
um

u Ottawa
L'Université canadienne

Canada's university



ttpt
FACULTE DES ETUDES SUPERIEURES L==J FACULTY OF GRADUATE AND

ETPOSTOCTORALES u Ottawa posdoctoral studies
L'Université canadienne

Canada's university

Carmen Estey
AUTEUR DE LA THESE / AUTHOR OF THESIS

M.Sc. (Biochemistry)
GRADE /DEGREE

Department of Biochemistry
FACULTE, ECOLE, DEPARTEMENT/ FACULTY, SCHOOL, DEPARTMENT

Mitochondrial Uncoupling and Remodelling DuriruCaloric Restriction
Implications for Oxidative Stress and Aging

TITRE DE LA THESE / TITLE OF THESIS

Mary-Ellen Harper
DIRECTEUR (DIRECTRICE) DE LA THESE / THESIS SUPERVISOR

CO-DIRECTEUR (C0-DIRECTRICE) DE LA THESE / THESIS CO-SUPERVISOR

Ilona Skerjanc Jean-Michel Weber

Gary W. Slater
Le Doyen de la Faculté des études supérieures et postdoctorales / Dean of the Faculty of Graduate and Postdoctoral Studies



Mitochondrial uncoupling and remodelling during caloric
restriction: Implications for oxidative stress and aging

M. Sc. Thesis of Carmen M. Estey

Supervisor: Mary-Ellen Harper, Ph.D.

A thesis submitted to the Faculty of Graduate and

Postdoctoral Studies in partial fulfilment of the

requirements for the degree of Masters of Science, Biochemistry

Faculty of Medicine

Department of Biochemistry, Microbiology, and Immunology

University of Ottawa

Ottawa, ON, Canada

Carmen M. Estey, September 2009



?F? Library and Archives
Canada

Published Heritage
Branch

395 Wellington Street
OttawaONK1A0N4
Canada

Bibliothèque et
Archives Canada

Direction du
Patrimoine de l'édition

395, rue Wellington
Ottawa ON K1A 0N4
Canada

Your file Votre référence
ISBN: 978-0-494-65501-6
Our file Notre référence
ISBN: 978-0-494-65501-6

NOTICE:

The author has granted a non-
exclusive license allowing Library and
Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

AVIS:

L'auteur a accordé une licence non exclusive
permettant à la Bibliothèque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par l'Internet, prêter,
distribuer et vendre des thèses partout dans le
monde, à des fins commerciales ou autres, sur
support microforme, papier, électronique et/ou
autres formats.

The author retains copyright
ownership and moral rights in this
thesis. Neither the thesis nor
substantial extracts from it may be
printed or otherwise reproduced
without the author's permission.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protège cette thèse. Ni
la thèse ni des extraits substantiels de celle-ci
ne doivent être imprimés ou autrement
reproduits sans son autorisation.

In compliance with the Canadian
Privacy Act some supporting forms
may have been removed from this
thesis.

While these forms may be included
in the document page count, their
removal does not represent any loss
of content from the thesis.

Conformément à la loi canadienne sur la
protection de la vie privée, quelques
formulaires secondaires ont été enlevés de
cette thèse.

Bien que ces formulaires aient inclus dans
la pagination, il n'y aura aucun contenu
manquant.

1+1

Canada



ABSTRACT

The 'uncoupling to survive' theory suggests that mitochondrial uncoupling

protects cells from reactive oxygen species (ROS), thereby slowing aging. Caloric

restriction (CR) mitigates aging; mechanisms may involve mitochondrial remodelling

such that ROS production is decreased. It is unclear how uncoupling protein 3

(UCP3) in skeletal muscle is involved. Objective: To characterize effects of short-

term 40% CR in wildtype (Wt) and UCP3 transgenic (UCP3 Tg) mice that possess

uncoupled mitochondria. Hypothesis: In an uncoupled system, CR provides no

further ROS protection. Approaches: Muscle mitochondrial and whole body

assessments of UCP3's contribution to uncoupling and oxidative stress. Results:

UCP3 Tg mice had lower body (P<0.001) and muscle weight (P<0.01), increased

energy expenditure (P=O. 12), similar body composition, increased proton leak

(P<0.05), and decreased ROS production (P<0.05). In Wt mice, 1 mo CR mitigated

ROS production (P<0.05), increased proton leak (P<0.05), decreased oxidative

capacity (P<0.01), and increased UCP3 (P<0.05) protein levels. Such changes

were not observed in UCP3 Tg mice. Overall, findings indicate that uncoupling in

muscle does not reflect a pre-adaptation to CR. Rather, uncoupling delays the

adaptive mitochondrial remodelling normally induced by short-term CR.
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CHAPTER 1
INTRODUCTION

1 .1 AGING AND AGE-RELATED DISEASES

Throughout time humans have sought to preserve the characteristics of

youth. For example, in 1512 a Spanish explorer named Ponce de Leon left his

homeland in Puerto Rico and travelled around the Florida coast in search for the

'Fountain of Youth'. Ponce de Leon believed that if he sampled water from every

river and lake he and his men could find, one would contain the power to grant him

eternal youth (Finkel, 2003). While we now know that aging is inevitable, extensive

research continues in attempts to find ways to prolong healthy lifespan. Lifespan is

a general term that includes both maximum lifespan and average life expectancy

(also referred to as 'mean lifespan') (Fontana and Klein, 2007). Maximum lifespan

refers to the age at which 0% of the population being studied is living (Fontana,

2006), whereas, average life expectancy is the age at which 50% of the population

is living (Gates et al., 2007).

Aging is a multi-dimensional, highly complex process (Weinert and Timiras,

2003) that includes a post-reproductive, physiological decline in overall body

function and physical structure due to progressive changes at the organ, cellular and

molecular level. Aging involves gradual changes in body composition, including

decreased muscle mass (termed 'sarcopenia') and bone density and increased

accumulation of abdominal fat content (Fontana and Klein, 2007; Looker et al.,

1997; Roubenoff, 2000; Seidell et al., 1988). Due to such adverse changes, body
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functions including muscle strength, as well as cardiopulmonary, renal and immune

function, and vision and hearing all decline with age (Fontana and Klein, 2007;

Lakatta, 2003; Lindeman et al., 1985; Schmidt et al., 1973). Many additional

physical changes are associated with aging, including wrinkled skin and greying

hair.

With advancing age, the organism becomes predisposed to disease. These

'age-related diseases' include atherosclerosis, diabetes, kidney disease,

hypertension, cancer and arthritis. However, many diseases and disorders are

completely distinct from the aging process, such as asthma (Hill et al., 1981;

Tantisira et al., 2008). The age-related predisposition to disease may reflect an

overall inability of the organism to maintain a proper homeostatic balance due to the

functional and physical changes that occur with age. As a result, the organism

becomes less resistant to stress and more susceptible to disease.

Canada's seniors, individuals aged 65 years or older, are the fastest growing

population group in the country. In 1921, 1 out of every 20 Canadians belonged to

the senior population, as compared to 1 in 8 in 2001 . By the year 2041 , it has been

estimated that Canada's senior population will reach 1 in 4 (Canada, 2002).

Therefore our population as a whole has been rapidly getting older.

One reason why our population is getting older is an increase in maximal

lifespan. In 1997, the average life expectancy at birth for both men and women was

estimated to be 76 and 81 years, respectively. In 2041 , the predicted increase in life

expectancy for both men and women is 5 years (Canada, 2002). This expected

increase is attributed to improvements in the treatment of age-related diseases and

prevention of diseases in the younger population. Therefore, research that focuses

2



on age-related diseases and the specific mechanisms of aging is extremely

important to maximize health in a rapidly aging population.

Calorie restriction (CR) refers to a decrease in energy intake without a

reduction in the intake of essential vitamins, minerals and other dietary components

(Fontana and Klein, 2007). Interestingly, CR is the only known intervention to

prolong both mean and maximum lifespan, delay aging and age-related diseases,

and improve overall health in all species studied thus far including humans (Fontana

et al., 2004). Despite extensive research, the specific mechanisms whereby CR is

able to delay aging remain poorly understood. The research presented herein seeks

to better understand such mechanisms in skeletal muscle.

1.2 WHYDOWEAGE?

1.2.1 The oxidative stress theory of aging

A number of theories have sought to explain why we age (Weinert and

Timiras, 2003). In 1956, Denham Harman first described the free radical theory of

aging (Harman, 1956) which has since been modified to the oxidative stress theory

of aging (Finkel and Holbrook, 2000) and remains one of the most widely accepted

explanations of the aging process to date. This theory posits that our cells, organs

and tissues become damaged due to oxidative stress, which results in aging and

eventual death of the organism (Finkel and Holbrook, 2000). Oxidative stress refers

to damage caused by both reactive oxygen species (ROS) and reactive nitrogen

species (RNS).

3



1.2.2 What are ROS?

ROS are formed during normal oxidative metabolism. These oxygen-derived

molecules are highly reactive because most types of ROS have an unpaired

electron. The following three reactions show four types of ROS and how they are

produced:

(a) O2 + e" —? O2*"

SOD

(b) 2 O2*+ 2H+ ^ H2O2

(c) Fe2+ + H2O2 -h. Fe3+ + OH* + OH"

Reaction (a) shows that when oxygen (O2) acts as an electron (e") acceptor,

superoxide (O2*") can be formed. Superoxide is one type of ROS and is highly

reactive, but unstable and therefore short-lived. Reaction (b) shows that superoxide

can be metabolized to another, less reactive, type of ROS, hydrogen peroxide

(H2O2). This reaction is catalyzed by superoxide dismutase (SOD) which is one type

of detoxifying enzyme. H2O2 is more stable than O2*" (half-life: 0.05 s at 0.1 mM),

and thus can act as a biological effector. Furthermore, in the presence of ferrous

iron (Fe2+), H2O2 can be broken down into two further types of ROS, a hydroxyl
radical (OH*) and a hydroxyl ion (OH") (reaction c: the Fenton reaction). Therefore,

4



there are four common types of ROS; CV", H2O2, OH* and OH" which vary in their

degree of reactivity and stability.

7.2.2. 1 Intracellular location of ROS generation

The primary sources of ROS generation within most cell types are the

mitochondria. Mitochondria are referred to as the 'powerhouses' of the cell because

it is within these organelles that the cellular energy currency in the form of

adenosine triphosphate (ATP), is produced. Traditionally, mitochondria have been

viewed as independent, 'sausage-shaped' organelles; however, over the last 10

years it has become increasingly appreciated that mitochondria exist as a dynamic

reticulum whose morphology is regulated by fission and fusion events (Mannella et

al., 1997). Mitochondria have two membranes: an outer membrane and an inner

membrane. The mitochondrial outer membrane is semi-permeable, whereas, the

mitochondrial inner membrane (MIM) is highly selectively permeable requiring

specialized transport mechanisms to allow molecules to pass through. The MIM

forms folds, or cristae, thereby increasing its surface area. The area between the

outer and inner membrane is referred to as the mitochondrial intermembrane space,

whereas the area enclosed by the inner membrane is the mitochondrial matrix.

It is estimated that 0.2-2% of cellular oxygen consumed during oxidative

phosphorylation via the electron transport chain (ETC) produce ROS (Chance et al.,

1979). The ETC is located within the MIM and is composed of four integral

membrane enzyme complexes referred to as complexes I, II, III and IV (Figure 1).

These complexes shuttle electrons, obtained from reducing equivalents (reduced

5



Figure 1. Schematic representation of the electron transport chain (ETC). The ETC
is located within the mitochondrial inner membrane and is composed of complexes I-
IV. NADH and FADH2 feed into complex I and Il respectively and electrons are
transferred via ubiquinone (Q) to complex III and then to cytochrome c (cyt c). Upon
arriving at complex IV the electrons participate in respiration. During the transfer of
electrons through the ETC, a protonmotive force (PMF) of - 200 mV is generated
across the inner membrane, the dissipation of which drives the formation of ATP by
the ATP synthase. ATP is then shuttled to the intermembrane space via the
adenine nucleotide translocase (ANT), ultimately providing energy to the rest of the
cell.
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nicotinamide adenine dinucleotide, NADH; and reduced flavin adenine dinucleotide,

FADH2), via a series of redox reactions. Oxygen acts as the final electron acceptor

in a reaction that produces water at complex IV. NADH and FADH2 produced from

the oxidation of proteins, carbohydrates and fats feed into complex I and Il

respectively. Additionally, the acyl-coA dehydrogenase complex, which is one

enzyme involved in fatty acid oxidation, is capable of feeding reducing equivalents

into the ETC via the electron transferring flavoprotein:quinine oxidoreductase

(ETF:QOR). All electrons are transferred to ubiquinone (Q) where they are then

shuttled through complex III to cytochrome c (cyt c) and subsequently to complex IV.

Electrons are transferred through the chain via a series of hemes, flavoproteins and

iron-sulphur (Fe-S) proteins. During the transfer of electrons through the ETC, a

protonmotive force (PMF) of ~ 200 mV is generated across the inner membrane, the

dissipation of which drives the formation of ATP from adenosine diphosphate (ADP)

and inorganic phosphate (P¡) by the ATP synthase (complex V). ATP is then

exported from the mitochondrial matrix to the cytosol via the adenine nucleotide

translocase (ANT), ultimately providing energy to the cell.

As detailed below, superoxide is formed when electrons leak from the ETC.

More specifically, this occurs mainly at complex I and complex III (Barja, 1999).

1.2.2.2 Sites of ROS production

One location within the ETC where ROS can be produced is at complex I.

Figure 2 (adapted from: (Muller et al., 2004)) depicts the structure of complex I as

inferred by cryoelectron microscopy (Grigorieff, 1998); an x-ray structure has not yet
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Figure 2. Complex I of the electron transport chain (ETC). Detailed schematic view
of complex I of the ETC showing how electrons flow through the complex, where
rotenone binds and where superoxide ((V") is thought to be produced (Muller et al.,
2004).
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been elucidated. One portion of the complex appears to reside within the MIM and

the remaining portion appears to extend into the mitochondrial matrix forming a

distinct 'upside-down' L shape. At complex I, NADH is oxidized to NAD+, with

subsequent flow of electrons to Q from which they are shuttled to complex III.

Rotenone is a complex I inhibitor that is thought to bind within complex I at the

junction between the portion of the complex that spans the MIM and the portion that

extends into the matrix; however, the precise binding site of rotenone is unknown.

When rotenone is present, the flow of electrons to Q is prevented; consequently, the

electrons fully reduce the Fe-S centres present in the matrix arm of complex I. The

Fe-S centres may then donate electrons to oxygen, subsequently forming

superoxide within the matrix (Muller et al., 2004).

The other key site within the ETC where ROS can be produced is at complex

III, for which a crystal structure has been resolved (Zhang et al., 1998). Complex III

is composed of two monomers, one of which is depicted in Figure 3 (adapted from:

(Muller et al., 2004)). Each monomer is composed of eleven different subunits,

three of which are important for the transfer of electrons through the complex

(cytochrome b, Rieske Fe-S protein, and cytochrome Ci). Cytochrome b (cyt b)

has two specific locations that are able to bind Q; Q0 and Q¡ (O' and T refer to inner

and outer-side of the MIM respectively). Electrons are shuttled through this

complex via the Q-cycle, ultimately leading to the transfer of electrons to complex IV

via cyt c and the formation of fully reduced ubiquinone (QH2) (Andreyev et al., 2005).

Antimycin A is a complex III inhibitor which binds at the Q¡ site of cyt b (Figure 3:

modified from (Muller et al., 2004)). The binding of antimycin A promotes the

formation of a semiquinone molecule, a partially reduced Q with an unpaired
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Figure 3. Complex III of the electron transport chain (ETC). Detailed schematic
view of one monomer of complex III of the ETC. The red subunit is cytochrome b,
the yellow subunit is the Rieske iron sulphur (Fe-S) protein, and the blue subunit is
cytochrome C1. Q0 and Q¡ are both ubiquinone binding sites. The majority of
complex III spans the mitochondrial inner membrane, indicated by the area between
the two red horizontal lines. The top portion of the Rieske Fe-S protein and
cytochrome Ci extend into the intermembrane space; whereas, the bottom of
cytochrome Ci and b extend slightly into the mitochondrial matrix. Electrons flow
through this complex via the Q-cycle which ultimately leads to the shuttling of
electrons to complex IV via cytochrome c (located near cytochrome Ci: not shown in
the figure) and the formation of fully reduced ubiquinone. Antimycin binds at the Q¡
site of cyt b and promotes the formation of a semiquinone molecule which can react
with oxygen to form superoxide (modified from Muller et al., 2004).
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electron. Due to its unpaired electron, semiquinone is able to react with oxygen,

consequently forming superoxide. The topology of ROS production at complex III is

not as well accepted as that of complex I. The traditional view has been that the

majority of superoxide produced at complex III is released into the matrix (Turrens,

1997); however, after the crystal structure of complex III was solved, it was shown

that the Q0 site (one possible site of ROS production) is located next to the

intermembrane space (Figure 3) (Iwata et al., 1998; Zhang et al., 1998).

Subsequent studies have indeed convincingly shown that superoxide generated at

complex III can be released into the intermembrane space (Muller et al., 2004; St-

Pierre et al., 2002). However, the majority of the superoxide generated at complex

III seems to be released into the matrix (Muller et al., 2004; St-Pierre et al., 2002).

1.2.2.3 Conditions favouring ROS production

An important condition that favours mitochondrial ROS production is a highly

reduced state of the ETC; that is, when PMF is high (Kushnareva et al., 2002).

Such a highly reduced state could arise, in vivo, when electron (or reducing

equivalent) supply exceeds ETC capacity. In vitro, physical inhibition of the

respiratory chain, for example by rotenone or antimycin, will result in a highly

reduced state of the complexes (Kushnareva et al., 2002; St-Pierre et al., 2002). It

follows, therefore, that increased flux through the ETC, as occurs when ATP

demand is high, is less conductive to ROS formation. Indeed, it has been shown

that levels of superoxide produced by isolated mitochondria can be reduced by 70%

if PMF is decreased by only 10 mV (Miwa et al., 2003). This study, and others,
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highlight the importance of ROS production on mitochondrial PMF (Hansford et al.,

1997; Korshunov et al., 1997; Votyakova and Reynolds, 2001). Non-

phosphorylating oxygen consumption, which occurs in mitochondria due to 'proton

leak', is thought to mitigate superoxide generation (discussed below). Mechanisms

that increase proton leak would thus mitigate ROS formation (see section 1 .4.1).

An increase in oxygen availability can also favour ROS production, thereby

increasing the chances that oxygen will act as an electron acceptor (Turrens, 2003).

Interestingly, hypoxia is also associated with increased ROS production (Guzy et al.,

2005). Finally, through mechanisms that remain poorly understood, fatty acids

seem to promote ROS production (St-Pierre et al., 2002).

1.2.2.4 Functional role of ROS

Low levels of ROS play important roles in cell signalling pathways. For

example, it has been demonstrated that when cells are in a hypoxic state

mitochondrial ROS production increases, leading to stabilization of the transcription

factor hypoxia-inducible factor 1-a (HIF-Ia) and the subsequent cellular adaptation

to low oxygen levels (Brunelle et al., 2005). ROS can also play an important role in

regulating immune responses. Macrophages and neutrophils contain a nicotinamide

adenine dinucleotide phosphate (NADPH) oxidase which is a membrane-bound

enzyme complex. Once activated during an inflammatory response, ROS are

produced and have antimicrobial and tumoricidal functions (i.e. the Oxidative burst')

(Droge, 2002). ROS are also involved in many other cellular processes such as

regulating vascular tone, cell adhesion, and programmed cell death (Droge, 2002).
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Overall, at low concentrations, ROS play important roles in many physiological

cellular processes.

ROS at high levels can lead to cellular dysfunction through an effect on lipids,

proteins and DNA. For example, ROS can react with cell membranes resulting in a

change in the biophysical properties of the membranes. As depicted in Figure 4

(adapted and modified from (Brand et al., 2004)) superoxide produced by the ETC is

converted to a hydroxyl radical through the Fenton reaction, as previously described

(section 1.2.2). The hydroxyl radical can react with the hydrogen in polyunsaturated

fatty acyl chains present in the membrane to produce a carbon-centred

phospholipid fatty acyl radical. This radical can then react with oxygen forming a

phospholipid fatty acyl peroxyl radical. Ultimately, this leads to a cascade of lipid

peroxidation causing damage to the membrane and the release of reactive alkenals

such as 4-hydroxyl-2-nonenal (4-HNE). Additionally, released 4-HNE can react

with proteins forming adducts that modify protein structure and function (Brand et al.,

2004). ROS can also induce oxidative damage within DNA by promoting strand

breaks, and/or by modifying bases and nucleotides which has been implicated in

cancer development (Wiseman and Halliwell, 1996). Mitochondrial DNA (mtDNA) is

highly susceptible to ROS-induced damage, thus leading to decreased mitochondrial

function and integrity (Finkel and Holbrook, 2000; Sanz et al., 2006). Therefore,

ROS are able to cause direct damage to cellular components.

1.2.2.5 ROS defence mechanisms

Several antioxidant defence mechanisms, in the form of detoxifying enzymes,
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Figure 4. Schematic representation of 4-hydroxy-2-nonenal production.
Superoxide (CV") produced by the electron transport chain (ETC) is converted to
hydrogen peroxide (H2O2) by superoxide dismutase in the mitochondrial matrix
(MnSOD). By combing with iron (Fe2+), H2O2 is then converted to a hydroxyl radical
(*OH). OH can acquire a hydrogen (H) from polyunsaturated fatty acyl chains
present in the membrane which subsequently produces a carbon-centred
phospholipid fatty acyl radical. This radical can then react with oxygen (O2) forming
a phospholipid fatty acyl peroxyl radical. Ultimately this leads to a cascade of lipid
peroxidation causing damage to the membrane and the release of reactive alkenals
such as 4-hydroxyl-2-nonenal (4-HNE). Released 4-HNE can then react with
proteins to form adducts which could modify protein function. The reactive portion of
4-HNE is shown in grey and consists of an aldehyde group and a double bond
(Brand et al., 2004). Figure adapted and modified from (Brand et al., 2004).
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exist thereby dampening the pathological effects of ROS. In skeletal muscle, such

enzymes include SOD and glutathione peroxidase (GPx). As described above,

superoxide can be converted to H2O2 through the action of SOD, resulting in a less

toxic form of ROS due to the absence of an unpaired electron. There are two

isoforms of SOD: CuZnSOD (S0D1) is present in both the cytoplasm and in the

mitochondrial intermembrane space, and MnSOD (S0D2) is present in the

mitochondrial matrix (Okado-Matsumoto and Fridovich, 2001). GPx is present in

both the mitochondrial matrix and the cytoplasm. GPx converts H2O2 into water

(Halliwell, 1999). Catalase can also convert H2O2 to water, and is found in

peroxisomes; however, peroxisomes are not abundant in skeletal muscle (Hulbert et

al., 2007). Thioredoxin 2 (Trx2) is another antioxidant enzyme which is present in

mitochondria and is responsible for repairing oxidative damage to proteins, namely

cystein residues (Lillig and Holmgren, 2007). In skeletal muscle, SOD and GPx are

considered to be the most important antioxidant enzymes.

Although not a detoxifying enzyme per se, it is hypothesized that uncoupling

protein 3 (UCP3), a protein that is found within the MIM in skeletal muscle, is

thought to prevent ROS production within this tissue. Therefore, UCP3 could

potentially be another mechanism by which muscle is protected against the

pathological effects of ROS. A detailed discussion surrounding UCP3's ability to

detoxify ROS is presented in section 1 .4.3.

Like UCP3, the adenine nucleotide translocase (ANT), also located within the

MIM, is not a detoxifying enzyme per se. However, ANT can mitigate ROS

formation by an inducible proton leak, which it mediates (see section 1.4.1).
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1 .2.3 ROS, oxidative stress and aging

The level of oxidative stress within a cell is determined by the balance

between ROS production and detoxification. The oxidative stress theory of aging

holds that the gradual accumulation of ROS-induced damage over time is

responsible for the physical and functional decline associated with increased age

(Finkel and Holbrook, 2000). This progressive decline results in the organism's

inability to overcome additional stress which then leads to, or worsens, pathology

(Finkel and Holbrook, 2000).

Studies have shown that long-lived animals produce ROS at a lower rate

compared to shorter-lived species. For example, the body size and metabolic rate

of pigeons and rats are comparable; however, pigeons possess a maximum lifespan

of 35 years whereas, that of a rat is only 4 years. Interestingly, mitochondria from

pigeons produce much less ROS then mitochondria from rats (Barja et al., 1994).

Similar results were also seen when comparing bats to shrews or mice (Brunet-

Rossinni, 2004). ROS production in bat mitochondria was half to one third the

amount of that produced in the rodents; bats possess a maximum lifespan of 34

years compared to 2 or 8 years for the shrew and mouse respectively.

Furthermore, much evidence exists to support the idea that ROS production

increases with age in a wide variety of species and tissue types (Antier et al., 2004;

Bandy and Davison, 1990; Blackwell et al., 2004; Csiszar et al., 2002; Farmer and

Sohal, 1989; Hamilton et al., 2001; Judge et al., 2005), including in human tissue

(Jun et al., 1996; Martins Chaves et al., 2002). Together, the above results support

a role for oxidative stress in determining the rate of aging. However, is the
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accumulation of ROS-induced cellular damage, perse, over time responsible for the

aging process? A number of studies have addressed this question using either

knockout (KO) or transgenic (Tg) overexpressing models of important ROS

antioxidant systems. If the oxidative stress theory of aging is in fact true, then

eliminating vital ROS detoxifiers should result in increased oxidative stress and a

shorter lifespan. It has been reported that mice lacking CuZnSOD (Sod Y'') had
higher levels of oxidative damage within skeletal muscle compared to age-matched

controls (Muller et al., 2006). This resulted in an accelerated age-associated

decline in muscle mass and function that is reminiscent of age-related sarcopenia

observed in normal human aging (Thomas, 2007). Using the same mouse model,

Elchuri et al. determined that Sod Y'' mice had a significantly lower mean and
maximum lifespan with extensive liver oxidative damage compared to controls

(Elchuri et al., 2005). These observations have since been confirmed in a separate

study (Perez et al., 2009). Recently, it has been demonstrated that mice deficient in

the Trx2 gene (Trx?1') have increased oxidative stress in liver compared to wild-
type (Wt) littermates (Perez et al., 2008). Mitochondria isolated from a variety of

tissues from Trx?1' mice including from liver and skeletal muscle showed higher
levels of ROS production and an overall decrease in mitochondrial ATP production

and ETC function compared to controls. In a follow up study, it was established that

the Trx?1' mice had a 16% decrease in maximum lifespan and a slight (7%)
decrease in mean lifespan (Perez et al., 2009). Although this small difference was

not statistically significant, the authors acknowledged that this difference could

become significant with a larger sample size. Methionine sulfoxide reductase-A

(MsrA) is another important ROS antioxidant enzyme that is responsible for repairing
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oxidized methionine groups within proteins. Moskovitz et al. have shown that mice

lacking the MsrA gene are also more highly susceptible to oxidative stress in a

variety of tissues and exhibit a shorter lifespan compared to Wt mice (Moskovitz et

al., 2001). Evidence to support the oxidative stress theory of aging also exists in

yeast and drosophila KO models of important antioxidant enzymes (Koc et al., 2004;

Longo et al., 1996; Phillips et al., 1989; Reveillaud et al., 1994; Wawryn et al., 1999).

Further support for the oxidative stress theory of aging comes from studies in

which important ROS antioxidants have been overexpressed in a variety of species

with the overall hypothesis that by doing so oxidative stress levels would be

attenuated resulting in a prolonged, healthier life. Mice overexpressing SOD2 have

been shown to have decreased levels of mitochondrial superoxide production and

an increased maximum lifespan (Hu et al., 2007). Furthermore, it has been

demonstrated that mice overexpressing human catalase targeted to mitochondria

had less ROS production and overall oxidative damage compared to controls

(Schriner et al., 2005). Additionally, the catalase-overexpressing mice had an

extended, healthier lifespan in that cataract development and cardiac pathology

were delayed compared to controls. These are two pathologies that have been

associated with normal human aging (Finkel and Holbrook, 2000). Similar results

have also been found with the overexpression of a variety of ROS antioxidants in

Drosophila (Chavous et al., 2001; Parkes et al., 1998; Rúan et al., 2002; Sohal et

al., 1995; Sun et al., 2002; Sun et al., 2004; Sun and Tower, 1999), yeast (Harris et

al., 2003; Koc et al., 2004) and flies (Spencer et al., 2003). Therefore, despite its

recent questioning (Perez et al., 2009), much evidence exists in support of the

oxidative stress theory of aging.
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1 .3 OTHER PATHWAYS THAT MAY CONTROL AGING

Significant attempts have been made to delay aging and promote a healthier

lifespan. In 1993, a ground-breaking study was conducted by Kenyon et al., who

mutated the gene homologous to the mammalian insulin-like growth factor type 1

receptor gene (IGF-1R) in C. elegans (Kenyon et al., 1993). This mutation allowed

the nematodes to out-live the Wt controls by more than 2-fold. A similar effect was

seen in Drosophila (Tatar et al., 2001). In mice, Holzenberger et al. inactivated one

of the IGF-1R alleles and found that females lived ~ 30% longer than controls

(Holzenberger et al., 2003). On the other hand, mutated male mice were glucose

intolerant and did not live longer than their controls. It has been discovered that

female and male mice lacking the adipose tissue specific insulin receptor had an

18% increase in lifespan (Bluher et al., 2003). However, when insulin signalling was

disrupted in hepatocytes, mice developed insulin resistance and glucose intolerance

(Michael et al., 2000). Wang et al. showed that activation of the Jun-N-terminal

kinase (JNK) pathway in Drosophila lead to increased lifespan (Wang et al., 2005).

In mice, however, high levels of JNK activity were associated with diabetes

(Hirosumi et al., 2002) and atherosclerosis (Ricci et al., 2004). Thus in these

experimental systems, targeted perturbation of a single pathway tended to be

associated, at least in mammals, with deleterious effects on physiology at some

stage in life, and possibly in a gender-specific manner.
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1.4 CALORIERESTRICTION

Calorie restriction (CR) refers to a decrease in energy intake in the absence

of malnutrition; that is, without decreasing the intake of essential vitamins, minerals

and other dietary components. Interestingly, CR is the only known intervention to

consistently prolong both mean and maximum lifespan, delay aging and age-related

diseases, and improve overall health in all species studied thus far {e.g., flies,

nematodes, spiders, fish, mice, rats, and dogs) (Austad, 1989; Comfort, 1963; Klass,

1977; Weindruch et al., 1986). Despite only minimal research on the effects of CR

in monkeys (Kemnitz et al., 1994; Lane et al., 1996; Lane et al., 1995) and humans

(Fontana et al., 2004; Heilbronn et al., 2006; Walford et al., 1999), preliminary

studies suggest the same beneficial effects. In a very recent study, Coiman et al.

demonstrated that CR in rhesus monkeys slows aging and delays the onset of

several age-related pathologies including diabetes, cancer, and cardiovascular

disease (Coiman et al., 2009). In addition, improved brain function was also seen in

CR monkeys compared to controls. Despite extensive research, the specific

mechanism whereby CR is able to delay aging and promote healthy lifespan is still

poorly understood.

The one well known and consistent effect of CR is a reduction in overall

mitochondrial ROS production and cellular oxidative damage (Asami et al., 2008;

Bevilacqua et al., 2004, 2005; Lass et al., 1998; Pamplona et al., 2002),

observations consistent with the oxidative stress theory of aging. Since

mitochondria are the main producers of ROS, these organelles have been linked to

the underlying mechanisms of CR, and mitochondrial remodelling is increasingly
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acknowledged as an important factor (Guarente, 2008). The idea that mitochondria

become significantly remodelled during CR derives from observations such as

altered mitochondria content and composition, including alterations in mitochondrial

proteins, lipids and DNA (Bevilacqua et al., 2004, 2005; Bua et al., 2004; Civitarese

et al., 2007; Pamplona et al., 2002). Similarly, CR-induced changes in both

mitochondrial dynamics and function are also consistent with this notion (Barazzoni

et al., 2005; Bevilacqua et al., 2004, 2005; Guarente, 2008; Marzetti et al., 2008).

Mitochondrial remodelling with CR and how this relates to increased healthy lifespan

remain poorly understood; the research presented herein seeks to better understand

this notion.

1 .4.1 The 'uncoupling to survive' theory

One mechanism that may explain how CR prolongs lifespan and delays aging

is described by the 'uncoupling to survive' theory, a sub-theory of the oxidative

stress theory of aging. Uncoupled respiration in mitochondria refers to oxygen

consumption in the absence of ATP production fnon-phosphorylating oxygen

consumption'). This is depicted in Figure 5. Under most conditions, oxygen

consumption at complex IV is coupled to the formation of ATP by complex V (ATP

synthase). However, it has been known for approximately 20 years that this process

is inefficient (Brand, 1990). Some of the protons that are pumped from the

mitochondrial matrix into the intermembrane space return to the matrix by means

other than the ATP synthase. When this occurs, the 'leaked' protons do not

participate in ATP production; however, oxygen is still reduced at complex IV. This

21



Figure 5. Schematic representation of mitochondrial uncoupling. Oxygen
consumption at complex IV is not perfectly coupled to the formation of ATP via the
ATP synthase. Some of the protons contributing to the PMF can revert back into the
mitochondrial matrix through an alternate route, other then the ATP synthase. The
'leaked' protons do not participate in ATP production; however, oxygen consumption
continues. This process is called proton leak, and the wasted energy is released as
heat. Basal proton leak refers to leak that occurs within mitochondria under non-
phosphorylating conditions and is primarily mediated by ANT. Inducible proton leak
refers to leak processes that are activated by, for example, fatty acids or 4-HNE.
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process is also known as proton leak, or mitochondrial uncoupling and the potential

energy of the PMF is released as heat (Brown, 1992; Nicholls, 1974). When ATP

demand is high, the majority of the protons return to the matrix via the ATP

synthase. However, when ATP demand is decreased, as would occur in muscle at

rest, the contribution from proton leak processes to oxygen consumption is

increased. It has been estimated that up to ~ 25% of the resting metabolic rate of a

rat may be due to proton leak (Rolfe and Brand, 1997).

Two types of proton leak have been defined: 'basal' and 'inducible'. Although

the mechanism is not entirely understood, ANT is responsible for ~ 50% of proton

leak in skeletal muscle mitochondria (Brand et al., 2005). Carboxyatractylate (CAT)

is a classic inhibitor of ANT. The majority of ANT-mediated proton leak is not

inhibited by CAT (Brand et al., 2005). Such CAT-insensitive proton leak is termed

'basal' proton leak and is not due to ADP/ATP exchange or activation of ANT (Brand

et al., 2005). Yet, ANT activation also leads to proton leak. Such activators include

fatty acids (Andreyev et al., 1989; Andreyev et al., 1988; Brand et al., 2005;

Shabalina et al., 2006), alkenals (Echtay et al., 2003), adenine monophosphate

(AMP) (Cadenas et al., 2000) and the need for ADP/ATP exchange during oxidative

phosphorylation. Such activated ANT-mediated proton leak is inhibited by CAT

(Brand et al., 2005) and is termed 'inducible' proton leak. Uncoupling proteins can

also mediate inducible proton leak (see next section).

As stated above, ROS production is increased when PMF is high. When

mitochondria are slightly uncoupled, PMF is partially dissipated, thereby decreasing

the possibility of ROS formation. As described above, the oxidative stress theory of

aging posits that ROS are the key molecules responsible for age-associated loss of
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function. Therefore, uncoupling of mitochondria could promote less ROS

production, and over time, less oxidative damage, which in turn, would mitigate

aging processes. This is the basis for the 'uncoupling to sun/ive' theory (Brand,

2000).

1 .4.2 Uncoupling proteins

Despite extensive research on uncoupling proteins (UCPs), there remains

controversy regarding their physiological function and mechanism of action. The

first uncoupling protein to be identified was uncoupling protein 1 (UCP1), also known

as thermogenin (Bouillaud et al., 1985; Bouillaud et al., 1986). This 32 kDa, MIM

protein was discovered during the mid-1 970's and is expressed exclusively in brown

adipose tissue (BAT). UCP1 is responsible for non-shivering thermogenesis (NST)

in BAT, the process of heat production through a fatty acid-activated mitochondrial

proton leak process (Nicholls and Locke, 1984).

More recently, four proteins with significant homology to UCP1 were

discovered: UCP2 and UCP3 in 1997, UCP4 in 1998, and UCP5 in 1999. At the

amino acid level, UCP4 and UCP5 are 30% homologous to UCP1; whereas, UCP2

and UCP3 are 50% and 57% homologous, respectively (Boss et al., 1997; Fleury et

al., 1997; Gimeno et al., 1997; Gong et al., 1997; Vidal-Puig et al., 1997). Due to

the high sequence similarity to UCP1 , it was initially thought that the physiological

role of UCP2 and UCP3 would also be thermogenic uncoupling. Very little is known

about UCP4 and UCP5 and, to date, the specific function of UCP2 and UCP3 is still
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speculative. The research presented herein focuses on UCP3 and its proposed

function in mediating proton leak and mitigating ROS production during CR.

1 .4.3 Uncoupling protein 3 (UCP3)

The 34 kDa UCP3 protein is selectively expressed in skeletal muscle and, at

lower levels, in heart and BAT (Bezaire et al., 2007). UCP3 is the only uncoupling

protein to be expressed at the protein level in skeletal muscle. As mentioned

previously, due to UCP3's high sequence homology to UCP1, it was originally

hypothesized that UCP3's primary physiological function would be NST through

mitochondrial uncoupling specifically in skeletal muscle. However, many studies

have shown that UCP3 does not mediate this function. For example, Cadenas et al.

showed that a 2-fold increase in UCP3 protein, induced by fasting, in rat skeletal

muscle mitochondria is not associated with increased basal proton conductance

(Cadenas et al., 1999). Additionally, mice lacking UCP3 protein had normal body

temperature compared to controls even during cold exposure or when treated with a

beta 3-adrenergic agonist. Therefore, the above studies and others (Bezaire et al.,

2001) have provided evidence against the hypothesis that UCP3 induces basal

uncoupling and contributes to NST in skeletal muscle.

Another proposed function of UCP3 is protection from ROS (reviewed in

(Bezaire et al., 2007)). UCP3 has been linked to decreased ROS production and

oxidative stress in a number of studies. It has been shown that skeletal muscle

mitochondria isolated from mice lacking UCP3 possessed greater levels of ROS

production (Vidal-Puig et al., 2000). Additionally, it has been demonstrated that

25



mice lacking UCP3 have higher levels of oxidative damage compared to controls

(Brand et al., 2002). Decreased ROS production has also been shown in muscle

cells overexpressing physiological levels of UCP3 protein (MacLellan et al., 2005). It

has been hypothesized that the mechanism by which UCP3 attenuates ROS

production is through a small degree of uncoupling induced by UCP3 upon its

activation by by-products of lipid peroxidation, such as 4-HNE (reviewed in (Brand

and Esteves, 2005)). This activated 'mild' uncoupling would decrease mitochondrial

PMF, subsequently mitigating ROS formation.

This proposed mechanism has gained much support, at least at the in vitro

level. Echtay et al. have shown that exogenously produced superoxide, generated

by xanthine and xanthine oxidase, in skeletal muscle mitochondria resulted in

increased mitochondrial uncoupling (Echtay et al., 2002). The increase in proton

conductance was abolished when GDP, an inhibitor of UCP3, was added. Also

shown was the dependence of the increased proton leak on the presence of fatty

acids. Skeletal muscle mitochondria isolated from mice lacking UCP3 did not

possess increased proton leak in the presence of superoxide compared to controls.

In another study, Brand and colleagues (Echtay et al., 2003) showed that 4-HNE

and other structurally related compounds induce a similar GDP-sensitive proton

leak in skeletal muscle mitochondria. This increased proton conductance was again

absent in mice lacking UCP3. In a follow-up study, Talbot et al. endogenously

generated superoxide in mitochondria isolated from rat skeletal muscle mitochondria

(Talbot et al., 2004). Superoxide was induced at complex I by allowing the

mitochondria to respire on succinate as the substrate. Under these conditions, GDP

inhibited the proton conductance and superoxide production was enhanced. The
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addition of rotenone and an antioxidant similarly inhibited the GDP-sensitive proton

leak and ROS production was reduced. This latter study avoided the criticisms of

using non-physiological levels of superoxide to activate UCP3 by allowing

mitochondria to endogenously produce superoxide.

Evidence does however exist against the above hypothesis. Mitochondria

from S0D2 overexpressing mice were shown to have decreased ROS production

and oxidative damage (Silva et al., 2005). Since these mice were already protected

from extensive ROS production and damage, it was thought that under conditions in

which ROS production was significantly elevated, mitochondria from SOD2 mice

would have a smaller GDP-inhibitable proton leak compared to Wt mice. However,

while skeletal muscle mitochondria from mice overexpressing SOD2 possessed a

proton leak that was sensitive to GDP, the degree of this inhibition was similar to

that in Wt mice. Recently, Parker et al. have provided evidence against the

specificity of GDP for UCP3 (Parker et al., 2008). In the latter study, it was shown

that mitochondria isolated from mouse skeletal muscle lacking UCP3 in fact

possessed a GDP-sensitive proton leak. Additionally, UCP3 specific proton

conductance activated by endogenously produced superoxide was not inhibited by

GDP and was strongly attenuated when carboxyatractylate (CAT) was added, a

known inhibitor of ANT. Therefore, Parker and colleagues concluded that GDP is

not specific for UCP3, as it can inhibit proton conductance by ANT as well. The

possible non-specificity of GDP to UCP3 raises a fundamental concern surrounding

previous studies that have utilized GDP as a tool to reveal an activated UCP3-

mediated proton conductance. Evidence also exists against the idea that UCP3

mitigates ROS production and decreases oxidative stress. For example, Brand and
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colleagues have shown that skeletal muscle mitochondria from mice overexpressing

UCP3 do not possess lower levels of oxidative damage compared to controls (Brand

et al., 2002).

Thus, there remains much controversy over the physiological function of

UCP3 and its specific mechanism, and the need for further research is evident.

1 .4.4 CR, uncoupling and aging

The 'uncoupling to survive' theory proposes that uncoupling of mitochondria,

via proton leak, promotes less ROS production, and over time, less oxidative

damage results in a slower aging process and increased lifespan (Brand, 2000).

CR has been associated with increased mitochondrial proton leak (i.e. a

change in overall mitochondrial function). Lambert et al. showed that liver

mitochondria from CR rats (4-month treatment period) possessed increased proton

leak compared to controls. The increased proton leak observed was also

associated with decreased ROS production (Lambert and Merry, 2004). Consistent

with these results are studies that were conducted in our laboratory with

mitochondria isolated from skeletal muscle of rats that underwent short-term (2

week and 2 month) or medium-term (6 month) CR (Bevilacqua et al., 2004). Results

from these studies showed that mitochondria from rats exposed to short-term CR

had a lower PMF, increased oxygen consumption and marked decreases in ROS

production and oxidative stress compared to controls.

Therefore, the above data show that short-term CR may promote an increase

in mitochondrial proton leak. Because uncoupling would result in lower ROS
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production rates and oxidative damage, uncoupling may be a mechanism activated

by CR that underlies the anti-aging effects of CR.

1.5 OBJECTIVES

An association exists between UCP3 protein expression levels and body

weight (BW). Therefore, UCP3 has been suggested to play a role in whole body

energy balance. Studies from our laboratory have reported a lower BW phenotype

in mice overexpressing physiological levels (~ 2-fold increase) of UCP3 protein

(Costford et al., 2008; Costford et al., 2006). UCP3 overexpression in muscle has

also been shown to induce increased uncoupling in skeletal muscle mitochondria

(Clapham et al., 2000), which could explain the BW phenotype.

Based on the above results, it was of interest to assess the level of

mitochondrial uncoupling in skeletal muscle mitochondria from our UCP3 Tg mice.

Pilot studies indicated that our UCP3 Tg mice had increased mitochondrial proton

leak compared to age-matched controls. The level of mitochondrial ROS production

is highly dependent on proton leak processes. Therefore, it was predicted that our

UCP3 Tg mice would possess decreased skeletal muscle mitochondrial ROS

production. Again, this was confirmed in pilot experiments.

Based on the preliminary observations of increased mitochondrial proton leak

and decreased ROS production in UCP3 Tg mice compared to Wt mice, it was of

interest to investigate this model in the context of CR. Given that short-term CR has

been shown to cause uncoupling in skeletal muscle mitochondria, thereby mitigating

ROS production and oxidative stress (Bevilacqua et al., 2004), it was hypothesized
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that this would be observed in mitochondria from Wt mice subjected to CR.

However, it was predicted that CR would have little impact on ROS production and

oxidative stress in an already uncoupled system (i.e. mitochondria from UCP3 Tg

mice). Such results would provide support for mitochondrial uncoupling as an

important mechanism that mediates some of the effects of CR.

To address the hypothesis, we characterized the effects of a 2 week (wk) and

1 month (mo) 40% CR treatment in Wt and UCP3 Tg mice on whole body energetics

and composition, and on skeletal muscle mitochondrial energetics and ROS

metabolism. Skeletal muscle was chosen as the primary tissue of investigation

based on the well known effects of aging to induce sarcopenia, with subsequent

impairment in muscle strength (Evans, 1995; Marzetti et al., 2008). Moreover,

muscle possesses the ability to oxidize fuel at extremely high rates by virtue of its

high mass per BW and is an important site for insulin-stimulated glucose disposal.

However, with age, fuel oxidation capacity in this tissue decreases (Marzetti et al.,

2008). Therefore, studies of the effects of CR on muscle are of interest as muscle is

highly susceptible to several degenerative processes associated with aging; yet, it is

a tissue of fundamental importance for locomotion and metabolic health.

30



CHAPTER 2
METHODS AND MATERIALS

2.1 MEASUREMENTS IN 2 WEEK AND 1 MONTH CALORIE RESTRICTED WT
AND UCP3 TG C57BU6J MICE

2.1.1 Animals

Male C57BL/6J wild-type (Wt) and UCP3 transgenic (UCP3 Tg) mice were

used in this study. The UCP3 Tg mice were originally provided by Dr. John

Clapham at GlaxoSmithKline (Harlow, UK). The human a-skeletal muscle actin

promoter was used to drive tissue-specific expression of the human UCP3

transgene in skeletal muscle (Clapham et al., 2000). Importantly, the UCP3 Tg mice

used in this study, from our colony, have been backcrossed 10 generations into the

C57BL/6J background to minimize any genetic background differences between the

two groups of mice.

2.1.2 Calorie restriction protocol

A schematic representation of the 2 wk and 1 mo CR protocol is outlined in

Figure 6. 8 wk old Wt and UCP3 Tg mice were housed in groups of 2-4 mice per

cage from weaning. During this time, mice were allowed free access to water and

standard rodent chow (Harlan; 2018). At 7 wks of age, Wt and UCP3 Tg mice were

housed individually and continued to be fed the standard chow diet. At 8 wks of

age, Wt and UCP3 Tg mice entered into the food intake portion of the study. The
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Figure 6. Schematic representation of the 2 wk and 1 mo calorie restriction
protocol. 8 wk old Wt and UCP3 Tg mice were provided with a defined control diet
(Research Diets D01 092701; New Brunswick, NJ: see Table 1 for diet composition)
until 12 wks of age. During this 4 wk period individual body weight and daily food
intake measurements were determined twice a wk (1 mo food intake). At 12 wks of
age, Wt and UCP3 Tg mice were randomly divided into control (ad libitum; AL) or
calorie restricted (CR) groups. CR mice were switched to a 40% CR diet (Research
Diets D01 092701; New Brunswick, NJ) and were given 40% less of this diet than
their average daily food intake. AL mice were given the average of their daily food
intake and remained on the AL diet. The 2 wk and 1 mo CR interventions were
terminated at 14 or 16 wks of age, respectively, and mice were sacrificed. Two days
prior to sacrifice, whole body energy consumption was determined by IC in each
mouse over a 24 h period. At sacrifice, organ and fat pad weights were measured
and muscle was prepared for later histological determination of mitochondrial
content. Skeletal muscle mitochondria were also isolated for functional
determinations of ROS production; non-phosphorylating, maximal phosphorylating
and maximal uncoupled respiration; and proton leak (in 1 mo CR only).
Mitochondria were also frozen at -800C for later determinations of protein expression
by Western blotting. Abbreviations: mitos; mitochondria, RCR; respiratory control
ratio, ROS; reactive oxygen species, IC; indirect calorimetry
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purpose of housing mice individually one wk prior to the beginning of the food intake

study was to acclimate each mouse to living on its own. At this point, all mice were

switched from the standard rodent chow to the control rodent chow diet (see next

section). To commence the food intake study, each mouse was placed in a new

cage to eliminate possible rodent chow carry over. Each mouse was given ~ 25

grams (g) of the control diet (see next section), and was permitted ad libitum feeding

during this portion of the study. Until 12 wks of age, BW and food intake were

determined twice per wk. At the end of the food intake study, mice were randomly

divided into either control {ad libitum: AL) or calorie restricted (CR) treatment groups.

Mice entering into the AL group remained on the control diet and were given an

average of their daily food intake for the treatment period. Mice entering into the CR

group were switched to a 40% CR diet (see next section), based again on the food

intake results collected from each mouse during the previous food intake studies.

The duration of this subsequent intervention was 2 wks or 1 mo. Therefore, mice

were 14 or 16 wks of age at sacrifice. On any given experimental day either two Wt

or two UCP3 Tg mice were sacrificed: one having been AL-fed and the other CR-

fed.

During the study, all mice were given free access to water, and were kept at

24°C with light-dark cycle from 06:00-18:00. All animal work including feeding and

BW measurements took place from 16:00-16:30 and cages were changed every two

wks. All mice were cared for according to the principles and guidelines of the

Canadian Council on Animal Care and the Institute of Laboratory Animal Resources

(National Research Council). Approval of this study came from the Animal Care

Committee of the University of Ottawa.
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2.1 .3 Composition of diets

The specific compositions of the control and CR diets are summarized in

Table 1. The control (or AL) diet was an AIN-93M purified, defined mature rodent

diet (D01 092701: Research Diets, New Brunswick, NJ); whereas, the CR diet was a

modified version of the AL diet (D01 092702: Research Diets, New Brunswick, NJ).

In order to produce the CR diet, the carbohydrate (corn starch and maltodextrin)

component was decreased compared to the AL diet, causing a 40% increase in

protein, fat, vitamins and minerals. Consequently, the imposed 40% decrease in

food intake during the CR period offset the increase in these dietary components.

Thus only the carbohydrate component of the diet was reduced to produce a 40%

reduction in calories in the CR diet. Therefore, the intake of essential vitamins,

minerals and other nutrients in the CR mice was as in the control diet.

2.1 .4 Indirect calorimetry

Two days prior to sacrifice, mice were placed in a customized 4-chamber

Oxymax open-circuit indirect calorimeter (Columbus Instruments, Columbus, OH).

To acclimate the mice to this new environment, each mouse was placed individually

in a 2.5 L respiration chamber at 09:00. All mice were allowed free access to water

and were given any left over food from the previous day's feeding. Measurements

were started at 14:00. For the indirect calorimetry experiments, mice were

maintained at 24°C with lights on from 06:00 to 18:00. Airflow of 0.5 L/min was

maintained. Readings that were taken between 14:00-16:00 were ignored during
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Table 1. Composition of both the control and CR diets (Research Diets D01 092701
and D01 092702, respectively; New Brunswick, NJ). During the 2 wk or 1 mo CR
intervention, AL mice were given the control diet. The amount of food given was
equal to the average of their daily food intake determined during the 1 mo food
intake study. CR mice were given 40% less of the CR diet then their average daily
food intake on the control diet during the 1 mo food intake study. By feeding the CR
group 40% less, only the carbohydrate component (corn starch and maltodextrin, in
bold) of the CR diet was decreased. To avoid malnutrition, all essential vitamins,
minerals and nutrients were maintained within the CR group.



Control Diet CR diet

Ingredient gm% kcal% gm % kcal%

protein 14 15 23 24

carbohydrate 73 76 56 60

fat 9 16

Total

ÌS

100

kcal/gm 3.85

Diet composition after 40% correction of CR diet
Control Diet CR diet

Ingredient gm kcal gm kcal

casein, 80 mesh 140 560 140 560

L-cystine 1.8 7.2 1.8 7.2

corn starch 495.7 1982.8 187.5 750

maltodextrin 10 125 500 50 200

sucrose 100 400 100 400

cellulose, BW200 50 0 50 0

soybean oil 40 360 40 360

t-butylhydroquinone 0.008 0 0.008 0

mineral mix (S1 0022M) 35 0 35 0

vitamin mix (V1 0037) 10 40 10 40

choline bitartrate

Total

2.5

1000

0

3850

2.5

616.8

0

2317
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data analysis, as mice were allowed a 2 h acclimation period to the calorimeter.

Mice were then fed at 1 6:00.

Indirect calorimetry readings (60 s per chamber, 4 chambers) were obtained

every 9 min, over a 24 h period (16:00-16:00) with a sample line-purge time of 2

min. The final BW of each mouse was recorded after the 24 h data collection

period. Readings included whole body oxygen consumption (VO2), or energy

expenditure, and CO2 (VCO2) production measurements. The respiratory exchange

ratio (RER) was calculated as the ratio of CO2 production to oxygen consumption.

RER provides an indication of the type of fuel being oxidized by an animal: an RER

that is closer to 0.7 is indicative of increased fat catabolismi whereas, an RER closer

to 1 indicates that the mouse is largely oxidizing carbohydrates. VO2 can be

subcategorized into: basal metabolic rate (BMR), exercise-induced thermogenesis,

thermoregulatory thermogenesis and the specific dynamic action (SDA) of ingested

food. BMR represents all of the energy expended at rest needed to maintain normal

basal body functions; whereas, SDA represents the energy expended for processes

involved in feeding {i.e. digestion and absorption). Thermoregulatory thermogenesis

is increased when animals are in a cold environment (i.e. a temperature that is lower

than the animal's thermoneutrality temperature). The level of energy expended

during thermoregulation, SDA and exercise is variable while the BMR remains

relatively constant.

2.1 .5 Collection of muscle samples for histology

All mice were sacrificed between 08:00 and 08:30 on any given experiment
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day. At the beginning of each mouse dissection, a small muscle sample from the

vastus lateralis was quickly transferred to an ice-cold, plastic histology cassette

containing Optimal Cutting Temperature Compound (O.C.T. compound: Tissue-

Tek). Once the tissue was submerged in O.C.T. compound, the cassette was

promptly transferred to isopentane (2-Methylbutane: Sigma) that had been cooled

on dry ice for ~ 30 min. The O.C.T. compound containing the muscle tissue froze

instantly once it came in contact with the cold isopentane solution. The cassette

was then wrapped in chilled aluminum foil, and was transferred to -800C. The

vastus lateralis was chosen as it contains a mix of different fiber types (Staron et al.,

2000). This sample was then used for later enzyme histochemical analysis (see

section 2.1.11).

2.1 .6 Organ and fat pad weights

Individual tissues were dissected and weighed to assess the effects of CR.

From each mouse the heart, liver and kidneys along with the gonadal white adipose

tissue (gWAT) and interscapular brown adipose tissue (¡BAT) were dissected and

placed on ice. Each organ and fat pad was blotted dry and subsequently weighed.

2.1 .7 Isolation of skeletal muscle mitochondria

Isolation of skeletal muscle mitochondria was performed using a modified

method of Chappell and Perry (Chappell and Perry, 1954). All media were ice-cold,

and the procedure done on ice to mitigate degradation processes. Skeletal muscle
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from the forelimbs, hind limbs and the pectoral region was quickly dissected and

placed in ice-cold basic medium (BM: 140 mM KCl, 20 mM HEPES, 5 mM MgCI2, 1

mM EGTA; pH 7.0 at 25°C) and were then cleaned of any visible connective tissue

and fat. Removal of fat was important because an excess of fat may cause

mitochondrial uncoupling which would adversely affect experimental results. Also,

removing any obvious connective tissue allowed for easier release of the

mitochondria during the homogenization steps. The muscle was then blotted dry

and weighed then minced for 2 min on a Teflon cutting board. The minced muscle

was then placed in 15 volumes of homogenizing medium (HM: BM supplemented

with 1 mM ATP and 1% BSA (w/v)) and one unit of protease (Subtilisin A: Sigma)

per g of tissue was added to the muscle suspension. Tissue was then homogenized

using a glass/Teflon Potter-Elvehjem tissue grinder and fractioned by centrifugation

at 800 g (9 min, 4°C). The supernatant was collected and respun at 12,000 g (8

min, 4°C). The resulting pellet was resuspended in BM and incubated on ice for 5

min to allow myofibrillar re-polymerization. Samples were spun at 800 g (9 min,

4°C), the supernatant was collected and then spun at 12,000 g (8 min, 4°C). The

final pellet was resuspended in ~ 200 µ?_ of BM depending on the size of the pellet.

Two mitochondrial isolations were carried out on each experimental day:

either from Wt AL and Wt CR mice or from UCP3 Tg AL and UCP3 Tg CR mice.

The two mouse dissections were staggered by ~ 20 min and the order of sacrifice

(either an AL or CR mouse) was alternated on each experiment day. A small

sample (~ 30 µ?) of isolated mitochondria from each preparation was frozen down at

-800C immediately after the final pellet was resuspended in BM. This sample was

then used for later Western blot determinations (see section 2.1.10).
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2.1.7.1 Protein concentration of isolated skeletal muscle mitochondria

Immediately after the final mitochondrial pellet was resuspended in BM, the

protein concentration of each sample was determined using a modified Lowry

protein assay (Schacterle and Pollack, 1973) with BSA as the standard. The final

BSA concentration of the standard curve ranged from 0-24 µg/mL; the assay was

linear in this range. Each mitochondrial sample was diluted 1 :200 in duplicate using

ddH20. The protein assay was carried out in duplicate of each diluted sample;

therefore, the protein concentration of each mitochondrial sample was determined in

quadruplicate to ensure accuracy. The absorbance of all standards and samples

were read at 650 nm using a Beckman DU-50 spectrophotometer. The standard

curves were generated by plotting absorbance vs. µg of protein and the protein

concentration of each sample was well within the standard curve.

2.1 .8 Oxygen consumption determinations in isolated skeletal muscle
mitochondria

The respiratory control ratio (RCR) was assessed by measuring oxygen

consumption using a Hansatech Clark-type oxygen electrode (Norfolk, UK). RCR is

determined by measuring state 3 (maximal phosphorylating oxygen consumption)

and state 4 (non-phosphorylating oxygen consumption) of the isolated mitochondria,

and dividing the former by the latter.

Mitochondria in the magnetically stirred Clark oxygen electrode chamber

(0.25 mg mitochondria/mL) were maintained at 37°C and suspended in incubation

media (IM: 120 mM KCl, 5 rtiM HEPES, 5 mM MgCI2, 1 mM EGTA, 5 mM KH2PO4
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and 0.3% BSA (w/v); pH 7.4 at 25°C). Malate (2.5 mM) and pyruvate (5 mM) were

added as energy substrates, and ADP (200 µ?) was added to stimulate state 3

respiration. Oligomycin (8 µg/mg mitochondria) was added to inhibit ATP synthase,

and the chemical uncoupler carbonyl cyanide-p-trifluoromethoxyphenylhydrazone

(FCCP; 3 µ?) was added to maximally uncouple the mitochondria. Pilot

experiments determined that these concentrations of reagents were saturating.

RCR determinations were performed in duplicate for all mitochondrial

preparations. Well coupled mitochondria have an RCR value > 6. Additional

determinations included state 3 oxygen consumption rates, state 4 oxygen

consumption rates and maximal FCCP-uncoupled oxygen consumption rates, and

rates were converted to nmol 0/(mg protein*min). Prior to rate determinations the

oxygen electrode was calibrated by allowing 1 mL of IM to reach equilibrium with air

for 7 min at 37°C. This corresponding reading represented the 100% air saturation

value. A small amount of sodium dithionite (Na2SaCM) was then added to the

chamber and the stabilized signal represented 0% air saturation. Previous studies

have determined oxygen solubility in our IM (409 nmol O/mL (Reynafarje et al.,

1985)), and so, this value was divided by the difference between 100% and 0% air

saturation. Oxygen consumption values were then converted to nmol 0/(mg

protein*min).
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2.1 .9 ROS production capacity of isolated skeletal muscle mitochondria

2. 1.9. 1 The PHPA/HRP assay

The p-hydroxyphenyl acetic acid (PHPA)/horseradish peroxidase (HRP)

assay (Hyslop and Sklar, 1984) was employed to measure H2O2 emission, used as

a measure of ROS formation. H2O2 reacts with PHPA in the presence of the

enzyme HRP to form a fluorescent dimer. Dimer formation can be followed as an

increase in fluorescence. H2O2 was thus detected by measuring fluorescence

(excitation: 320 nm; emission: 400 nm) using a temperature-controlled microplate

fluorescence reader (FL ? 800, Biotek), at 37°C.

PHPA (167 Mg/mL), HRP (9 units/mL), SOD (20 units/0.3 ml_: to convert all

superoxide to H2O2), and isolated mitochondria (0.1 mg mitochondria/0.3 ml_) were

added to each well containing warmed incubation medium (IM: 120 mM KCl, 5 mM

HEPES, 5 mM MgCI2, 1 mM EGTA, 5 mM KH2PO4 and 0.3% BSA (w/v); pH 7.4 at

25°C). Depending on the experimental conditions, the following were also added:

antimycin A (5 µ?: complex III inhibitor), rotenone (5 µ?: complex I inhibitor), and

oligomycin (8 µg/mg mitochondria: ATP synthase inhibitor). Readings were

collected following temperature re-equilibration to 37°C. A 3 min incubation time

was used in which four basal readings were recorded; then, the substrate,

palmitoylcarnitine (PC: 18 µ?), pyruvate/malate (5 mM pyruvate, 2.5 mM malate) or

succinate (10 mM) was added and mixed. Readings under each condition were

collected in duplicate and each experiment was run for 20-25 min, taking a

fluorescence reading every 1 min.
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H2O2 production was determined as nmol H202/min/mg mitochondria by the

use of a standard curve. Standard curves were generated in the presence of

mitochondria because mitochondria quench the fluorescence; thus, values of H2O2

would be underestimated if mitochondria were not included in the standard curve.

Artifactual rates of H2O2 production have been reported with reagents alone

(St-Pierre et al., 2002). Thus, pilot experiments determined whether any of the

reagents, or combinations of reagents, in the absence of mitochondria, would

generate an increase in fluorescence. None of the reagents were found to generate

a change in fluorescence with time.

2. 1.9.2 Site-specific ROS determinations

ROS formation at different sites along the mitochondrial electron transport

chain was followed through the use of different combinations of substrates and

inhibitors. Pyruvate/malate is primarily an NADH-linked substrate and thus reducing

equivalents feed into complex I; this mimics the situation which occurs with glucose

oxidation. Succinate is converted to fumarate by complex Il (i.e. succinate

dehydrogenase) with formation of FADH2 which feed directly into the ubiquinone

pool. PC is a fatty acid substrate and contributes both NADH and FADH2.

To determine the level of superoxide produced at complex I, the specific

complex I inhibitor, rotenone, was used. Therefore, the level of superoxide

produced at complex I was determined using both a fatty acid substrate (PC) and a

non-lipid substrate (pyruvate/malate).
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To determine the level of superoxide produced at complex III, the specific

complex III inhibitor, antimycin A, was used. Therefore, the level of superoxide

produced at complex III was measured using a fatty acid substrate (PC) and a non-

lipid substrate (succinate). Rotenone was used in the latter condition to block any

superoxide produced at complex I due to backflow of electrons from the complex II-

linked substrate.

In order to determine the level of superoxide produced while the mitochondria

respired in their basal state (i.e. low ATP demand, and no specific ETC inhibitors

present), oligomycin was used with PC as the mitochondrial substrate.

2. 1.10 Western blotting

Previously frozen mitochondrial suspensions from Wt/UCP3 Tg AL and

Wt/UCP3 Tg CR mice were diluted to 4 mg/mL with ddH20, were combined 6:1 with

sample loading buffer (2% SDS, 50 mM Tris-HCI (pH 6.8), 25% glycerol (w/v), 0.2%

bromophenol blue (w/v), and 14.4 mM ß-mercaptoethanol) and were

electrophoresed in a 12% Polyacrylamide gel. Western blotting was then used to

detect levels of UCP3, ANT, MnSOD and of 4-HNE protein adducts. The level of 4-

HNE protein adducts within a cell provides a measure of oxidative damage (Tsai et

al., 1998).

On the day of the experiment, all samples were boiled for 5 min and were

loaded at 30 µg of protein per lane for 4-HNE and UCP3, or 15 µg of protein per

lane for MnSOD and ANT. The Page Ruler Prestained Protein Ladder (Fermentas

Life Sciences) served as the molecular weight marker. Proteins were
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electrophoresed at 150 V, for ~ 1 h, at room temperature, and then transferred onto

a nitrocellulose membrane in Tris/glycine buffer (25 mM Tris base, 192 mM glycine,

and 0.1% SDS) at 120 V for 40 min at room temperature. Following protein transfer,

gels were stained with Coomassie blue (40% methanol, 10% acetic acid and 0.1%

(w/v) Coomassie)), then destained (25% methanol and 7.5% acetic acid) to improve

band resolution.

Membranes were blocked for 1 h, at room temperature, with 5% skim milk

diluted in Tris-buffered saline (TBS) plus 0.1% (v/v) Tween-20 (TBST). Membranes

were then probed overnight at 4°C with one of the following primary antibodies

(diluted in TBST): MnSOD (1 :2,000; rabbit polyclonal IgG (FL-222): sc-30080, Santa

Cruz Biotechnology), 4-HNE (1:2,500; rabbit polyclonal IgG: 393206, Calbiochem),

ANT (1:4,000; goat polyclonal IgG (N-19): sc-9299, Santa Cruz Biotechnology) and

UCP3 (1:1,000; rabbit polyclonal IgG, Abeam). Following 3X10 min washes with

TBST, membranes were incubated in the appropriate secondary antibody, diluted in

TBST + 5% skim milk at room temperature for 1 h: goat anti-rabbit IgG-HRP

(1:1000; sc-2030, Santa Cruz Biotechnology), donkey anti-goat IgG-HRP (1:1000;

sc-2033, Santa Cruz Biotechnology). Secondary antibodies were conjugated to

HRP. Following the incubation, membranes were washed for 3 X 10 min with TBST.

Protein bands were detected by enhanced chemiluminescence (ECL RPN 2109:

Amersham Pharmacia Biotech) and subsequent exposure onto film (Polaroid

Polapan-667) or imaging using the Typhoon imaging system (Typhoon Trio, GE

Healthcare). Band intensity was quantified as the integrated pixel intensity using

ImageJ software (NIH). Coomassie stained gels were used as protein loading

controls; gels were scanned, and pixel intensity of a series of bands was determined
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as above. The rationale for the use of Coomassie stained proteins was that

numerous mitochondrial protein levels are altered with CR, making it difficult to

select one specific protein as the loading control (Sreekumar et al., 2002).

2.1 .1 1 Mitochondrial content

Previously frozen skeletal muscle pieces from the vastus lateralis of Wt and

UCP3 Tg AUCR mice (section 2.1.5) were used to determine mitochondrial content

by histochemical determination of cytochrome c oxidase (COX) activity (Dubowitz,

2007). In vivo, COX accepts electrons from cyt c and subsequently reduces oxygen

producing H2O. In the presence of active COX (within the tissue sample) and

exogenous reduced cyt c, COX accepts an electron from cyt c. Exogenous

diaminobenzidine (DAB) then donates an electron to oxidized cyt c which then

becomes reduced. Consequently, oxidized DAB undergoes polymerization which

causes it to become osmophillic ('salt-loving'). As a result, DAB precipitates and

forms dark deposits on the surface of the mitochondrial inner membrane (Kugler et

al., 1988; Seligman et al., 1968).

COX staining was carried out following procedures as described (Dubowitz,

2007). Briefly, frozen sections were cut (10 µ? thick) perpendicular to the muscle

fibers at ~ -25°C, and were subsequently mounted onto glass slides. Sections were

then incubated in 9 ml_ of a 0.1 M phosphate buffer (0.1 M sodium dihydrogen

orthophosphate, 0.1 M disodium hydrogen orthophosphate, pH 7.4) containing 7.5

mg of 3,3'-diaminobenzidine tetrahydrochloride (DAB; Vector Lab, 5k-4105

(lmmPACT™DAB)) with addition of 1 ml_ of catalase c (4 mg/ ml_ ddH20; Sigma,
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from bovine liver), 10 mg cytochrome c (Sigma, from horse heart) and 750 mg

sucrose) for 3 h at 37-38°C. Sections were subsequently fixed in formol calcium

(100 µ?_ of 10% calcium chloride, 100 µ? of 40% formaldehyde and 900 µ? ddH20) for

15-20 min at room temperature, and then dehydrated in alcohol. Finally, sections

were cleared of alcohol using xylene and were mounted using Permount (Fisher

Scientific).

Slides were individually visualized by light microscopy using a 2OX objective.

To minimize differences in background intensity, images were captured using the

same lighting and exposure settings. Images were analyzed by obtaining the

integrated pixel density per muscle fiber along with the area of each muscle fiber

using ImageJ software (NIH). The total integrated density for the whole region of

muscle was normalized to the total area that was analyzed. For each image

analysis, the integrated density values were corrected for background. It is

important to note that the individual who performed the analysis was blinded to both

the experimental groups and to the purpose of the experiment.

2.2 ADDITIONAL MEASUREMENTS IN 1 MONTH CALORIE RESTRICTED
MICE

In addition to the experimental work described above, some further

experiments were conducted in 1 mo CR mice, as detailed below.

2.2.1 Proton leak determinations in isolated skeletal muscle mitochondria

To measure the degree of proton leak at a given PMF in mitochondria from

46



Wt and UCP3 Tg mice (AL and CR), both PMF and oxygen consumption were

measured in parallel, as outlined below. For all leak determinations, both an AL and

a CR mouse from each of the two genotypes were tested on the same experimental

day. Mice were sacrificed two at a time and isolations were carried out in tandem

(either Wt or Tg AL/CR). An ~ 20 min delay occurred between mitochondrial

isolations from the first and second set of mice and the order of sacrifice was

alternated on each experimental day.

PMF was detected fluorometrically using safranin O (Akerman and Wikstrom,

1976). Excitation and emission were 485 nm and 580 nm, respectively. Safranin O

(5 µ?), rotenone (5 µ?: to block complex I), nigericin (0.4 µg/mL: to convert the pH

component of PMF to mV), oligomycin (8 µg/mg mitochondria: to induce state 4

respiration) and isolated mitochondria (0.1 mg mitochondria/0.3 mL) were added to

each well containing warmed incubation medium (IM: 120 mM KCl, 5 mM HEPES, 5

mM MgCI2, 1 mM EGTA, 5 mM KH2PO4 and 0.3% BSA (w/v); pH 7.4 at 25°C).

Readings were initiated following temperature equilibration at 37°C. Four basal

readings were made; then, succinate (10 mM) was added. Upon energization by

succinate (recorded as a drop in fluorescence), the PMF was titrated by 5

successive 1 mM additions of malonate, a complex Il inhibitor. Because the ATP

synthase was inhibited by oligomycin, any drop in PMF (recorded as an increase in

fluorescence) was due to mitochondrial proton leak. FCCP (0.3 µ?) was then

added to release all safranin O from the mitochondria. Each genotype comparison

(AL or CR) was run in duplicate for 30 min. A fluorescence reading was taken every

30 s.
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Oxygen consumption rates were converted to nmol 0/(mg protein*min) after

calibration of the oxygen electrode (see section 2.1.8). Mitochondrial proton leak

curves were generated by plotting PMF for succinate and each of the 5 malonate

titrations (arbitrary fluorescence units (A.U.)) vs. corresponding oxygen consumption

values.

2.3 MATERIALS

All inhibitors (e.g., oligomycin, antimycin A, rotenone, malonate, nigericin and

FCCP), substrates {e.g., succinate, malate, pyruvate and PC), enzymes {e.g., SOD,

subtilisin and HRP), ATP, ADP, PHPA, and BSA were all purchased from Sigma-

Aldrich (St. Louis, MO). Primary antibodies including MnSOD and ANT were

purchased from Santa Cruz Biotechnology (Santa Cruz, CA) whereas, those for

UCP3 and 4-HNE were purchased from Abeam Inc. (Cambridge, MA) and

Calbiochem (San Diego, CA), respectively. Secondary antibodies including goat

anti-rabbit IgG-HRP and donkey anti-goat IgG-HRP were purchased from Santa

Cruz Biotechnology.

2.4 STATISTICAL ANALYSIS

Comparisons between Wt AL and UCP3 Tg AL mice were analyzed by two-

tailed, unpaired t-tests using Microsoft Office Excel 2003. To compare the CR

effect in Wt and UCP3 Tg mice, two-way analysis of variance (ANOVA)

(independent samples) were performed. The two grouping variables were diet (AL
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vs. CR) and genotype (Wt vs. UCP3 Tg). Repeated measures two-way ANOVA was

performed when comparing IC light-dark phase (repeated measure) and genotypes.

When ANOVA was found to be significant, Bonferroni post hoc contrasts were

performed (Graph Pad, La JoIIa, CA). For clarity, only analyses of the diet-effect are

presented, unless otherwise stated. Statistical significance was defined as a P

value less than 0.05. All data are presented as mean ± standard error of the mean

(SEM).
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CHAPTER 3
RESULTS

3.1 CHARACTERIZATION OF UCP3 TG MICE

The first step of this study was to characterize UCP3 Tg mice at the whole

body and skeletal muscle mitochondrial level, with particular emphasis on

mitochondrial proton leak and ROS production. Therefore, results presented in this

section are only from AL-fed Wt and UCP3 Tg mice, at 14 wks of age at sacrifice,

unless otherwise stated.

3.1.1 Body weight phenotype

Table 2 shows the average BW, weights of individual tissues, as well as food

intake results from Wt and UCP3 Tg mice. UCP3 Tg AL mice had a significantly

lower BW compared to Wt AL mice (P<0.001). On average, UCP3 Tg mice weighed

~ 12% less then Wt mice. Interestingly, this difference in BW was not due to

differences in daily food intake, as both genotypes consumed ~ 2.75 g of food each

day. In terms of body composition, the BW discrepancy was attributed, at least in

part, to decreased muscle weight in UCP3 Tg mice compared to Wt mice; UCP3 Tg

mice had ~ 17% less muscle compared to Wt mice (P<0.01). In contrast, fat pad

(gWAT and ¡BAT), heart, kidney and liver weights did not differ between genotypes.

Table 3 shows the average tissue weights from Wt and UCP3 Tg mice,

expressed as a percentage of total BW. The percentages of liver, heart, kidney,
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Table 2. Body weight and weights of individual tissues from Wt AUCR and UCP3
Tg AIJCR at 14 wks of age (2 wk CR treatment). Values are presented as means ±
SEM (n=8-12/group). Food intake values are based on the average daily food
intake of Wt and UCP3 Tg mice during the 1 mo food intake period (n=21-
23/group). The percent decrease with 2 wk CR treatment compared to AL for body
weight and individual tissue weights from Wt and UCP3 Tg mice are also shown.
UCP3 Tg AL mice weighed less then Wt controls due to less muscle weight. CR
caused a decrease in body weight and in the weight of all tissues measured.
*P<0.05, **P<0.01, ***P<0.001; two-way ANOVA, bonferroni post test (diet-effect).
##P<0.01, ###P<0.001; two-way ANOVA, bonferroni post test (genotype-effect).
Abbreviations: gWAT; gonadal white adipose tissue, ¡BAT; interscapular brown
adipose tissue.



2 week CR

Organ (g)
Wt

AL CR
% decrease

(CR vs. AL)

UCP3 Tg

AL CR

Liver 1.32 ±0.03 0.82 ± 0.02*' 38 1.21 ±0.08 0.79 ± 0.03*

Kidney 0.31 ±0.01 0.25 ±0.01* 19 0.31 ±0.02 0.24 ± 0.0*

Heart 0.13 ±0.00 0.12 ±0.00* 0.13 ±0.00 0.11 ±0.00*

gWAT 0.71 ±0.08 0.31 ± 0.04*' 56 0.65 ±0.09 0.16 ±0.02*

iBAT 0.18 ±0.01 0.11 ±0.00" 39 0.17±0.01 0.09 ±0.01*

Muscle 2.07 ±0.11 1 .83 ± 0.04* 12 1 .71 ± 0.04*» 1 .43 ± 0.02*

Body weight 28.5 ± 0.6 21.3 ±0.6*' 25 25.0 ± 0.6*»« 18.5 ±0.2*

Food intake (g/day) 2.72 ± 0.04 2.77 ± 0.05
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Table 3. Weights of individual tissues from Wt AL/CR and UCP3 Tg AUCR at 14
wks of age (2 wk CR treatment) expressed as a percentage of total body weight.
Values are presented as means ± SEM (n=8-10/group). There were no differences
in body composition between Wt AL and UCP3 Tg AL mice. However, Wt and
UCP3 Tg mice responded differently to CR. In Wt mice, liver, and gWAT weight/g
BW decreased; whereas, muscle weight/g BW increased with CR. Kidney, heart
and iBAT weight/g BW was unchanged with CR in Wt mice. In UCP3 Tg mice, CR
caused a decrease in liver, kidneys, gWAT, ¡BAT and muscle weight/g BW; whereas
heart weight/g BW was unchanged with CR. #P<0.05, ###P<0.001; two-way
ANOVA, bonferroni post test (genotype-effect). *P<0.05, **P<0.01, ***P<0.001;
two-way ANOVA, bonferroni post test (diet-effect). Abbreviations: gWAT; gonadal
white adipose tissue, iBAT; interscapular brown adipose tissue, BW; body weight.



2 week CR

Organ
(% of body weight)

Wt

AL CR

UCP3 Tg
AL CR

Liver 4.8 ±0.13 3.9 ± 0.05* 4.8 ±0.29 3.3 ± 0.23"

Kidney 1.1 ±0.03 1 .2 ± 0.02 1 .2 ± 0.05 1 .0 ± 0.05"

Heart 0.5 ± 0.03 0.6 ±0.01 0.5 ± 0.02 0.5 ± 0.03

gWAT 2.6 ±0.21 1.5 ±0.16*" 2.5 ± 0.24 0.7 ±0.12"**

¡BAT 0.6 ± 0.03 0.5 ± 0.02 0.7 ± 0.04 0.4 ± 0.03******

Muscle 7.5 ±0.30 8.8 ±0.15* 6.9 ± 0.30 6.0 ± 0.25****
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gWAT, ¡BAT and muscle to total BW were similar between Wt and UCP3 Tg mice.

Therefore, body composition was similar in these two genotypes.

3. 1 .2 Whole body energetics

Whole body VO2 from Wt AL and UCP3 Tg AL mice is plotted as a function of

time in Figure 7. Data in Figure 7 (A) are from 14 wk and 16 wk old AL-fed mice.

Analysis was subsequently performed on data averaged over each of the light and

the dark phases (Figure 7 (B)). On a per mouse basis, VO2 was increased during

the dark phase compared to the light phase in both genotypes (Figure 7 (A) and (B),

P<0.001)). Also on a per mouse basis, average VO2 in Wt mice tended to be higher

than in UCP3 Tg mice over the 24 h period (Figure 7 (A)); however, no differences

in V02/mouse were detected between genotypes when data was averaged over each

of the light and dark phase (Figure 7 (B)).

Since no differences in body composition were detected between Wt and

UCP3 Tg mice, whole body VO2 results could be divided through by BW without any

complexities in interpretation related to changes in body composition (Figure 8).

Figure 8 (A) shows average mass-adjusted VO2 for both genotypes over a 24 h

period. As in Figure 7, average values for the light and dark phase were determined

for analysis (Figure 8 (B)). Normalization to BW resulted in a tendency for higher

V02/g in UCP3 Tg mice compared to Wt mice during both the light and dark phase

(P=O. 12 and P=O. 10, respectively).

The RER for Wt and UCP3 Tg mice is shown in Figure 9; as for VO2, data

from 14 and 16 wk old AL mice have been included. In both genotypes, RER
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Figure 7. Combined whole body oxygen consumption [VO2) in Wt AL and UCP3 Tg
AL mice at 14 and 16 wks of age. Values are expressed per mouse and are
presented as means ± SEM (n=14/group). (A) Mean VO2 plotted over a 24 h period
(16:00-16:00). Some error bars are within the symbol. (B) Mean VO2 in the light
(06:00-18:00) and dark (18:00-06:00) phase for both Wt AL and UCP3 Tg AL mice.
In both Wt and UCP3 Tg mice, VO2 increased in the dark phase compared to the
light phase (***P<0.001; two-way ANOVA, bonferroni post test). No significant
differences in VO2 were detected between genotypes in either the light or dark
phase.
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Figure 8. Combined whole body oxygen consumption (I/O2) in Wt AL and UCP3 Tg
AL mice expressed per gram (g) of total body weight at 14 and 16 wks of age.
Values are presented as means ± SEM (n=14/group). (A) Mean VO2 plotted over a
24 h period (16:00-16:00). Some error bars are within the symbol. (B) Mean VO2 in
the light (06:00-18:00) and dark (18:00-06:00) phase for both Wt AL and UCP3 Tg
AL mice. In both Wt and UCP3 Tg mice, VO2 increased in the dark phase compared
to the light phase (***P<0.001; two-way ANOVA, bonferroni post test). There was a
trend for increased VO2 in UCP3 Tg mice compared to Wt mice in the light and dark
phase (P=O. 12 and P=O. 10, respectively; two-way ANOVA, bonferroni post test).
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Figure 9. Combined respiratory exchange ratio (RER) in Wt AL and UCP3 Tg AL
mice at 14 and 16 wks of age. Values are presented as means ± SEM
(n=14/group). An RER closer to 1 indicates carbohydrate metabolism; whereas, an
RER closer to 0.7 indicates fat metabolism. (A) Mean RER plotted over a 24 h
period (16:00-16:00). Some error bars are within the symbol. (B) Mean RER values
in the light (06:00-18:00) and dark phase (18:00-06:00) for both Wt AL and UCP3 Tg
AL mice. In both Wt and UCP3 Tg mice, RER increased in the dark phase
compared to the light phase (***P<0.001 ; two-way ANOVA, bonferroni post test).
UCP3 Tg mice possessed higher RER values toward the end of the light phase and
in the dark phase.
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increased during the dark phase compared to the light phase (P<0.001 , Figure 9 (A)

and (B)). Toward the end of the light phase and during the first hours of the dark

phase, RER tended to be higher in UCP3 Tg mice compared to Wt mice (Figure 9

(A)). However, differences between the genotypes were not significant when the

values were averaged over each of the light and dark phases (Figure 9 (B)).

3.1.3 Mitochondrial content

Mitochondrial content was determined by measuring COX activity in skeletal

muscle sections from Wt and UCP3 Tg mice (Figure 10). Data presented in Figure

10 are from AL-fed Wt and UCP3 Tg mice at 14 and 16 wks of age. No differences

in COX activity were detected between Wt and UCP3 Tg mice, suggesting similar

mitochondrial content in the two genotypes.

3.1 .4 Mitochondrial UCP3 protein expression

UCP3 protein expression levels in isolated skeletal muscle mitochondria from

Wt and UCP3 Tg AL mice are shown in Figure 1 1 . Mitochondria from UCP3 Tg

mice possessed an ~ 250% increase in UCP3 protein compared to mitochondria

from Wt mice (P<0.0005).

3.1.5 Mitochondrial bioenergetics

Proton leak in isolated skeletal muscle mitochondria from Wt AL and UCP3
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Figure 10. Mitochondrial content in skeletal muscle from Wt AL and UCP3 Tg AL
mice. Values (means ± SEM) were obtained from AL-fed 14 and 16 wk old mice.
Mitochondrial content was determined by histochemical activity of cytochrome c
oxidase (COX; complex IV of the mitochondrial electron transport chain). Top:
example of COX activity from Wt AL and UCP3 Tg AL muscle sections. Bottom:
quantification of COX activity in Wt AL and UCP3 Tg AL muscle sections (n=8-
11/group). No differences in mitochondrial content were detected between Wt and
UCP3 Tg mice. Abbreviations: OD; optical density.
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Figure 11. Quantification of UCP3 protein in isolated skeletal muscle mitochondria
from Wt AL and UCP3 Tg AL mice at 14 wks of age. Representative Western blot
and corresponding Coomassie stained gel for UCP3, 34 kDa (top panel). Each lane
corresponds to mitochondria from a different mouse and protein was loaded at 30
µg. Samples were run on the same gel; the break represents different areas of the
same blot/gel. UCP3 protein bands were quantified by densitometry (bottom panel).
UCP3 Tg values were expressed relative to the average Wt value (100%); values
are means ± SEM (n=8/group). Note that, prior to any normalization, all values were
divided through by the amount of protein loaded (as determined by the Coomassie
stained gel). UCP3 Tg AL mice possessed an ~ 250% increase in UCP3 protein as
compared to Wt AL mice (***P<0.0005; t-test, two-tailed, unpaired).
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Tg AL mice at 16 wks of age is presented in Figure 12. In mitochondria from Wt and

UCP3 Tg mice, oxygen consumption was plotted as a function of PMF in order to

assess differences in mitochondrial proton leak kinetics (Figure 12 (A)). The

furthest point on the right of each curve represents state 4 respiration; no differences

were observed between genotypes. Compared to Wt, the UCP3 Tg curve was

displaced leftward; in other words, at any given PMF, the rate of oxygen

consumption was greater in UCP3 Tg compared to Wt mitochondria. At a common

PMF (~ 3000 arbitrary units (A. U.)), the oxygen consumption rate was significantly

higher in UCP3 Tg compared to Wt mitochondria (P<0.05, Figure 12 (B)).

Therefore, mitochondria from UCP3 Tg mice had increased proton leak compared to

mitochondria from Wt mice.

Maximal phosphorylating oxygen consumption (state 3), and leak-dependant

(non-phosphorylating) oxygen consumption (state 4) were determined in

mitochondria supplied with pyruvate/malate (5/2.5 mM) (Figure 13). Only data from

16 wk old Wt AL and UCP3 Tg AL mice are presented because daily calibrations of

the oxygen electrode were not carried out for assays performed on mitochondria

from 14 wk old mice. Note that on each experimental day, an AL-fed and one CR-

fed mouse was paired; thus, comparisons between days could not be made unless

daily calibrations were performed. State 4 respiration was similar in mitochondria

from Wt and UCP3 Tg AL mice (Figure 13 (A)). There was, however, a trend for

lower state 3 respiration in mitochondria from UCP3 Tg mice (P=O.098, Figure 13

(B)). Interestingly, the maximal uncoupled respiration rate was higher in UCP3 Tg

compared to Wt mitochondria (P<0.05, Figure 13 (C)).
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Figure 12. Mitochondrial proton leak in isolated skeletal muscle mitochondria from
Wt AL and UCP3 Tg AL mice at 16 wks of age. Values are presented as means ±
SEM (n=3-4/group). (A) Oxygen consumption and protonmotive force (PMF) were
determined using a Clark-type electrode and a fluorescent dye, safranin (5 µ?),
respectively. Mitochondria (0.25 mg/mL) were supplied with succinate (10 mM), and
determinations were performed in the presence of nigericin (0.4 µg/mL), rotenone (5
µ?), oligomycin (8 µg/mg protein), and 5 successive 1 mM additions of malonate.
The furthest point on the right represents state 4 respiration. Compared to Wt, the
UCP3 Tg curve was displaced leftward; therefore, at any given PMF, the rate of
oxygen consumption was increased compared to Wt controls. (B) The oxygen
consumption rate was determined at a common PMF (~ 3000 arbitrary units (A.U.))
and UCP3 Tg mitochondria had an increased oxygen consumption rate compared to
Wt (*P<0.05; t-test, two-tailed, unpaired).
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Figure 13. Bioenergetic determinations in isolated skeletal muscle mitochondria
from Wt AL and UCP3 Tg AL mice at 16 wks of age. Pyruvate (5 mM) and malate
(2.5 mM) were used as the substrates. Values are shown as means ± SEM (n=4-
5/group). (A) Non-phosphorylating respiration (state 4), as induced using
oligomycin (8 µg/mg mitochondria). (B) Maximal phosphorylating respiration (state
3), as induced using saturating [ADP] (200 µ?). (C) Maximal flux through the ETC
with FCCP (3 µ?) as a chemical uncoupler. There was no detectable difference in
state 4 oxygen consumption between genotypes; however, mitochondria from UCP3
Tg mice had a higher maximal uncoupled respiration rate (*P<0.05; t-test, two-tailed,
unpaired) and a tendency for lower state 3 oxygen consumption compared to
mitochondria from Wt mice.
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3.1.6 Mitochondrial ROS production

Based on the increased 'leakiness' of skeletal muscle mitochondria from

UCP3 Tg mice (Figure 12), it was of interest to determine mitochondrial ROS

production capacity. Measures were performed under a number of conditions in

order to investigate ROS production from different sites within the mitochondrial

matrix. Figure 14 shows the capacity for mitochondrial ROS production in both

genotypes under non-phosphorylating conditions (Figure 14 (A)), in the presence of

the complex I inhibitor, rotenone (Figure 14 (B)), and in the presence of the complex

III inhibitor, antimycin (Figure 14 (C)), with either a non-lipid (right panel) or fatty acid

substrate (left panel). Under almost all conditions, mitochondria from UCP3 Tg mice

generated less ROS than mitochondria from Wt mice.

3.1 .7 Expression of mitochondrial antioxidant proteins

Because ROS production is highly dependant on levels of antioxidant

proteins, it was of interest to determine the level of MnSOD and ANT in mitochondria

from Wt and UCP3 Tg mice, especially in light of the decreased ROS production in

mitochondria from UCP3 Tg mice (Figure 14). Figure 15 shows UCP3, ANT and

MnSOD protein expression in isolated skeletal muscle mitochondria from Wt AL and

UCP3 Tg AL mice. ANT and MnSOD protein levels were similar in mitochondria

from 14 wk old Wt and UCP3 Tg mice (Figure 15 (B) and (C), respectively).
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Figure 14. ROS production in ¡solateci skeletal muscle mitochondria from Wt AL
and UCP3 Tg AL mice at 14 wks of age. Values are shown as means ± SEM (n=4-
6/group). (A) ROS production under non-phosphorylating conditions, as induced by
the ATP synthase inhibitor oligomycin (oligo; 8 µg/mg mitochondria). (B) ROS
production in the presence of the complex I inhibitor, rotenone (rot; 5 µ?). (C) ROS
production in the presence of the complex III inhibitor, antimycin (anti; 5 µ?). Under
almost all conditions mitochondria from UCP3 Tg mice produced less ROS than
mitochondria from Wt mice (*P<0.05 and **P<0.005; t-test, two-tailed, unpaired).
Abbreviations: P/M; pyruvate/malate (5/2.5 mM), SOD; superoxide dismutase (20
units/0.3 mL), PC; palmitoylcarnitine (18 µ?), suce; succinate (10 mM).
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Figure 15. UCP3, ANT and MnSOD protein expression in isolated skeletal muscle
mitochondria from Wt AL/CR and UCP3 Tg AL/CR mice (2 wk CR treatment).
Representative Western blot and corresponding Coomassie stained gel (top panel)
for (A) UCP3, 34 kDa, (B) ANT, 33 kDa and (C) MnSOD, 25 kDa. Each lane
corresponds to mitochondria from a different mouse and protein was loaded at 30
µg for UCP3, or 15 µg for ANT and MnSOD. For each protein, all samples were run
on the same gel; the breaks represent different areas of the same blot/gel. Protein
bands were quantified by densitometry (bottom panel) and are presented as means
± SEM for (A) UCP3; n=7-8/group, (B) ANT; n=5-7/group and (C) MnSOD; n=5-
7/group. All values were divided through by the amount of protein loaded (as
determined by the Coomassie stained gel). CR caused an increase in UCP3 protein
in Wt mice and a decrease in ANT protein in UCP3 Tg mice (*P<0.05; two-way
ANOVA, bonferroni post test).
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3.1 .8 Oxidative stress of mitochondrial proteins

Due to the lower ROS production in mitochondria from UCP3 Tg mice

compared to that of Wt mice (Figure 14), it was of interest to examine oxidative

stress of mitochondrial proteins. Oxidative stress was determined immunologically

using an antibody against 4-HNE modified proteins; thus, mitochondrial protein

samples were electrophoresed on a denaturing gel, then probed with antibody

(Figure 16). Comparison between Wt AL and UCP3 Tg AL mitochondria

unexpectedly revealed a tendency for higher levels of 4-HNE modified proteins in

UCP3 Tg mitochondria (P=O. 11). This tendency was significant in mitochondria

from 16 wk old Wt and UCP3 Tg mice (P<0.05, see Figure 31).

3. 2 EFFECT OF 2 WEEKS CR IN UCP3 TG AND WT MICE

3.2.1 Body and organ weights and body composition

The effect of 2 wk CR treatment on BW and individual tissue weights in both

Wt and UCP3 Tg mice is presented in Table 2. In both genotypes, CR caused the

loss of approximately 25% of total BW (P<0.001). In terms of individual tissue

weight, the kidneys, liver, heart, gWAT, ¡BAT and skeletal muscle were all highly

affected by the 2 wk CR treatment in both genotypes. In both Wt and UCP3 Tg

mice, CR had the least effect on the heart, decreasing its weight by ~ 8% (P<0.05)

and ~ 15% (P<0.01) in Wt and UCP3 Tg mice, respectively. CR decreased skeletal

muscle and kidney weight by ~ 12% (P<0.05) and ~ 19% (P<0.001) respectively in
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Figure 16. Levels of 4-HNE modified proteins in isolated skeletal muscle
mitochondria from Wt AIJCR and UCP3 Tg AL/CR mice (2 wk CR treatment). Left:
representative Western blot and corresponding Coomassie stained gel. Each lane
corresponds to mitochondria from a different mouse and protein was loaded at 30
µg. All samples were run on the same gel. Right: 4-HNE protein adduct bands
were quantified by densitometry. The regions that were assessed are denoted by
brackets in both the coomassie stained gel and the corresponding Western blot.
UCP3 protein (34 kDa) was omitted from the analysis. Values are presented as
means ± SEM (n=5-7/group). All values were divided through by the amount of
protein loaded (as determined by the Coomassie stained gel). There was a
tendency for increased 4-HNE protein adduct levels in mitochondria from UCP3 Tg
mice compared to that of Wt mice (P=0.11; two-way ANOVA, bonferroni post test).
There was no detectable CR effect on 4-HNE protein adduct levels in either
genotype.
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Wt mice and by ~ 16% (P<0.01) and ~ 23% (P<0.001) respectively in UCP3 Tg

mice. CR had a large effect on the liver in both Wt and UCP3 Tg mice, which

decreased in weight by ~ 38% and ~ 35% in Wt and UCP3 Tg mice, respectively

(P<0.001 , for both genotypes). Of the tissues measured, the fat pads (gWAT and

¡BAT) in both genotypes were affected to the greatest extent by CR, decreasing in

weight by ~ 56% (gWAT) and ~ 39% (¡BAT) in Wt mice, and by - 75% (gWAT) and

~ 47% (¡BAT) in UCP3 Tg mice (P<0.001 , for both gWAT and ¡BAT in both Wt and

UCP3 Tg mice).

The effect of 2 wk CR treatment on individual tissue weights in both Wt and

UCP3 Tg mice expressed as a percentage of total BW is presented in Table 3. In

Wt mice, the proportional contributions of liver (P<0.01, AL vs. CR) and gWAT

(P<0.001, AL vs. CR) weight to total BW decreased with 2 wk CR; however, the

proportional contributions of kidney, heart and ¡BAT weight were unchanged. On the

other hand, the proportional contribution of muscle weight to total BW increased

(P<0.01, AL vs. CR). In UCP3 Tg mice, 2 wk CR caused a decrease in the

proportion of liver (P<0.001, AL vs. CR), kidney (P<0.001, AL vs. CR), gWAT

(P<0.001, AL vs. CR), ¡BAT (P<0.001, AL vs. CR), as well as of muscle (P<0.05, AL

vs. CR) weight. Only the proportion of heart weight was unchanged. Thus, after 2

wk CR, body composition was different between Wt and UCP3 Tg mice.

Specifically, decreases in the proportional contributions of gWAT (P<0.05, Wt vs.

UCP3 Tg) and ¡BAT (P<0.001 , Wt vs. UCP3 Tg) to total BW were more pronounced

in UCP3 Tg mice. Interestingly, the proportion of muscle weight increased in Wt but

decreased in UCP3 Tg mice (P<0.001 , Wt vs. UCP3 Tg).
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3.2.2 Whole body energetics

The effect of 2 wk CR treatment on whole body VO2 in Wt and UCP3 Tg mice

is shown in Figure 17 (A) and (B), respectively. On a per mouse basis, VO2 was

greatly decreased at all timepoints over the 24 h period. Indeed, VCVmouse was

significantly decreased in CR mice of both genotypes, during both phases of the day

(P<0.001, AL vs. CR for both Wt and UCP3 Tg) (Figure 17 (C) and (D)). Note that

the extent of the decrease was similar for both genotypes.

The VO2 data from each mouse was expressed relative to BW; average

values are plotted over 24 h (Figure 18 (A) and (B)). At almost all timepoints, and

especially in the dark phase, CR induced a decrease in l/02/g in both Wt and UCP3

Tg mice. For analysis, mass-adjusted VO2 in Wt and UCP3 Tg AIJCR mice was

averaged over each of the light and dark phases (Figure 18 (C) and (D),

respectively). In the light phase, no differences in VO2 were detected in either

genotype. In the dark phase, VO2 decreased with CR in both genotypes (P<0.05),

and to the same extent.

The effect of 2 wk CR treatment on RER in Wt and UCP3 Tg mice is shown in

Figure 19 (A) and (B), respectively. In both genotypes, RER in CR mice quickly

decreased from ~ 1 .0 to ~ 0.7 during the second half of the dark phase; whereas,

RER in AL control mice remained at ~ 1.0. During the light phase, RER was

maintained at ~ 0.7 in Wt CR and UCP3 Tg CR mice; however, in AL controls, RER

remained at ~ 0.9.
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Figure 17. The effect of 2 wk CR treatment on whole body oxygen consumption
(VO2) in Wt and UCP3 Tg mice. Values are expressed per mouse and are
presented as means ± SEM. (A) Mean VO2 in Wt AL (n=9) and Wt CR (n=8) mice
plotted over a 24 h period (16:00-16:00). Some error bars are within the symbol.
(B) Same as (A), for UCP3 Tg AL (n=9) and UCP3 Tg CR (n=10) mice. Mean VO2
in the light (06:00-18:00) phase (C) and dark (18:00-06:00) phase (D) for Wt AL/CR
and UCP3 Tg AL/CR mice. In both genotypes CR decreased VO2 during the light
and dark phase (***P<0.001; two-way ANOVA, bonferroni post test).
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Figure 18. The effect of 2 wk CR treatment on whole body oxygen consumption
( VO2) in Wt and UCP3 Tg mice expressed per gram (g) of total body weight. Values
are presented as means ± SEM. (A) Mean VO2 in Wt AL (n=9) and Wt CR (n=8)
mice plotted over a 24 h period (16:00-16:00). Some error bars are within the
symbol. (B) Same as (A), for UCP3 Tg AL (n=9) and UCP3 Tg CR (n=10) mice.
Mean VO2 in the light (06:00-18:00) phase (C) and dark (18:00-06:00) phase (D) for
Wt AL/CR and UCP3 Tg AL/CR mice. In both genotypes CR decreased VO2 only
during the dark phase (*P<0.05; two-way ANOVA, bonferroni post test).
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Figure 19. The effect of 2 wk CR treatment on respiratory exchange ratio (RER) in
Wt and UCP3 Tg mice. Values are presented as means ± SEM. (A) Mean RER
data over a 24 h period (16:00-16:00) for Wt AL (n=9) and Wt CR (n=8) mice. Some
error bars are within the symbol. (B) Same as (A), for UCP3 Tg AL (n=9) and UCP3
Tg CR (n=10) mice. In both genotypes, the chow provided at ~ 16:00 was rapidly
consumed and the dietary carbohydrates were oxidized during the first half of the
dark phase. Both genotypes then switched to fatty acid oxidation until the next
feeding (~ 16:00). Therefore, Wt and UCP3 Tg CR mice spent a greater proportion
of the day (~ 1 6 out of 24 h) oxidizing fatty acids.
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3.2.3 Mitochondrial content

The effect of 2 wk CR on mitochondrial content in skeletal muscle

mitochondria from Wt and UCP3 Tg mice is shown in Figure 20. No CR-induced

changes in COX activity were detected in either genotype. Therefore, 2 wk CR did

not seem to affect mitochondrial content in Wt and UCP3 Tg mice.

3.2.4 Mitochondrial bioenergetics

The effects of 2 wk CR on state 3, state 4 and maximal uncoupled respiration

rates were determined in skeletal muscle mitochondria from Wt and UCP3 Tg mice

(Figure 21). Daily calibrations of the oxygen electrode were not carried out for

mitochondria from 14 wk old mice. However, on each experimental day, an AL-fed

and one CR-fed mouse were paired; thus, by applying an average calibration the

CR-effect could be presented. State 4 and maximal uncoupled respiration were

both unchanged with CR in mitochondria from both genotypes (Figure 21 (A) and

(C), respectively). Conversely, state 3 tended to decrease with CR only in

mitochondria from UCP3 Tg mice (P=O. 13).

3.2.5 Mitochondrial ROS production

Because CR has been shown to decrease ROS production (e.g., Bevilacqua

et al., 2004, 2005), it was expected that we would indeed observe this in

mitochondria from Wt mice. On the other hand, since mitochondria from UCP3 Tg
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Figure 20. The effect of 2 wk CR treatment on mitochondrial content in skeletal
muscle from Wt and UCP3 Tg mice. Values are presented as means ± SEM.
Mitochondrial content was determined by histochemical activity of cytochrome c
oxidase (COX). Left panel: example of COX activity in muscle sections from Wt
AL/CR and UCP3 Tg AL/CR. Right panel: quantification of COX activity in Wt
AL/CR and UCP3 Tg AUCR muscle sections (n=5/group). No CR-induced
differences in mitochondrial content were detected in either genotype.
Abbreviations: OD; optical density.
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Figure 21. The effect of 2 wk CR treatment on bioenergetics in isolated skeletal
muscle mitochondria from Wt and UCP3 Tg mice. Pyruvate (5 mM) and malate (2.5
mM) were used as the substrate. Values are shown as means ± SEM. (A) Non-
phosphorylating respiration (state 4), as induced by oligomycin (8 µg/mg
mitochondria) (n=6-10/group). (B) Maximal phosphorylating respiration (state 3), as
induced using saturating [ADP] (200 µ?) (n=7-10/group). (C) Maximal flux through
the ETC was obtained using FCCP (3 µ?) as a chemical uncoupler (n=7-9/group).
There were no detectable CR effects on state 4 oxygen consumption or maximal
uncoupled oxygen consumption in either genotype. Conversely, there was a trend
for a CR-induced decrease in state 3 oxygen consumption in UCP3 Tg mice
(P=0.13; two-way ANOVA, bonferroni post test).
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mice already had lowered ROS production compared to Wt (see Figure 14), it was

hypothesized that CR would have no further effect on ROS production in

mitochondria from UCP3 Tg mice.

Figure 22 shows the effect of 2 wk CR treatment on mitochondrial ROS

production in skeletal muscle mitochondria from Wt and UCP3 Tg mice under non-

phosphorylating conditions (Figure 22 (A)), in the presence of rotenone (Figure 22

(B)) or antimycin (Figure 22 (C)), with either a non-lipid substrate (right panel) or a

fatty acid substrate (left panel). Surprisingly, CR had little effect on ROS production

in Wt mitochondria under any of the conditions tested. Interestingly, ROS

production tended to be increased with CR in mitochondria from UCP3 Tg mice.

This tendency was most apparent with fatty acid substrate in the presence of

antimycin (P=O. 12, Figure 22 (C)), but other conditions followed this same trend (see

Figure 22 (A) and (B)).

3.2.6 Expression of mitochondrial antioxidant proteins

Given the trend for higher ROS production in mitochondria from UCP3 Tg

mice exposed to 2 wk CR, it was of interest to investigate levels of antioxidant

proteins. Figure 15 (A) shows that CR induced an ~ 50% increase in UCP3 protein

in mitochondria from Wt mice (P<0.05) but was without effect on UCP3 protein

levels in mitochondria from UCP3 Tg mice. Conversely, CR had little effect on ANT

protein expression in mitochondria from Wt mice, but actually lowered ANT protein

expression in UCP3 Tg mitochondria (P<0.05, Figure 15 (B)). In both genotypes,

levels of MnSOD were unaffected by CR (Figure 15 (C)).
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Figure 22. The effect of 2 wk CR treatment on ROS production in isolated skeletal
muscle mitochondria from Wt and UCP3 Tg mice. Values are presented as means
± SEM (n=4-7/group). (A) ROS production under non-phosphorylating conditions,
as induced by the ATP synthase inhibitor oligomycin (oligo; 8 µg/mg mito). (B) ROS
production in the presence of the complex I inhibitor, rotenone (rot; 5 µ?). (C) ROS
production in the presence of the complex III inhibitor, antimycin (anti; 5 µ?). There
was a trend for a CR-induced increase in ROS production in UCP3 Tg mice
(P=O. 12; two-way ANOVA, bonferroni post test). Abbreviations: P/M;
pyruvate/malate (5/2.5 mM), SOD; superoxide dismutase (20 units/0.3 ml_), PC;
palmitoylcarnitine (18 µ?), suce; succinate (10 mM).
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3.2.7 Oxidative stress of mitochondrial proteins

It was thought that, although the 2 wk CR treatment did not decrease ROS

production in Wt mice, the increased levels of UCP3 may lead to lower levels of

oxidatively modified mitochondrial proteins (Figure 16). Thus, levels of 4-HNE

protein adducts were determined in skeletal muscle mitochondria from Wt AL/CR

and UCP3 Tg AUCR mice (Figure 16). CR had little effect on this measure of

oxidative stress in either genotype.

3. 3 EFFECT OF 1 MONTH CR IN UCP3 TG AND WT MICE

As outlined in section 3.2.5 and 3.2.7, the 2 wk CR treatment did not cause

detectable changes in ROS production or oxidative stress in skeletal muscle

mitochondria from Wt mice. It was therefore hypothesized that the 2 wk CR

treatment was not long enough to lower ROS levels and oxidative damage, at least

in mitochondria from Wt mice. Consequently, the duration of CR was extended to 1

mo.

3.3.1 Body and organ weights and body composition

The effects of 1 mo CR treatment on BW and individual tissue weights in both

Wt and UCP3 Tg mice are presented in Table 4. In Wt and UCP3 Tg mice, CR

caused the loss of ~ 38% and ~ 34% of total BW respectively (P<0.001 , for both Wt

and UCP3 Tg mice). In terms of individual tissue weight, the kidneys, liver, heart,
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Table 4. Body weight and weights of individual tissues from Wt AUCR and UCP3
Tg AL/CR at 16 wks of age (1 mo CR treatment). Values are presented as means ±
SEM (n=6/group). Food intake values are based on the average daily food intake of
Wt and UCP3 Tg mice during the 1 mo food intake period (n=18-20/group). The
percent decrease with 1 mo CR treatment compared to AL for body weight and
individual tissue weights from Wt and UCP3 Tg mice are also shown. UCP3 Tg AL
mice weighed less then Wt controls due to less muscle mass. CR caused a
decrease in body weight and in the weight of all tissues measured. *P<0.05,
**P<0.01 , ***P<0.001 ; two-way ANOVA, bonferroni post test (diet-effect). ##P<0.01 ;
two-way ANOVA, bonferroni post test (genotype-effect). Abbreviations: gWAT;
gonadal white adipose tissue, ¡BAT; interscapular brown adipose tissue.



Organ (g)
AL

Wt

CR

1 mo CR

% decrease

(CR vs. AL) AL

UCP3 Tg

CR

Liver 1.21 ±0.09 0.75 ± 0.04* 38 1 .15 ± 0.1 1 0.74 ± 0.06"

Kidney 0.34 ± 0.01 0.24 ±0.01" 29 0.33 ± 0.02 0.25 ± 0.02*'

Heart 0.12 ±0.00 0.10 ±0.00* 17 0.12 ±0.01 0.10 ±0.00"

gWAT 1.25 ±0.19 0.15 ±0.03*' 88 0.86 ±0.05 0.21 ± 0.05*'

iBAT 0.17 ±0.03 0.08 ±0.01* 53 0.18 ±0.02 0.07 ±0.01*

Muscle 2.13 ±0.05 1 .56 ± 0.05*' 27 1 .84 ± 0.05»* 1 .46 ± 0.07*'

Body weight 31 .4 ± 1 .05 19.5 ±0.58" 38 27.3 ± 0.93## 18.1 ±0.34**'

Food intake (g/day) 2.98 ± 0.05 2.92 ±0.05
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gWAT, ¡BAT and skeletal muscle were all highly affected by the 1 mo CR treatment

in both genotypes. In both Wt and UCP3 Tg mice, CR had the least effect on the

heart, which decreased in weight by ~ 1 7% in both genotypes (P<0.05 for Wt and

P<0.01 for UCP3 Tg mice). CR decreased skeletal muscle and kidney weight by ~

27% and ~ 29% respectively in Wt mice (P<0.001, for both tissues) and by ~ 21%

(P<0.001) and ~ 24% (P<0.01) respectively in UCP3 Tg mice. As with 2 wk CR, 1

mo CR had a large effect on the liver in both Wt and UCP3 Tg mice, which

decreased in weight by ~ 38% (P<0.001) and ~ 36% (P<0.01) in Wt and UCP3 Tg

mice, respectively. Of the tissues measured, the fat pads (gWAT and ¡BAT) in both

genotypes were affected to the greatest extent by CR, decreasing in weight by ~

88% (gWAT, P<0.001) and ~ 53% (¡BAT, P<0.01) in Wt mice, and by ~ 76% (gWAT,

P<0.01) and ~ 61 % (¡BAT, P<0.01) in UCP3 Tg mice.

To determine the effect of 1 mo CR on body composition, tissue weights were

expressed as a percentage of total BW (Table 5). In Wt mice, liver, kidney and ¡BAT

weight was unchanged, gWAT weight was decreased (P<0.001) and heart

(P<0.001) and muscle (P<0.05) weight increased with CR. In UCP3 Tg mice, CR

had no effect on the liver or kidneys, caused a decrease in gWAT (P<0.01) and

¡BAT (P<0.05) weight and increased heart and muscle weight (P<0.01, for both

tissues). Thus, differently from the 2 wk CR intervention, body composition was

similar between Wt and UCP3 Tg CR mice following 1 mo CR.

3.3.2 Whole body energetics

The effect of 1 mo CR treatment on whole body VO2 in Wt and UCP3 Tg mice
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Table 5. Weights of individual tissues from Wt AL/CR and UCP3 Tg AL/CR at 16
wks of age (1 mo CR treatment) expressed as a percentage of total body weight.
Values are presented as means ± SEM (n=5-6/group). After 1 mo CR, body
composition between Wt and UCP3 Tg CR mice was the same. *P<0.05, **P<0.01,
***P<0.001; two-way ANOVA, bonferroni post test (diet-effect). Abbreviations:
gWAT; gonadal white adipose tissue, ¡BAT; interscapular brown adipose tissue.



Organ
(% of body weight)

Liver

Wt

AL

3.8 ±0.10

1 mo CR

CR

3.8 ±0.19

UCP3 Tg
AL

4.2 ± 0.42

CR

4.0 ± 0.29

Kidney 1.1 ±0.05 1.3 ±0.04 1.2 ±0.03 1.4 ±0.09

Heart 0.4 ± 0.02 0.5 ±0.01* 0.4 ± 0.02 0.5 ± 0.02*

gWAT 3.9 ± 0.63 0.8 ±0.17* 3.1 ±0.35 1.1 ±0.24"

¡BAT 0.5 ± 0.05 0.4 ±0.03 0.6 ±0.05 0.4 ± 0.07*

Muscle 6.9 ± 0.27 8.1 ±0.21* 6.7 ±0.30 8.0 ± 0.25**
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is shown in Figure 23 (A) and (B), respectively. As with 2 wk CR, VO2 on a per

mouse basis was greatly decreased at each timepoint over the 24 h period, in both

Wt and UCP3 Tg CR mice. In both genotypes this decrease was highly significant in

both the light and dark phase (P<0.001 , Figure 23 (C) and (D), respectively).

Whole body VO2 results were divided through by BW (Figure 24). In contrast

to the 2 wk CR intervention, mass-adjusted VO2 in both Wt and UCP3 Tg mice

following 1 mo CR was similar to the respective AL values in both light and dark

phases (Figure 24 (C) and (D), respectively).

As with 2 wk CR, the RER was reduced to ~ 0.7 for most of the day in Wt and

UCP3 Tg mice subjected to 1 mo CR. In the 1 mo CR mice, RER rose to ~ 1 .0 only

for several hours after eating (Figure 25 (A) and (B)).

3.3.3 Mitochondrial content

The effect of 1 mo CR on mitochondrial content in skeletal muscle

mitochondria from Wt and UCP3 Tg mice is shown in Figure 26. CR induced a

decrease in COX activity in both Wt (P<0.05) and UCP3 Tg (P<0.01) mice.

Therefore, mitochondrial content was decreased with 1 mo CR in both genotypes.

3.3.4 Mitochondrial bioenergetics

The effects of 1 mo CR on state 3, state 4 and maximal uncoupled respiration

rates were determined in skeletal muscle mitochondria isolated from Wt and UCP3
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Figure 23. The effect of 1 mo CR treatment on whole body oxygen consumption
(\/02) in Wt and UCP3 Tg mice. Values are expressed per mouse and presented as
means ± SEM (n=5/group). (A) Mean ??2 in Wt AL and Wt CR mice plotted over a
24 h period (16:00-16:00). Some error bars are within the symbol. (B) Same as (A),
for UCP3 Tg AL and UCP3 Tg CR mice. Mean VO2 in the light (06:00-18:00) phase
(C) and dark (18:00-06:00) phase (D) for Wt AL/CR and UCP3 Tg AL/CR mice. In
both genotypes CR decreased VO2 during the light and dark phase (***P<0.001;
two-way ANOVA, bonferroni post test).
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Figure 24. The effect of 1 mo CR treatment on whole body oxygen consumption
( VO2) in Wt and UCP3 Tg mice expressed per gram (g) of total body weight. Values
are presented as means ± SEM (n=5/group). (A) Mean VO2 in Wt AL and Wt CR
mice plotted over a 24 h period (16:00-16:00). Some error bars are within the
symbol. (B) Same as (A), for UCP3 Tg AL and UCP3 Tg CR mice. Mean VO2 in the
light (06:00-18:00) phase (C) and dark (18:00-06:00) phase (D) for Wt AL/CR and
UCP3 Tg AL/CR mice. In both genotypes there were no detectable CR-effects on
VO2 during the light and dark phase.
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Figure 25. The effect of 1 mo CR treatment on respiratory exchange ratio (RER) in
Wt and UCP3 Tg mice. Values are presented as means ± SEM (n=5/group). (A)
Mean RER data over a 24 h period (16:00-16:00) for Wt AL and Wt CR mice. Some
error bars are within the symbol. (B) Same as (A), for UCP3 Tg AL and UCP3 Tg
CR mice. As with 2 wk CR, 1 mo CR was associated with a greater proportion of
the day oxidizing fatty acids (i.e. values nearing 0.7).
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Figure 26. The effect of 1 mo CR treatment on mitochondrial content in skeletal
muscle from Wt and UCP3 Tg mice. Values are presented as means ± SEM.
Mitochondrial content was determined by histochemical staining of cytochrome c
oxidase (COX). Left panel: example of COX activity in Wt AIJCR and UCP3 Tg
AIJCR muscle sections. Right panel: quantification of COX activity in Wt AUCR
and UCP3 Tg AUCR muscle sections (n=3-6/group). CR induced a decrease in
mitochondrial content in both genotypes (*P<0.05 and **P<0.01 ; two-way ANOVA,
bonferroni post test). Abbreviations: OD; optical density.
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Tg mice (Figure 27). State 4 respiration rate and the maximal uncoupled respiration

rate were unchanged in mitochondria from Wt CR and UCP3 Tg CR mice compared

to AL controls (Figure 27 (A) and (C), respectively). Conversely, state 3 respiration

was decreased with 1 mo CR only in mitochondria from Wt mice (P<0.01 , Figure 27

(B)).

3.3.5 Mitochondrial ROS production

Figure 28 shows the effect of 1 mo CR on ROS production in skeletal muscle

mitochondria from Wt and UCP3 Tg mice under non-phosphorylating conditions

(Figure 28 (A)), in the presence of rotenone to inhibit complex I (Figure 28 (B)), or of

antimycin to inhibit complex III (Figure 28 (C)), with either a non-lipid (right panel) or

fatty acid substrate (left panel). Differently from the 2 wk CR treatment, 1 mo CR

lowered ROS production in Wt mitochondria. In particular, CR induced a decrease

in ROS production in Wt mitochondria oxidizing fatty acid substrate in the presence

of antimycin (P<0.05, Figure 28 (C)). In contrast, there were no CR-induced

changes in ROS production in mitochondria from UCP3 Tg mice.

3.3.6 Mitochondrial proton leak

Due to the CR-induced decrease in ROS production in mitochondria from Wt

mice, it was of interest to determine the effects of CR on mitochondrial proton leak.

Findings are presented in Figure 29 (A) and (B). Oxygen consumption is plotted as

a function of PMF in order to determine proton leak (top panel). The furthest point
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Figure 27. The effect of 1 mo CR treatment on bioenergetics in isolated skeletal
muscle mitochondria from Wt and UCP3 Tg mice. Pyruvate (5 mM) and malate (2.5
mM) were used as the substrate. Values are shown as means ± SEM. (A) Non-
phosphorylating respiration (state 4), as induced by oligomycin (8 µg/mg
mitochondria) (n=4-5/group). (B) Maximal phosphorylating respiration (state 3), as
induced using saturating [ADP] (200 µ?) (n=4-5/group). (C) Maximal flux through
the ETC was obtained using FCCP (3 µ?) as a chemical uncoupler (n=3-5/group).
There were no detectable CR effects on state 4 oxygen consumption or on the
maximal uncoupled oxygen consumption rate in either genotype. Conversely, CR
decreased state 3 oxygen consumption in Wt mice (**P<0.01; two-way ANOVA,
bonferroni post test).
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Figure 28. The effect of 1 mo CR treatment on ROS production in isolated skeletal
muscle mitochondria from Wt and UCP3 Tg mice. Values are presented as means
± SEM (n=6/group). (A) ROS production under non-phosphorylating conditions, as
induced by the ATP synthase inhibitor oligomycin (oligo; 8 µg/mg mitochondria). (B)
ROS production in the presence of the complex I inhibitor, rotenone (rot; 5 µ?). (C)
ROS production in the presence of the complex III inhibitor, antimycin (anti; 5 µ?).
CR induced a decrease in ROS production in Wt mice with antimycin and PC as the
substrate (*P<0.05; two-way ANOVA, bonferroni post test). Abbreviations: P/M;
pyruvate/malate (5/2.5 mM), SOD; superoxide dismutase (20 units/0.3 ml_), PC;
palmitoylcarnitine (18 µ?), suce; succinate (10 mM).
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Figure 29. The effect of 1 mo CR treatment on mitochondrial proton leak in isolated
skeletal muscle mitochondria from Wt and UCP3 Tg mice. Values are presented as
means ± SEM (n=3-4/group). (A) Top panel: oxygen consumption and
protonmotive force (PMF) in mitochondria from Wt AL and Wt CR mice were
determined as previously described (Figure 12). The furthest point on the right
represents state 4 respiration. Compared to Wt AL, the Wt CR curve is slightly
displaced leftward; therefore, at any given PMF, the rate of oxygen consumption
was slightly increased compared to controls. Bottom panel: the oxygen
consumption rate was determined at a common PMF (~ 2500 arbitrary units (A. U.))
and Wt CR mitochondria had increased oxygen consumption compared to Wt AL
(*P<0.05; t-test, two-tailed, unpaired). (B) Same as (A), for UCP3 Tg AL and UCP3
Tg CR mice. The leak curves from UCP3 Tg AL and CR mice essentially
overlapped and no differences in the rate of oxygen consumption were detected at a
common PMF (~ 3000 arbitrary units (A.U.)). Therefore, in UCP3 Tg mice, CR had
no effect on mitochondrial proton leak.
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on the right of each curve represents state 4 respiration; no CR-induced differences

were observed in state 4 respiration in either genotype. Compared to the Wt AL

curve, the Wt CR leak curve was slightly displaced leftward; therefore, at any given

PMF, the rate of oxygen consumption was slightly higher in mitochondria from CR

mice (Figure 29 (A), top panel). Comparison of oxygen consumption between Wt AL

and Wt CR, at the same PMF, revealed that oxygen consumption was significantly

higher in mitochondria from Wt CR mice (P<0.05, Figure 29 (A), bottom panel). In

contrast, the leak curves from UCP3 Tg AL and UCP3 Tg CR essentially overlapped

one another (Figure 29 (B), top panel), and comparison of oxygen consumption at a

common PMF yielded no difference (Figure 29 (B), bottom panel). Therefore, in

UCP3 Tg mice, CR had no effect on mitochondrial proton leak.

3.3.7 Expression of mitochondrial antioxidant proteins

In light of the decreased mitochondrial ROS production and increased proton

leak in mitochondria from Wt mice, levels of UCP3, ANT, and MnSOD protein were

assessed in mitochondria from Wt AL/CR and UCP3 Tg AL/CR mice (Figure 30).

CR induced an ~ 100% increase in UCP3 protein in mitochondria from Wt mice

(P<0.05) but not in mitochondria from UCP3 Tg mice (Figure 30 (A)). Conversely,

ANT protein expression was unaffected by CR in mitochondria from either genotype

(Figure 30 (B)). Interestingly, CR induced an ~ 20% increase in the level of MnSOD

protein in mitochondria from Wt mice (P=O.074); however, in UCP3 Tg mice,

MnSOD protein levels were unchanged with CR (Figure 30 (C)).
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Figure 30. UCP3, ANT and MnSOD protein expression in isolated skeletal muscle
mitochondria from Wt AIJCR and UCP3 Tg AL/CR mice (1 mo CR treatment).
Representative Western blot and corresponding Coomassie stained gel (top panel)
for (A) UCP3, (B) ANT, and (C) MnSOD. Each lane corresponds to mitochondria
from a different mouse and protein was loaded at 30 µg for UCP3, or 15 µ? for ANT
and MnSOD. For UCP3, all samples were run on the same gel. For ANT and
MnSOD, Wt AL/CR samples were run together on one gel and UCP3 Tg AL/CR
samples were run together on another gel. The breaks represent different areas of
the same blot/gel. Protein bands were quantified by densitometry (bottom panel)
and are presented as means ± SEM for (A) UCP3; n=4-8/group, (B) ANT; n=5-
7/group, and (C) MnSOD; n=5-7/group. All values were divided through by the
amount of protein loaded (as determined by the Coomassie stained gel). CR
caused a significant increase in UCP3 protein and tended to increase MnSOD
protein in mitochondria from Wt mice (*P<0.05, P=0.074, respectively; two-way
ANOVA, bonferroni post test). ANT protein levels were unchanged with CR in
mitochondria from both genotypes.
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3.3.8 Oxidative stress of mitochondrial proteins

Due to the finding of decreased ROS production in mitochondria from Wt

mice, levels of oxidative damage were assessed in skeletal muscle mitochondria

isolated from Wt AL/CR and UCP3 Tg AL/CR mice (Figure 31). Levels of 4-HNE

protein adducts were unchanged in mitochondria from Wt and UCP3 Tg CR mice

compared to AL controls, suggesting that oxidative stress was the same in

mitochondria from AL and CR mice in both genotypes.
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Figure 31. Levels of 4-HNE modified proteins in isolated skeletal muscle
mitochondria from Wt AIJCR and UCP3 Tg AL/CR mice (1 mo CR treatment). Top:
representative Western blot and corresponding Coomassie stained gel. Each lane
corresponds to mitochondria from a different mouse and protein was loaded at 30
µg. Samples were run on the same gel; the breaks represent different areas of the
same blot/gel. Bottom: 4-HNE protein adduct bands were quantified by
densitometry. Values are presented as means ± SEM (n=4-9/group). All values
were divided through by the amount of protein loaded (as determined by the
Coomassie stained gel). Mitochondria from UCP3 Tg AL mice had increased levels
of 4-HNE modified proteins compared to Wt AL controls (#P<0.05; two-way ANOVA,
bonferroni post test). There was no detectable CR effect on 4-HNE protein adduct
levels in either genotype.
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CHAPTER 4
DISCUSSION AND CONCLUSION

4.1 SUMMARY OF KEY FINDINGS

The beneficial effects of CR on age-related pathologies (Austad, 1989;

Colman et al., 2009; Comfort, 1963; Fontana et al., 2004; Heilbronn et al., 2006;

Kemnitz et al., 1994; Klass, 1977; Lane et al., 1996; Lane et al., 1995; Walford et al.,

1999; Weindruch et al., 1986) have been associated with a lowering of ROS

production and oxidative stress (Asami et al., 2008; Bevilacqua et al., 2004, 2005;

Lass et al., 1998; Pamplona et al., 2002) which has lent support to the oxidative

stress theory of aging (see section 1.2.1). That increased uncoupled mitochondrial

respiration may, in part, account for the lower ROS production forms the basis for

the 'uncoupling to survive' theory of aging (see section 1.4.1). We reasoned that, if

the 'uncoupling to survive' theory has any merit, then short-term CR should have

little effect on ROS production and oxidative stress in muscle mitochondria from

UCP3 Tg mice which already, under AL conditions, possess lower ROS production

and a higher uncoupled respiration rate. Specifically, we investigated the effects of

a 2 wk and 1 mo 40% CR treatment in Wt and UCP3 Tg mice on whole body

energetics and composition, and on skeletal muscle mitochondrial energetics and

ROS metabolism.

Figure 32 and 33 summarize the main findings of this study from the 2 wk and

1 mo CR treatments, respectively. Please note that only the key outcome measures

have been included in these figures; other observations are discussed later, in the
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Figure 32. Schematic representation of the most important findings with 2 wk CR in
Wt and UCP3 Tg mice. In skeletal muscle mitochondria from Wt mice, CR had no
effect on the levels of ROS production or oxidative stress and induced an increase in
muscle weight per gram body weight. UCP3 Tg mice possessed uncoupled
mitochondria and decreased ROS production. With 2 wk CR, mitochondrial ROS
production tended to be increased, oxidative stress levels were unaffected and
muscle weight per gram body weight was decreased in UCP3 Tg mice.
Abbreviations: ox stress; oxidative stress, BW; body weight.
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Figure 33. Schematic representation of the most important findings with 1 mo CR in
Wt and UCP3 Tg mice. In Wt mice, CR induced a decrease in mitochondrial ROS
production and an increase in muscle weight per gram body weight. Mitochondrial
oxidative stress levels were unaffected in Wt mice subjected to 1 mo CR. In UCP3
Tg mice, mitochondrial ROS production and oxidative stress levels were unaffected
with 1 mo CR treatment. As with Wt mice, CR induced an increase in muscle weight
per gram body weight in UCP3 Tg mice. Abbreviations: ox stress; oxidative stress,
BW; body weight.
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context of possible explanations for any changes in these key outcome variables.

The main finding with 2 wk CR was the trend for greater ROS production in skeletal

muscle mitochondria from UCP3 Tg mice; decreased ANT protein expression was

associated with this observation. In contrast, ROS production and ANT expression

were unchanged in mitochondria from Wt CR mice. Another important finding was

the decrease in the proportional contribution of muscle weight to total BW in UCP3

Tg mice subjected to 2 wk CR. This was compared to a higher proportion of muscle

weight in Wt mice subjected to the same intervention. Extending CR to 1 mo

resulted in decreased ROS production in skeletal muscle mitochondria from Wt

mice, along with increased proton leak. However, ROS production and proton leak

were unchanged with 1 mo CR in mitochondria from UCP3 Tg mice. The

proportional contribution of muscle weight to total BW was increased in both

genotypes following 1 mo CR treatment. Overall these findings show that muscle

from UCP3 Tg mice was not neutral to the 2 wk CR intervention. Rather, the

adaptation of skeletal muscle mitochondria, as well as muscle as a whole, to short-

term CR was delayed in UCP3 Tg mice. In fact, our findings show that their muscle

which, under AL-conditions, possesses phenotypic characteristics of CR-adapted

muscle, responds to CR in a deleterious manner. In other words, although

mitochondria from UCP3 Tg AL mice exhibit higher proton leak, this phenotype is

not necessarily beneficial to muscle health.

4.2 CHARACTERISTICS OF AL-FED UCP3 TG MICE

Previous studies from our laboratory have investigated some metabolic
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characteristics of UCP3 Tg mice (Bezaire et al., 2005; Costford et al., 2008; Costford

et al., 2006); however, characteristics of mitochondrial energetics were not studied.

Of particular interest were mitochondrial proton leak, ROS production and oxidative

stress, all of which have been investigated in the present study. In particular,

previous studies of UCP3 Tg mice have found increased proton leak in skeletal

muscle mitochondria (Clapham et al., 2000; Tiraby et al., 2007). Inspection of the

Westerns blots in these latter studies from other laboratories suggests that the level

of UCP3 overexpression in our mice was between the levels in the mice used in

those two studies. Therefore, it is not surprising that increased uncoupling was

observed in mitochondria from our UCP3 Tg mice. What follows in this subsection is

a discussion of the impact this increased mitochondrial proton leak has on whole

body energetics and on mitochondrial ROS production and oxidative stress.

4.2.1 Whole body implications of having a mitochondrial proton leak in
skeletal muscle

Isolated skeletal muscle mitochondria from UCP3 Tg mice were shown to

possess increased proton leak compared to Wt mice. Because of this, it was

expected that this genotype would have increased whole body VO2. This is because

skeletal muscle makes up a significant portion of total BW (~ 10% shown here in

mice) and at the whole body level, proton leak has been estimated to account for 20-

25% of the resting metabolic rate of a rat (Rolfe and Brand, 1997). Therefore, due

to its size and relative contribution, differences in muscle proton leak should have an

impact at the whole body level. The increased whole body VO2 (mass-adjusted)

was clear but small, yet did not reach significance when data from 14 and 16 wk old
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mice were combined (Figure 8). Clapham and colleagues reported that energy

expenditure was greatly increased, by 25%, in their UCP3 Tg mice (Clapham et al.,

2000). However, other studies have reported no difference in energy expenditure in

UCP3 Tg mice (Bezaire et al., 2005; Costford et al., 2006; Tiraby et al., 2007) with

even smaller sample sizes than was used in the present study. It is important to

note the levels of UCP3 protein overexpression in the F1 generation mice used in

the Clapham study were ~ 20-fold higher than in Wt mice (Clapham et al., 2000).

However, the levels of UCP3 overexpression used in the present study were ~

250% higher in UCP3 Tg mice than in Wt mice (Figure 11). There is a normal

degree of error associated with all indirect calorimetry equipment, estimated at ~ 7-

10% (Livesey and Elia, 1988). Therefore, small differences in whole body VO2 due

to reduced coupling efficiency of oxidative phosphorylation in skeletal muscle may

be difficult to detect by indirect calorimetry.

The possibility that increased locomotor activity could explain the greater

energy expenditure does not seem likely. Although, in this study, activity levels were

not measured directly, similar variability in the indirect calorimetry data was seen in

both UCP3 Tg and Wt mice (data not shown). This observation was especially

evident during the dark phase when mice are more active, suggesting that activity

levels were similar in these two genotypes. Other studies have directly measured

activity and found no differences between Wt and UCP3 Tg mice (Choi et al., 2007;

Clapham et al., 2000). Instead, the trend for higher whole body I/O2 seen in UCP3

Tg mice was most likely caused by the increased mitochondrial proton leak present

in their skeletal muscle (Figure 12).
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The finding of lower BW in UCP3 Tg AL compared to Wt AL mice has

previously been reported by our laboratory and in other studies (Clapham et al.,

2000; Costford et al., 2008; Costford et al., 2006). In the present study, this

phenotype was mainly due to decreased muscle mass and was not due to

differences in food intake (Table 2). Interestingly, the lack of a BW phenotype in

UCP3 Tg mice compared to Wt mice has also been reported (Bezaire et al., 2005;

Tiraby et al., 2007). These discrepant findings may be due to differences in the

genetic background of the mice (Tiraby et al., 2007), or the use of young mice in

which the phenotype may not have yet become apparent (Bezaire et al., 2005). We

cannot determine at this time whether the different BW results are due to differences

in the degree of muscle mitochondrial uncoupled respiration, as proton leak was not

always measured. However, based on reported levels of UCP3 overexpression, it is

predicted that proton leak in UCP3 Tg mice studied by Tiraby and colleagues (Tiraby

et al., 2007) would be even lower, which could explain the absence of a BW

phenotype in their mice.

Interestingly, UCP3 knockout (KO) mice do not have a greater BW than Wt

mice, nor do they have decreased whole body energy expenditure (Bezaire et al.,

2005; Costford et al., 2006; Gong et al., 2000; Hoeks et al., 2006). This absence of

an energy-balance phenotype likely reflects similar 'basal' proton leak respiration in

muscle mitochondria from UCP3 KO and Wt mice (Bezaire et al., 2001; Echtay et

al., 2003; Echtay et al., 2002) (see section below for further discussion).

UCP3 Tg mice tended to have higher RER values than Wt mice, primarily in

the hours after feeding at 16:00, suggesting that UCP3 Tg mice more rapidly

switched to carbohydrate oxidization. However, UCP3 Tg and Wt mice had similar
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RER values at the end of the dark phase and during the light phase (before

feeding). Therefore, UCP3 Tg and Wt mice oxidized the same mix of fuels during

the inactive phase of the day, when food consumption was minimal. Indeed,

previous findings in UCP3 Tg mice found similar RER values (Choi et al., 2007;

Costford et al., 2006) or slightly lower RER values (Bezaire et al., 2005; Tiraby et al.,

2007) compared to Wt mice. In the present study, the higher RER observed in

UCP3 Tg mice after feeding could reflect a greater rate of consumption or

assimilation of food; regardless of the cause, the higher RER seems to be

associated with feeding.

4.2.2 Does the existence of a mitochondrial proton leak in skeletal muscle
protect against ROS production and oxidative stress?

The increased mitochondrial proton leak observed in skeletal muscle of UCP3

Tg mice was associated with decreased ROS production (Figure 14). The lower

ROS was not surprising because studies which have experimentally manipulated

mitochondrial PMF have demonstrated that ROS is very sensitive to PMF (Miwa et

al., 2003); ROS production can be reduced by 70% if PMF is decreased by only 10

mV. Theoretically, other explanations for the lower ROS production in UCP3 Tg

mice would be increased abundance of detoxifying enzymes and/or decreased

substrate oxidation. However, there were no differences in MnSOD or ANT protein

levels in UCP3 Tg mitochondria (Figure 15). Also, ETC capacity was increased in

mitochondria from UCP3 Tg mice as assessed by FCCP-induced respiration (Figure

13), which argues against lower substrate oxidation as an explanation for the
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decreased ROS. Thus, the likely cause of this lower H2O2 emission rate in

mitochondria from UCP3 Tg mice is increased proton conductance.

Based on the lower ROS production observed in mitochondria from UCP3 Tg

mice, it was expected that oxidative damage would also be lower. To assess

oxidative damage to mitochondrial proteins, we measured levels of 4-HNE protein

adducts because 4-HNE is the primary by-product of lipid peroxidation (see Figure

4). It was therefore surprising that our results were inconsistent with this notion, as

mitochondria from UCP3 Tg mice tended to have increased levels of oxidative

damage compared to those of Wt mice (Figures 16 and 31). Theoretically, the

levels of 4-HNE modified proteins would be determined by the rate of lipid

peroxidation, which in turn would depend on ROS production as well as on the

membrane lipid composition (i.e. poly-unsaturated lipids are more susceptible to

peroxidation) (see Figure 4). Also, the level of oxidatively modified proteins could

depend on mitochondrial turnover rate ('mitophagy') (Tolkovsky, 2009). Since ROS

production was shown to be lower in mitochondria from UCP3 Tg mice, then either

differences in membrane lipid composition or organelle turnover rate would explain

the slightly higher oxidatively modified protein levels in UCP3 Tg mitochondria.

4.2.3 Mechanisms of UCP3-mediated proton leak

Uncoupled respiration in mitochondria has been classified as basal or

inducible (see section 1.4.1). Briefly, ~ 50% of basal proton leak is mediated by

ANT, and this basal leak has been defined as leak that is not sensitive to the specific

ANT inhibitor, CAT (Brand and Esteves, 2005). Inducible proton leak has been
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defined as that which can be activated; fatty acids, AMP, and alkenals have all been

identified as activators of UCP3 and/or ANT (Andreyev et al., 1989; Andreyev et al.,

1988; Brand et al., 2005; Cadenas et al., 2000; Echtay et al., 2003; Shabalina et al.,

2006). One problem with this definition is that basal leak is often measured under

conditions where activators are likely present. For example, although BSA is added

to the incubation medium to bind fatty acids, it is usually only added at 0.3% (w/v)

(e.g., present study; (Brand et al., 2005; Echtay et al., 2003; Echtay et al., 2002)).

However, increasing BSA to 1% decreases the proton leak (Parker et al., 2008).

Therefore, the definition of 'basal' seems quite arbitrary. It is thought that UCP3, like

UCP1, needs to be activated (Brand and Esteves, 2005). This conclusion is based

on observations in which proton leak, measured under 'basal' conditions (i.e., in the

presence of 0.3% BSA and in the absence of CAT) was similar in muscle

mitochondria from UCP3 KO and Wt mice (Echtay et al., 2003; Echtay et al., 2002).

The uncoupled respiration rate then increased when palmitate (at a very high

concentration; 300 µ?) or 4-HNE was added to the incubation medium (Echtay et

al., 2003; Echtay et al., 2002). However, in the present study, and in that of

Clapham and colleagues (Clapham et al., 2000), the increased proton leak observed

in mitochondria from UCP3 Tg mice was determined under 'basal' conditions. It has

also been reported that GDP and CAT, which inhibit 'activated' uncoupling, also

inhibit uncoupling by UCP3 and ANT under 'basal' conditions (Bevilacqua et al.,

submitted) (Talbot and Brand, 2005). Altogether, these observations lead us to

question the definitions of 'basal' and 'inducible' proton leak, and more specifically

the idea that UCP3 is only involved in activated proton leak.
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4.3 WHOLE BODY RESPONSE TO SHORT-TERM CR IN WT AND UCP3 TG
MICE

4.3.1 Body and organ weights and body composition

In Wt and UCP3 Tg mice, both 2 wk and 1 mo CR interventions had large

effects on total BW and individual tissue weights (Tables 2 and 4). BW was affected

to the same extent in both genotypes with either 2 wk or 1 mo CR. After both CR

treatments, fat weight (gWAT and ¡BAT) was decreased to the greatest extent,

followed by liver, kidney and muscle weight; heart weight decreased the least.

Findings here are qualitatively and quantitatively similar to those from a previous

study from our laboratory that challenged mice with 2 wk CR, although, muscle

weight was not assessed (Bevilacqua et al., submitted). In further support,

Bevilacqua and colleagues demonstrated that increased duration of CR was

associated with a greater reduction in BW (Bevilacqua et al., 2004, 2005). We also

found a larger reduction in BW with 1 mo CR compared to 2 wk CR, in both

genotypes. In rats, only CR of > 6 mo duration resulted in the same tissue weight

reduction pattern seen with mice in the present study (Bevilacqua et al., 2005).

Glucose is stored as glycogen primarily in the liver, and to a lesser extent in

muscle (i.e. on a percentage tissue weight basis). Liver glycogen is the primary fuel

source used to maintain normal blood glucose levels (5 mM); therefore, when blood

glucose levels are low, liver glycogen is catabolised and glucose is released into the

blood. Therefore, with CR, the significant reduction in liver weight observed was

partially due to depletion of glycogen and its associated water weight. During CR,

the carbohydrate supply (from food and stored glycogen) is limited, thus fats
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become an increasingly important fuel source. Indeed, with both CR interventions,

the chow provided to Wt and UCP3 Tg mice at ~ 16:00 was rapidly consumed and

dietary carbohydrates were subsequently oxidized during the first half of the dark

phase, evidenced by the increase in RER to ~ 1 (Figures 19 and 25). Both

genotypes then switched to fatty acid oxidation and spent ~ 16 out of 24 h oxidizing

stored fats (Figures 19 and 25). Because of triglyceride mobilization to support

energy demands, fat depots became smaller (Tables 2 and 4).

It is also important to consider body composition since this has been shown

to change with CR (Ramsey et al., 2000). In Wt mice, 2 wk CR had no effect on the

proportional contributions of heart, ¡BAT or kidney weight to total BW; however, the

proportional contribution of both liver and gWAT weight was decreased (Table 3).

Such observations are consistent with previous findings in mice and rats (Bevilacqua

et al., submitted) (Ramsey et al., 2000). Interestingly, CR increased the proportional

contribution of muscle weight to total BW in Wt mice, which is consistent with

previous findings in monkeys, mice and humans (Coiman et al., 2009; Faulks et al.,

2006; Heilbronn et al., 2006). It has previously been shown that rhesus monkeys

subjected to 30% CR for 17 years possessed a much slower rate of muscle weight

loss relative to BW compared to normally fed controls (Coiman et al., 2008). Similar

results have also been shown in rats (McKiernan et al., 2004; Payne et al., 2003).

These observations support a protective effect of CR against sarcopenia (Evans,

1995; Marzetti et al., 2008). In summary, for the purposes of the present study,

comparison with previous findings indicates that the Wt mice responded to CR with

the expected changes in body composition.
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A striking difference in the whole body response of UCP3 Tg mice to CR was

a decrease in the proportional contribution of muscle weight to total BW with the 2

wk CR intervention (Table 3). Since skeletal muscle is an important site of glucose

disposal and is essential for strength and locomotion, a reduction in muscle mass in

relation to BW could be deleterious to the organism. Thus, the greater proton leak in

skeletal muscle mitochondria was associated with a maladaptive response of

muscle to the 2 wk CR intervention.

After 1 mo CR, body composition was the same in Wt and UCP3 Tg mice and

only the proportional contribution of fat weight to total BW was decreased in both

genotypes; the proportional contribution of lean tissue weight was either unchanged

or increased (Table 5). Thus, with the addition of 2 wk CR, UCP3 Tg mice were

able to adapt to the CR treatment, at least at the level of whole body characteristics.

It seems therefore, that UCP3 Tg mice took longer than Wt mice to reach a steady

state with respect to proportional tissue weight changes.

4.3.2 Whole body energetics

CR has been associated with a lower than normal level of energy

expenditure, termed hypometabolism (Ramsey et al., 2000). One idea is that a

hypometabolic state, induced by CR, may favour a reduction in overall ROS

production and oxidative stress, thereby slowing the aging process (Ramsey et al.,

2000). At first glance, this notion appears to run counter to the overall hypothesis

that CR will induce mitochondrial proton leak, which on its own would cause an

increase in energy expenditure. However, it is important to note that our
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assessments and hypotheses of leak are at the isolated mitochondrial level and are

expressed per mg mitochondrial protein. It is most likely that mitochondria are

significantly 'remodelled' by CR and reach a new functional steady-state in which

they operate at a lower PMF.

In the present study, it was shown that 2 wk and 1 mo CR treatments induced

a decrease in whole body VO2 in both genotypes when expressed per mouse

(Figures 17 and 23). Such results are consistent with previous findings from our

laboratory, in which 2 wk CR decreased whole body VO2 per animal (i.e. not mass-

adjusted) in Wt mice (Bevilacqua et al., submitted) and in rats subjected to short,

medium and long term CR treatment periods (Bevilacqua et al., 2004, 2005). It is

common practise to normalize whole body VO2 to BW, as in the present study as

well as in previous ones (e.g., (Bevilacqua et al., 2004, 2005)). However, the

normalization of VO2 to BW must be carried out with caution (Himms-Hagen, 1997).

In particular, if there are significant differences in body composition, especially in

tissues that have very low ATP demands, such as white adipose tissue (WAT), then

it is inappropriate to rely exclusively on BW-normalized data as the basis for

concluding whether or not energy expenditure has changed. After normalization to

BW, differences in VO2 were only apparent in the dark phase in both genotypes

subjected to 2 wk CR (Figure 18). Lean tissue mass refers to internal organs and

muscle. These tissues have high energy requirements and largely contribute to

BMR. In particular, muscle contributes ~ 20-33% to BMR whereas WAT contributes

~ 1-12% (Ramsey et al., 2000). Thus, changes in whole body VO2 in response to 2

wk CR need to be interpreted in light of the differential effect of the 2 wk CR

intervention on proportional muscle and WAT weights in Wt and UCP3 Tg mice;
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neither the per mouse nor the per g BW representation of VO2 takes the latter into

account. Thus, while mass-adjusted VO2 was similar in 2 wk CR Wt and UCP3 Tg

mice, the proportional decrease in muscle in 2 wk CR UCP3 Tg mice indicates that

VO2 per lean tissue mass was greater with 2 wk CR in UCP3 Tg mice compared to

Wt mice.

With 1 mo CR, differences in whole body VO2 disappeared upon

normalization to BW (Figure 24). From here, concluding that CR did not have an

effect on whole body VO2 would not be correct, as body composition changed,

consistent with other studies (Ramsey et al., 2000). In both Wt and UCP3 Tg mice,

1 mo CR caused a decrease in the proportional contribution of fat weight to total BW

and had no effect, or increased the proportional contribution of lean tissue weight.

Therefore, Wt and UCP3 Tg CR mice had a larger proportion of metabolically active

tissue compared to AL controls. Thus, in this respect, mass-adjusted VO2 was

decreased with 1 mo CR in both genotypes.

4.4 MITOCHONDRIAL REMODELLING WITH SHORT-TERM CR IN WT MICE

'Mitochondrial remodelling' refers to any changes in mitochondrial content,

composition, function or dynamics. As outlined in section 1.4, evidence increasingly

supports the idea that mitochondrial remodelling plays an important role in the

mechanisms activated by CR (Barazzoni et al., 2005; Bevilacqua et al., 2004, 2005;

Bua et al., 2004; Civitarese et al., 2007; Guarente, 2008; Marzetti et al., 2008;

Pamplona et al., 2002). Indeed, CR consistently decreases ROS production and

oxidative stress in a number of species (Asami et al., 2008; Bevilacqua et al., 2004,

109



2005; Lass et al., 1998; Pamplona et al., 2002), consistent with the oxidative stress

theory of aging (Finkel and Holbrook, 2000). One potential mechanism by which CR

decreases ROS production is by increasing proton leak, consistent with the

'uncoupling to survive' theory (see section 1.4.1). In the present study, levels of

ROS production were unchanged in Wt mitochondria subjected to 2 wk CR, despite

an ~ 50% increase in UCP3 protein content (Figures 15 and 22). ANT levels were

unchanged with 2 wk CR (Figure 22). These findings have been replicated in a

separate study of skeletal muscle mitochondria (Bevilacqua et al., submitted). The

lack of a CR-induced effect on mitochondrial ROS production in Wt mice was

surprising and inconsistent with previous studies from our laboratory where 2 wk CR

treatment in rats resulted in marked decreases in ROS production and oxidative

damage in skeletal muscle mitochondria (Bevilacqua et al., 2004); neither UCP3 nor

ANT protein content was determined. As outlined in sections 1.4.1 and 1.4.3, UCP3

and ANT can mediate proton leak, therefore, a CR-induced increase in expression

should decrease ROS production and oxidative stress. Thus, the increase in UCP3

protein levels with CR may not have been sufficient to decrease ROS production. It

is theoretically possible that other antioxidant mechanisms decreased in expression;

however, protein levels of MnSOD and ANT were unchanged with CR in Wt mice

(Figure 15). ROS production also depends on substrate oxidation; thus, an increase

in substrate oxidation could also theoretically explain the lack of a decrease in ROS

with CR. However, such an increase in substrate oxidation was not detected.

We were surprised to find the differences between mice (present study;

Bevilacqua et al., submitted) and rats (Bevilacqua et al., 2004) in the effect of 2 wk

CR on ROS production and oxidative stress. In our study and in that of Bevilacqua
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et al., the methods used to determine ROS production were identical. Therefore,

differences in methodological procedures cannot account for this difference. There

have been reports of differences in the capacity for ROS generation with different

muscle fiber types (Anderson et al., 2007); however, the selection of muscles for

mitochondrial isolations in both studies were composed primarily of type Il fibers.

Therefore, differences in muscle fiber types cannot account for this difference either.

Thus, at this point an explanation for the species difference remains unknown.

Overall, these observations suggest that the effects of CR in one mammalian

species cannot necessarily be extrapolated to another.

It was thought that although the 2 wk CR treatment did not decrease ROS

production in Wt mice, perhaps CR was still able to mitigate oxidative damage.

Indeed, UCP3 has been linked to decreased levels of oxidative stress (Bezaire et

al., 2007; Brand and Esteves, 2005). However, levels of oxidative damage, as

determined by 4-HNE modified proteins, were unchanged in mitochondria from Wt

CR mice compared to mitochondria from AL controls (Figure 16). Thus, overall, our

findings indicate that CR is not always associated with decreased ROS production

and oxidative stress.

Because the 2 wk CR treatment did not lower mitochondrial ROS production,

the duration of CR was extended by 2 wks. Indeed, the 1 mo CR intervention was

associated with lowered ROS production. Specifically, ROS production decreased

with CR in Wt mice only, and only with provisioning of a fatty acid substrate in the

presence of the complex III inhibitor antimycin (Figure 28). Under such conditions,

ROS production primarily occurs at complex III, as well as at upstream sites such
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as, at the electron transfer flavoprotein (ETF) and ETF-ubiquinone oxidoreductase

(St-Pierreetal.,2002).

However, CR did not induce a change in the levels of oxidative damage in

mitochondria from Wt mice (Figure 31). This finding was not expected based on the

decreased ROS production observed, and is inconsistent with previous findings from

our laboratory where lowered ROS production was accompanied by decreased

oxidative damage in rat skeletal muscle (Bevilacqua et al., 2004, 2005). Our results

are also inconsistent with other studies in mouse skeletal muscle where CR was

associated with decreased oxidative stress; however the duration of CR was greater

than 1 mo (Asami et al., 2008; Lass et al., 1998). 4-HNE protein adduct levels were

assessed as the marker of mitochondrial oxidative damage (Tsai et al., 1998).

Since only the levels of lipid peroxidation were measured, it is possible that we

missed an effect of CR to lower other forms of oxidative stress. Therefore, it would

be of interest, in future studies, to assess, for example, the level of mitochondrial

DNA damage or protein carbonyls.

In Wt mice, 1 mo CR lead to two very interesting findings that could explain

the observed decrease in ROS production. First, UCP3 protein was increased to a

greater extent in mitochondria from Wt mice subjected to 1 mo CR as compared to

only 2 wk CR (Figures 15 and 30). With 2 wk CR, UCP3 protein levels were

increased ~ 50%; whereas, with 1 mo CR, levels rose by ~ 100%. On the other

hand, ANT protein expression was unchanged with both the 2 wk and 1 mo CR

interventions. Thus, it is possible that the greater level of UCP3 protein associated

with 1 mo CR induced a greater mitochondrial proton leak compared to 2 wk CR,

thereby decreasing ROS production only in the former. Therefore, the level of UCP3
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protein and the associated proton leak may determine whether mitigation of ROS

production occurs. Accordingly, it was deemed important to assess mitochondrial

proton leak, with the expectation that 1 mo CR in Wt mice would increase

mitochondrial proton leak compared to controls. Our results support this hypothesis

(Figure 29). Although, in this study, mitochondrial proton leak was not assessed in

Wt mice subjected to 2 wk CR, another study from our laboratory has shown that 2

wk CR does not alter proton leak in skeletal muscle mitochondria of Wt mice even

with a CR-induced increase in UCP3 protein content (Bevilacqua et al., submitted).

Overall, our findings of increased proton leak and decreased ROS production with 1

mo CR in mice are consistent with previous studies from our laboratory which have

shown that short-term CR (2 wk or 2 mo CR) in rat skeletal muscle mitochondria

resulted in lowered PMF, increased oxygen consumption and marked decreases in

ROS production and oxidative stress (Bevilacqua et al., 2004). However, UCP3

protein content was not consistently assessed in the study of Bevilacqua and

colleagues. In further support, rats exposed to a 4-mo CR treatment also

possessed increased proton leak in liver mitochondria compared to controls; this

was also associated with decreased ROS production (Lambert and Merry, 2004). It

seems therefore that CR in Wt mice upregulates UCP3 protein, and only at a certain

threshold does mitochondrial proton leak increase. Once proton leak is activated,

the production of mitochondrial ROS is subsequently attenuated.

The second interesting finding that may explain the decreased ROS

production associated with 1 mo CR is the lowered state 3 respiration rate (Figure

27); suggestive of a decrease in mitochondrial oxidative capacity. Interestingly, with

2 wk CR, ROS production was unchanged in mitochondria from Wt mice, as was
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state 3 respiration (Figures 21 and 22). Therefore, this suggests that the decreased

mitochondrial oxidative capacity observed with 1 mo CR in Wt mice could explain

the decrease in ROS production. Theoretically, a decrease in mitochondrial

oxidative capacity could arise if levels of ETC complexes are reduced. Specifically,

a decrease in the amount of complex I and/or complex III would result in decreased

ROS production, as superoxide is primarily produced at these two complexes (see

section 1.2.2.2). However, studies in rat muscle have shown that a significant

lowering of the activity of ETC complexes is required before an overall impact on

mitochondrial respiratory flux or ATP synthesis is observed (Mazat et al., 2001). For

example, oxygen consumption remained unchanged until complex IV (COX) was

inhibited by ~ 80-90% at which point the respiration rate decreased dramatically.

Similar results have been reported with each of the other ETC complexes (Rossignol

et al., 2000; Rossignol et al., 1999). Therefore, normal oxidative phosphorylation

can occur even when mitochondria are significantly deficient in ETC complexes.

Given this, it is unlikely that the decreased oxidative capacity observed in the

present study was due to a reduced abundance of ETC complexes. Nonetheless,

Western blotting and/or enzyme activity assays could be used to verify that the

content of the ETC complexes and their activity (Vmax) are not greatly decreased by

1 mo CR. Although not significant, 1 mo CR tended to decrease the maximal

uncoupled respiration rate in Wt mice, as determined through the use of FCCP.

FCCP causes mitochondrial uncoupling in a 'non-regulated' manner. Therefore,

because CR tended to decrease this rate as well as the maximum respiration rate

(state 3), it can be hypothesized that the decrease in overall mitochondrial oxidative

capacity was not due to CR-induced changes in the components of the ETC.
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Rather, results point to factors upstream of the ETC. Interestingly, citrate synthase

activity has been shown to decrease with CR in rat skeletal muscle (Zangarelli et al.,

2006). Citrate synthase is localized to the mitochondrial matrix and catalyzes the

first step of the Krebs cycle. Thus, it is possible that the decreased maximal

capacity observed here was due to lower citrate synthase activity.

In skeletal muscle, many enzymes exist to help scavenge ROS, thereby

dampening pathological effects associated with high levels of ROS (see sections

1.2.2.4-5). Higher levels of antioxidant enzymes have been associated with

decreased levels of ROS in mice (Hu et al., 2007; Schriner et al., 2005). MnSOD is

located in the mitochondrial matrix and is the primary enzyme responsible for

converting superoxide produced into H2O2 (Halliwell, 1999; Okado-Matsumoto and

Fridovich, 2001). With 1 mo CR, there was a trend for increased MnSOD protein

levels in skeletal muscle mitochondria from Wt mice (Figure 30). Other studies have

assessed the levels of antioxidant enzymes with CR and results have been

inconsistent. For example, gene transcript levels were assessed in skeletal muscle

mitochondria isolated from rats (Sreekumar et al., 2002). It was found that

messenger RNA (mRNA) levels of ROS scavenging enzymes including, CuZnSOD,

MnSOD and Gpx, were upregulated in mitochondria from CR rats compared to

normally-fed controls. Our finding of increased MnSOD protein with CR in Wt mice

is consistent with this study. However, in mouse skeletal muscle mitochondria, Gpx

and SOD activities were not increased following 4 mo of CR in mice, compared to

controls (Lass et al., 1998). Similarly, HeLa and FaO cells treated with serum

isolated from rats exposed to CR possessed similar levels of Cu/ZnSOD and

catalase protein compared to controls (Lopez-Lluch et al., 2006). Despite
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inconsistent findings, our study revealed that 1 mo CR in Wt mice was associated

with a tendency for increased MnSOD protein. The trend for increased MnSOD

protein induced by 1 mo CR in the present study was associated with decreased

ROS production. However, the increase in MnSOD protein observed cannot

explain the decrease in ROS because our measurements of ROS production

specifically assessed H2O2 emission. A CR-induced increase in MnSOD protein

could result in the increased conversion of superoxide to H2O2, which would

increase the H2O2 emission rate. Overall, the induction of antioxidant enzymes to

decrease ROS production may be a mechanism activated by CR; however, in this

study, increased MnSOD protein was not responsible for the decrease in ROS

production observed.

Interestingly, a decrease in skeletal muscle mitochondrial content was

observed in Wt mice only with the 1 mo CR intervention (Figures 20 and 26). In

agreement with our finding, Baker and colleagues, using enzyme activities in whole

muscle homogenates, demonstrated that CR of > 5 mo duration in mice resulted in

decreased mitochondrial content in skeletal muscle (Baker et al., 2006). Also

consistent with our finding is that of Lambert and colleagues who reported a

decrease in mitochondrial yield in heart with CR of 4.5 mo duration in rats (Lambert

et al., 2004). In human muscle, mitochondrial content was reported to be increased

with CR, based on increased mtDNA (Civitarese et al., 2007). However, when the

activities of key mitochondrial enzymes were measured, no differences were found

with CR. Therefore, the Civitarese study does not convincingly show an increase in

mitochondrial content with CR in muscle. Overall, it seems clear that CR can in fact

be associated with decreased mitochondrial biogenesis, despite reports indicating
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that mitochondrial biogenesis is stimulated (Civitarese et al., 2007; Nisoli et al.,

2005).

In the present study, 1 mo CR induced an ~ 45% increase in mitochondrial

proton leak in Wt mice (Figure 29). Interestingly, this was accompanied by an ~

25% decrease in mitochondrial content (Figure 26). The CR-induced increase in

proton leak observed was also associated with decreased ROS production.

Therefore, at the mitochondrial level, the increase in proton leak would be

advantageous because it could mitigate the production of ROS. However, at the

level of the muscle, an increase in proton leak would, theoretically, result in an

increase in energy expenditure which could be disadvantageous in the context of

CR. However, it seems that muscle from Wt mice was able to significantly

compensate for the CR-induced increase in uncoupling by decreasing the amount of

total mitochondria.

4.5 DOES SHORT-TERM CR PROVIDE UCP3 TG MICE WITH ADDITIONAL
PROTECTION AGAINST OXIDATIVE STRESS?

Skeletal muscle mitochondria from UCP3 Tg mice were characterized by

decreased ROS production and increased proton leak. It was hypothesized that

short-term CR in skeletal muscle mitochondria from UCP3 Tg mice would not

enhance the existing proton leak and therefore, would not provide any further

protection against ROS production and oxidative stress. Together, such results

would provide support for the overall hypothesis that CR causes mitochondrial

proton leak which becomes responsible for CR-induced decreases in ROS

production and oxidative stress.
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2 wk CR did not lower ROS production in mitochondria from UCP3 Tg mice.

Instead, ROS production tended to increase (Figure 22). To our knowledge, this is

the first report of increased ROS with CR. It therefore appears that CR was acting

as a stressor in this genotype, resulting in increased ROS production. Interestingly,

this was associated with a decrease in ANT protein content; UCP3 protein content

was unaltered (Figure 15). ANT has been shown to mediate up to 50% of proton

leak in muscle (Brand et al., 2005); therefore, it would be expected that decreased

ANT protein content would dampen proton conductance, thereby increasing PMF

and the likelihood of ROS production. Therefore, it is possible that the increased

ROS production observed with 2 wk CR in mitochondria from UCP3 Tg mice was

due to decreased ANT protein content. Future studies should assess the kinetics of

skeletal muscle mitochondrial proton leak in UCP3 Tg mice subjected to 2 wk CR, to

determine whether the decrease in ANT protein content was associated with

decreased proton conductance. Given the above, it would be expected that the

UCP3 Tg mice would have greater levels of mitochondrial oxidative damage with 2

wk CR. However, we demonstrate that the level of 4-HNE modified proteins was

unchanged (Figure 16). In future studies, it would be of interest to assess levels of

oxidative stress using another indicator, such as formation of protein carbonyls.

Interestingly, ROS production in mitochondria from UCP3 Tg mice was not

increased with 1 mo CR as seen with 2 wk CR; levels were unchanged (Figure 28).

Also different from 2 wk CR, ANT protein levels were unchanged in mitochondria

from UCP3 Tg mice subjected to 1 mo CR. Together, these results further support

the hypothesis that the trend for increased ROS production following 2 wk CR was

caused by the CR-induced decrease in ANT protein content. It was expected that
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proton leak would be unaffected with 1 mo CR in mitochondria from UCP3 Tg mice.

Results support this prediction (Figure 29). Furthermore, due to the lack of a CR-

induced effect on ROS production in mitochondria from UCP3 Tg mice, it was

expected that levels of oxidative damage would also be unaltered. Results also

support this prediction (Figure 31). Thus, mitochondria from UCP3 Tg mice were

better adapted to the effects of CR when the duration of treatment was extended

from 2 wks to 1 mo. That being said, short-term CR in skeletal muscle mitochondria

from mice overexpressing UCP3 protein did not enhance the existing proton leak

and therefore, did not provide any further protection against ROS production and

oxidative stress. Overall, these observations in UCP3 Tg mice support the

hypothesis that CR causes a UCP3-mediated mitochondrial proton leak which is

responsible for the CR-induced decrease in ROS production observed with 1 mo

CR in Wt mice.

Interestingly, 1 mo CR induced an ~ 55% decrease in mitochondrial content

in UCP3 Tg mice (Figure 26). This genotype already possessed enhanced levels of

mitochondrial uncoupling within their muscle (see Figure 11). Since mitochondrial

proton leak was not affected by the 1 mo CR intervention in this genotype, UCP3 Tg

CR mice would have lower levels of uncoupling at the whole muscle level compared

to AL-fed controls. It seems therefore, that energy restriction within this genotype

provokes a compensatory effect that offsets the increased energy expenditure due

to proton leak processes. Thus, CR would induce an overall decrease in energy

expenditure in the UCP3 Tg mice.
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4.6 IMPLICATIONS OF INCREASED MITOCHONDRIAL PROTON LEAK IN
SKELETAL MUSCLE

Studies that have directly manipulated mitochondrial proton leak in skeletal

muscle, or have correlated the degree of uncoupling with functional measurements

have concluded that increased proton leak is in fact protective against age-related

disease. Specifically, ectopic expression of UCP1 in mouse skeletal muscle was

accompanied by increased median survival, and decreased markers of lymphoma,

atherosclerosis, diabetes and hypertension (Gates et al., 2007). Additionally, mild

uncoupling in human muscle was correlated with a reduction in age-induced

decreases in mitochondrial function (Amara et al., 2007). Furthermore, increased

uncoupling in skeletal muscle has been shown to be less susceptible to the

development of diabetes. For example, mice overexpressing UCP3 in muscle have

improved glucose handling and insulin sensitivity, and accumulate less

intramuscular triglyceride when fed a normal diet or challenged with a high fat diet

(Costford et al., 2006). UCP3 Tg mice were also protected from the development of

insulin resistance when challenged with a high fat diet (Choi et al., 2007). Overall,

previous studies have implicated uncoupling in muscle as being beneficial to overall

health. However, in the present study, we demonstrate a situation where increased

mitochondrial proton leak in muscle does not necessarily benefit the organism.

Therefore, our results are not consistent with previous studies and our findings show

that increased proton leak in muscle can, in fact, be associated with deleterious

effects in the context of a mild stress.
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4.7 CONCLUSION

From the research presented herein, a number of conclusions can be drawn.

First, physiological increases (i.e. 2-4 fold range) of UCP3 protein are associated

with increased proton leak and decreased ROS production. Findings from Wt mice

demonstrate that CR does not always mitigate ROS production and oxidative stress.

When short-term CR does lower ROS production, this occurs in conjunction with

mitochondrial remodelling and a generalized decrease in mitochondrial content.

Specifically, we demonstrate that UCP3 and MnSOD proteins are upregulated and

proton leak processes are induced along with decreases in mitochondrial oxidative

capacity. Each of these changes would favour a decrease in ROS production.

Mitochondrial uncoupling may be a mechanism activated by CR that underlies the

beneficial effects of CR. However, muscle that already possesses greater

mitochondrial uncoupling and lower ROS production prior to CR should not be

considered to be 'pre-adapted' to CR, because the muscle of the UCP3 Tg mice

responded to the 2 wk CR intervention. Importantly, the muscle phenotype of the

UCP3 Tg mice predisposed the muscle to potentially deleterious effects in response

to short-term CR. More generally, while increased proton leak in muscle leads to a

phenotype, namely lower ROS production, that may protect muscle from age-related

degeneration, the greater proton leak can lead to a maladaptive response to a mild

stress. In this regard, increased uncoupling does not appear to be uniformly

beneficial to skeletal muscle, and thus to the survival of the organism.
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