019

Skeletal muscle
mitochondria
ANT
Standard
Concentration error of
(nmol mg '1
the
protein
mean
4.62
0.30
4.16
0.41
4.60
0.31
4.16
0.17

DR feeding did not significantly alter the activity of ANT during state III
respiration when determined either at 0°C or 25°C, for skeletal muscle or liver
mitochondria as shown in Table 5.4. A significant increase in ANT translocase
activity due to increased temperature was observed for both liver (DR F=
282.08i.i6,

P<0.001, control F=248.17i .2o, P<0.001) and skeletal

muscle
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mitochondria (DR F= 111.62i ,i 5i P 0.001, control F=317.27-ti15) P<0.001) that
was independent of the feeding regime of the animal.
Table 5.4 - Mean activity of ANT during state III respiration which was supported
by succinate. Group numbers were 6 for all conditions.
Liver Mitochondria
Feeding
Temperature
ANT
Regime
of
Activity
mitochondria
Reaction
(% '
were isolated
Buffer
uptake of
from
____ r a ____ [3H] ADP)
Control
0
0.255
DR
0
0.270
Control
25
3.090
DR
25
3.250

Standard
error of
the mean

0.014
0.014
0.120
0.104

Skeletal muscle
mitochondria
ANT
Standard
Activity
error of
the
mean
(% '
uptake of
[3H] ADP)
0.246
0.009
0.240
0.013
0.739
0.027
0.743
0.040
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Skeletal
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Molecular
Weight
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j ...

Skeletal
Muscle

Liver

!

117 kDa92 kDa-
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33 kDa

►

....... ... r

22 kDa------ ►

B.

Skeletal
Muscle

Molecular
Weight
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Skeletal
Muscle

Liver

■

117 kDa92 kDa-

■v" m

49 kDa-

*
M
33 kDa22 kDa

Figure 5.3 - A Western blot used to determine which band was non-specific A.
ANT (33 kDa) Western blot for liver and skeletal muscle mitochondria B. The
corresponding COXIV (16 kDa) Western blot to control for the mass of
mitochondrial protein loaded.
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Control
Liver

Cytosol

DR
|_jver

. 1 1 1
117 kDa---------- ►
92 kDa---------- ►

*
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| j ver
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Fiaure 5.4 - A Western blot showing the negative control for ANT (33kDa)
antibody A. ANT Western blot for liver mitochondria and cvtosol B. The
corresponding GAPDH (37 kDa) Western blot cytosolic loading control gel.
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A.
Control
Liver

DR
Liver

/ \
117 kDa92 kDa-

49 kDa

33 kDa----- ►
22 kDa----- ►

Ä.

Control
Liver

DR
Liver

117 kDa92 kDa-

49 kDa--------►
»
33 kDa--------►
22 kDa--------►

Jm

Figure 5 .5 - A. An example of an ANT (33kDa) Western blot for liver mitochondria
B. The corresponding COXIV (16kDa) Western blot mitochondrial loading control
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A.
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Figure 5.6 - A. An example of an ANT (33 kDa) Western blot for skeletal muscle
mitochondria B. The corresponding COXIV (16 kDa) Western blot mitochondrial
loading con trol gel.
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5.3.2 The Effect of DR Feeding on UCP1 Concentration in BAT Mitochondria
A specimen Western blot for UCP1 is shown in Figure 5.7. It shows no
band in the negative control, i.e. liver mitochondria, at the correct molecular
weight indicative that the band observed was UCP1. DR feeding resulted in a
significant reduction in UCP1 concentration in the BAT inner mitochondria
membrane (F= 8.60i,n, P< 0.02) as shown in Table 5.5.
Table 5.5 - Mean concentrations of UCP1 in BAT mitochondria. Group numbers:
Control = 6. DR = 5,
Band density ratios of
UCP1:COX IV

Standard error of the
mean

Control Mitochondria

0.771

0.069

DR Mitochondria

0.503

0.026

5.3.3 The Effect of DR Feeding on UCP3 Concentration in Skeletal Muscle
and BAT Mitochondria
An example gel for the determination of UCP3 in skeletal muscle by
Western blot is shown in Figure 5.8. No band is seen for the negative control,
liver mitochondria, at the correct molecular weight which indicates that the band
observed was UCP3. Low blocking conditions were necessary for detecting the
UCP3 band in BAT mitochondria which leads to the gel having multiple, non
specific bands as shown in Figure 5.9. The use of skeletal muscle mitochondria
as a positive control allowed the identification of the correct band for UCP3 as
these mitochondria gave a strong band signal for this protein. No statistically
significant effect of DR feeding on UCP3 concentration was detected for either
BAT or skeletal muscle mitochondria as seen in Table 5.6.
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Table 5.6 - Mean concentrations of UCP3. Group numbers are 6 for all
mitochondria Isolated from both DR and control animals

Control
mitochondria
DR
Mitochondria

Skeletal muscle
mitochondria
Band density
Standard
ratios of
error of the
mean
UCP3:COXIV
1.522
0.068
1.400

0.133

BAT mitochondria
Band density
ratios of
UCP3:COXIV
0.530

Standard
error of the
mean
0.034

0.433

0.048

5.3.4 The Effect of DR Feeding on UCP2 Concentration in Skeletal Muscle,
Liver and BAT Mitochondria
Figure 5.10 shows the absence of bands with a negative control for Santa
Cruz antibody sc-6526 however GAPDH antibody confirmed that protein was
present. This confirms that any bands seen within the correct molecular weight
range were possibly UCP2 protein. UCP2 protein concentration was unaltered by
DR feeding for liver mitochondria, as shown in Table 5.7. Although several
antibodies were used to determine UCP2 concentration in skeletal muscle, liver
and BAT mitochondria only liver produced a convincing signal that potentially
depicted UCP2 as shown in Figure 5.11.

UCP2 is considered to be ubiquitous so should also be present in BAT
and skeletal muscle mitochondria. Four different antibodies raised to different
epitopes were used in an attempt to detect UCP2 in skeletal muscle. Skeletal
muscle was used along with liver to verify different methodologies using the
different antibodies, as a greater mitochondrial mass can be obtained than for
BAT. Liver only produced a band with the Santa Cruz sc-6526 antibody but did
not produce a band for any of the other antibodies as shown in Figures 5.12 and
5.13. Skeletal muscle did not produce a band for any of the antibodies, as shown
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in Figures 5.11, 5.12 and 5.13. A control UCP2 peptide for the Chemicon
antibody verified that the antibody was specific whilst a band was seen for liver
using the Calbiochem antibody, although, at the incorrect molecular weight of
over 92kDa. This therefore could not be the UCP2 protein. The UCP2 peptide
used had a very low molecular weight and so was not optimal for Western blots,
however by ensuring the protein was not run off the gel, a signal was detectable
confirming that the antibody was specific for UCP2 peptide. An alternative UCP2
antibody obtained from Santa Cruz, sc 6525, repeatedly produced a blank gel for
all tissues.
This data implies that no UCP2 was present in skeletal muscle
mitochondria at a concentration detectable by these antibodies. The UCP2
antibody purchased from Santa Cruz, sc-6526, was used to measure UCP2
concentration in BAT mitochondria as this was the only antibody to show a band
within the correct molecular weight range for mitochondrial protein. No UCP2
signal was detectable for mitochondrial UCP2 in either skeletal muscle or BAT as
shown in Figure 5.14.
Table 5.7 - Mean concentrations of UCP2 for liver mitochondria. Group numbers
are 6 for both DR and control animals

Control
mitochondria
DR
Mitochondria

Liver mitochondria
Band density
Standard
ratios of
error of the
UCP2:COXIV
mean
1.868
0.168
1.785

0.203

148

Chapter 5: The Effect o f DR Feeding on Mitochondrial ANT Concentration. Activity and
its Effect on Uncouvlins Protein Concentrations________________________________________
A.

117 kDa92 kDa

49 kDa

33 kDa

22 kDa

Control
BAT

DR
BAT

Liver

117 kDa92 kDa

49 kDa

33 kDa------- ►
22 kDa------- ►

«ÊÊÈmm'-mrnmrn-

%

Figure 5.7 - A. An example of a UCP1 (33 kDa) Western blot for BAT
mitochondria using liver mitochondria as a negative control B. The corresponding
C O X IV (16 kD a) loading control W estern blot.
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Figure 5.8 - A. An example of a UCP3 (34 kDa) Western blot for skeletal muscle
mitochondria
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Figure 5.9 - A. An example of a UCP3 (34 kDa) Western blot for BAT
mitochondria using skeletal muscle mitochondria as a positive control. B. The
corresponding C O X IV (16 kDa) W estern blo t loading con trol gel.
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Figure 5.10 - A Western blot showing the negative control for UCP2 (33kDa)
antibody A. UCP2 Western blot for liver mitochondria and cvtosol B. The
corresponding GAPDH (37kDa) Western blot cytosolic, loading control gel.
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Figure 5.11 - A. An example of a UCP2 (33 kDa) Western blot for liver
mitochondria B. The corresponding COXIV (16 kDa) Western blot mitochondrial
loading con trol g e l
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Control
Skeletal
Muscle

A.

DR
Skeletal
Muscle

Liver

117 kDa92 kDa

49 kDa----------►

33

kDa--------- ►

22 kDa--------- ►

Control
Skeletal
Muscle

B.

DR
Skeletal
Muscle

Liver

117 kDa92 kDa49 kDa-
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Fiaure 5.12 - A. An example of a UCP2 (33 kDa) Western blot for skeletal muscle
mitochondria using the UCP2 antibody from Calbiochem. Liver mitochondria
were used as a positive control. B. The corresponding COXIV (16 kDa) Western
blot m itochondrial loading control gel.
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Figure 5 .1 3 -A. An example of a UCP2 (33 kDa) Western blot for skeletal muscle
mitochondria using the UCP2 antibody from Calbiochem. 1ua of the UCP2
peptide (Chemicon, catalogue number AG982) (<3kDa) was used as a positive
control. B. The corresponding COXIV (16 kDa) Western blot loading control gel.
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Figure 5.14 - A. An example of a UCP2 (33 kDa) Western blot for BAT
mitochondria using liver mitochondria as a positive control. B. The corresponding
COXIV (16 kDa) Western blot mitochondrial loading control gel.
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5.4 Discussion
Western blot techniques can be unreliable as commercial antibodies are
sometimes not specific to the designated protein or epitope to which they have
been raised. This can lead to misinterpretation of data as bands are incorrectly
identified as the protein of interest. The only methodology to confirm that the
band is correct is sequence analysis. Unfortunately the problems are confounded
further by the mini-gel system which was used in this study so smaller
mitochondrial protein samples could be analysed which yielded insufficient
material in bands to apply sequence analysis.
Two

different techniques

were

used

to

determine

ANT

protein

concentration with both supporting the same conclusion. Antibodies raised to
different proteins all supported the same conclusion that DR feeding did not
significantly alter inner mitochondrial membrane uncoupling protein, or ANT
concentrations. BAT was the exception where a decrease in UCP1 concentration
due to DR feeding was observed.
At present no data has been published that has shown the effect of DR
feeding on mitochondrial ANT concentration or state III activity. This study found
neither was modified by a DR feeding regime. Although mitochondrial state III
activity was not elevated in either liver or skeletal muscle mitochondria this does
not mean that ANT protonophoric activity is unaltered during state IV respiration.
The ANT clearly functions separately as a translocase to when it is functioning as
a proton leak channel. This may be anticipated as the two processes occur via
completely different mechanisms as discussed in Chapter 1, Section 1.3.5.
The only research that has determined the effect of DR feeding on
mitochondrial uncoupling protein concentrations has been the one publication
detailing UCP3 concentration in rat skeletal muscle [138]. This study used the
same UCP3 antibody (Chemicon Catalogue number ab-3046) as used here,
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however a lower dilution was used. It was therefore surprising that the Western
blot, shown as a negative image in the Bevilacqua et al. [138] publication, had a
faint non-specific band at around 40kDa suggesting that the antibody used was
not specific. Blocking conditions may have accounted for this but these details of
the methodology were omitted from the publication. Bevilacqua et al. [138]
showed increased UCP3 concentrations in DR animals which are not in
agreement with the results reported here. It was therefore unexpected that in the
same publication there was reported a decreased proton leak rate in skeletal
muscle mitochondria from DR animals. As previously stated in Chapter 1,
Section 1.3.5, functional uncoupling proteins act as proton leak channels within
the mitochondrial membrane [123, 181]. UCP3 has been shown to be a
functional protein, both in this study and another [123], so an elevation in
concentration may be accompanied by an increase in mitochondrial proton leak if
the UCP3 is activated.
Bevilacqua et al. [138] rationalise their data by arguing that the proton leak
is not a function of UCP3 concentration or activity, but is due to oxidative damage
to the mitochondrial membrane. This conclusion appears to be invalid as a
previous publication has shown UCP3 stimulation increases mitochondrial proton
leak [123]. In addition they claim that the main function of UCP3 was in fatty acid
metabolism rather than proton leak [182]. Boss et al. [182] noticed UCP3 was
confined to tissues that are dependent on fatty acid oxidation and that UCP3
mRNA concentrations are elevated in situations where plasma fatty acid
concentrations are increased. They deduced from this that a function of UCP3
was in fatty acid metabolism however the exact mechanisms of this are yet to be
elucidated. Fatty acid metabolism yields higher fatty acid concentrations which,
as UCP3 has been shown to transport fatty acid anions across the mitochondrial
membrane, would cause mitochondrial uncoupling [128, 132]. Therefore this
explanation appears inadequate to explain the data in the Bevilacqua et al. [138]
study as mitochondrial uncoupling would elevate mitochondrial proton leak.
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UCP2 was only found to be present in liver mitochondria however many
publications have stated that UCP2 is ubiquitous and is present in both skeletal
muscle and BAT [177, 183, 184]. Although many studies have demonstrated the
presence of UCP2 mRNA in a range of tissues, [177, 185, 186], no publications
have confirmed the presence of UCP2 protein. It seems reasonable to assume
therefore that UCP2 mRNA may not always be translated into protein and that
UCP2 protein may not be present in skeletal muscle or BAT. In spite of the use of
four different primary antibodies to different epitopes used in conjunction with
different secondary antibodies, no evidence of UCP2 protein was detectable in
skeletal muscle mitochondria. The secondary antibodies used were known to be
functional having been successfully used in other Western blot methodologies.
Another explanation for the lack of a UCP2 protein band is possible problems
with

the

methodology

and

antibodies

used.

Although

high

antibody

concentrations were used they may have been insufficient to detect very low
concentrations of the UCP2 protein. In all the UCP2 methodologies used, a
higher antibody concentration was eventually used than that recommended by
the manufacturer, but without success. This, combined with extremely low
blocking conditions, meant a band should have been detected if the protein was
present.

Of concern was that primary UCP2 antibodies that had been shown to be
active produced blank lanes for liver mitochondria which had shown previously to
produce a clear band with the Santa Cruz antibody sc-6526. This may have
occurred due to the different antibodies detecting different epitopes which were
not present in liver mitochondrial UCP2. This however appears unlikely and the
different suppliers were confident that their UCP2 antibody could detect rat liver
mitochondrial UCP2 protein. Several different batches were used for all UCP2
antibodies however none produced a band within the correct molecular weight
range. Due to these inconsistencies the band observed for liver mitochondrial
UCP2 using the Santa Cruz antibody sc-6526 may have been a non-specific
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band and it cannot be stated with certainty that this was UCP2 protein. The only
way to confirm that the observed band was UCP2 would be sequence analysis
using a larger gel system to yield sufficient protein in the putative band.
UCP1 concentration was significantly reduced by DR feeding which was
surprising as these animals are mildly cold stressed [64]. The main function of
UCP1 is in non-shivering thermogenesis. DR feeding was shown in Chapter 3 to
cause a 3 fold increase in BAT mitochondrial respiration rate whereas UCP1
protein concentration was decreased by about a third. The combination of these
two results suggests that DR feeding causes a 9 fold increase in UCP1 activity
for every mg of BAT mitochondrial protein.
5.5 Summary
The inner mitochondrial membrane concentration of ANT and uncoupling
protein concentrations were found to be unaltered by DR feeding. The exception
to this was for UCP1 in BAT mitochondria where a significant decrease was
observed. Mitochondrial ANT activity during state III respiration was not elevated
in either liver or skeletal muscle mitochondria; however this does not mean that
ANT activity is unaltered during state IV respiration when the protein is acting as
a proton leak channel.
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CHAPTER 6
How Restoration of Plasma Insulin Concentrations Influences
the Effect of DR Feeding
6.1 Introduction
The plasma insulin concentration has previously been shown to be
reduced in DR animals [16, 71, 142]. Lambert and Merry [16] have demonstrated
how partially restoring plasma insulin concentrations using implanted miniosmotic pumps, abolished the effect of DR feeding on liver mitochondrial proton
leak and the rate of H2O2 generation. The first aim of this chapter was to
determine if the results of Lambert and Merry [16] could be reproduced not only
for liver mitochondria, but also for mitochondria isolated from skeletal muscle. If
this observation was reproducible and extended to other tissues then the second
aim would be to determine if insulin was acting directly, or indirectly, on the
mitochondria to modify the mitochondrial proton leak. Although unlikely, any
direct effect of insulin on the mitochondria would be determined by adding insulin
directly to the Clarke electrode cell, while the indirect effect would be determined
by partially restoring plasma insulin concentrations to control levels by the
subcutaneous implantation of mini-osmotic pumps into live rats.

The third aim was to determine if insulin was abolishing the effect of DR
on mitochondrial proton leak and rate of H2O2 generation by acting via the ANT.
CAT was therefore added to the reaction buffer during the determination of the
mitochondrial proton leak curves and the measurement of H2O2.
The fourth aim was to determine if uncoupling proteins were involved with
the mechanism of how insulin abolishes the effect of DR feeding on the
mitochondrial proton leak and H2O2 generation. This would only be carried out for
skeletal muscle mitochondria as previously, in Chapter 3, uncoupling proteins
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had been shown to exert the greatest effect on the proton leak in these
mitochondria, although this effect was still small compared with the ANT.
The final aim would be to determine if insulin could abolish the effect of
DR feeding to increase BAT mitochondrial respiration rates through activation of
UCP1.
6.2 Method
Mitochondria were extracted from each tissue as described in Chapter 2,
Section 2.3. The mitochondrial proton leak curves and respiration rates were
obtained as described in Chapter 2 Section 2.4, and mini-osmotic pumps
implanted as detailed in Chapter 2, Section 2.2.1. Plasma insulin concentrations
were determined by ELISA as described in Chapter 2, Section 2.6.1 and
mitochondrial H20 2 generation rates were determined by the amplex red assay
as outlined in Chapter 2 Section 2.4.3.
The Anderson-Darling test for normality showed the mitochondrial H20 2
generation rates and plasma insulin and glucagon concentrations to be normally
distributed; therefore general linear modelling was used to compare group means
by ANOVA. The Tukey and Bonferroni posthoc tests produced approximately the
same levels of significance when comparing group means. The Tukey test is
considered to be preferable to the Bonferroni test as the latter is too conservative
leading to type II errors. For this reason only the results of the Tukey test are
reported. A 2 sample t test was used when means of 2 groups only were being
compared.

To determine the direct effect of insulin on mitochondrial function 1 nmol L*
1 insulin was added to the reaction buffer in the Clarke electrode chamber. This
value is elevated in comparison to the plasma insulin concentration of control
animals which is 0.2 nmol L'1 (1.19 pg per litre).
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Figure 6.1 shows the group means for the plasma concentrations of
insulin in control, DR and DR rats with exogenous insulin replacement. An overall
contrast of group means by ANOVA (2, 41) was significant at P<0.001 (F=101.38
2,41).

Post hoc comparison of group means by the Tukey test showed a significant

depression in plasma insulin concentration induced by DR feeding (P<0.001)
compared with ad libitum fed animals. Subsequent to the implantation of a miniosmotic pump circulating plasma insulin concentrations in DR fed rats were
increased significantly (P<0.041).
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Figure 6.1 - Plasma insulin concentrations for control animals. DR animals and
DR animals with implanted mini-osmotic pumps containing 200 ul of 27 umol L'1
insulin. Columns with the same letter are significantly different at the following
probabilities: a P<0.001. b P<0.041. Group numbers: control: 7. DR: 16. DR with
mini-osmotic oumos: 19.
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6.3 Results
Figures 6.2 and 6.3 show that the addition of subcutaneous mini-osmotic
pumps filled with 200 pi of saline did not alter the mitochondrial proton leak for
either liver, or skeletal muscle mitochondria isolated from control animals.

Figure

6.2

-

Effect

of mini-osmotic

pump

implantation

on

liver

mitochondrial proton leak
Mean proton leak curves (±SEM) for liver mitochondria isolated from 8.8 month
old male Brown Norway rats fed ad libitum or fed ad libitum but with a Alzet 2002
mini-osmotic pump Implanted subcutaneously containing 200 ul of isotonic
saline (oH<2) and 5% v/v charcoal stripped, rat plasma. The group numbers are:
control = 6. control with mini-osmotic pumps implanted = 6.
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Figure 6.3

-

Effect of mini-osmotic pump implantation on skeletal muscle

mitochondrial proton leak
Mean proton leak curves (±SEM) for skeletal muscle mitochondria isolated from
8.8 month old male Brown Norway rats fed ad libitum or fed ad libitum but with a
Alzet 2002 mini-osmotic pump implanted subcutaneously containing 200 ul of
isotonic saline (pH<2) and 5% v/v charcoal, stripped rat plasma. The group
numbers: control = 6, control with mini-osmotic pumps implanted - 6.
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6.3.1 The Direct Effect of Insulin on DR Mitochondrial Proton Leak
Figures 6.4 and 6.5 show that the presence of 1 nmol L'1 insulin does not
alter the DR mitochondrial proton leak curves for either liver and skeletal muscle
mitochondria.
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Figure 6.4

-

Direct effect of 1 nmol L'1 insulin on liver mitochondrial proton

leak
Mean proton leak curves (±SEM) for liver mitochondria isolated from 8.4 month
old male Brown Norway rats fed a restricted diet. The group numbers: DR = 4.
DR with insulin = 4.
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Figure 6.5

-

Direct effect of 1 nmol L'1 insulin on skeletal muscle

mitochondrial proton leak
Mean proton leak curves (±SEM) for skeletal muscle mitochondria Isolated from
8.4 month old male Brown Norway rats fed a restricted diet. The group numbers:
DR = 3, DR with Insulin = 3.
6.3.2 The Indirect Effect of Insulin on DR Mitochondrial Proton Leak
Figures 6.6 and 6.7 show that the addition of insulin to DR animals via a
mini osmotic pump induced the mitochondrial proton leak curve to revert back to
the profile of the control mitochondria, irrespective of whether the mitochondria
had been isolated from liver or skeletal muscle tissue. Figures 6.8 and 6.9 show
that the addition of CAT had no effect on mitochondrial proton leak for either
skeletal muscle, or liver mitochondria, isolated from DR animals that had been
exposed in vivo for one week to elevated insulin concentrations.
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Xanthine/xanthine oxidase did not consistently modify the activation of
uncoupling proteins in skeletal muscle mitochondria and consequently the proton
leak curve in DR animals where the plasma insulin concentrations had been
partially restored by a mini-osmotic pump (Figure 6.10). On blocking any possible
stimulation of uncoupling proteins with GDP, no effect on the mitochondrial
proton leak curve was observed.
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Figure 6.6

-

Effect of indirect addition of insulin on liver mitochondrial

proton leak
Mean proton leak curves (±SEM) for liver mitochondria isolated from 8.4 month
old DR rats bearing insulin pumps and 9.4 month old (control and DR) male
Brown Norway rats fed either ad libitum or a restricted diet. Where indicated
mitochondria were extracted from DR animals that had a 2002 Alzet mini osmotic pump containing 200 ul of 27 umol L'1 insulin implanted subcutaneously
for one week. Group numbers: DR = 6, DR with insulin = 6
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Membrane Potential (mV)
Figure 6.7

-

Effect of indirect addition of insulin on skeletal muscle

mitochondrial proton leak
Mean proton leak curves (±SEM) for skeletal muscle mitochondria isolated from
8.4 month old DR animals bearing insulin pumps and 9.4 month old (control and
DR) male Brown Norway rats fed either ad libitum or a restricted diet. Where
indicated mitochondria were extracted from DR animals that had a 2002 Alzet
mini-osmotic pump containing 200 ul of 27 umol L'1 insulin implanted
subcutaneously for one week. Group numbers: DR = 6, DR with insulin = 6
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Figure 6.8

-

Effect of indirect addition of insulin and CAT on liver

mitochondrial proton leak
Mean proton leak curves (±SEM) for liver mitochondria isolated from 8.4 month
old DR animals bearing an insulin pump and 9.4 month old (control and DR)
male Brown Norway rats fed either ad libitum or a restricted diet. Where indicated
mitochondria were extracted from DR animals that had a 2002 Alzet mini osmotic pump containing 200 ul of 27 umoi L'1 insulin implanted subcutaneously
for one week. Where indicated 1umol L'1 CAT was present in the reaction buffer.
Group numbers: DR = 6, DR with insulin = 6
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Figure 6.9 - Effect of indirect addition of insulin and CAT on skeletal muscle
mitochondrial proton leak
Mean proton leak curves (±SEM) for skeletal muscle mitochondria isolated from
8.4 month old DR animals bearing an insulin pump and 9.4 month old (control
and DR) male Brown Norway rats fed either ad libitum ora restricted diet. Where
indicated mitochondria were extracted from DR animals that had a 2002 Alzet
mini-osmotic pump containing 200 ul of 27 umol L'1 insulin implanted
subcutaneously for one week. Where indicated 9 umol L'1 CAT was present in
the reaction buffer. Group numbers: DR = 6, DR with insulin = 6.
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Membrane Potential (mV)
Figure 6.10

-

Effect of indirect addition of insulin and xanthine/xanthine

oxidase on skeletal muscle mitochondrial proton leak
Mean proton leak curves (±SEM) for skeletal muscle mitochondria isolated from
8.4 month old male Brown Noway rats fed a restricted diet and with a 2002 Alzet
mini-osmotic pump containing 200 ul of 27 umol L'1 insulin implanted
subcutaneously. The mitochondria from these animals were extracted a week
after the pumps had been surgically implanted. Where indicated 50 umol L'1
xanthine. 0.01 U 3.5 m f1 xanthine oxidase and 500 umol L'1 GDP were added.
Group numbers: DR = 6, DR with insulin = 6.
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6.3.3 The Indirect Effect of Insulin on Rates of Mitochondrial H2 O2
Generation using Succinate to Support Respiration
6.3.3.1 The Effect of Insulin and CAT on the Rate of Mitochondrial
H20 2 Generation
Figure 6.11 shows the group means for the rate of H20 2 generation in liver
mitochondria isolated from control, DR and DR rats with exogenous insulin
replacement. An overall contrast of group means by ANOVA (2, 3 9 ) was significant
at P<0.001(F= 7.292,32)- Post hoc comparison of group means by the Tukey test
showed a significant increase in rate of liver mitochondrial H20 2 generation
induced by partial restoration of plasma insulin concentration (P<0.001)
compared with mitochondria isolated from DR fed animals. The restoration of
plasma insulin concentrations in DR animals caused liver mitochondrial rates of
H20 2 generation to be significantly increased in comparison to control
mitochondria as shown by the Tukey test = P<0.003. On the addition of CAT no
significant difference was seen in H20 2 generation from liver mitochondria
isolated from DR animals with plasma insulin concentrations partially restored to
control concentrations.
The rates of H20 2 generation in skeletal muscle mitochondria isolated
from control, DR and DR rats with exogenous insulin replacement are shown in
Figure 6.12. An overall contrast of group means by ANOVA (2, 39) was significant
at P<0.001 (F= 59.622i39). There was a significant increase in the rate of skeletal
muscle mitochondrial H20 2 generation induced by partial restoration of plasma
insulin concentration compared with mitochondria isolated from DR fed animals
as determined by a Post hoc comparison of group means by the Tukey test
(P<0.001). DR skeletal muscle mitochondrial rates of H20 2 generation were
comparable to those of control mitochondria upon the restoration of plasma
insulin concentrations. No significant difference was seen in H20 2 generation
rates from skeletal muscle mitochondria isolated from DR animals where plasma
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insulin concentrations had been partially restored to control concentrations in the
presence of CAT.
6.3.3.2 The Effect of Insulin and CAT on Rates of Mitochondrial H20 2
Generation in the Presence of the Complex III Inhibitor, Antimycin A
A t-test showed that for both liver and skeletal muscle mitochondria
isolated from DR animals with exogenous insulin replacement there was a
significant increase in the rate of mitochondrial H20 2 generation in the presence
of antimycin A compared to when no inhibitors were present (liver F= 27.48i ,28,
P<0.001, skeletal muscle F=34.46i,ig , P<0.001).
Figure 6.13 shows the group means for the rate of H20 2 generation in liver
mitochondria isolated from control, DR and DR rats with exogenous insulin
replacement in the presence of antimycin A. An overall contrast of group means
by ANOVA (2, 32) was significant at P<0.006 (F = 7.292i32). Post hoc comparison
of group means by the Tukey test showed a significant increase in rate of liver
mitochondrial H20 2 generation induced by partial restoration of plasma insulin
concentration (P<0.04) when compared with mitochondria isolated from DR fed
animals. The restoration of plasma insulin concentrations in DR animals resulted
in liver mitochondrial rates of H20 2 generation to be comparable to those in
control mitochondria. A t-test showed that after the addition of CAT, no significant
difference was seen in the rate of H20 2 generation for liver mitochondria isolated
from DR animals that had received exogenous insulin replacement.

The rates of H20 2 generation in skeletal muscle mitochondria isolated
from control, DR and DR rats with exogenous insulin replacement in the
presence of antimycin A are shown in Figure 6.14. An overall contrast of group
means by ANOVA (2, 41) was significant at P<0.002 (F= 8.242i41). A significant
increase in rate of skeletal muscle mitochondrial H20 2 generation induced by the
partial restoration of plasma insulin concentration (P<0.001) when compared with
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mitochondria isolated from DR fed animals was determined using a Post hoc
Tukey test. The restoration of plasma insulin concentrations in DR animals
resulted in skeletal muscle mitochondrial rates of H20 2 generation to be
comparable to those of control mitochondria. No significant difference was seen
in rate of H20 2 generation for skeletal muscle mitochondria isolated from DR
animals with exogenous insulin replacement in the presence of CAT.
6.3.3.3 The Effect of Insulin and CAT on Rates of Mitochondrial H20 2
Generation in the Presence of Both the Complex I Inhibitor,
Rotenone, and Complex III Inhibitor, Antimycin A
A t-test showed that in the presence of both antimycin A and rotenone
there was a decrease in the rate of mitochondrial H20 2 generation compared to
when no inhibitors were present for both liver (F= 240.75i ,27, P<0.001) and
skeletal muscle (F= 111.29i.i9 , P<0.001) mitochondria that were isolated from
DR animals with exogenous insulin replacement.
Figures 6.15 and 6.16 show that in the presence of antimycin A and
rotenone, mitochondrial H20 2 generation does not alter upon partial restoration of
insulin concentration regardless of whether the mitochondria had been isolated
from liver or skeletal muscle tissue. No change in the mitochondrial H20 2
generation rates occurs on the addition of CAT for either liver or skeletal muscle
mitochondria when rotenone is present in the incubation buffer.
6.3.3.4 The Effect of Insulin and CAT on Rates of Mitochondrial H20 2
Generation in the Presence of a Complex I Inhibitor, Rotenone, of the
Electron Transport Chain
In the presence of rotenone there was a decrease in rate of mitochondrial
H20 2 generation rate compared to when no inhibitors were present in both liver
(F=

121.33i.i4,

P<0.001) and skeletal muscle (F= 231.681,17 ,P<0.001)

mitochondria isolated from DR animals with exogenous insulin replacement
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(Figures 6.17 and 6.18). Liver and skeletal muscle mitochondrial H2O2 rates were
so low that they were at the limit of sensitivity of the assay when rotenone was
present in the buffer. Therefore no statistical analysis could be performed on the
data. The addition of CAT did not appear to alter the rates of mitochondrial H2O2
generation.
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Figure 6.11

-

With CAT

The effect of insulin and CAT on liver mitochondrial H?Q?

generation using 4.5 mmol L 1 succinate to support respiration
Mean H?Q? generation (±SEM) for liver mitochondria isolated from 8.4 month old
DR rats bearing insulin pumps and 6.5 month old (control and DR) male Brown
Norway rats fed ad libitum or a restricted diets. Where indicated mitochondria
were extracted from DR animals with a 2002 Alzet mini-osmotic pump implanted
subcutaneously that contained 200 ul of 27 umol L'1 insulin. The mitochondria
from these animals were extracted a week after the pumps had been surgically
implanted. Where indicated 1 umol L 1 CAT was present in the reaction buffer, no
other Inhibitors were added. Columns with the same letter are significantly
different at the following probabilities: a P<0.001, b P<0.003, c P<0.001. Group
numbers were 6 for all conditions.
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Figure 6.12 -

The effect of insulin and CAT on skeletal muscle

mitochondrial H?0? generation using 4.5 mmol L 1 succinate to support
respiration
Mean H?Cb generation (±SEM) for skeletal muscle mitochondria isolated from 8.4
month old DR animals bearing insulin pumps and 6.5 month old (control and DR)
male Brown Norway rats fed ad libitum. Where indicated mitochondria were
extracted from DR animals with a subcutaneous implant of a 2002 Alzet miniosmotic pump containing 200 ul of 27 umol L'1 insulin. The mitochondria from
these animals were extracted a week after the pumps had been surgically
implanted. Where indicated 9 umol L'1 CAT was present In the reaction buffer
whilst no other inhibitors were. Columns with the same letter are significantly
different to the following probability: a-b P<0.001. Columns with no letters the
same have not been statistically tested. Group numbers were 6 for all conditions.
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-

Antimycin A

With CAT

The effect of insulin and CAT on liver mitochondrial H?Q?

generation in the presence of the complex III electron transport chain
inhibitor. Antimvcin A. 4.5 mmol L'1 succinate was used to support
respiration.
Mean H?Q? generation (±SEM) for liver mitochondria isolated from 8.4 month old
DR animals bearing insulin pumps and 6.5 month old (control and DR) male
Brown Norway rats fed ad libitum or a restricted diet. Where indicated
mitochondria were extracted from DR animals that had had a 2002 Alzet miniosmotic pump containing 200 ul of 27 umol L'1 insulin implanted subcutaneously.
The mitochondria from these animals were extracted a week after the pumps had
been surgically implanted. Where indicated 20 umol L~1 antimvcin A alone or 1
umol L'1 CAT in combination with antimvcin A was present in the reaction buffer.
Columns with the same letter are significantly different to the following
probabilities: a-b P< 0.001, c P<0.002, d P<0.04, e, f P<0.002. Columns with no
letters the same have not been statistically tested. Group numbers were 6 for all
conditions.
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T

1

No inhibitors

Figure

6.14

-

Antimycin A

With CAT

The effect of insulin and CAT on skeletal muscle

mitochondrial H?Q? generation in the presence of the complex III electron
transport chain inhibitor, antimvcin A. 4.5 mmol L'1 succinate was used to
support respiration.
Mean H?Q? generation (±SEM) for skeletal muscle mitochondria isolated from 8.4
month old DR animals bearing insulin pumps and 6.5 month old (control and DR)
male Brown Norway rats fed ad libitum or a restricted diets Where indicated
mitochondria were extracted from DR animals implanted subcutaneously with a
2002 Alzet mini -osmotic pump containing 200 ul of 27 umol L'1 insulin. The
mitochondria from these animals were extracted one week after the pumps had
been surgically Implanted. Where indicated 20 umol L'1 antimvcin A and 9 umol
L'1 CAT in combination with antimvcin A was present. Columns with the same
letter are significantly different to the following probabilities: a-b P< 0.001. c
P<0.002, d-f P<0.001. Columns with no letters the same have not been
statistically tested. Group numbers were 6 for all conditions.
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Figure 6.15

-

The effect of insulin and CAT on liver mitochondrial hbO?

generation in the presence of both the complex I, rotenone. and complex III,
antimvcin A, electron transport chain inhibitors. 4.5mmol L'1 succinate was
used to support respiration.
Mean H?0? generation (±SEM) for liver mitochondria isolated from 8.4 month old
DR animals bearing insulin pumps and 6.5 month old (control and DR) male
Brown Norway rats fed ad libitum or a restricted diet Where indicated
mitochondria were extracted from DR animals implanted subcutaneously with a
2002 Alzet mini-osmotic pump containing 200 ul of 27 umol L'1 insulin for one
week prior to mitochondrial isolation. Where shown 20 umol L'1 antimvcin A
(Anti A) and 5 umol L'1 rotenone (Rot) in combination with 1 umol L'1 CAT was
present. Columns with the same letter are significantly different to the following
probability: a-c P< 0.001. Columns with no letters the same have not been
statistically tested. Group numbers were 6 for all conditions.
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3.0 n

Figure

6.16

-

The effect of insulin and CAT on skeletal muscle

mitochondrial H?Q? generation in the presence of both the complex I,
rotenone. and complex III, antimycin A, electron transport chain inhibitors.
4.5 mmol L 1 succinate was used to support respiration.
Mean hbO? generation (±SEM) for skeletal muscle mitochondria isolated from 8.4
month old DR rats bearing insulin pumps and 6.5 month old (control and DR)
male Brown Norway rats fed ad libitum or a restricted diet. Where indicated
mitochondria were extracted from DR animals implanted subcutaneously with a
2002 Alzet mini-osmotic pump containing 200 uI of 27 umol L'1 insulin for one
week prior to mitochondrial extraction. Where shown 20 umol L'1 antimvcln A
(Anti A) and 5 umol L'1 rotenone (Rot) in combination with 9 umol L~1 CAT was
present in the reaction buffer. Columns with the same letter are significantly
different to the following probability: a-c P< 0.001. Columns with no letters the
same have not been statistically tested. Group numbers were 6 for all conditions.
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Figure 6.17

-

The effect of insulin and CAT on liver mitochondrial H?0?

generation in the presence of the complex I electron transport chain
inhibitor, rotenone. 4.5 mmol L'1 succinate was used to support respiration.
Mean H?0? generation (±SEM) for liver mitochondria isolated from 8.4 month old
DR rats bearing insulin pumps and 6.5 month old (control and DR) male Brown
Norway rats fed ad libitum or a restricted diet. Where indicated mitochondria
were extracted from DR animals implanted subcutaneously for one week with
2002 Alzet mini-osmotic pump containing 200 ul of 27 umol L'1 insulin. Where
indicated 5 umol L'1 rotenone in combination with 1 umol L'1 CAT was present in
the reaction buffer. Group numbers were 6 for all conditions.
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Figure 6.18

-

The effect of insulin and CAT on skeletal muscle

mitochondrial H?0? generation in the presence of the complex I electron
transport chain inhibitor, rotenone. 4.5 mmol L 1 succinate was used to
support respiration.
Mean hbO? generation (±SEM) for skeletal muscle mitochondria isolated from 8.4
month old (DR with insulin pumps) and 6.5 month old (control and DR) male
Brown Norway rats fed ad libitum or a restricted diet. Where indicated
mitochondria were extracted from DR animals that had a 2002 Alzet mini-osmotic
pump containing 200 uI of 27 umol L'1 insulin implanted subcutaneously for a
week prior to mitochondrial extraction. Where indicated 5 umol L'1 rotenone in
combination with 9 umol L'1 CAT was present. Group numbers were 6 for all
conditions.
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6.3.4 The Indirect Effect of Insulin on Rates of Mitochondrial H20 2
Generation using Pyruvate/Malate to Support Respiration.

6.3.4.1 The Effect of Insulin and CAT on Rate of Mitochondrial H20 2
Generation
Mitochondria were isolated from the skeletal muscle of control and DR
animals and DR animals with exogenous insulin supplied from implanted
subcutaneous mini-osmotic pumps. The rates of H20 2 production were
significantly greater when respiring with a complex II substrate, such as
succinate than when respiration was supported with the complex I substrate,
pyruvate/malate, (F= 307.34i i17, P<0.001).

Figure 6.19 shows the group means for the rate of H20 2 generation in
skeletal muscle mitochondria isolated from control, DR and DR rats with
exogenous insulin replacement. An overall contrast of group means by ANOVA
(2, 30) was significant at P<0.001 (F= 25.062, 3o)- Post hoc comparison of group
means by the Tukey test showed a significant increase in rate of skeletal muscle
mitochondrial H20 2 generation induced by partial restoration of plasma insulin
concentration (P<0.001) compared with mitochondria isolated from DR fed
animals. The restoration of plasma insulin concentrations in DR animals caused
skeletal muscle mitochondrial rates of H20 2 generation to be increased
compared to control mitochondria (Tukey test P<0.03). On the addition of CAT,
no significant difference was seen in the rate of H20 2 generation for skeletal
muscle mitochondria isolated from
replacement.

DR animals with exogenous insulin
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6.3.4.2 The Effect of Insulin and CAT on Rates of Mitochondrial H2 O2
Generation in the Presence of a Complex III Inhibitor, Antimycin A, of
the Electron Transport Chain

In the presence of antimycin A there was an increase in rate of
mitochondrial H2O2 generation compared to when no inhibitors were present
(F= 78.05i, 18, P<0.001) for mitochondria isolated from animals where plasma
insulin concentrations had been partially restored.
Figure 6.20 shows the group means for the rate of H20 2 generation in
skeletal muscle mitochondria isolated from control, DR and DR rats with
exogenous insulin replacement in the presence of antimycin A. An overall
contrast of group means by ANOVA (2, 40) was significant at P<0.001 (F= 12.37
2,4o)- Post hoc comparison of group means by the Tukey test showed a significant

increase in the rate of skeletal muscle mitochondrial H2O2 generation induced by
partial restoration of the plasma insulin concentration (P<0.001) compared with
mitochondria isolated from DR fed animals. The restoration of plasma insulin
concentrations in DR animals resulted in skeletal muscle mitochondrial rates of
H2O2 generation to be comparable to control mitochondria. On the addition of
CAT, a significant decrease was seen in the rate of H2O2 generation for skeletal
muscle mitochondria

isolated from

DR animals with exogenous insulin

replacement (Tukey test P<0.02) when antimycin A was present. This was again
indicative of an interaction between the two inhibitors.

6.3A 3 The Effect of Insulin and CAT on Rates of Mitochondrial H20 2
Generation in the Presence of a Complex I Inhibitor, Rotenone
Mitochondria isolated from control and DR animals in the presence of
rotenone showed an increase in the rate of mitochondrial H20 2 generation
compared to when no inhibitor was present. This was seen also for mitochondria
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isolated from animals were plasma insulin concentrations had been partially
restored (F= 6.43it i6, P<0.025).
Figure 6.21 shows the group means for the rate of H20 2 generation in
skeletal muscle mitochondria isolated from control, DR and DR rats with
exogenous insulin replacement in the presence of rotenone. An overall contrast
of group means by ANOVA (2j 31) was significant at P<0.002 (F= 8.85 2, 31). Post
hoc comparison of group means by the Tukey test showed a significant increase
in the rate of skeletal muscle mitochondrial H20 2 generation induced by the
partial restoration of plasma insulin concentration (P<0.001) compared with
mitochondria isolated from DR fed animals. The restoration of plasma insulin
concentrations in DR animals resulted in skeletal muscle mitochondrial rates of
H20 2 generation comparable with those of control mitochondria. On the addition
of CAT the rate of mitochondrial H20 2 generation was unaltered by exogenous
insulin replacement.
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Figure 6.19

-

With CAT

The effect of insulin and CAT on skeletal muscle

mitochondrial H?Ch generation using 2.5mmol L'1 ovruvate/malate to
support respiration
Mean H?0? generation (±SEM) for skeletal muscle mitochondria isolated from 8.4
month old DR animals with implanted insulin pumps and 6.5 month old (control
and DR) male Brown Norway rats fed ad libitum or a restricted diet. Where
indicated, mitochondria were extracted from DR animals with a subcutaneously
implanted 2002 Alzet mini-osmotic pump containing 200 ul of 27 umol L'1 insulin.
The mitochondria from these animals were extracted a week after the pumps had
been surgically implanted. Where shown 9 umol L'1 CAT was present in the
reaction buffer but no other inhibitors were present. Columns with the same letter
are significantly different at the following probabilities: a P<0.001. b P<0.03, c
P<0.001. Columns with no letters the same have not been statistically tested.
Columns with no letters the same have not been statistically tested. Group
numbers were 6 for all conditions.
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Control mitochondria
DR mitochondria
DR with insulin

No inhibitors

Figure 6.20

-

Antimycin A

With CAT

The effect of insulin and CAT on skeletal muscle

mitochondrial hbO? generation in the presence of the complex III electron
transport chain inhibitor, antimvcin A. 2.5mmol L'1 ovruvate/malate was
used to support respiration.
Mean H?Ch generation (±SEM) for skeletal muscle mitochondria isolated from 8.4
month old DR animals with implanted insulin pumps and 6.5 month old (control
and DR) male Brown Norway rats fed ad libitum or a restricted diet. Where
indicated, mitochondria were extracted from DR animals with subcutaneously
implanted 2002 Alzet mini-osmotic pumps containing 200 ul of 27 umol L 1
insulin. The mitochondria from these animals were extracted a week after the
pumps had been surgically implanted. Where shown 20 umol L'1antimvcin A and
9 umol L'1 CAT in combination with antimvcin A was present in the reaction
buffer. Columns with the same letter are significantly different to the following
probabilities: a-d P<0.001. e P<0.02. Group numbers were 6 for all conditions.
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Figure 6.21

-

The effect of insulin and CAT on skeletal muscle

mitochondrial hhO? generation in the presence of the complex I electron
transport chain inhibitor, rotenone. 2.5 mmol L'1 pyruvate/malate was used
to support respiration,
Mean H?0? generation (±SEM) for skeletal muscle mitochondria isolated from 8.4
month old DR animals with implanted insulin pumps and 6.5 month old (control
and DR) male Brown Norway rats fed ad libitum or a restricted diet Where
indicated mitochondria were isolated from DR animals one week after the
subcutaneous implantation of a 2002 Alzet mini-osmotic pump containing 200 ul
of 27 umol L'1 insulin. Where shown 5 umol L'1 rotenone in combination with 9
umol L'1 CAT was present in the reaction buffer. Columns with the same letter
are significantly different to the following probabilities: a-b P<0.001. c P<0.025. de P<0.001. Probabilities not shown are due to no statistical tests being
undertaken. Group numbers were 6 for all conditions.
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6.3.4.4 The Effect of Insulin on BAT Respiration Rates
Figure 6.22 shows the group means for the respiration rates of BAT
mitochondria isolated from control, DR and DR rats with exogenous insulin
replacement. An overall contrast of group means by ANOVA

(2 ,1 7 )

was significant

at P<0.001(F= 6.432,17). Post hoc comparison of group means by the Tukey test
showed BAT mitochondrial exogenous insulin replacement does not alter BAT
DR mitochondrial respiration rates. DR BAT mitochondrial respiration rates were
still elevated upon exogenous insulin replacement in comparison to control
mitochondrial BAT respiration rates (F= 9.87i ,i 2 P<0.001). In the presence of
GDP there was no significant difference between respiration rates of BAT
mitochondria isolated from control, DR and DR rats with exogenous insulin
replacement.
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Figure 6.22 - Mean state IV respiration rates ± S.E.M. and their inhibition by 10
mmol L'1 GDP for BAT mitochondria isolated from 8.4 month old DR animals with
subcutaneously implanted insulin pumps and 5.9 month old (control and DR)
Brown Norway rats. The substrate used to support respiration is glycerol 3
phosphate. Columns with the same letter are significantly different at the
following probability: a P< 0.001. Group numbers are 6 for all conditions
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6.4 Discussion
The implantation of pumps into control and DR animals containing saline
did not alter the mitochondrial proton leak curves or rate of H2O2 generation in
isolated mitochondria. When insulin was added directly to the reaction buffer in
the Clarke electrode chamber, no alteration to the DR mitochondrial proton leak
curve was seen in either liver or skeletal muscle mitochondria. The concentration
of insulin in the Clarke electrode cell was higher than the plasma concentration
recorded in control animals (0.2 nmol L'1). The concentration was greater than
the elevation recorded in plasma insulin concentrations of DR animals with an
implanted insulin pump and therefore if insulin was acting directly on the
mitochondria, an effect should have been observed. Insulin was clearly acting
indirectly within the animal, probably by one of the mechanisms outline in
Chapter 1, Section 1.4.5.
When the plasma insulin concentration was elevated in vivo in DR rats,
through the subcutaneous implantation of mini-osmotic pumps, mitochondrial
proton leak curves were found to revert back to those of the control animals. This
reproduced and extended to skeletal tissue mitochondria the findings reported
previously [16] for liver mitochondria. It was observed that when plasma insulin
concentrations were elevated in DR rats, the addition of CAT no longer had an
effect on the mitochondrial proton leak for either liver or skeletal muscle as
observed in control mitochondria.

Stimulation of the mitochondrial uncoupling proteins did not alter the
skeletal muscle mitochondrial proton leak profile; therefore these proteins appear
not to be involved in the mechanism whereby insulin abolishes the elevation of
the membrane proton leak in response to DR feeding. From these data it
appears that DR feeding may be increasing the inner mitochondrial membrane
proton conductance by a mechanism that is dependent upon a lowered plasma
insulin concentration.
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The data obtained for the effect of restoring plasma insulin concentrations
on DR liver mitochondrial H2O2 generation rates whilst respiring with succinate
were also in agreement with a previous study [16]. Elevation of plasma insulin in
DR animals increased both liver and skeletal muscle mitochondrial H2O2
generation rates so that they were comparable to, or higher than those rates
observed for control mitochondria. This was observed irrespective of the
presence and absence of inhibitors of specific complexes. As discussed
previously in Chapter 4, lowered mitochondrial H2O2 generation rates in response
to DR feeding appear to result from mainly, but not exclusively, changes at
complex I of the electron transport chain. If insulin was acting mainly on complex
III, a recognised site of superoxide generation in vitro, in the presence of the
complex III inhibitor, Antimycin A, a significant elevation in mitochondrial H20 2
generation would have been expected. In addition, the presence of both
antimycin A and rotenone with mitochondria isolated from animals with
exogenous insulin replacement would be expected to have induced increased
rates of H2O2 generation. However this response was not seen. Insulin appears
to induce an elevation in mitochondrial H2O2 generation rate by acting mainly on
complex I, which is similar to the site of action of DR feeding on ROS generation
rates. It appears likely that the mechanism whereby insulin abolishes the DR
feeding effect on mitochondrial H20 2 generation rates involves the ANT.

However under some conditions, exogenous insulin replacement induced
rates of H2O2 generation to be increased further than observed for control
mitochondria. This may imply that insulin can induce other changes beyond de
activation of the protonophore effects of the ANT in response to DR feeding. It is
possible that increased H20 2 production induced by insulin may be masking the
effect on the ANT in response to CAT. The addition of insulin may be maximally
increasing mitochondrial H20 2 production so that no further elevation due to the
addition of CAT can occur.
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The response to restoring

plasma insulin concentrations on DR

mitochondrial H20 2 generation rates, when respiration was supported with
pyruvate/malate, was in agreement with the results obtained using the complex II
substrate, succinate. Insulin can induce an elevation in mitochondrial H20 2
generation rate by acting on complex I. However, skeletal muscle mitochondrial
H20 2 generation rates were higher than in control mitochondria for mitochondria
isolated from DR animals with plasma insulin concentrations partially restored to
control concentrations. Therefore

it is possible that insulin

may affect

intermediate metabolism and the ratio of complex I and II substrates for the
electron transport chain in addition to modifying the proton conductance of the
inner mitochondrial membrane. Although the overall state IV respiration rate was
unaltered by exogenous insulin, the detail of any effect on substrates type
supplied to the ETC in response to the exogenous insulin are unknown.
Partially restoring plasma insulin concentrations in DR animals did not
alter BAT mitochondrial respiration rates. It would have been interesting to
determine the core temperature of these animals to see if they were still mildly
cold stressed [64] but given that these animals are still being fed a restricted diet,
it is considered that the core temperature will still be depressed. Clearly non
shivering thermogenesis is still elevated in the DR rats in which plasma insulin
concentrations are raised indicative of a depressed core temperature. The
induction of non-shivering thermogenesis occurs in response to the sympathetic
nervous system activation of BAT lipases to mobilise lipid to serve as a
mitochondrial energy source. This is in addition to the activation of the
protonophoric function of UCP1. It is likely that insulin opposes the mobilisation
of lipid as an alternative energy source to carbohydrate and as such it may, in the
long-term, exacerbate the difficulty of maintaining the core body temperature and
metabolism in animals maintained on DR feeding with long-term insulin
replacement.
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In Chapter 3, it was demonstrated that BAT mitochondria respond
differently to both liver and skeletal muscle mitochondria to the DR feeding
regime. The increased respiration rate of 2- to 3-fold observed for BAT
mitochondria isolated from DR fed animals results through the activation of UCP1
to support non-shivering thermogenesis. As was shown previously (Chapter 5)
there is a statistically significant fall in the inner membrane concentration of
UCP1 in BAT mitochondria in response to DR feeding but the UCP1 protein that
is present is in a maximally activated state to act as a protonophore. It is
therefore not surprising that insulin would not reverse this activated state as the
increase in proton conductance of the membrane is not dependent upon the
activation of the protonophoric ability of the ANT.
6.5 Summary
Partially restoring insulin concentrations by implanted mini-osmotic pumps
in DR animals abolishes the effect of DR feeding on the proton conductance of
the inner membrane and the H2O2 generation rate. This was seen for both liver
and skeletal muscle mitochondria. It is considered from the use of specific
inhibitors of the electron transport chain that DR feeding and insulin exert their
effect on H2O2 generation rates mainly at complex I of the electron transport
chain. The mechanism whereby insulin can modify the mitochondrial proton leak
and H20 2 generation rate is considered to be through the activation of the ANT
as a proton channel.

Exogenous insulin in DR animals does not alter the BAT mitochondrial
respiration rates either in the presence, or absence, of the uncoupling protein
inhibitor GDP.
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CHAPTER 7
The Influence of Fatty Acids on Mitochondrial Proton Leak and
H20 2 Generation
7.1 Introduction
Previous chapters have shown an increase in liver and skeletal muscle
mitochondrial proton leak (Chapter 3) and a reduction in liver and skeletal muscle
H2O2 generation in response to DR feeding (Chapter 4). These effects are
abolished upon the complete inhibition of ANT activity with CAT under state IV
respiration conditions. However the increase in proton conductance observed
can not be explained by the feeding regime inducing an increase in the ANT
membrane concentration in liver and skeletal muscle mitochondria of DR animals
(Chapter 5). The response is an increase in the protonophoric activity of the ANT
under state IV respiration conditions. Under state III respiration, when the ANT is
acting as a translocase, there is no effect of DR feeding on the ADP/ATP
translocase activity (Chapter 5).

The plasma insulin concentration is significantly reduced by DR feeding
but when it is partially restored by mini-osmotic pumps, the effect of DR feeding
on the mitochondrial proton leak and H20 2 generation is abolished (Chapter 6).
Insulin is recognised to promote lipogenesis to store excess glucose as lipid and
conversely,

low

plasma

insulin

and

high

plasma

glucagon

hormone

concentrations are recognised to promote lipolysis [154]. This acts to mobilise
lipid as non-esterified free fatty acids (NEFA) for use as an alternative energy
source. The mobilisation of lipid, and protein through gluconeogenesis, is a
recognised response to DR feeding where carbohydrate intake is limited and
glycolysis is impaired [150, 187]. Mobilised fatty acids in the form of nonesterified free fatty acids are recognised to act as protonophores (see Chapter 1,
Section 1.3.5) therefore plasma concentrations were determined under the
different feeding and insulin replacement regimes.
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The first objective was to determine the effect of DR feeding and restoring
insulin concentrations on circulating glucagon and free fatty acid plasma
concentrations. This was to confirm that a shift from glycolysis to lipolysis had
occurred under the constraints of DR feeding and to determine the response to
an elevation of plasma insulin concentration where there was not a return to full
feeding. The second aim was to determine if the addition of specific free fatty
acids to the reaction buffer reduced mitochondrial H2O2 generation in vitro i.e. it
could mimic the DR feeding effect by increasing proton leak. The third aim was to
assess the effect different fatty acids had on the mitochondrial inner membrane
proton conductance in an attempt to link any protonophoric effect on chain length
and saturation index.
7.2 Method
Plasma glucagon and free fatty acid concentrations were determined as
detailed in Chapter 2, Sections 2.6.2 and 2.6.3. Mitochondria were isolated from
each tissue as described in Chapter 2, Section 2.3 by differential centrifugation.
Mitochondrial proton leak curves were constructed as described previously
Chapter 2, Section 2.4 and the rate of mitochondrial H2O2 generation was
determined as described in Chapter 2, Section 2.4.3. Where indicated a specific
fatty acid was added to the incubation buffers to give a final concentration of 150
pmol L'1for mitochondrial proton leak determination and the amplex red assay for
H2O2 generation.
Table 7.1 lists the fatty acids chosen to study the effect of non-esterified
free fatty acids on the rate of H2O2 generation. These fatty acids were chosen so
that the effect of chain length and saturation index on mitochondrial H2O2
generation could be determined.
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Table 7.1 - Characteristics of fatty acids used

Name of fatty acid

Carbon chain length

Number of double bonds

Laurie

12

0

Myristic

14

0

Palmitic

16

0

Heptadecanoic

17

0

Stearic

18

0

Oleic

18

1

Linoleic

18

2

Linolenic

18

3

A complication of determining the effect of NEFA on mitochondrial H20 2
generation was that the majority of these compounds may also be capable of
serving as an ETC substrate, entering the chain at the ubiquinone pool (see
Figure 1.1). Thus although succinate, a complex II substrate, was added to the
reaction buffers to support respiration, the mitochondria may also have used the
added lipid as a substrate. Rates of liver and skeletal muscle mitochondrial H20 2
generation therefore were much reduced under these conditions, to the same
extent as when a complex I substrate alone was used to support respiration. This
may be partly due to the change in substrate use from succinate to the fatty acid,
but it is proposed to occur mainly from the protonophore effect of the free fatty
acid on the inner membrane.

The H20 2 generation rates are maximal during reverse electron flow
through complex I which occurs when respiration is supported by a complex II
substrate, such as succinate, in the absence of rotenone. The H20 2 generation
rates are dependent upon the membrane potential. During reverse electron flow,
membrane proton conductance in the absence of added fatty acids is likely to be
unaltered by CAT-insensitive mitochondrial membrane translocases, such as

200

Chapter 7: The Influence o f Fatty Acids on Mitochondrial Proton Leak and H?Q?
Generation____________________________________________________________________

dicarboxylate and glutamate/aspartate. However on the addition of certain fatty
acids, uncoupling may occur not only via ANT, but by CAT-insensitive
mitochondrial

membrane

translocases,

such

as

the

dicarboxylate

and

glutamate/aspartate carriers. This would explain why mitochondrial H20 2
generation rates occurring during reverse electron flow, and in the presence of
certain fatty acids, can not be fully restored to control rates upon the addition of
CAT.
The effect of the eight fatty acids to moderate the rate of mitochondrial
H20 2 generation was determined for skeletal muscle when respiration was
supported with a complex I substrate, pyruvate/malate. The effect of linolenic
acid on rates of mitochondrial H20 2 generation was also determined for skeletal
muscle mitochondria when respiring with the complex II substrate, succinate as
the rates of H20 2 generation using succinate as a substrate were comparable to
those of DR and control animals.
The Anderson-Darling test for normality showed the mitochondrial H20 2
generation rates and plasma insulin and glucagon concentrations to be normally
distributed; therefore general linear modelling was used to compare group means
by ANOVA. The Tukey test was used for post hoc comparison of group means. A
t-test was used when the means of two groups only were to be compared.
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7.3 Results
7.3.1 The Effect of DR Feeding and Plasma Insulin Concentrations on
Plasma Concentrations of Non-Esterified Fatty Acids (NEFA) and Glucagon
Figure 7.1 shows the group means before feeding for the plasma
concentrations of NEFA in control, DR and DR rats with exogenous insulin
replacement. An overall contrast of group means by ANOVA (2.70) was significant
at P<0.001(F= 74.04 2,70)- Post hoc comparison of group means by the Tukey
test showed a significant increase in plasma NEFA concentration induced by DR
feeding (P<0.001) compared with ad libitum fed animals. Subsequent to the
implantation of a mini-osmotic pump to elevate plasma insulin concentrations,
circulating NEFA concentrations in DR fed rats were decreased significantly
Tukey test P<0.001), however they were still elevated in comparison with the
control animals (Tukey test P<0.001).

Figure 7.2 shows the group means for the plasma concentrations of
glucagon in control, DR and DR rats with exogenous insulin replacement. An
overall contrast of group means by ANOVA (2. 29) was significant at P<0.001(F=
2 9 .362 ,29)- Post hoc comparison of group means by the Tukey test showed a

significant increase in plasma glucagon concentration induced by DR feeding
(P<0.001) compared with ad libitum fed animals. Subsequent to the implantation
of a mini-osmotic pump to elevate plasma insulin concentrations, circulating
plasma glucagon concentrations in DR fed rats were decreased significantly
(Tukey test P<0.001) so that they were comparable to control animals.

Figure 7.3 shows the ratio of plasma insulin to glucagon concentrations
prior to feeding in control, DR and DR rats with exogenous insulin replacement.
An overall contrast of group means by ANOVA (2, 25) was significant at P<0.001
(F= 34.572, 25)- This figure shows a shift from glycolysis to gluconeogenesis and
lipolysis induced by DR feeding. With exogenous insulin replacement the ratio of
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insulin: glucagon is increased (Tukey test P<0.012) however, it is still significantly
lower than for control animals (Tukey test P< 0.001).
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Figure 7.1 - NEFA plasma concentrations prior to feeding for control animals. DR
animals and DR animals with mini-osmotic pumps subcutaneously implanted
containing 27 umol L'1insulin. Animals were 7.2 months of age. Columns with the
same letter are significantly different at the following probabilities: a P<0.001, b
P<0.001. c P<0.001. Group numbers: control: 6. DR: 7, DR with mini-osmotic
pumps: 14.
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DR with insulin

Figure 7.2 - Plasma glucagon concentrations prior to feeding for control animals.
DR animals and DR animals which had mini-osmotic pumps subcutaneously
implanted containing 200 ul of 27 umol L'1 insulin. Animals were 7.2 months of
age. Columns with the same letter are significantly different at the following
probabilities: a P<0.001, b P<0.001, c P<0.001. Group numbers: control: 7, DR:
9. DR with mini-osmotic pumps: 14.
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Figure 7.3 - Plasma glucagon: insulin ratios before feeding for control animals.
DR animals and DR animals which had mini-osmotic pumps subcutaneously
implanted containing 200 ul of 27 uM insulin. Animals were 7.2 months of age.
Columns with the same letter are significantly different to the following
probabilities: a P<0.001. b P<0.012. c P<0.001. Group numbers: control: 6. DR:
7, DR with mini-osmotic pumps: 14.

7.3.2 The Effect of Free Fatty Acids on Mitochondrial H20 2 Generation for
Skeletal Muscle Mitochondria Respiring with the Complex I Substrate,
Pyruvate/Malate
Figure 7.4 shows that a decrease in the rate of mitochondrial H20 2
generation from skeletal muscle mitochondria isolated from both DR and control
animals was observed upon the addition of saturated free fatty acids. The
exception was on the addition of lauric acid. This decrease in mitochondrial H20 2
generation was significant for all of the fatty acids listed in Table 7.2 when they
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were added to mitochondria isolated from control animals. When myristic and
heptadecanoic acids were added to DR mitochondria, H2O2 generation rates
were significantly reduced however, although stearic and palmitic acid lowered
H20 2 generation rates, this decrease was not significant. Table 7.2 shows the
levels of significance for all fatty acids.

Table 7.2 - The levels of significance for reduction of skeletal muscle
mitochondrial hbCb generation by various saturated free fatty acids

Fatty Acid
present

Myristic
Acid
Palmitic
Acid
Heptadecanoic
Acid
Stearic
Acid

Animal that
skeletal
muscle
mitochondria
were isolated
from
Control
DR
Control
DR
Control
DR
Control
DR

F ratio

Level of
significance of
total ANOVA

Level of
significance
for Tukey
Post hoc test

67.542.39
34.232.29
21.832.24
13.242. 29
70.822.35
66.1 62. 32
53.342.40
25.842.35

P0.001
P0.001
P<0.001
PcO.001
P0.001
P0.001
P<0.001
P<0.001

P<0.001
P0.001
P0.001
P=0.09
P<0.001
P<0.001
P0.001
P=0.06

Laurie acid did not affect the rates of mitochondrial H2O2 generation for either DR
or control skeletal muscle mitochondria when no CAT was present. In the
presence of CAT and either myristic, palmitic, heptadecanoic or stearic acid, the
rates of mitochondrial H2O2 production were comparable to control mitochondria
when no fatty acids were present, regardless of whether mitochondria had been
isolated from DR or control animals. The addition of CAT to the incubation buffer
in the presence of lauric acid resulted in a significant increase in DR
mitochondrial H20 2 production (F= 19.662,40. P<0.001), so that it was comparable
to that of control mitochondria. No effect of CAT on control mitochondrial H2O2
production rate was seen in the presence of lauric acid.
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Figure 7.5 shows that a decrease in the rate of mitochondrial H2O2
generation for skeletal muscle mitochondria isolated from both DR and control
animals was observed upon the addition of either oleic, linoleic or linolenic
unsaturated free fatty acids. Table 7.3 shows the levels of significance for all fatty
acids.
Table 7.3 - The levels of significance for reduction of skeletal muscle
mitochondrial H?Ch generation induced by the present of unsaturated free fatty
acids

Fatty Acid
present

Oleic
Acid
Linoleic
Acid
Linolenic
Acid

Animal that
skeletal
muscle
mitochondria
were isolated
from
Control
DR
Control
DR
Control
DR

F ratio

Level of
significance of
total ANOVA

Level of
significance
for Tukey
Posthoc test

50.292. 38
36.072,34
7 5 .O62,40
33.252.35
65.672.42
28.932.29

P<0.001
P<0.001
P<0.001
P<0.001
P<0.001
P<0.001

P0.001
P<0.01
P0.001
P<0.045
P0.001
P<0.025

In the presence of CAT, rates of mitochondrial H20 2 production were increased
for both DR and control mitochondria so that they were comparable to control
mitochondria when no fatty acids were present.

7.3.3 The Effect of Fatty Acids on Mitochondrial H20 2 Generation for
Skeletal Muscle Mitochondria Respiring with the Complex II Substrate,
Succinate
Figure 7.6 shows a decrease in the rate of mitochondrial H20 2 generation
for skeletal muscle mitochondria isolated from both DR (F= 82.972, 45, P<0.001,
Tukey test P<0.001) and control (F= 49.912,49, P<0.001, Tukey test P<0.001)
animals due to the presence of linolenic acid. In the presence of CAT,
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mitochondrial H20 2 generation rates were increased for both DR (Tukey
P 0.001) and control skeletal muscle mitochondria (Tukey P<0.001). These
rates of H20 2 generation in the presence of linolenic acid and CAT did not return
fully to the control rates observed in the absence of linolenic acid (Tukey for DR
P<0.001 and Tukey for control= P<0.010). Therefore a residual effect of linolenic
acid was still observed on H20 2generation rates even in the presence of CAT.
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Types of Fatty Acids
Figure 7.4

-

The effect of saturated free fatty acids on skeletal muscle

mitochondrial hhO? generation using 2.5 mmol L'1 pyruvate/malate to
support respiration
Mean H?0? generation (±SEM) for skeletal muscle mitochondria isolated from 8.2
month old (Control) and 6.2 month old (DR) male Brown Norway rats fed ad
libitum or a restricted diet. Where indicated 9 umol L'1 CAT and 150 umol L'1fatty
acid were present. Columns with the same letter are significantly different at the
following probabilities: a -q P<0.001. Columns with no letters the same have not
been statistically tested. Group numbers were 6 for all conditions.
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Figure 7.5

-

The effect of non-esterified fatty acids of varying degrees of

saturation on skeletal muscle mitochondrial H?Q? generation where 2.5
umol L'1 pyruvate/malate was used to support respiration
Mean H?0? generation (±SEM) for skeletal muscle mitochondria isolated from 8.2
month old (control) and 6.2 month old (DR) male Brown NonA/av rats fed ad
libitum ora restricted diet. Where indicated 9 umol L'1 CAT and 150 umol L'1 fatty
acid were present. Columns with the same letter are significantly different at the
following probabilities: a-d P<0.001. e P<0.01. f P<0.045. h P<0.025. Columns
with no letters the same have not been statistically tested. Group numbers were
6 for all conditions.
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linolenic

With CAT

The effect of the non-esterified free fatty acid, linolenic acid on

skeletal muscle mitochondrial H?0? generation using 4.5 umol L'1 succinate
to support respiration
Mean hbO? generation (±SEM) for skeletal muscle mitochondria isolated from 8.2
month old (control) and 6.2 month old (DR) male Brown Norway rats fed ad
libitum ora restricted diet. Where indicated 9 umol L'1 CAT and 150 umol L'1 fattv
acid were present. Columns with the same letter are significantly different at the
following probability: a-f P<0.001. Columns with no letters the same have not
been statistically tested. Group numbers were 6 for all conditions.
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7.3.4 The Effect of Fatty Acids on Mitochondrial Proton Leak
Palmitic acid, linolenic and lauric acid were used to demonstrate the effect
of fatty acids on mitochondrial proton leak. Palmitic acid was chosen as previous
reports had shown this fatty acid to increase the membrane proton conductance
[123, 159], Linolenic acid was chosen as skeletal muscle mitochondrial H20 2
generation could be measured for this fatty acid when the mitochondria were
respiring with a complex II substrate. Lauric acid was chosen as this was the only
free fatty acid used that did not reduce the skeletal muscle mitochondrial H20 2
generation rate. The H20 2 generation rates of liver mitochondria could not be
measured in the presence of these fatty acids as H20 2 production was below the
sensitivity of the assay when respiration was supported by a complex I substrate.
Only mitochondria from control animals were used to demonstrate the effect of
linolenic and

lauric acid on the

mitochondrial

proton

leak.

Previously

mitochondria isolated from DR and control animals had been shown to respond
in the same manner to palmitic acid so it was assumed that the responses
observed would not be dependent upon the feeding regime.
Figures 7.7 and 7.8 show that for skeletal muscle mitochondria isolated
from DR and control animals, palmitic acid induced an increase in the
mitochondrial inner membrane proton leak. The addition of CAT in the presence
of palmitic acid resulted in the skeletal muscle mitochondrial proton leak to be
decreased in both DR and control mitochondria and to slightly overshoot the
control curve. This is indicative of a background level of ANT leak activation that
existed before the addition of the palmitic acid. In Figure 7.8 detailing the DR
mitochondrial response, the shift in the curve induced by palmitic acid was less
than observed with control mitochondria. This is interpreted that DR feeding,
through the mobilisation of endogenous free fatty acids, had already partly
activated the ANT protonophoric channel.
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Figures 7.9 and 7.10 show that for liver mitochondria isolated from DR and
control animals, the addition of palmitic acid resulted in an increase in the
mitochondrial proton leak. The addition of CAT, when palmitic acid was present,
resulted in a decreased liver mitochondrial proton leak in both DR and control
mitochondria.

CAT is partially inhibiting the effect of palmitic acid on

mitochondrial proton leak in both DR and control liver mitochondria but unlike the
response with skeletal muscle mitochondria, CAT does not return the palmitic
enhanced membrane conductance completely back to the control state. This
may be because palmitic acid will also activate protonophoric activity in
membrane translocases that are not inhibited by CAT.
Figure 7.11 shows that for skeletal muscle mitochondria isolated from
control animals, the addition of linolenic acid results in an increase in the
mitochondrial proton leak. The addition of CAT decreased the mitochondrial
proton leak so the curve was comparable to when no free fatty acid was present
in the incubation buffer. Therefore, as observed partially for palmitic acid, CAT
completely abolished the effect of linolenic acid on proton conductance in
skeletal muscle mitochondria isolated from ad libitum fed animals.

Figure 7.12 shows that for skeletal muscle mitochondria isolated from
control animals, the addition of lauric acid had no effect on the mitochondrial
proton leak. The addition of CAT did not alter the mitochondrial proton leak
curve.
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M em brane Potential (m V )

Figure

7 .7 -

Effect of palmitic acid on control skeletal muscle mitochondrial

proton leak
Proton leak curves (±SEM) for skeletal muscle mitochondria isolated from 5.8
month old male Brown Norway rats fed ad libitum. Where indicated 9 umol L~1
CAT and 150 umol L'1 palmitic acid was added to the incubation buffer. Group
numbers are 6 for all conditions and feeding regimes.
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Figure 7.8

-

Effect of palmitic acid on DR skeletal muscle mitochondrial

proton leak
Proton leak curves (±SEM) for skeletal muscle mitochondria isolated from 5.8
month old male Brown Norway rats fed a restricted diet. Where indicated 9 umol
L'1 CAT and 150 umol L'1 palmitic acid was added to the incubation buffer. Group
numbers are 6 for all conditions and feeding regimes.
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Figure 7.9

-

Effect of palmitic acid on control liver mitochondrial proton

leak
Proton leak curves (±SEM) for liver mitochondria isolated from 5.8 month old
male Brown Norway rats fed ad libitum. Where indicated 1 umol L'1 CAT and 150
umol L'1 palmitic acid was added to the incubation buffer. Group numbers are 6
for all conditions and feeding regimes.
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Figure 7.10 - Effect of palmitic acid on DR liver mitochondrial proton leak
Proton leak curves (±SEM) for liver mitochondria isolated from 5.8 month old
male Brown Norway rats fed a restricted diet. Where indicated 1 umol L'1 CAT
and 150 umol L 1 palmitic acid was added to the incubation buffer. Group
numbers are 6 for all conditions and feeding regimes.
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-

Effect of linolenic acid on control skeletal muscle

mitochondrial proton leak
Proton leak curves (±SEM) for skeletal muscle mitochondria Isolated from 7.9
month old male Brown Norway rats fed ad libitum. Where indicated 9 umol L 1
CAT and 150 umol L 1 linolenic acid was added to the incubation buffer. Group
numbers are 6 for all conditions and feeding regimes.
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Figure 7.12
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Effect of lauric acid on control skeletal muscle mitochondrial

proton leak
Proton leak curves (±SEM) for skeletal muscle mitochondria isolated from 7.9
month old male Brown Norway rats fed ad libitum. Where indicated 9 umol L'1
CAT and 150 umol L'1 lauric acid was added to the incubation buffer. Group
numbers are 6 for all conditions and feeding regimes.
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7.3.5 The Sensitivity of the Proton Leak to Fatty Acids
During the isolation of mitochondria it is normal practice to include fatty
acid free BSA at 0.3% in the isolation buffer to prevent free fatty acids being co
isolated with the mitochondria. Such a co-isolation would uncouple mitochondria
and confound experimental studies. To determine if free fatty acids were still
present after the isolation procedure, which would explain the elevated
mitochondrial proton leak observed in DR animals, a higher concentration of BSA
was used. The maximum concentration of BSA that could be used without
secondary effects on mitochondrial uncoupling was 1%. Increased BSA
concentrations have been shown to decrease the TPMP+ binding factor used to
calculate mitochondrial proton leak [188]. With higher concentrations of BSA it is
usual to decrease the binding factor which would increase the values for the
proton leak and so exacerbate the DR effect. As the purpose of this experiment
was to determine if the effect of DR could be abolished by increasing the
concentration of BSA (a rightwards shift of the curve) a change in the binding
factor may result in a left shift of the curve so mimicking that of the previously
determined DR curve with 0.3% BSA. In this way the data may have incorrectly
been interpreted and for this reason the binding factor value was unaltered for
the analysis of data from these experiments.

The in vitro concentration of free fatty acids of 150 pMol L"1 is a relatively
high concentration of free fatty acids. The concentration, therefore, of palmitic
acid was lowered to 15 pMol L'1 to determine if plasma fatty acid concentrations
could feasibly be causing the effects observed due to DR feeding.

Increasing the BSA concentration had no effect on mitochondrial proton
conductance for either liver or skeletal muscle mitochondria isolated from a DR
animal as shown in Figures 7.13 and 7.14. Decreasing palmitic acid
concentration from 150 pMol L'1 to 15 pMol L'1 did not affect the mitochondrial
proton leak for skeletal muscle mitochondria regardless of whether the isolation

220

Chapter 7: The Influence o f Fatty Acids on Mitochondrial Proton Leak and HiO?
Generation_________________________________________________________

buffer contained 1% or 0.3% BSA, as shown in Figure 7.13. Decreasing palmitic
acid concentration from 150 pMol L'1 to 15 pMol L‘1 did not affect the
mitochondrial proton leak for liver mitochondria in the presence of 1% BSA as
shown in Figure 7.14. However when 0.3% BSA was used the mitochondrial
proton leak in liver was higher in the presence of 150 pMol L'1 palmitic acid than
for 15 pMol L"1 palmitic acid as may be anticipated.

Membrane Potential (mV)
Figure 7.13

-

Effect of BSA and 15 uMol L'1palmitic acid on DR skeletal

muscle mitochondrial proton leak
Proton leak curve for skeletal muscle mitochondria isolated from a 6.5 month old
male Brown Norway rat fed a restricted diet.
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Membrane Potential (mV)
Figure 7.14

-

Effect of BSA and 15 uMol L'1 palmitic acid on DR liver

mitochondrial proton leak
Proton leak curve for liver mitochondria isolated from a 6.5 month old male
Brown Norway rat fed a restricted diet.
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7.4 Discussion
An increase in circulating plasma free fatty acids and glucagon
concentrations in combination with a decrease in the plasma insulin: glucagon
ratio in response to DR feeding regimes represents a shift from a central
metabolism based on glycolysis, to one more dependent on lipolysis and
gluconeogenesis. DR animals are supplied with fewer calories, mainly by
restricting carbohydrate, however they have the same metabolic rate as control
animals [74, 75]. These animals have to use alternative sources of energy such
as ketone bodies, fats and glucose from protein stores to meet their metabolic
demands. Previously no publications have shown the effect of DR feeding on
plasma glucagon concentrations. One publication showed a transient increase in
plasma free fatty acid concentrations for animals fed a 40% restricted diet for 20
days, although it was unknown if the blood was collected prior to feeding.
However, after 15 months of dietary restriction plasma free fatty acid
concentrations were comparable to those of control animals [187].

Partially restoring plasma insulin concentrations in DR animals resulted in
a significant decrease in both plasma concentrations of non-esterified free fatty
acids, and glucagon when measured before feeding. This is consistent with
insulin inhibiting lipolysis [154]. It also demonstrates that a transient increase in
plasma insulin concentrations for a period of one week is sufficient to reduce the
plasma concentration of free fatty acids even though the feeding regime is
unaltered. Plasma glucagon concentrations in DR animals are reduced to those
recorded for control animals when insulin concentrations are partially restored for
one week. This is indicative of the sensitive reciprocal control of central
metabolism, between insulin and glucagon, even though plasma glucose
concentrations are unaltered by these manipulations.

The majority of free fatty acids, with the exception of lauric acid, induced a
reduction in skeletal muscle mitochondrial H20 2 production. Stearic and palmitic
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acid did not significantly reduce the rates of skeletal muscle mitochondrial H2O2
generation for mitochondria isolated from DR animals. This may be the result of
low sample numbers in this experiment. The P value was close to the level of
significance, particularly for stearic acid. The reduction in the rate of H20 2
generation would appear to depend on the ANT for on the addition of CAT, all
mitochondrial H2O2 production rates increased to those of control mitochondria
when no inhibitors were present in the incubation buffer.
The degree of saturation and chain length, with the exception of lauric
acid, did not alter the effect of free fatty acids on mitochondrial H2O2 generation.
Chain length may have been the reason why lauric acid did not reduce
mitochondrial H2O2 production as this is the fatty acid with the shortest carbon
chain. However, this interpretation does not confirm the observations of
Korshunov et al. [189] who found that lauric acid inhibited superoxide and H20 2
generation in rat heart mitochondria when respiration was supported by
succinate. The majority of H2O2 production in vitro occurs through reverse
electron flow when a complex II substrate is used without the inclusion of
rotenone in the incubation conditions. The effect of lauric acid on H2O2
production may only be detectable during conditions of maximal H2O2 production.
This may explain why no effect of lauric acid on H2O2 production was seen in this
study when the complex I substrate, pyruvate/malate was used to support
respiration. Interestingly, Korshunov et al. [189] observed a significant inhibition
of H2O2 generation with lauric acid when respiration was supported with the
complex II substrate that could be reversed on the addition of CAT.

The use of a complex II substrate to investigate further the effect of free
fatty acids on mitochondrial H2O2 generation rates was abandoned as these
rates were too low, even in the presence of CAT, so that the data was unreliable
being at the sensitivity of the assay. The differences observed between the
current study and that of Korshunov et al. [189] may be due to the methodology
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employed for measuring H20 2 generation rates. Here, the technique using
amplex red was employed whereas the study of Korshunov et al [189] used the
older, and less sensitive approach of linking horseradish peroxidase to scopoletin
formation. In addition, Korshunov et al. [189] used heart mitochondria which may
not have as much CAT-insensitive translocases, such as dicarboxylate and
glutamate/aspartate, as skeletal muscle mitochondria. Consequently on the
addition of CAT, mitochondrial H20 2 production rates could be fully restored.

A recent publication concerning the effect of palmitic, arachidonic and
phytanic acid on H20 2 production rates by forward and reverse electron flow
showed free fatty acids to increase H20 2 production rates during forward electron
flow and decrease H20 2 production rates during reverse electron flow [190]. This
is in direct disagreement with the study of Korshunov et al. [189] and the results
of this study. Schonfeld and Wojtczak [190] explain these observations as being
due to the free fatty acids inhibiting the electron transport chain. Inhibitors of the
ETC result in the electron transport chain complex upstream of their site of action
to become highly reduced, so maximising superoxide generation. Schonfeld and
Wojtczak [190] showed inhibition of complex III by fatty acids however this
cannot be the reason as to why superoxide/H20 2 generation was increased
during forward

electron flow.

Inhibition of complex

III would

increase

mitochondrial H20 2 generation when respiring with a complex II substrate, mainly
through reverse electron flow. With a complex I substrate, where forward electron
flow would be halted at the semiubiquinone site of the Q cycle in complex III,
superoxide generation would also be increased when complex III was inhibited.
This was shown in Chapter 4 where the addition of a complex III inhibitor,
antimycin A, promoted mitochondrial H20 2 generation when mitochondria were
respiring with a complex II substrate, succinate, and also with a complex I
substrate, pyruvate/malate. Schonfeld and Wojtczak [190] did not observe this
effect as a decrease in mitochondrial H20 2 generation occurred during reverse
electron flow when respiration was supported by a complex II substrate. Inhibition
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of complex I by free fatty acids could explain these results for, as shown in
Chapter 4, the addition of a complex I inhibitor, rotenone, to the incubation buffer
caused an increase in the rate of mitochondrial H2O2 generation during forward
electron flow and a reduction during reverse electron flow. Inhibition of complex I
by fatty acids is yet to be confirmed however, free fatty acid derivatives have
been shown to inhibit this complex [189]. A possible explanation as to why the
results were different to this study is because the maximum concentration of
palmitic acid used in the Schonfeld and Wojtczak [190] study was 80 pmol L'1,
whereas in this study 150 pmol L'1 was used. If fatty acids do inhibit complex I of
the electron transport chain as well as uncoupling the inner mitochondrial
membrane, then it is possible at fatty acid concentrations of 80 pmol L'1 that the
inhibition of electron transfer flow is greater than their uncoupling effect, so
resulting in an increase in mitochondrial H2O2 generation. At the higher
concentration of 150 pmol L'1 used in this study, the uncoupling effect may
exceed the inhibition of the electron transport chain so reducing mitochondrial
H20 2 production.
Another difference with the Schonfeld and Wojtczak [190] is that they used
heart mitochondria which may respond differently to free fatty acids than skeletal
muscle mitochondria. It should be noted that in the publication by Schonfeld and
Wojtczak [190], palmitic acid was the free fatty acid observed to stimulate H20 2
generation rate the least during forward electron transfer. This effect may be
anomalous due to low animal numbers and so the elevation of the rate of
mitochondrial H20 2 generation by free fatty acids may be confined to those free
fatty acids that have a carbon chain length of 20 or more. The maximum carbon
chain length of the free fatty acids used in this study was 18, and this may
explain why this effect on complex I was not observed. At present, other studies
have not been published that describe the effect of free fatty acids on
mitochondrial H20 2 generation rates.
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Linolenic acid was shown to increase mitochondrial proton leak in skeletal
muscle mitochondria, an effect which was fully inhibited by CAT. This implies that
linolenic acid increases mitochondrial proton leak through activation of the ANT
protonophore channel. The addition of palmitic acid to the incubation buffer
resulted in an increase in the mitochondrial proton leak in both liver and skeletal
muscle mitochondria. The addition of CAT fully reversed the effects of palmitic
acid for skeletal muscle mitochondria; however it only partially decreased the
enhanced mitochondrial proton leak in liver mitochondria. The protonophoric
effects of the dicarboxylate and glutamate/aspartate translocases in the liver may
therefore have a greater effect on the mitochondrial proton leak, and subsequent
membrane potential, than in skeletal muscle mitochondria. This supports the
conclusions from several publications that have shown free fatty acids to
increase the mitochondrial proton leak and reduced the mitochondrial membrane
potential in many different tissues [123, 125, 159]. Laurie acid did not alter the
mitochondrial proton leak, or membrane potential, or ROS generation rates. It is
possible that the short chain length of this free fatty acid is too short for it to
interact with the ANT to act as a protonophore.

The data showed no effect of increasing the BSA concentration in the
buffer on the DR mitochondrial proton leak. If fatty acids were being isolated
during mitochondrial extraction and this was the cause of increased DR
mitochondrial proton leak a higher concentration of BSA, which removes free
fatty acids, should have altered the DR mitochondrial proton leak curve. Although
these results were obtained only from one animal, they are confirmed by the low
rates of state I respiration observed through this study, as fatty acids have been
shown to act as mitochondrial substrates. This indicates that if free fatty acids are
inducing the effects of DR feeding on the membrane proton conductance, it is
unlikely that they are being co-isolated during the mitochondrial preparation.
Therefore if fatty acids are inducing the DR effect on ROS generation, their
mechanism of action must be persistent and survive the isolation process. It is
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possible that they interact with the ANT by one of the two mechanisms proposed
by Winkler and Klingenberg that are described in detail in Chapter 1, Section
1.3.5 [128]. The mechanism proposed by Skulachev, [132], appears too rapid
and transient and would require the free fatty acids to survive the isolation
process. The mechanisms proposed by Winkler and Klingenberg [128] could
result from the persistent binding of free fatty acids to the ANT complex.
A ten fold dilution of palmitic acid still induced an increase in the
mitochondrial proton leak so it is feasible that free fatty acid induced membrane
proton conductance may underlie the DR effect, as concentrations within the
physiological

range

will

modify

inner

mitochondrial

membrane

proton

conductance.
7.5 Summary
Plasma free fatty acids and glucagon concentrations are elevated in DR
animals, an effect that is partially or completely abolished when plasma insulin
concentrations are partially restored. There is a clear shift from glycolysis to
lipolysis in response to DR feeding and this has been confirmed in a number of
studies [16, 71, 142].

Fatty acids, with carbon chain lengths greater than 12, decrease
mitochondrial H20 2 production rates and increase the mitochondrial proton leak
regardless of the degree of saturation or double bonds present. These effects are
partially or fully inhibited by the addition of CAT implying that the action of the
free fatty acids to act as protonophores acts mainly through activation of the
ANT.

Free fatty acids are not considered to be carried through the mitochondrial
isolation procedure. This implies that by whatever mechanism free fatty acids
interact with the ANT to induce protonophoric activity in vivo, is persistent with
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sufficient stability to survive the isolation process. In vitro free fatty acids are
effective to modify membrane proton conductance at concentrations of 15 pmol
L"1 which is far lower than the circulating free fatty acids found in the plasma of
DR animals

(approximately 600

pmol

L'1) before feeding.

Clearly the

concentration of fatty acids present at the mitochondrial membrane will be lower
than those in the plasma however; it seems feasible that free fatty acids may be
inducing the effects on ROS generation and membrane potential that are
observed in response to DR feeding.
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CHAPTER 8
Concluding Discussion
The development of a complete mechanistic understanding of the genetic
and biochemical mechanisms that underlie, and determine the rate of ageing in
different species, has proven to be an intractable problem in biology. It is
recognised that the development of the aged phenotype in a mammal is a
particularly complex process because of the multiple layers of homeostatic
control that exist. This ranges from systemic organ interactions, through to the
complex matrix of molecular pathways within the cell. Such complexity makes
distinguishing the initiating and central mechanism(s) controlling the ageing
process difficult to identify. This problem becomes particularly problematic when
the physiology of an animal is further disturbed by the effect of developing
chronic pathology.

In an effort to overcome these difficulties, at least in part, attempts have
been made to develop animal models whereby the species specific rate of
ageing is retarded. When working with invertebrate species a variety of
experimental approaches are available to achieve this aim, i.e. temperature,
mutagenesis and dietary restriction, but in the euthermic Mammalia, only one
approach has proven effective and reproducible and this has become the ‘gold
standard’ within the field. This experimental paradigm has been described by a
number of terms such as dietary-, food- or calorie-restriction.

The basic methodological approach in rodents to extending survival through
diet is described in Chapter 2, but the varying terminology used to refer to this
physiological paradigm reflects the uncertainty and controversy that has existed
regarding the essential dietary manipulation required to modify survival. Initially
described as food restriction, and then dietary restriction, the term calorie
restriction was introduced in 1980’s when a sufficient body of work had been
conducted that indicated that the essential manipulation was a restriction of
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energy in the diet; however this was achieved [191-193]. In recent years this
consensus has been challenged both from work with invertebrate species such
as C. elegans and in Drosophila [28-30, 35, 36] and for the mouse. A number of
studies [18-21] have been published where a significant increase in survival was
achieved by feeding isocaloric diets, but restricted in the concentration of
methionine.

However the

interpretation

of these

studies

is

somewhat

controversial (see Chapter 1).

Irrespective of this controversy it is recognised that the animal responds to
DR feeding regimes with a significant reduction in the circulating insulin
concentration. This is illustrated in Figure 6.1 and this observation has been
published previously [16, 71, 142]. This is indicative that insulin signalling is
responding to a limitation in available glucose and that energy restriction per se
is central to this experimental model. The dietary restriction protocol used in this
study to slow the rate of ageing results in a shift in central metabolism from one
based on

carbohydrate and glycolysis, to

one more dependent upon

gluconeogenesis and lipolysis. This shift in central metabolism occurs, somewhat
surprisingly, without any chronic depression in the metabolic rate. This has been
confirmed by studies from a number of laboratories using different methodologies
[74, 75] and has been confirmed in animals in this laboratory (unpublished work
by Merry, B.J.). Given this conclusion the central question becomes, how does a
shift in central metabolism to maintain the metabolic rate in DR animals translate
into extended survival?

Although the effect of dietary restriction was first demonstrated in the rat in
the 1930’s [11, 12], the underlying mechanism that translates lowered dietary
energy intake into extended survival is still uncertain and very controversial. In
recent years significant research effort has been focused on evaluating the role
of oxidative stress in ageing, and as a consequence, its role in inducing extended
survival in the dietary restricted model of retarded ageing.
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DR feeding reduces the accrual of oxidative damage which occurs due to
age [60-62]. Oxidative stress is an equilibrium between ROS generation and its
removal by antioxidant enzymes, protein and cell turnover and repair processes
such as DNA repair enzymes and heat shock proteins for reconfiguring proteins.
ROS removal and repair of oxidative damage was found to be unaltered by DR
feeding [79, 81, 82, 88, 91], (see Chapter 1), and so research has concentrated
on the ROS generation side of the equilibrium. It is considered that 90% of the
cellular ROS in non-immune cells is generated through normal metabolism
during oxidative phosphorylation in the mitochondrion [92]. Several studies have
shown a decrease in the rate of mitochondrial H2O2 generation resulting from DR
feeding and this was demonstrated using both a complex I and II substrate, see
Chapter 1 Section 1.4.1 [138, 140, 141]. The cause of this decrease in rate of
mitochondrial H2O2 generation was unknown until recently as mitochondrial
respiration rates were unaltered by DR feeding [141, 147, 150, 151].
A novel publication by Lambert and Merry [16] offered a possible
mechanism as to how mitochondria from DR animals are reducing their rate of
H2O2 generation. A bioenergetic analysis of control and DR liver mitochondria
showed increased mitochondrial proton leak and decreased membrane potential
in response to a DR feeding regime. Membrane potential had previously been
shown to be positively correlated with H20 2 generation [118, 119], Plasma insulin
concentrations are significantly decreased in DR animals and upon their partial
restoration, the effect of DR on both mitochondrial proton leak and rate of H20 2
generation was abolished in liver mitochondria [16].

This project used the study of Lambert and Merry [16] to ask a number of
questions. Firstly can the functional changes due to DR feeding in liver
mitochondria be reproduced? Secondly is the effect tissue-specific or can it be
demonstrated in other tissues namely BAT and skeletal muscle? Can the effect
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of DR be abolished when insulin concentrations are partially restored and what is
the molecular basis underlying this functional response?
Both liver and skeletal muscle mitochondria isolated from DR animals had
elevated proton leak confirming the earlier observation of Lambert and Merry [16]
and extending it to other tissues. Mitochondria are normally homeostatic around
their membrane potential (See Fig. 1.5 illustrating the tripartite system in Chapter
1). The anticipated response to an increase in the inner membrane proton
conductance under DR conditions would be an increase in the state IV
mitochondrial respiration rate. This was not observed, in isolated DR liver and
skeletal muscle mitochondria the respiration rates were unaltered in comparison
with age-matched controls. The mitochondria in DR animals responded to DR
feeding and an enhanced proton leak by allowing the inner membrane potential
to fall, an observation in agreement with Lambert and Merry [16]. It is however,
unclear why this response should be seen in mitochondria isolated from DR rats.
The mitochondrial respiration rates are capable of being increased, as is evident
from the state III respiration rates that are not significantly different to those
recorded in mitochondria isolated from control animals. It is not understood why
mitochondria from DR animals reset the mitochondrial function around a lower
membrane potential when they have the capacity to up-regulate the ETC activity,
proton pumping and therefore the respiration rate to compensate for the
increased proton conductance.

The rates of mitochondrial H20 2 generation in both liver and skeletal
muscle were reduced by DR feeding regardless of whether a complex I or
complex II substrate was used to support respiration. This observation was in
agreement with several previous studies [16, 17, 139, 141]. The rates of
mitochondrial H20 2 generation were highest during reverse electron flow and
were higher for skeletal muscle mitochondria than for liver mitochondria. It is
unknown if reverse electron flow through complex I does occur ¡a? vivo, but the
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theoretical conditions under which it may arise would be if the NADH pool
becomes oxidised to NAD\ with mitochondrial respiration supported by FADH2 at
complex II.
The use of a complex I inhibitor, rotenone, and a complex III inhibitor,
antimycin A, confirmed that H20 2 was generated at complexes I and III of the
electron transport chain [96, 113, 114] but that complex I was responsible for the
reduction in the rate of H20 2 generation due to DR feeding, and for most of the
ROS generated by mitochondria. The reduced rate of mitochondrial H20 2
generation induced by DR feeding is considered to result from these
mitochondria being homeostatic around a lower membrane potential. Previous
studies have shown a strong correlation between mitochondrial membrane
potential and H20 2 generation, particularly at complex I. Such studies however,
were carried out in the absence of rotenone thereby permitting reverse electron
flow to occur through complex I when a complex II substrate was used to support
respiration [118, 119]. In this study mitochondrial proton leak and membrane
potential were determined during both forward and reverse electron flow
conditions. The rate of DR mitochondrial H20 2 generation was still reduced
during forward electron flow when respiration was supported by the complex I
substrate, pyruvate/malate, although this could only be determined for skeletal
muscle mitochondria. This study could not be carried out with isolated
mitochondria from the liver in DR animals because of the very low levels of H20 2
generation. Although the relationship of mitochondrial membrane potential to the
rate of H20 2 generation has only previously been established during reverse
electron flow, the same relationship appears to exist for forward electron flow.

Plasma insulin concentrations have been shown previously to be reduced
in DR animals and the partial restoration of plasma insulin concentrations had
been shown to abolish the effect of DR feeding on both the DR induced
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mitochondrial proton leak, and H2O2 generation rate in liver mitochondria [16]. It
was therefore proposed that insulin may induce these effects by acting directly,
or indirectly, on the mitochondria. The animals used in this study had significantly
reduced plasma insulin concentrations compared to control animals as shown in
Figure 6.1, Chapter 6. When DR plasma insulin concentrations were partially
restored, the effect of DR feeding on both the liver and skeletal muscle
mitochondrial proton leak and the rate of H2O2 generation was abolished. The
increased rate of H2O2 generation for DR animals with partially restored plasma
insulin concentrations was due to increased H2O2 generation at complex I of the
electron transport chain.
When skeletal muscle mitochondria were isolated from DR animals with
plasma insulin concentrations partially restored to control concentrations, H2O2
generation rates were higher than recorded for control skeletal muscle
mitochondria. Therefore insulin may affect intermediate metabolism and the ratio
of complex I and II substrates for the electron transport chain, in addition to
modifying the proton conductance of the inner mitochondrial membrane. Insulin
however, did not abolish the effect of DR feeding on mitochondria by a direct
action as was shown by studies with isolated mitochondria Chapter 6, Figures
6.4 and 6.5. It was proposed therefore that insulin signalling was modifying
mitochondrial function by an indirect mechanism for only exogenous insulin,
supplied in vivo, could induce this effect.

Having confirmed the conclusion from previous publications for liver
mitochondria and demonstrated the same effect in skeletal muscle mitochondria,
the next phase of the research was directed at identifying the molecular
mechanism that could explain the lower rate of mitochondrial H20 2 generation,
and the increased proton conductance. In previous studies from this laboratory
no significant modification in response to DR feeding was identified in either the
membrane lipid composition, or membrane lipid saturation index [165]. It was
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considered that diet induced modification in the membrane lipid structure was
insufficient to explain the effects observed. It was decided therefore, to focus on
membrane proteins and complexes that are recognised to be able to be activated
under state IV respiration conditions to leak protons back to the mitochondrial
matrix.
Increased proton leak could result from changes in the ANT and/or the
uncoupling proteins’ activity or membrane concentrations. The uncoupling
proteins are considered to have evolved from the ANT translocase family and
share a homology with ANT in their primary, secondary and tertiary structures as
described in Chapter 1. Activation of uncoupling proteins increases the
mitochondrial proton leak in skeletal muscle mitochondria isolated from control
animals. Skeletal muscle mitochondria are reported to have a functional
protonophoric uncoupling protein (UCP3).

Stimulation of the uncoupling proteins by a superoxide generating system
in skeletal muscle mitochondria isolated from DR animals did not alter the proton
conductance of the membrane. However, when the superoxide was dismutated
with SOD, the DR skeletal muscle proton leak was decreased. This data is
consistent with the full activation of uncoupling proteins in skeletal muscle
mitochondria in response to the DR feeding regime. When plasma insulin
concentrations were increased however in DR animals, there was no longer an
effect of SOD on uncoupling protein stimulation and mitochondrial proton leak.
Thus elevation in plasma insulin appears to deactivate uncoupling proteins.

The stimulation and inhibition of uncoupling proteins by superoxide and
SOD did not modify liver mitochondrial proton leak, regardless of whether the
mitochondria were isolated from control or DR animals. This was anticipated as
liver mitochondria are reported not to have a functional uncoupling protein [123].
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Inhibition and stimulation of uncoupling proteins had tissue-specific effects and
the inhibition of the ANT resulted in a significantly greater decrease in skeletal
muscle mitochondrial proton leak than inhibiting uncoupling protein activation.
For this reason the ANT was the focus of the remaining studies and the influence
of uncoupling

proteins on mitochondrial H20 2 generation

rate was not

investigated further. In addition, the concentrations of UCP2 in liver mitochondria,
and UCP3 in skeletal muscle mitochondria, were unaltered by DR feeding. UCP2
was also presumed to be present in skeletal muscle mitochondria [177, 183,
184]. The data from this study however, provided no evidence using Western blot
methodology with a range of antibodies raised to varying epitotes, that a
significant amount of UCP2 was present in the mitochondrial inner membrane of
skeletal muscle.
In contrast to the data for uncoupling proteins in liver and muscle
mitochondria, good evidence was obtained to indicate that ANT protonophore
activity during state IV respiration was enhanced by DR feeding. This increased
activity appears to be the molecular basis for the enhanced proton conductance,
the subsequent lowering of the membrane potential, and the resultant decrease
in the rate of H20 2 generation. The complete inhibition of ANT by CAT abolished
the effect of DR feeding to enhance the mitochondrial proton leak, and decrease
the rate of H20 2 generation in both liver and skeletal muscle mitochondria. In
contrast, CAT did not affect the proton leak, or rate of H20 2 generation in control
mitochondria. When the ANT was inhibited, the mitochondrial H20 2 generation
rate at complex I increased significantly in mitochondria isolated from DR fed
rats.
The ANT membrane concentration, when normalised to the total
membrane protein mass, was not altered by the DR feeding regime. Similarly,
the activity of the ANT when acting as a translocase during mitochondrial state III
respiration was found to be unaltered in liver and skeletal muscle mitochondria.
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However, the ANT protonophoric activity during state IV respiration was
significantly increased under DR feeding conditions. The ANT functions
separately as a translocase during state III respiration and this activity was
unaltered by DR feeding, whereas the separate activity to provide a proton leak
channel that is seen under state IV respiration, was clearly enhanced by the DR
feeding regime. When it is functioning as a proton leak channel the control of
ANT activity appears to be independent of its translocase activity.
Increased ANT activity during state IV respiration was considered to
account for the increased mitochondrial proton conductance, the lowering of the
membrane potential and the resultant reduced rate of H2O2 generation induced
by the DR feeding regime. In addition, for mitochondria isolated from DR animals
that had exogenous plasma insulin replacement, the inhibition of ANT no longer
had an effect on either the membrane proton conductance, or the rate of H2O2
generation. This implied that both DR feeding and its abolishment by insulin,
were acting through modification of ANT protonophore activity.

The final aim of the research programme was to identify the mechanism
whereby reduced plasma insulin concentrations in DR animals induced this
indirect effect on ANT protonophore activity. It is recognised that fatty acids can
act as protonophores in mitochondria. Indeed, the action of free fatty acids to
uncouple mitochondrial respiration from ATP synthesis had been acknowledged
as a potential artefact in studies of mitochondrial respiration and coupled ATP
synthesis. Consequently it is routine in the isolation procedure to include in the
isolation buffer, 0.3% fatty acid free BSA to mitigate against such interference,
and this was routine in the studies described in Chapter 2, Section 2.3[128,132].

It was recognised from earlier studies based on respiratory quotient (RQ)
measurements and gene expression data [143, 194-196] that DR feeding
regimes induce a shift in metabolism away from anaerobic glycolysis towards
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gluconeogenesis and lipolysis. This shift is important as previously in C. elegans
the expression of a transcription factor, pha-4, was required in order for lifespan
extension via DR feeding to occur [197]. This gene, pha-4 is orthologous to the
genes encoding mammalian Foxa transcription factors which are required for
glucagon expression in the pancreas, and induction of gluconeogenic genes
during fasting in the liver. This study indicated a potential role of glucagon and a
shift away from glycolysis in the action of DR feeding.
The current study again confirmed, as is evident from plasma free fatty
acids, insulin and glucagon concentrations, that under DR feeding conditions
there is a shift in central metabolism away from glycolysis (Figure 7.3). Insulin is
a recognised inhibitor of lipolysis and promotes lipogenesis, [154], therefore
reduced plasma insulin and increased glucagon concentrations would enhance
increased plasma fatty acid mobilisation. The rates of H20 2 generation in the
presence of a free fatty acid could only be determined using a complex I
substrate for most free fatty acids can act as an ETC substrate, as well as a
protonophore. The rate of H20 2 generation could therefore only be measured for
skeletal muscle mitochondria as rates of mitochondrial H20 2 production for liver
mitochondria were at the limits of the assay. Different free fatty acids, of varying
carbon chain lengths and levels of saturation, were shown to increase both liver
and skeletal muscle mitochondrial proton leak, and decrease rates of skeletal
muscle H20 2 generation, regardless of whether the mitochondria had been
isolated from DR or control animals. The exception to this was lauric acid which
did not modify either the proton conductance, or the rate of H20 2 generation.
Since it has a carbon chain length of only 12, this chain length may be insufficient
to induce a protonophoric effect in the static models of ANT action as proposed
by Winkler and Klingenberg [128].

The inhibition of the ANT resulted in the effect of free fatty acids on
skeletal muscle mitochondrial proton leak and the rate of H20 2 generation to be
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completely abolished. This was interpreted as free fatty acids complexing with
the ANT to exert a protonophoric effect. However ANT inhibition by CAT only
partially abolished the effect of palmitic acid on liver mitochondrial proton leak.
The

protonophoric effects of the dicarboxylate

and

glutamate/aspartate

translocases in the liver, which are not inhibited by CAT, may also exert a
significant effect on the mitochondrial proton leak and subsequent membrane
potential in liver mitochondria. This effect is not seen in skeletal muscle
mitochondria because of the lower concentrations of these translocases. The
dicarboxylate and glutamate/aspartate translocases in the liver may be
uncoupled by fatty acids via the "flip-flop" model as proposed by Skulachev so
effects of fatty acids on these translocases would only be detected after their
addition in vitro [132]. CAT may fully abolish the DR effect on proton
conductance in liver mitochondria but not completely inhibit the effect of the free
fatty acids in vitro, due to the concentration of fatty acids used.

The data reported here support the conclusions from a number of
published studies that have shown free fatty acids to increase mitochondrial
proton leak and reduce membrane potential [123, 125, 159]. If free fatty acids are
inducing the effect of DR feeding on the membrane proton conductance, it is
unlikely that they are being co-isolated during the mitochondrial preparation.
Increasing the BSA concentration did not modify the DR induced mitochondrial
proton leak. Free fatty acids must bind to either the ANT, or be retained within
the mitochondria in order for a DR effect on mitochondrial proton leak and rate of
H2O2 generation to be observed several hours after the isolation of mitochondria.
The Skulachev "flip flop" model of fatty acid uncoupling via the ANT is unlikely to
be the mechanism used in DR animals. This mechanism is rapid, occurring in the
order of milliseconds, involving the anionic form of the free fatty acids quickly
crossing the mitochondrial membrane through a channel in the ANT, to be
returned freely through the membrane as the protonated form. As free fatty acids

240

Chapter 8: Concluding Discussion

are no longer present in the buffer after the isolation procedure this does not
appear a feasible mechanism.
Two alternative mechanisms have been proposed by Winkler and
Klingenberg [128]. They proposed that free fatty acids induce a conformational
change in the ANT so creating a proton channel. Alternatively such a proton
channel could be formed by fatty acid carboxylic acid groups which, due to their
negative charge, could facilitate H+ conductance. These two stable mechanisms
are feasible as the fatty acids bind to the ANT for an extended length of time, or
produce a conformational change in the ANT that lasts for several hours after
mitochondrial isolation. Further studies are required to confirm the molecular
interactions and conformational changes induced between free fatty acids and
the ANT during state IV respiration.
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Figure 8.1 - A flow diagram showing a mechanistic relationship linking a shift in
central metabolism from glycolysis to lioolvsis to modification of mitochondrial
inner membrane proton leak through the ANT, lowered membrane potential and
reduced ROS generation. The lowered mitochondrial ROS generation would
explain the lowered rate of accrual in DR animals of oxidative stress and
macromolecular oxidative damage. That oxidative stress and damage are
controlling factors in determining the rate of ageing and life span is still
hypothetical
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BAT mitochondria are known to contain the functional uncoupling protein
UCP1 so these mitochondria were used as positive controls for techniques used
to evaluate uncoupling proteins in liver and skeletal muscle tissues. It was also
possible to use BAT mitochondria as negative controls as it was anticipated that
they would respond differently to DR feeding when compared with mitochondria
from other tissues. The main function of these mitochondria is to support non
shivering thermogenesis, rather than phosphorylation of ADP to ATP. The BAT
mitochondria responded differently to DR feeding when compared with skeletal
muscle and liver mitochondria. BAT mitochondrial state IV respiration rates were
greatly increased by the DR feeding regime which was anticipated as these
animals are mildly cold stressed, showing a decrease in core body temperature
of 1-2°C lower than for control animals prior to feeding [64]. The increased state
IV respiration rate induced by DR feeding could be abolished completely by the
inhibition of UCP1 by GDP.
When the BAT mitochondrial proton leak was determined, only the proton
leak and membrane potential at state IV respiration could be measured. This was
due to the low membrane potential in these partly uncoupled mitochondria. BAT
mitochondrial proton leak was increased by DR feeding and membrane potential
decreased even further. On addition of the specific dipurine nucleotide inhibitor of
UCP1, GDP, a complete leak curve could be obtained for BAT mitochondria as
the membrane potential rose significantly once the proton conductance of the
membrane was reduced. As the respiration rate was further inhibited and the
proton pumping rate diminished, the membrane potential provided an electrical
gradient to maintain stable gradients of the cationic TPMP probe. Under these
conditions no effect of DR feeding on the membrane proton leak was observed.
Thus in BAT mitochondria, the increased proton conductance occurred
exclusively through activation of UCP1. When UCP1 in BAT mitochondria
isolated from control animals was activated via superoxide production using a
xanthine/xanthine oxidase system, an increased proton conductance was
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observed. A similar response was not seen in BAT mitochondria from DR
animals. The UCP1 in DR mitochondria appears already maximally activated and
can not be activated further by a superoxide generating system.
UCP1

and

UCP3 are both present in BAT mitochondria.

concentrations were

significantly

reduced

by DR feeding

whilst

UCP1
UCP3

concentrations were unchanged. These observations together resulted in DR
feeding inducing a 9 fold increase in UCP1 activation.
When plasma insulin concentrations were partially restored in DR animals
BAT mitochondrial respiration rates were unaltered. Clearly non-shivering
thermogenesis is still required even when plasma insulin concentrations are
elevated as the core temperature reduction under DR feeding conditions is
unaltered. The BAT mitochondrial respiration appears not to be dependent upon
the insulin signalling pathway. Animals that are DR fed but receiving exogenous
insulin are still energy deprived and activation of non-shivering thermogenesis
through activation of UCP1 in BAT mitochondria is dependent upon the
sympathetic nervous system.
Although a PMF is required for ATP synthesis it was thought that the ApH
component alone could drive this process and there was no requirement for A<//
[105]. In this respect the low membrane potential reported in this thesis may not
be indicative of no phosphorylation occurring in BAT mitochondria. However,
previous studies have shown that the ETC in BAT mitochondria synthesise little
or no ATP [198]. Studies on the concentration of complex V, ATPase, in BAT
mitochondria have shown highly reduced concentrations to about a third that for
rat liver mitochondria whilst the other respiratory-chain components have five
times higher concentrations in BAT mitochondria compared with liver [198, 199].
The data reported here support the published conclusion that the ETC in BAT
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mitochondria is supporting thermogenesis rather than phosphorylation and this
function is significantly enhanced in DR animals.
It was therefore surprising that a recent publication has shown no
decrease in ANT concentration in BAT mitochondria [200]. As the ANT's primary
role is in the translocase of ATP and ADP across the inner membrane, reduced
concentrations of this protein would be anticipated. This strengthens the
argument that ANT has additional functions other than that of a translocase, such
as the uncoupling of the membrane to lower mitochondrial ROS production, as
demonstrated for liver and skeletal muscle mitochondria in the work reported
here.
8.1 Are Elevated Plasma Free Fatty Acid Concentrations Indirectly
Prolonging the Lifespan in DR Animals?
The free radical theory of ageing proposes that ageing is the accrual of
oxidative damage caused by the production of free radicals during oxidative
metabolism [76]. Published studies examining the effect of DR feeding to
enhance protection of cells from oxidative damage have frequently been
inconclusive [79, 81, 82, 88, 91]. The focus of more recent work in ageing has
therefore been directed towards recording the effect of DR feeding regimes on
the generation of ROS from mitochondria that are considered to produce 90% of
cellular ROS, [92],
The data from the present research identifies an overall functional and
molecular mechanism to explain why mitochondria in tissues from DR animals
generated lower rates of ROS. Mitochondria isolated from two different tissues,
skeletal muscle and liver, both responded in the same way with increased proton
conductance resulting from activation of ANT protonophoric activity in state IV
respiration. This was associated with reduced rates of H2O2 generation and a
lowered membrane potential. Rates of H2O2 generation were found to be
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reduced by DR feeding not only using a complex II, but also a complex I
substrate. The reduction of H2O2 generation when a complex I substrate was
used to support respiration was particularly important as reverse electron flow,
which occurs when respiration is supported by a complex II substrate, may not
be physiologically relevant. Inhibition of the ANT consistently increased rates of
H20 2 generation by acting through the same complex, complex I, through which
DR feeding induces reduced rates of H2O2 generation.
When free fatty acids were used in the incubation buffer they acted as
protonophores acting by the ANT and confirmed the proposal as to how rates of
H2O2 generation were lowered in mitochondria from DR animals. BSA was
present in the reaction buffer however this may have been saturated upon the
addition of free fatty acids allowing a protonophoric effect to be observed.
Several publications have indicated that fatty acids can cause swelling of the
mitochondria above a certain concentration which allows non-specific transport of
molecules across the mitochondrial membrane [200, 201]. Initially a high
concentration of free fatty acid, 150 pmol L'1, was used which was in agreement
with, or lower than the concentration used in previous publications [123, 159].
The protonophore effect of free fatty acids however, was retained upon the
lowering of the free fatty acid concentration to 15 pmol L"1. In addition, the effect
of the fatty acids on mitochondrial proton leak and ROS generation was
abolished upon the inhibition of ANT. These results indicate that free fatty acid
was inducing uncoupling by acting specifically via the ANT rather than causing
mitochondrial swelling and ubiquitous leakage of molecules across the
membrane.

Free fatty acids with carbon chain lengths greater than 12 all reduced
rates of H2O2 generation and the mitochondrial membrane potential by acting
through the ANT. Plasma fatty acid concentrations were shown to be greatly
increased in DR animals and under circumstances where the DR effect was
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abolished,

when

plasma

insulin

levels

were

increased

and

glucagon

concentrations were lowered, free fatty acid concentrations were significantly
reduced. Both in liver and skeletal muscle mitochondria, the ANT concentrations
were unaltered by DR feeding. Only the state IV protonophoric activity of ANT
was elevated. This is in agreement with the study of Chang [202] who reported
on the effect of ageing and caloric restriction on the mitochondrial proteome. In
this study although increases in mitochondrial proteins due to ageing were
observed, there was very little effect of 40% DR feeding on these age-related
changes in the mitochondrial proteome. Therefore the schemata shown in Fig
8.1, how ROS generation in DR animals is reduced, appears plausible. The data
presented is consistent with the free radical theory of ageing although the
proposal that oxygen and nitrogen free radicals can modify life span and the rate
of ageing remains controversial.

The results of this thesis are consistent with many studies [16, 119, 123,
147, 150] however they do contradict the findings from one research group who
have

produced

several

publications where they report a decrease

in

mitochondrial proton leak and so an increase in mitochondrial membrane
potential in response to approximately 40% DR feeding in rats [17, 138, 139,
149, 156]. Their explanation for their data is that a decrease in age-related
oxidative damage to the mitochondrial membrane causes a decrease in nonregulated proton leak. They also demonstrated a reduction in mitochondrial H20 2
generation due to DR feeding which they explained resulted from a lowered
respiration rate, or electron flux in mitochondria under DR feeding conditions.
This observation contradicted an earlier report of one of the authors [147] where
a detailed evaluation of the effect of DR feeding on state III and IV mitochondrial
respiration rates using complex I and II substrates revealed no depression in
these rates, as confirmed here. Further, they are the only group to report a
chronic depression in the standard metabolic rate under DR feeding regimes in
contrast to all other studies [74, 143, 203]. At variance with the decreased proton
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conductance reported by Bevilacqua et al. [138] this study also found an increase
in the inner mitochondrial membrane concentration of UCP3. An increase in
UCP3 should normally be accompanied by an increase in mitochondrial proton
leak if the UCP3 is activated. It is difficult to reconcile both the increase in
concentration of UCP3, and the higher membrane potential in response to DR
feeding, with a 50% reduction in H20 2 generation given the recognised
relationship between membrane potential and superoxide generation. These
studies reported by Bevilacqua et al. [17, 138, 139, 149, 156] conflict with the
data and conclusions presented here, and with previously published data that
demonstrate a strong positive correlation between membrane potential and H20 2
generation [118, 119]. Although Korshunov et al. [119] allowed reverse electron
flow during their studies, the data represented here has confirmed this
relationship persists during forward electron flow. Bevilacqua et al. [138] attempt
to reconcile their data by arguing that UCP3 does not function as a protonophore,
but instead has a role in fatty acid metabolism.

Although a mechanistic explanation can be constructed to explain the
lowered ROS generation in mitochondria isolated from DR fed animals, certain
aspects of this response remain unexplained. It is proposed that lowered ROS
generation occurs because of a response in the insulin/glucagon signalling
pathway to mobilise lipid stores and so increase plasma NEFA concentrations. It
is an assumption that in vivo, the increased plasma NEFAs concentrations reflect
cellular mitochondrial substrate concentrations being readily transported through
the cell to the mitochondria. This is required to explain the increased proton
conductance observed through their interaction with the ANT and the resultant
lowering of the membrane potential. It is also required that the NEFAs act as an
alternative energy source in cells. It is also not understood as to why
mitochondria in DR rats maintain homeostasis by lowering the membrane
potential, rather than balancing the increase in proton leak by an increase in
respiration and the rate of proton pumping.
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In fully fed rats that are made hyperthyroid, a similar increase in the
membrane proton conductance is observed but here the chain, or substrate
oxidation block of the tripartite system, is increased in activity. This is evident
from the respiration rate under state IV conditions. The increase in electron flow
and proton pumping compensates for the increase in the proton leak [204, 205].
Although DR mitochondria are able to increase their respiration rates, as shown
during state III respiration which is not significantly different to control rates, no
compensatory increase in electron flow and proton pumping occurs in response
to the increased proton leak. The system remains in balance by allowing a small,
but significant fall in the membrane potential to occur inducing a secondary effect
to reduce ROS generation.
The effect of DR to increase proton conductance was abolished upon
raising the plasma insulin concentrations. Plasma free fatty acid concentrations
however, were still elevated in comparison to those of control animals implying
that there is a threshold effect for the protonophoric effect of the ANT to free fatty
acid concentrations.
8.2 Further Studies
The conclusions of this thesis raise a number of questions and possible
avenues for further study. Firstly, although DR is a reproducible technique for
retarding the ageing process it is a crude method causing multiple biological
changes [196]. Ideally another, more targeted, methodology for retarding the
ageing process is required.
A mechanism whereby plasma free fatty acid concentration could be
increased in control animals would also be beneficial. This experiment may be
complex as introducing fatty acids into rat plasma would cause an increased
storage of fatty acids rather than an increase in circulating free fatty acids. An
approach would be required whereby fat storage would be inhibited with no
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detrimental effect to the animal. Alteration of the insulin/glucagon ratio would
cause an increase in plasma fatty acid concentration however this technique
cannot be used to induce the DR effect in control animals as glucagon
suppresses feeding and so would confound the experiment [206-208], If
increased plasma free fatty acids in control animal could be achieved it would be
interesting to see if the DR effect could be emulated.
It would be informative to attempt to identify the mechanism whereby free
fatty acids act as a protonophore through the ANT. To confirm if the free fatty
acids act by forming a channel with their carboxylic acid group the ability of the
ANT to transport negatively charged ions, such as Cl\ could be assessed in the
absence and presence of fatty acids. In conjunction with this the turnover time of
the fatty acids could be assessed. This could be achieved by determining how
long the isolated DR mitochondria retained their effect on mitochondrial proton
leak. A limiting factor of this experiment would be mitochondrial degeneration
over time.
Although mitochondrial function in vitro is often used to determine the
mechanisms of ageing, it may not resemble their function in vivo particularly
when measuring mitochondrial ROS production which is central to the free
radical theory of ageing. The main limitation of studying rates of mitochondrial
H2O2 generation in vitro is the increased partial pressure of O2 to which the
mitochondria are exposed. In vitro mitochondria are exposed to 20% oxygen
however in vivo the partial pressure of oxygen at the mitochondrial level is
considered to be approximately 5% [2]. Elevated oxygen concentrations promote
electron transfer to molecular oxygen and so in vitro ROS measurements are
likely to be overestimates of the in vivo situation. Measurement of superoxide
generation from intact mitochondria is problematic due to the presence of
mitochondrial manganese superoxide dismutase (MnSOD) which catalyses the
reaction below:-
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O2 + O2 + 2 H —
> H2O2 +O2
Indirect ROS generation is subsequently calculated via detection of the oxidant
hydrogen peroxide (H2O2). Again controversy exists regarding the presence of
MnSOD for in vivo this could increase the rate of 0 2-- production due to the
accelerated dismutation of superoxide to hydrogen peroxide [121]. The use of
inhibitors for both mitochondrial proton leak and ROS measurement also alter the
function of the mitochondria in a non-physiological way. Such inhibitors as
rotenone are added to the proton leak reaction buffer intending to create an
environment more representative of in vivo by eliminating reverse electron flow.
However, mitochondria are not exposed to these inhibitors in vivo and so any
response observed can not be considered to be physiological. A comparison
between mitochondria isolated from DR and control animals maintained under
the same conditions limits errors due to in vitro methodology however, it can not
be assumed that mitochondria from animals fed different dietary regimes respond
to these factors to the same extent. A methodology to measure ROS generation
in vivo at the sub-cellular level would be required however this is not currently
available.

The response of intact isolated cells, or tissue slices where the tissue
morphology is retained, may better represent the in vivo response than isolated
mitochondria. Previously the conclusion from the use of isolated hepatocytes has
contradicted research carried out on mitochondria isolated from DR liver [90]. It
has since been suggested however, that this difference was due to the
preparation of the cells which caused them to revert back to the control states
[161].
Although it is possible to show a retardation in the life time development of
oxidative stress and damage to macromolecules with DR feeding regimes, and,
given the observations from the present research, to explain both at the

251

Chapter 8: Concludine Discussion

systemic, functional and molecular level how reduced mitochondrial ROS
generation may arise in such animals, the following fundamental question still
remains unanswered. If exposure to ROS is important within cells to determine
the rate and phenotype of ageing, what is the target downstream from the
mitochondria that is modified by ROS to determine the rate of ageing? Although
genomic and mitochondrial DNA has for many years been postulated as the
downstream target of ROS, the data for oxidative damage to either genomic or
mtDNA is contradictory and unconvincing [60, 61, 77]. Further, the naked mole
rat which has a long life span for a rodent of up to 28 years, has increased
oxidative damage when compared to an age-matched short lived rodent of the
same body mass [209]. Recent studies have proposed that redox sensitive
transcription factors could be a sensitive intermediate in the process of ageing.
This family of over twenty redox sensitive transcription factors monitor the
transition in the cell with age from a reductive to an oxidised environment and
they have the potential to amplify such subtle changes into gross changes in
cellular gene expression profiles. While recent studies with mouse skin where the
ablation of nuclear factor kappa (3 (NFk P) led to a young, rejuvenated phenotype
[210] , overall the data is very limited and again unconvincing that redox sensitive
transcription factors are central to the development of the ageing phenotype
[211] . Thus either the development of oxidative stress is peripheral to the control
of the rate of ageing and the aged phenotype, or it acts through an undefined
process yet to be identified. Interestingly blocking the activity of the transcription
factor, nuclear factor kappa p (NFk P), causes an increase in insulin sensitivity in
animals with metabolic disorders [212, 213] which is possibly indicative of a role
of insulin in the ageing process, in agreement with the data presented here.
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APPENDIX
Constituents of Standard CRM Maintenance Rat Diet
Feed
Level

Nutrient

Added
Supplement

Proximate
Analysis
Moisture
Crude Oil
Crude
Protein
Nitrogen
Free
Extract
Ash
Crude Fibre

10.00
3.36
18.35

%

57.39

%
%

6.27
4.23

MJ/kg

15.01

%
%
%
%
%
%

0.83
0.64
0.27
0.22
0.40
0.69

0.72
0.19
0.22
0.01
0.35

mg/kg
mg/kg
mg/kg
mg/kg
Mg/kg
Mg/kg
Mg/kg
mg/kg

130.65
16.42
91.05
86.59
494.92
390.43
265.49
9.63

60.21
6.90
44.90
52.86
420.30
310.17
100.34

Saturated
Monounsaturated
Polyunsaturated

Trace
Elements
Iron
Copper
Manganese
Zinc
Cobalt
Iodine
Selenium
Fluorine

Added
Supplement

%
%
%

0.56
0.99
1.18

%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%
%

1.19
1.04
0.28
0.29
0.22
0.46
0.69
0.77
1.46
0.96
0.91
0.69
1.55
1.00
3.72
1.34
0.78
0.21

lU/kg
lU/kg
lU/kg
mg/kg
mg/kg
mg/kg
mg/kg
Mg/kg
mg/kg
mg/kg
mg/kg
mg/kg
Mg/kg
mg/kg

17376.38
3077.42
102.81
185.05
15.84
13.28
17.65
78.17
1.80
4.30
78.92
25.24
488.74
899.51

Amino Acids

Minerals
Calcium
Phosphorus
Sodium
Magnesium
Chloride
Potassium

Feed
Level

Fattv Acids
%
%
%

Enerav
Gross
Energy

Nutrient

Arginine
Lysine
Methionine
Cysteine
Tryptophan
Histidine
Threonine
Isoleucine
Leucine
Phenylalanine
Valine
Tyrosine
Glycine
Aspartic Acid
Glutamic Acid
Proline
Serine
Alanine

Vitamins
A
D3
E
K

B1
B2
B6

B12
C
Folic Acid
Nicotinic Acid
Pantothenic Acid
Biotin
Choline

15001.26
3000.00
80.09
180.00
9.83
11.76
13.74
75.00
2.94
27.65
11.56
230.85
75.63

