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Abstract

The allometric scaling relationship observed between metabolic rate (MR) and species

body mass can be partially explained by differences in cellular MR (Porter & Brand, 1995).

Here, I studied cultured cell lines derived from ten mammalian species to determine whether

cells propagated in an identical environment exhibited MR scaling. Oxidative and anaerobic

metabolic parameters did not scale significantly with donor body mass in cultured cells,

indicating the absence of an intrinsic MR setpoint. The rate of oxygen delivery has been

proposed to limit cellular metabolic rates in larger organisms (West et al., 2002). As such cells

were cultured under a variety of physiologically relevant oxygen tensions to investigate the

effect of oxygen on cellular metabolic rates. Exposure to higher medium oxygen tensions

resulted in increased metabolic rates in all cells. Higher MRs have the potential to produce more

reactive oxygen species (ROS) which could cause genomic instability and thus reduced lifespan.

Longer-lived species are more resistant to oxidative stress (Kapahi et al, 1999), which may be

due to greater antioxidant and/or DNA repair capacities. This hypothesis was addressed by

culturing primary dermal fibroblasts from eight mammalian species ranging in maximum

lifespan from 5 to 120 years. Only the antioxidant manganese superoxide dismutases (MnSOD)

positively scaled with species lifespan (p<0.01). Oxidative damage to DNA is primarily repaired

by the base excision repair (BER) pathway. BER enzyme activities showed either no correlation

or as in the case of polymerase p correlated, negatively with donor species (p<0.01 ). Typically,

mammalian cells are cultured in a 20% O2 (atmospheric) environment, which is several-fold

higher than cells experience in vivo. Therefore, the secondary aim of this study was to determine

the effect of culturing mammalian cells at a more physiological oxygen tension (3%) on BER,

and antioxidant, enzyme activities. Consistently, standard culture conditions induce higher

antioxidant and DNA ba.se excision repair activities than are present under a more physiological

oxygen concentration. Therefore, standard culture conditions are inappropriate for studies of





oxidative stress-induced activities and species differences in fibroblast DNA BER repair

capacities may represent differences in ability to respond to oxidative stress. An interesting

outcome firom this study was that some inherent cellular properties are maintained in culture (i.e.

stress responses) while others are not (i.e. MR).
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Chapter 1. Literature Review

1.1 Allometric metabolic scaling

The allometric relationship observed between body mass and metabolic rate (MR) has

been studied for more than a century. Allometry is a technique used to describe the changes in

relative dimensions of the components of an organism that are correlated with changes in overall

size (Gayon, 2000). For example, a variable of interest is regressed against body mass, thereby

describing the relationship. Typically, the relationship between whole body MR and body mass

(M) is expressed as a power function where b is the slope of log-log plot (Equation 1).

Equation 1: MR = aM"

As an animal grows larger it requires a continuous supply of oxidizable fuel and oxygen.

However, there is not a 1:1 relationship between tissue mass and the fuel required to sustain that

mass. In 1883, following a detailed study of 15 canine breeds ranging from 3-30kg, Rubner first

introduced the idea that MR was proportional to body surface area to volume ratio and therefore

positively scaled logarithmically with a two-thirds power relationship. Rubner suggested that

heat loss in endotherms explained MR scaling (Rubner, 1883); this phenomenon became known

as Rubner's surface law of metabolism. However this explanation is obviously not applicable to

ectotherms, whose metabolic scaling is also inversely proportional to body mass (b < 1) (White

et al, 2(X)5, 2007). Furthermore, in 1932 Kleiber expanded Rubner's study to include various

other mammalian species and found that b is actually closer to three-quarters than two-thirds in

mammals (Kleiber, 1932). Together these data indicate that metabolic scaling is not consistent

with Rubner's heat loss explanation (see Glazier, 2005 for review).

In order to explore the underlying cellular basis for metabolic scaling, MR is typically

corrected by the species mass. This is achieved by dividing by M'", yielding equation 2

(Schmidt-Nielsen. 1984).

Equation 2: mass-specific MR = aM"'"""
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Interestingly, once species mass is corrected for, as the body grows larger, metabolic rate

actually declines. In other words, the metabolic rate per gram body mass (mass-specific)

declines as body mass increases. To date allometric scaling of MR is generally considered a

central paradigm, although consensus is lacking as to whether there is a universal value for b (see

Glazier, 2(X)5 for review). Regardless, it is now generally accepted that log mass-specific MR

correlates negatively with log body mass in mammals.

1.1.1 Mechanistic basis of metabolic rate scaling with body mass

The scaling of MR with organism body mass can be partially accounted for by

differences in tissue and cellular MRs. Kleiber (1941) determined that the MR per unit weight of

liver tissue is inversely proportional to body mass. Similarly, Krebs (1950) demonstrated that

the oxygen consumption rate per unit mass of brain, kidney, liver, lung and spleen slices from

mice was higher than values observed from larger species. At the cellular level, isolated

hepatocytes from horse consume almost ten-fold less oxygen per unit time than mouse

hepatocytes (Porter & Brand, 1995a). Therefore, allometric scaling of MR as a function of

mammalian body mass has been demonstrated in tissue slices and isolated cells, and may

partially explain the mechanistic basis of allometric scaling.

The mitochondrion, commonly referred to as the "powerhouse of the cell", is responsible

for supplying the cell with the majority of its adenosine triphosphate (ATP). Specifically,

electrons are transferred through complexes that comprise the electron transport chain located on

the inner mitochondrial membrane, resulting in the utilization of oxygen and production of ATP

(oxidative phosphorylation) (Scheffler, 1999). Considering that mitochondria make substantial

contributions to cellular metabolic rate, faster cells of smaller animals may have more

mitochondria and thus provide some explanation for their higher metabolic rates. Interestingly,

mitochondrial abundance (Porter & Brand, 1995b) and surface area of the inner membrane (Else

& Hulbert. 1985) inversely scale (b-l < I ) with species' body mass. However, this is only a

partial explanation, and ATP-consuming reactions must also be changing to balance ATP
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synthesis. Cells from larger animals have lower activities of one of the major ATP-consuming

enzymes NaVK" ATPase (Couture & Hulbert, 1995). Approximately 20% of oxygen

consumption is not directly coupled with ATP production, but rather is lost to proton leak, which

also negatively scales with mammalian body mass (Porter & Brand, 1993). Considering that all

reactions, including those responsible for ATP production and consumption, and those that are

energetically non-productive (proton leak), scale allometrically, mitochondrial differences can at

least partially account for the relationship between mammalian MR and body mass.

All of the above processes may contribute to the allometric relationship between MR and

body mass. While MR varies in response to work load and training, is it possible that there is an

underlying set point for basal MR that is intrinsically determined (i.e. programmed genetically)?

Therefore, the question remains, do individual cells have intrinsic properties which dictate a

range of MRs that are different among species, and/or do features of organism design (extrinsic)

influence metabolic control?

Theoretical physicists, including West et al. (1997, 1999, 2(X)2) and Banavar et al. (1999,

2002), have proposed so-called 'single-cause' explanations for MR scaling that are based on

nutrient supply limitations (extrinsic to the cell) imposed on tissue cells by fractal or branching

cardiovascular systems (networks). This suggests that the cardiovascular systems of larger

mammals are simply unable to supply oxygen and other nutrients to cells at the same rate as is

possible in smaller mammals in which the cardiovascular system undergoes fewer branchings. A

greater number of branches and greater distance results in more friction and thus impedes the

delivery of nutrients. For example, circulation of the complete blood volume occurs in one

second in a resting shrew, a few minutes in a horse or human, several minutes in an elephant, and

approximately 15 minutes in a whale (Wheatly & Clegg, 1994). The cells of larger mammals

thus have no choice but to adopt lower MRs to conform to this situation.

In contrast, Darveau et al. (2002) (refined in Hochachka et al, 2003) argue against such

single cause explanations and have developed a multi-cause model ba.sed on metabolic control
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analysis. In this analysis, the various processes that contribute to whole body MR are considered

individually and quantitatively, with control coefficients assigned to each metabolic process.

While this model conforms to the observations of physiologists and biochemists, it does not

explain the underlying basis of the scaling itself. This latter model does not exclude a theoretical

contribution from the supply-side, it merely argues against it being the sole factor.

The supply-limitation models of MR scaling predict that differences observed at the

cellular level will disappear when cells are grown in culture under conditions of identical nutrient

supply (Wheatley & Clegg, 1994; West et al, 2002). Implicit in this suggestion is that

allometric scaling does not arise from the existence of intrinsic (i.e. genetic) determinants of

cellular MR, but rather is exclusively an environmental adaptation of cells, with the environment

being the interstitial fluid in which the cells exist and its particular composition. Cell culture

technology provides a unique experimental approach in which this hypothesis can be tested.

Under cell culture conditions, all cells are bathed in the same medium ensuring they are exposed

to the same external factors (i.e. hormones) and therefore have the potential to do the same work.

Cell culture controls both the external environment and the work output, which is mainly

attributed to cellular division.

1.2 Metabolic rate and species lifespan

It is well established that larger mammals expend less energy per unit time per unit body

mass than smaller mammals (Speakman, 2005a) and live longer than smaller mammals. Max

Rubner was the first to observe an inverse correlation between MR and mammalian lifespan (LS)

(see Austad & Fischer, 1991 for review). This observation was expanded further in 1928 by

Pearl, who after conducting experiments with Drosophila, developed the rate of living theory

(RoL), which states that there is a fixed amount of metabolic potential for each organism; that is

to say that using energy up faster will accelerate the rate of aging (Pearl, 1 928). In support of the

RoL theory, it was determined using a number of mammalian species that the basal energy
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consumption per body atom per heart beat is the same in all animals (Levine, 1997). Pearl's

theory was the first to suggest that lifespan inversely correlates with MR. However, time and

more thorough investigation have produced many caveats to this theory, including that tissues of

smaller mammals actually expend more energy over their lifepans than larger mammals

(Speakman, 2005a). Furthermore, birds and bats have higher rates of basal oxygen consumption

and longer lifespans compared to other size matched mammals (Holmes & Austad, 1995a,b;

Holmes et al., 2001), suggesting that the rate of living theory in its original context cannot be

correct.

An interesting observation made by Campbell (1938) that oxygen tension in excess of

that of atmospheric oxygen (21%) is toxic to animals, resulted in directing the attention of aging

research to the role of oxygen, leading to the development of the free radical theory of aging.

The firee radical theory of aging states that cellular damage resulting from radical attack

(primarily produced during oxidative phosphorylation) accumulates over time and thus

contributes to limiting the lifespan of an organism (Harman, 1956). This theory stimulated

experiments leading to some interesting observations. For example, animals that seem to live too

long for their metabolic rates actually produce free radicals at a reduced rate. Birds have high

metabolic rates and live approximately 3-4 times longer than size-matched mammals, but they

also have substantially reduced rates of mitochondrial reactive oxygen species (ROS) production

(Barja, 1998). Additionally, the longest-lived rodent species, the naked mole rat, the little brown

bat and caloric restricted (CR) mice have lower rates of ROS production than control mammals

(Lambert et al, 2007; Brunet- Rossinni, 2004; Lee & Yu, 1990). Therefore, metabolic ROS

production currently holds some promise to reconcile the RoL and free radical theories.

Measured rates of free radical production by mitochondria correlate to the resting rate of

metabolism and lifespan of the organism (Ku & Sohal, 1993; Ku et al, 1993). Organisms that

rapidly acquire high levels of oxidative damage have shorter lifespans. 8-oxoguanine, the most

common oxidative lesion, has been found to correlate inversely with lifespan in both nuclear

14





(Agarwal & Sohal, 1994) and mitochondrial (Barja & Herrero, 2000) DNA. CR, the only known

non-genetic intervention that modulates lifespan across a wide range of species, lowers the levels

of both nuclear (Hamilton et ai, 2001) and mitochondrial DNA (mtDNA) damage (Chung et al.,

]992,Gred\\\aet ai, 200\).

Typically, mutations that confer longevity result in decreased energy metabolism (with

the exception of CR animals in which there is no effect on MR adjusted to lean mass), growth,

physical activity and/or premature fecundity (Liang et ai, 2(X)3; Jenkins et ai, 2004). However

some studies indicate that variations in lifespan cannot be directly attributed to a reduced MR

(Masoro & McCarter, 1991 ; Van Voorhies et ai, 2004; Hulbert et al., 2004). Regardless, the

free radical theory of aging provides a potential link between metabolism and aging. In other

words, organisms with higher MRs may produce more energy per unit time, but also produce

more free radical species which in turn may increase the probability of the occurrence of cellular

damage and contribute to the shortening of an organism's lifespan.

13 Sources of reactive oxygen species within mammalian cells

ROS are highly reactive metabolites of molecular oxygen (O2). Unstable oxygen radicals

such as the superoxide anion (O2*') and hydroxyl radical ("OH) and nonradical molecules such as

hydrogen peroxide (H2O2) are continually taken up from the external environment and also

generated internally under stress and pathological conditions. Intracellular ROS are primarily

produced by mitochondria as by-products of oxidative phosphorylation (Fig 1.1).
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Figure 1.1. The sources and physiological effects of reactive oxygen species. ROS are

produced mainly through cellular metabolism but also through other endo- and exogenous

sources. A homeostatic balance of ROS is essential for normal cellular function. High levels of

ROS cau.se damage to cellular macromolecules which leads to aging, cell death, and disease.

Low levels of ROS can result in defective host defence systems and decreased cellular

proliferation (Image adapted from Finkel and Holbrook, 2000).
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1.3.1 Exogenous sources of ROS

Ultra-violet light, ionizing radiation (IR), environmental pollutants, and

chemotherapeutics are thought to be minimal contributors to the overall cellular level of ROS.

Exposure to UV light results in proliferation of peroxisomes (Schrader & Fahimi, 2006), which

themselves produce ROS (see below). IR results in the reduction of water to produce various

forms of ROS (Ridley, 1994), while both the gas and tar phases of cigarette smoke produce

various ROS including, O2*' (Pryor et ai, 1983) and nitric oxide (NO) which can combine to

produce the highly reactive peroxynitrate (ONOO) (Huie & Padmaja, 1993).

13.2 Endogenous sources of ROS

Mammalian cells are continually exposed to ROS produced through normal cellular

metabolism including peroxisomal fatty acid metabolism, cytochrome P-450 enzymatic reactions

and immunogenic responses (see Beckman & Ames, 1998 for review). Peroxisomes produce

H2O2 as a by-product of the degradation of fatty acids and other molecules (Schrader & Fahimi,

2(X)6). Cytochrome P-450s continually produce ROS through the oxidative metabolism of

various endogenous and exogenous lipophilic compounds and the poor coupling of cytochrome

F-450 catalytic cascade results in the production of H2O2 and O2*" (Zangar et ai, 2004). The

immune response signals for phagocytic cells (such as neutrophils) which destroy bacteria or

viruses by an oxidative burst of superoxide (O2*") primarily generated by NAD(P)H oxidases

(Valko el ai, 2007). Aside from pathogenic NAD(P)H oxidases, non-pathogenic NAD(P)H

oxidases have also been found to generate O2*" (Li et al., 2001), although at a considerably lower

level than produced by neutrophils. Although the above endogenous sources of ROS contribute

to the level of oxidative stress placed on an organism, by far the majority of ROS is generated by

the mitochondria through aerobic respiration.

In eukaryotic cells, mitochondria function as the main source of ATP production. During

this process however, single electrons leak from the mitochondria and facilitate the reduction of

molecular oxygen to O2*'. The production of mitochondrial superoxide occurs primarily at two
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distinct sites in the respiratory chain, complex I (NADH dehydrogenase) and complex III

(ubiquinone-cytochrome c reductase) (Fig 1 .2). In complex I, the iron-sulfur clusters are thought

to be the primary source of O2*" (Genova et ah, 2001 ; Kushnareva et ai, 2002), while the

autoxidation of ubiquinone forms the majority of O2*" at complex III (Finkel & Holbrook, 2000).

Release of O2*' occurs on the matrix side in the case of complex I and both the matrix and

intermembrane space with complex III (Turrens, 2003).
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Figure 1.2. Production of ROS through the mitochondrial electron transport chain

facilitated through the transfer of electrons. Superoxide formation on the matrix side at

complex I is facilitated by electron transfer from the iron-sulfur complex to molecular oxygen.

Complex III is the major source of ROS. Electrons from complex I and II are transferred to

ubiquinone (Q cycle) which can form superoxide at complex III on both the matrix and

intermembrane sides of the electron transport chain.
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1.4 Effect of ROS induced damage to proteins, lipids and DNA

Oxidative damage to lipids, protein and DNA has been found to accumulate with age

(Harman, 1981; Fraga et al, 1990; Stadtman 1992). Nearly all changes in cell membrane

structure with age can be attributed to the lipid peroxidation of polyunsaturated fatty acids

(PUFA). Originally, O2*' was thought to trigger peroxidation of PUFAs, however all ROS are

achiral, which would generate a racemic mixture of PUFAs. Experimental evidence indicates

that reduction of these lipid molecules results predominately in the S-isomer. Consequently, this

process is probably at least partially mediated by enzyme-induced reactions (see Spiteller, 2001

for review). On the other hand, the highly reactive hydroxyl radical ('OH) can abstract hydrogen

from nearly any C-H bond, especially double allylically activated CH2 groups located in PUFAs.

One product of this reaction is the peroxyl radical which can further damage other

macromolecules including proteins and DNA (Spiteller, 2001). ROS induced damage to lipids

produces cyclic endoperoxides and unsaturated aldehydes, which in turn act as mutagens,

inactivating enzymes and forming heterogeneous cross-links (Beckman & Ames, 1998). The

range of oxidative damage inflicted on proteins is very diverse and, in general, it can lead to

oxidized amino acid side chains, the formation of protein-protein cross-links and protein

fi-agmentation due to the oxidation of the peptide linkages which form the protein backbone

(Berlett & Stadtman, 1997). Protein carbonyls are generally utilized as markers of protein

oxidative damage and have been found to accumulate with age in various tissues and species

(Levine & Stadtman, 2001). However this method has been challenged (see Linton et al., 2001)

by the suggestion that carbonyl formation is not specific to oxidative damage. This is

highlighted by the fact that more stable markers of protein oxidation (i.e. di-Try and o-Try) do

not increase with age (Linton et al., 2001). As a result the exact role of protein oxidation in

aging is still debated.

Although ROS can attack proteins, lipids and DNA, the effect of ROS on DNA may be

the most detrimental. Oxidative damage at the DNA level can cause permanent mutations which

20





may contribute to cancer, aging and neurodegenerative diseases (Bohr, 2002). H2O2 and O2*" do

not directly interact with DNA, although they contribute significantly to the production of 'OH

through the Fenton reaction; it is this 'OH radical that is directly involved in the damage of DNA

(Friedberg et al, 1995). Radical attack on DNA can produce a variety of products including

damaged bases and sugars, single and double strand breaks and cross-links (Demple & Harrison,

1994). In the event that 'OH abstracts a proton from the deoxyribose, strand breaks may occur

due to the production of a sugar radical which promotes the release of the affected DNA base

(Halliwell & Aruoma, 1991). When whole cells or isolated chromatin are exposed to ionizing

radiation, 'OH is produced and cross-links can occur between DNA bases and amino acid

residues in nuclear proteins (Mee & Adelstein, 1981 ; Gajewski & Dizdaroglu, 1990).

The most common form of oxidative lesion is base damage. More than 20 base lesions

have been identified as resulting from hydroxyl radical attack on the double bonds of the DNA

bases and/or the abstraction of a proton from the methyl group of thymine and each of the C-H

bonds of the sugar backbone (Cooke et al, 2(X)3). The most common pyrimidine lesion,

thymine glycol, results from 'OH attack on the double bond of thymine at C-5 or C-6 or the

abstraction of hydrogen from the methyl group. Thymine glycol itself is not mutagenic but

rather it disrupts cellular function by impeding replication and transcription (Ide et al, 1985).

On the other hand, 'OH radicals add to C4, C5 and C8 positions of purines, thereby generating

OH adduct radicals. By far, the most common and extensively studied oxidative base damage is

8-oxoguanine (8-oxoG), which is the oxidized product formed by the addition of 'OH to C-8 of

guanine (Friedberg et al., 1995) and has been found to cause GC-AT transversions in the DNA

(Hickson, 1997). Considering the detrimental affects of ROS on cellular function, organisms

have developed elaborate defence systems including antioxidant enzymes for detoxifying ROS

and repair enzymes that remove the damage caused by ROS.
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1.5 Antioxidant enzymes

Superoxide dismutases (SOD) are the primary cellular defence against ROS. Two major

isoforms of SOD, the cystolic copper-zinc SOD (CuZnSOD) and the mitochondrial manganese

SOD (MnSOD), are responsible for the degradation of superoxide to H2O2. H2O2 is then further

degraded by catalase (CAT) or glutathione peroxidase (GPx). Inevitably some H2O2 escapes

degradation and is converted to the highly reactive hydroxyl radical ('OH) through a Fenton

reaction. The 'OH is by far the most destructive ROS and contributes to the majority of

oxidative damage to mammalian cells (Fig 1 .3).
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2HoO + O

Rgure 13. Mitochondrial ROS production and detoxification. Superoxide is degraded by

manganese superoxide dismutase (MnSOD) to form H2O2. H2O2 can then be degraded by

catalase (CAT) and glutathione peroxidase (GPx). Some H2O2 escapes degradation and forms

the highly reactive hydroxy! radical through a Fenton reaction.
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1.6 Repair of oxidative DNA damage

Aside from the evolution of antioxidant enzymes which aim to remove ROS quickly

thereby limiting ROS-mediated damage, mammals have developed a variety of repair systems

that correct virtually any type of DNA damage. Of these, the base excision repair (BER) pathway

is devoted to the removal of small base damage, abasic sites and single strand breaks which are

all a result of oxidative damage. This pathway involves the coordination of four enzymes, a

DNA glycosylase, AP-endonuclease I, DNA polymerase P and DNA ligase. The first step of this

pathway involves the identification and removal of the damaged base by a specific DNA

glycoslyase which produces an abasic site. AP-endonuclease (APE) recognizes this abasic site

and processes it, producing a 3'OH and 5' phosphate DNA break. From this point, there are two

sub-pathways, short patch and long patch BER. In short patch BER, DNA polymerase (3

removes the 5' phosphate through P-elimination and then continues to fill the single nucleotide

gap, while the nick is sealed by DNA ligase. In long patch BER, DNA polymerase 8/e

incorporate several nucleotides at the 3' end of the nick which creates a flap. This single

stranded flap is then recognized and excised by Flap endonuclease, followed by DNA ligase (Fig

1.4) (Bohr &Dianov, 1999).
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1.7 Physiological implications of ROS

Accumulation of ROS-induced lesions in DNA is associated with cancer,

neurodegenerative diseases and aging. Efficient antioxidant removal of ROS and/or systems to

repair ROS-induced damage are essential in order to combat ROS. When concentrations of ROS

exceed the cellular ability to remove ROS and repair cellular damage, oxidative stress ensues and

pathological conditions arise.

Oxidative damage has been implicated in a variety of cancers, including lung (Olinski et

ai, 1992; Zienolddiny et ai, 2000), breast (Malins & Haimanot, 1991) and hepatocellular

carcinoma (Schwarz et ai, 2001 ; Ichiba et ai, 2003). Additionally, ROS can cause mutation of

tumour suppressors and initiate enhanced expression of proto-oncogenes (Cerutti, 1994; Bohr &

Dianov, 1999). Malignant transformation is also observed in cells in culture following exposure

to oxidative stressors (Weitzman & Gordon, 1990).

ROS damage has also been found to underlie the etiology of many neurodegenerative

diseases, including Parkinson's and Alzheimer's disease. A major hallmark of Parkinson's

disease is reduced glutathione levels and complex I activity leading to mitochondrial dysfunction

as a result of oxidative stress (Tretter et ai, 2004; Valko et ai, 2007). Similarly, Alzheimer's

disease is characterized by an increase in oxidative lesions (primarily brain tissue and ventricular

cerebrospinal fluid) and patients appear to have diminished repair capacities (Parshad et ai,

1996; Lx)vell era/., 1999).

Werner syndrome, a common premature aging disease, is characterized by an increase in

oxidized proteins resulting from a single point mutation which causes an alteration in helicase

activity (Berlett & Stadtman, 1997). Interestingly, fibroblasts from Werner patients have short

lifespans in culture and extensive genomic instability and, instead of entering a senescent phase

following H202-mediated damage, they continue to proliferate which allows for further

accumulation of oxidative lesions (Von Kobbe et ai, 2004).
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1.7.1 ROS, antioxidants and lifespan

The hypothesis that lifespan can be modulated by antioxidant enzymes has been tested

over the years with somewhat contradictory results; not all antioxidants appear to influence

lifespan equally. One recurring theme is the pivotal role mitochondria play in modulating

lifespan, with differential expression of antioxidants contained within the mitochondria being

strongly linked to lifespan regulation. Induced overexpression of MnSOD in Drosophila

melanogaster increases lifespan regardless of the genetic background of the fly model (Sun et

al, 2002). When Schriner et al. (2005) overexpressed CAT and MnSOD in D. melanogaster, no

lifespan extension was observed, indicating that CAT is already in excess. However they found

that if CAT is overexpressed and targeted to the mitochondria, lifespan extension is achieved

(Schriner et al, 2005). Similarly, when MnSOD is downregulated, there is a decrease in lifespan

potential in D. melanogaster (Kirby et al, 2002). To the contrary, MnSOD knockdown in mice

results in increased oxidative damage, altered mitochondrial function and higher incidences of

cancer, yet no effect on lifespan was observed (Van Remmen et al, 2003). The apparent

contradictory results may be partially explained by the model organism, the genetic background

of the organism and/or the antioxidant being investigated.

1.7.2 ROS DNA damage, repair and lifespan

Mutations that affect DNA are essentially irreversible and have the potential to affect all

downstream processes. Damage to DNA can interfere with transcription, initiate cellular signals

that lead to apoptosis or senescence and cause mutations (Vijg, 2(K)7). Without efficient repair

systems, DNA damage has the potential to overwhelm the cell and jeopardize its functional

integrity. Additionally, multicellular mammals have the ability to eliminate the affected cells by

triggering their death, known as DNA damage-induced apoptosis. Therefore, it has been

suggested that longer lived .species have greater repair capacities in order to maintain greater

lifespan potential. In fact, the rate of unscheduled DNA repair has been found to correlate with

mammalian maximum lifespan in cultured dermal fibroblasts (Hart & Setlow, 1974). Although

27





this study suggests a connection between DNA repair and lifespan, UV-induced lesions are

primarily repaired through nucleotide excision repair (NER). Oxidative DNA damage resulting

from ROS attack is of greater interest in the etiology of aging due to its detrimental effects and is

primarily repaired through the BER pathway. BER has been found to decline with age in various

tissues of mice (Cabelof et al., 2002), although there has yet to be a systematic investigation of

BER capacities of mammals over a range of maximum lifespans.

1.8 Stress-resistance and lifespan

Stress-resistance is also associated with enhanced longevity. In the context of aging,

stress resistance is usually referred to as an organism's vulnerability to disease and age-

associated damage (Yu & Chung, 2001). Species that are more equipped to overcome these

pathological conditions are referred to as being stress-resistant. For example, dermal fibroblasts

from longer-lived species are more resistant to various stressors, including H2O2, compared to

shorter-lived species (Kapahi et al, 1999). Resistance, to all stressors investigated to date,

shows a positive correlation with maximum lifespan (MLS). Similarly, dermal fibroblasts from

the long-lived Snell dwarf mice are more resistant to stress than their wild-type littermates

(Murakami et al., 2(X)3). Furthermore, it has been hypothesized that caloric restriction and stress

resistance are co-variates of longevity (Yu & Chung, 2001). Overall, there is a large body of

evidence suggesting that cellular stress resistance may mediate longevity in mammals. The exact

mechanisms underlying this relationship have yet to be investigated, but it appears that the

manipulation of various antioxidants and/or repair capacities can influence longevity.
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1.9 Project Objectives

Theoretical analyses of MR scaling predicts that cells grown in vitro should adopt

identical MRs (West et al, 2002). Experimentally, cell culture technology provides a unique

system in which the f)ossible existence of intrinsic MR setpoints can be examined. To date, no

experimental evidence validating this hypothesis has been provided. The design of the

cardiovascular system has been suggested to limit oxygen supply and thus contribute to the lower

MR of larger mammals. Manipulation of oxygen tension in a cell culture environment provides

a means to determine if oxygen supply could be a contributing factor in scaling of cellular MR.

The free radical theory of aging predicts that free radicals produced during normal cellular

metabolism are linked to longevity. As such, higher MRs have the potential to produce more

ROS which could cause genomic instability and thus reduce lifespan. Eukaryotic cells have

evolved elaborate mechanisms to preserve the fidelity of their genomic material (antioxidants

and repair activities) in the face of chronic attack by reactive products of aerobic metabolism.

This thesis addresses the following questions:

1

.

Do mammalian cells have an intrinsic MR setpoint that drives the observed allometric

scaling relationship of MR and which persists when cells are propagated outside of

the body? Also, does extracellular oxygen affect MR and/or the allometric scaling

relationship?

2. Do greater antioxidant and/or DNA BER activities explain why the cells of longer-

lived species are more stress-resistant? Also, is there a difference in how cells from

longer-lived species respond to the added stress of atmospheric oxygen in a culture

environment?
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Chapter 2: Metabolic rate does not scale with body mass in cultured

mammalian cells

Hypothesis

Mammalian cells maintained in vivo will adopt identical metabolic rates regardless of

donor species.

Objectives

The primary objective of this project was to determine if cultured dermal fibroblasts from

a wide range of species adopt similar metabolic rates. The secondary objective was to determine

if oxygen limitation regulates metabolic rate.

Publication of results

Brown MF, Gratton TP, Stuart JA. Metabolic rate does not scale with body mass in cultured

mammalian cells. Am. J. Physiol. Regul. Integr. Comp. Physiol. 292: R21 15-R212I,

2007.

Contributions

Performed all experiments, statistical analysis and chapter write-up.
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2.1 Abstract

The allometric scaling of metabolic rate with organism body mass can be partially

accounted for by differences in cellular metabolic rates. For example, hepatocytes isolated from

horses consume almost ten-fold less oxygen per unit time as mouse hepatocytes [Porter and

Brand, 1995. Am J Physiol. 269:R226-228]. This could reflect a genetically programmed,

species specific, intrinsic metabolic rate setpoint, or simply the adaptation of individual cells to

their particular in situ environment (i.e. within the organism). I studied cultured cell lines

derived from ten mammalian species, with donor body masses ranging from 5-600,000 g to

determine whether cells propagated in an identical environment (media) exhibited metabolic rate

scaling. Neither metabolic rate, nor the maximal activities of key enzymes of oxidative or

anaerobic metabolism scaled significandy with donor body mass in cultured cells, indicating the

absence of intrinsic, species-specific, cellular metabolic rate setpoints. Furthermore, I suggest

that changes in the metabolic rates of isolated cells probably occur within 24 hrs and involve a

reduction of cellular metabolism towards values observed in lower metabolic rate organisms.

The rate of oxygen delivery has been proposed to limit cellular metabolic rates in larger

organisms [West et ai, Proc. Natl. Acad. Sci. USA 99: 2473-2478]. To examine the effect of

oxygen on steady-state cellular respiration rates, I grew cells under a variety of physiologically

relevant oxygen regimes. Lx)ng-tenn exposure to higher medium oxygen levels increased

respiration rates of all cells, consistent with the hypothesis that higher rates of oxygen delivery in

smaller mammals might increase cellular metabolic rates.
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2.2 Introduction

Rubner (1883) and Kleiber (1932) first introduced the observation that mammalian basal

metabolic rate per unit mass scales inversely with body mass. Thus, larger mammalian species

expend less energy per unit mass to maintain their soma than do smaller species. These

differences are explained at least partially by differences in cellular metabolic rates between

species. Kleiber (1941) determined that the metabolic rate per unit weight of liver tissue is

inversely proportional to body mass of the host mammal. Krebs (1950) extended this

observation to other tissues, demonstrating similar relationships for tissue slices from brain,

kidney, liver, lung and spleen. Porter and Brand (1995), demonstrated the persistence of

metabolic rate scaling in a homogeneous population of freshly isolated cells: horse hepatocytes

consume almost ten-fold less oxygen per unit time than those from mice. Similarly, Singer et al.

(1995) demonstrated allometric scaling of metabolic output in mixed populations of mammalian

blood cells.

Do the higher metabolic rates of the cells of smaller species reflect intrinsic metabolic

properties or do they arise secondarily as an adaptation of the cell to its environment, i.e.

conditions within the host animal? Wheatley and Clegg (1994) suggested that the existence of

intrinsic metabolic rate setpoints could be examined in a cell culture environment, where the

medium in which cells of different species are bathed is standardized and therefore does not

contribute to between-species differences. Theoretical analyses of metabolic rate scaling predict

that cells growing in vitro should adopt identical metabolic rates (West et al., 2002). However,

original data validating this hypothesis are lacking and a thorough study, in a single laboratory

using the same cell type from a range of mammalian species growing in culture under a well

defined set of conditions is required. Testing the hypothesis that metabolic rate scaling will be

absent in cultured ceils requires measurements of metabolic parameters in stable populations of

cells capable of being propagated in vitro for several generations. Here I have used primary

dermal fibroblasts selected from ten mammalian species, with donors ranging in body mass over
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five orders of magnitude from 5-600,000 g, to test the hypothesis that metabolic rate scaling is

absent in cells growing in culture (West et al., 1999; West et ai, 2002).

Some authors (Coulson et al, 1977; Coulson, 1983; West et al, 1997; West et al, 1999;

West et al, 2002) have suggested that the lower cellular metabolic rates of larger mammals

represent an adaptation to nutrient supply limitation that is inherent to mammalian cardiovascular

design. Specifically, larger mammals may not be able to supply oxygen to somatic cells at

sufficiently high rates to support cellular metabolic rates similar to those of mice (Coulson et al,

1977; Coulson, 1983). I have examined the idea that oxygen supply could be a contributing

factor in the scaling of cellular metabolic rates by maintaining cells in culture under different

extracellular oxygen regimes, then measuring the resultant steady-state rates of oxygen

consumption under identical conditions (atmosphere-saturated media).

23 Materials and Methods

23.1 Materials

Modified Eagles Medium with Earl salts, L-glutamine and sodium bicarbonate was

obtained from Sigma-Aldrich (St. Louis, MO). Penicillin/streptomycin, non-essential amino

acids and fetal bovine serum was obtained from Hyclone (Logan, Utah). All other chemicals and

purified enzymes were obtained either from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific

(Fair Lawn, NJ) unless otherwise stated.

2.3.2 Cell lines and growth conditions

Rat (Rattus norvegious) and rabbit (Oryctolagus cuniculus) primary dermal fibroblast

cells were acquired from the American Type Cell Collection (ATCC). Sheep (Ovis aries), cat

{Felts catus), dog {Canisfamiliaris), cow {Bos taurus), monkey {Macaca fascicularis), horse

{Equus cahallus) and human {Homo sapiens) primary dermal fibroblast cells were acquired from

the Coriell Institute. Mouse {Mus musculus) dermal fibroblasts were provided by Richard A.
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Miller (University of Michigan). Repository number, age at biopsy, body mass and population

doubling level of each species are outlined in Table 2.1. All cell lines were cultured under

identical conditions (37°C, humidified to 5% CO2, 18% O2 atmosphere in Modified Eagles

Medium (with Earl salts) with L-glutamine and sodium bicarbonate, supplemented with 100

U/ml penicillin/streptomycin, non-essential amino acids and 15% fetal bovine serum, with the

exception that mouse fibroblasts were cultured in Dulbecco's Modified Eagles Medium, 10%

fetal bovine serum and 0.25 |ig/ml fungizone. Cell lines were also cultured under low-oxygen

conditions: 5% CO2 and 5% O2; 5% CO2 and 3% O2; 5% CO2 and 1% O2.
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Table 2.1. Primary dermal fibroblasts used in this investigation
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233 Oxygen consumption measurements

Cellular oxygen consumption was measured at 37°C in triplicate 2 ml aliquots of cell

suspension using a Rank Brothers Dual digital (model 20) respirometer fitted with a water-

jacketed cell chamber. Cell sheets were harvested from two to five 100 mm plates by

trypsinization. Harvested cells were washed twice in phosphate buffered saline (PBS). Cell

viability was determined by the exclusion of 0.4% (w/v) trypan blue and in all preparations

viability was greater than 95%. Approximately 200 |il of cell suspension (10^ cells) was added

to the respirometry chamber. Respiration rates were determined once a stable linear rate was

obtained. To determine non-mitochondrial oxygen consumption rates, 3 mM KCN was added to

the cell suspension and respiration rate was determined again.

23.4 Preparation of whole cell extracts

Whole cell extracts were prepared from four to eight 100 mm plates of each cell line.

Cells were scraped from dishes into 50 ml conical tubes, centrifuged at 200 x g for 3 min and

washed twice with PBS. Cells were resuspended and incubated for 1 hr with periodic sonication

(Ultrasonic Inc Sonicator W-375) in 0.5 ml of ice cold lysis buffer (10 mM Tris pH 8.0, 150 mM

NaCI, 2 mM EDTA, 2 mM Dithiothreitol (DTT), 0.4 mM phenyl methyl sulfonyl fluoride

(PMSF), 40% glycerol and 0.5% NP40). Following incubation, cell lysates were centrifuged at

16,000 X g, 4°C for 10 min (Fisher Scientific accuSpin^^ Micro R). Protein content of the cell

lysates was determined by the Bradford method using a BioRad protein assay kit. Lysates were

stored at -80°C.

2J.5 Enzyme assays

Enzyme activities were determined using a Varian Cary 100 Bio UV-Visible

Spectrophotometer equipped with a Peltier thermostatable cell changer maintained at 30°C.

Citrate synthase was monitored at 4l2nm. The assay buffer contained 50 mM Tris pH 8.0, 0.5
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mM 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB), 0.1 mM Acetyl-CoA, 0.05% Triton X-100 and

10 fig protein. The reaction was initiated by the addition of 0.5 mM oxaloacetate and absorbance

was followed for 7 min. Cytochrome c oxidase was monitored at 550nm using fully reduced

cytochrome c. Cytochrome c was fully reduced with the addition of sodium dithionite and

passed through a Sephadex G25 column to remove excess dithionite. The assay buffer contained

25 mM potassium phosphate buffer pH 7.2, 0.5% Tween 20 and 10 \ig protein. The reaction was

initiated by the addition of 50 jiM fully reduced cytochrome c and absorbance was followed for

3 min. Pyruvate kinase and lactate dehydrogenase reaction rates were determined by the

increase or decrease in the absorbance of NADH or NADPH at 340nm. Pyruvate kinase assay

buffer contained 20 mM HEPES pH 7.4, 0.2 mM NADH, 5 mM ADP, 50 mM KCl, 10 mM

MgCh, 5 U lactate dehydrogenase and 5 (ig protein. The reaction was initiated by the addition

of 5 mM phophoenolpyruvate and absorbance was followed for 3 min. Latacte dehydrogenase

assay buffer contained 20 mM HEPES pH 7.3, 0.2 mM NADH and 2 |ag protein. The reaction

was initiated by the addition of 10 mM pyruvate and absorbance was followed for 3 min.

23.6 Statistical analyses

Regressional ANOVA analysis was carried out on oxygen consumption rates and all

maximal metabolic rates to determine if the slopes of the line of best fit was significantly

different from zero.

Student's /-test analysis was used to determine the statistical significance of the

differences between means of total oxygen consumption of cells grown at high versus low

oxygen concentrations. A students /-test was further used to compare the slopes of linear

regression equations of citrate synthase and lactate dehydrogenase activities of cells grown at

18% and 3% oxygen.
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2.4 Results

2.4.1 Metabolic rates of dermal flbroblasts maintained in culture do not scale to body mass.

To determine if the allometric scaling relationship between cellular metabolic rate and

body mass holds for cells propagated in culture, oxygen consumption rates of dermal fibroblasts

from mammal species ranging from 5-600,000 g (covering five orders of magnitude) were

measured. While respiration rates ranged from (mean ± SE) 1 .93 ± 0. 16 to 5. 14 ± 0.53

nmol/min/10^ cells (Table 2.2), no correlation was observed between cellular metabolic rate and

body mass of the host species (P = 0.457) (Fig. 2.1/4; Table 2.3). To ensure that my oxygen

consumption measurements were indicative of mitochondrial respiration, the respiratory poison

potassium cyanide (3 mM) was then added to the respirometer. By this method, greater than

75% of cellular oxygen consumption was determined to be mitochondrial in all cells (Table 2.2).

Mitochondrial-dependent cellular oxygen consumption also showed no significant scaling

relationship with species body mass (P = 0.378) (Fig. 2. IB,- Table 2.3). Thus, I found no

evidence for allometric scaling of metabolic rate with species body mass in dermal fibroblasts

over five orders of magnitude. The analysis was repeated after excluding the influence of the

fetal rat cell data point but, again, no significant scaling relationship was found.

The effect of cell passage number (population doubling) in culture on metabolic rate was

also investigated. No significant difference in metabolic rate between earlier (passage 3 2.03 ±

0.13 nmol/min/10* cells) and later (passage 7 2.33 ± 0.41 nmol/min/10^ cells) passaged horse

cells was found. Therefore, the number of passages in culture was apparently not affecting

cellular metabolic rate, at least at these latter passages.
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Figure 2.1. Dermal fibroblast oxygen consumption as a function of body mass. (A) Log-log

plot showing the lack of relationship between dermal fibroblast total oxygen consumption rate

and species body mass (Fi.6 = 0.630, P = 0.457). (B) Lx)g-log plot of mitochondria-dependent

oxygen consumption rate as a function of body mass. Mitochondria-independent oxygen

consumption was determined by inhibition with 3mM KCN and subtracted from the overall rate

to determine the mitochondria-dep)endent rate. No relationship was found between mitochondria-

dependent oxygen consumption and body mass (Fi,6 = 0.796, P = 0.407). Data points represent

the means ± SE of three independent measurements with the exception of mitochondrial-

independent oxygen consumption measurements for human and horse are one and two

independent measurements respectively.
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Table 2.3. Statistical analysis of linear regressions, enzyme activity as a function of body

mass.

Metabolic Activity





2.4.2 Maximal metabolic enzyme activities of dermal fibroblasts maintained in culture do

not scale to body mass.

Activities of enzymes of oxidative metabolism scale inversely with body mass (Emmett

& Hochachka, 1981). I investigated whether any relationship exists between species body mass

and activities of the mitochondrial enzymes citrate synthase and cytochrome c oxidase. Citrate

synthase activities ranged from 32.4 ± 1.7 nmol/min/mg lysate protein (human) to 134.2 ± 15.6

nmol/min/mg lysate protein (rabbit), but showed no relationship with species body mass (P =

0.783) (Fig 2.2A; Table 2.3). Similarly, cytochrome c oxidase activities ranged from 36.3 ± 1 .0

nmol/min/mg lysate protein (human) to 248.6 ± 83.0 nmol/min/mg lysate protein (dog), but

showed no relationship to species body mass (P = 0.644) (Fig. 2.2B; Table 2.3).

Cells in culture medium rely primarily upon glucose to fuel both aerobic and anaerobic

metabolism. I measured pyruvate kinase activity as a gauge of glycolytic flux. To address the

possibility that cells from smaller species may support higher metabolic rates in culture with

anaerobic glycolysis, I also measured the activity of lactate dehydrogenase. However, neither of

these activities showed any relationship with sf)ecies body mass (P = 0.898 and P = 0.450

respectively) (Fig. 2.2C,D; Table 2.3).

Taken together, these results indicate the absence of an intrinsic setpoint governing the

different metabolic rates of cells from different species. As oxygen supply has been suggested as

an important determinant of the allometric scaling relationships observed in vivo (Coulson et ai,

1977; Coulson, 1983; West et al., 1997; West et ai, 1999; Banavar et ai, 1999; Banavar et ai,

2002; West et ai, 2002), and cells grown in culture face an identical oxygen regime

(equilibration of media with atmospheric oxygen), I sought to investigate whether changing

oxygen concentration of the culture medium could affect cellular metabolic rate.
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2.4J Dermal flbroblasts cultured under higher oxygen tensions have increased metabolic

rates.

To establish if medium [O2] affects metabolic rate of cells in culture, cell lines were

grown for 1-2 weeks at incubator oxygen concentrations of 3% and 18%, followed by

measurement of respiration rates in oxygen saturated media. Both rat and horse cells grown at

18% oxygen had significantly higher metabolic rates than those grown at 3% (P = 0.05 for rat

and P = 0.01 for horse) (Fig. 2.3A). The concentration of dissolved oxygen in culture media was

determined by removing samples of media from culture plates and measuring oxygen activity in

a calibrated respirometer. Media at 18% oxygen had a dissolved oxygen concentration of

approximately 166 nmol oxygen/ml, whereas media at 1% oxygen had a dissolved oxygen

concentration of approximately 50 nmol oxygen/ml. This latter value is close to the

physiological value for capillary blood (75 nmol oxygen/ml). Horse cells were subsequently

cultured at 1%, 3%, 5% and 18% incubator oxygen concentrations to investigate the nature of the

relationship between growth medium oxygen concentration and cellular metabolic rate. Oxygen

concentration had a considerable affect on cellular metabolic rates over a physiologically

relevant range (Fig. 2.3B).

Citrate synthase activity was measured in lysates prepared from cells cultured at 3% and

18% oxygen and was typically lower under the former conditions (Fig. 2.3C; Table 2.4). The

slopes of the regression lines for 3% and 18% conditions were, however, not statistically

significant (t=0.67, tcrit=2.131), indicating that citrate synthase activity did not scale under either

oxygen regime. Furthermore, at low oxygen tensions there was no increase in the ratio of

mitochondrial dependent to total oxygen consumption (data not shown). Taken together, these

results are consistent with a proliferation of mitochondria in cells grown at higher oxygen levels.

Lactate dehydrogenase activity was measured as an indicator of reliance on anaerobic

metabolism. However, I again found no difference between the regression line describing lactate
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dehydrogenase activity and species body mass for cells grown at 3% (P = 0.397) or 18% oxygen

(P = 0.450) (Fig. 2.3D; Table 2.3).
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2^ Discussion

Various reports have suggested that the allometric scaling of cellular metabolic rates with

species body mass should be absent under culture conditions, when the cells are removed from

the influence of the body (Wheatley & Clegg, 1994; West et ai, 2002). However, no original

data have been provided to demonstrate this. Here I have used a standardized set of culture

conditions and cell types to show that metabolic rate scaling is indeed absent from cells

propagated in culture.

I used primary dermal fibroblasts, which are connective tissue cells that function in

synthesizing and maintaining the extracellular matrix, participate in wound healing and can

dedifferentiate to other cell types. Fibroblasts are a useful model for a study of this nature

because they constitute a homogeneous cell population that can replicate and therefore be

maintained over relatively long periods in vitro, and they are available from a wide range of

mammalian species. Changes in the metabolic rates of these cells in a culture environment

should therefore represent adaptation to in vitro culture conditions rather than simply a gradual

loss of function preceding death. In contrast, cells isolated from large tissue masses, (i.e. muscle,

brain, liver or kidney) can be maintained in vitro but do not readily replicate and thus have

limited useful lifespans in culture during which changes may be attributed to a gradual loss of

viability. In addition, slices from these tissues (Krebs, 1950) will contain heterogeneous cell

populations, which may differ in proportion between species, thus limiting interpretation of the

cellular basis of allometric relationships. On the other hand, in fibroblast cell lines initiated from

mammalian tissues, the fibroblasts become the predominant cell type after only a few passages

because of their replicative advantage.

Due to the nature of culture establishment, it is not possible to determine the metabolic

rate of a homogenous population of fibroblasts immediately following biopsy. As a result, initial

changes in metabolic rate could not be determined, nor could I establish the metabolic rates of

dermal fibroblasts scale in vivo. However, I did investigate whether changes in metabolic rate
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were occurring in early passaged horse fibroblasts. Early passaged (passage 3) horse cells did

not differ significantly from later passaged cells (passage 7). Therefore, changes in metabolism

may have occurred very early in culture. Limited available evidence suggests that other cell

types undergo metabolic rate changes within the first 24 hours following isolation. Initial

(within 6hr) metabolic rates of isolated rat hepatocytes are higher than those measured after 24

hours (Table 2.5). Primary rat hepatocytes maintained for several days in so-called 'bioartificial

livers' also have similariy lower rates of oxygen consumption, as do transformed hepatocytes

maintained in long-term culture (Table 2.5). Based on these data I suggest that ex vivo changes

in metabolic rate occur within the first 24 hours and are maintained in culture thereafter, unless

conditions (e.g. oxygen tension) are varied.

It is interesting to ask in which direction cellular metabolic rate changes in culture, i.e. do

cells from smaller animals with higher metabolic rates undergo a decline or vice versa? Rat

hepatocytes have metabolic rates ranging from 24-40 nmol/min/lO^cells when measurements are

made within 10 hours or less post-isolation (Schumaker et ai, 1993, Porter & Brand, 1995a).

But metabolic rate measurements after 24 h have been reported as between 3.8 and 5.4

nmol/min/lO^cells, rates which are apparently maintained stably for several days in vitro

(Nyberg et ai, 1994; Patzer, 2004). These values are similar to those reported for freshly

isolated horse hepatocytes (6 nmol/min/lO^cells) (Porter & Brand, 1995a), which suggests that

cells from organisms with higher metabolic rates undergo a relatively rapid reduction of

metabolism in culture to become more like their lower metabolic rate counterparts. Indeed,

hepatocytes maintained in vitro have metabolic rates that are similar to those of fibroblasts and

other cell types, regardless of host species (Table 2.5). Thus, any cells removed from the

environment of the whole organism, bathed in the same nutrient medium and no longer

performing their normal in vivo functions, may adopt the same relatively low metabolic rates that

are comparable to in vivo values of large mammals.
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A possible explanation for the absence of metabolic rate scaling in fibroblasts is that it

may only be observed in cell types that contribute significantly to the basal metabolic rate of the

organism. Many previous reports involving metabolic scaling with species body mass have

studied highly metabolically active tissues/cells, such as liver, brain and muscle. However,

metabolic rates of less 'active' tissues such as lung, spleen (Krebs, 1950) and blood cells (Singer

et ai, 1995) also scale negatively with body mass. I therefore think it is unlikely that dermal

fibroblasts are a unique cell type in which metabolic rate does not scale in vivo.

Some authors (Coulson et ai, 1977; Coulson, 1983; West et ai, 1997; West et ai, 1999;

Banavar et ai, 1999; Banavar et ai, 2002; West et ai, 2002) have proposed a 'single-cause'

explanation for allometric scaling relationships. This theory suggests that the design of the

mammalian cardiovascular system imposes constraints on rates of nutrient delivery, limiting the

cellular metabolic rates of larger species to those that can be maintained by the delivery system.

This 'supply-side' explanation for allometric scaling is contentious (Agutter & Wheatley, 2004;

Suarez & Darveau, 2005). However, elements of the hypothesis are testable in cell culture. I

investigated whether oxygen supply could affect steady-state cellular metabolic rates by growing

cells under different p02 regimes. I selected values similar to those reported for mammalian

tissues (-30-1 10 nmol 02/ml) (Habler & Messmer, 1997). Long-term exposure to specific

oxygen regimes did indeed significantly affect the steady-state metabolic rates of fibroblasts

(measured at constant 13O2), with cells grown at higher p02 adopting higher rates of oxygen

consumption. A similar result has been reported for other cell types. Freshly isolated

hepatocytes exposed to higher oxygen concentrations for periods of hours have higher metabolic

rates (Schumaker et ai, 1993). I think this may be related to oxygen's toxicity negatively

influencing the efficiencies of cellular functions.

Thus, regardless of cell type (fibroblasts vs. hepatocytes) and state (freshly isolated vs.

long term culture) chronic exposure to high oxygen concentrations appears to similarly effect an

increase in cellular metabolic rate under otherwise constant conditions (Table 2.5). This
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indicates that any body mass-related differences in average pericellular pO: present in vivo might

contribute to allometric scaling of cellular metabolic rates in mammals. Limited available data

suggests that intracellular p02 is relatively constant, at least in some tissues, regardless of animal

size (Gayeski & Honig, 1991). However, I am not aware of definitive measurements published

for a wide range of mammal species, and such information would be interesting in light of these

observations.
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Chapter 3: Correlation of mitochondrial superoxide dismutase and DNA

polymerase P in mammalian dermal flbroblasts with species maximal lifespan

Hypothesis

Longer-lived species achieve greater stress resistance as a result of enhanced antioxidant

and/or DNA BER enzyme activities.

Objectives

The primary objective of this project was to determine if antioxidant and/or DNA repair

capacities correlate with mammalian maximum lifespan. The secondary objective was to

determine if standard culture conditions (i.e. 18% O2) illicit a stress response in dermal

fibroblasts.

Publication of results

Brown MF and Stuart JA. Correlation of mitochondrial superoxide dismutase and DNA

polymerase p in mammalian dermal fibroblasts with species maximal lifespan. Mech Ageing

Dev., 128:696-705,2007.

Contributions

Performed all experiments, statistical analysis and chapter write-up.
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3.1 Abstract

Eukaryotic cells have evolved elaborate mechanisms to preserve the fidelity of their

genomic material in the face of chronic attack by reactive by-products of aerobic metabolism.

These mechanisms include antioxidant and DNA repair enzymes. Skin fibroblasts of long-lived

mammalian species are more resistant to oxidative stress than those of shorter-lived species

(Kapahi et al., 1999), and I speculated that this is due to greater antioxidant and/or DNA repair

capacities in longer-lived species. I tested this hypothesis using dermal fibroblasts from

mammalian species with maximum lifespans (MLS) between 5 and 122 years. The fibroblasts

were cultured at either 18% or 3% O2. Of the antioxidant enzymes, only manganese superoxide

dismutase was found to positively correlate with maximum lifespan (p<0.01). Oxidative damage

to DNA is primary repaired by the base excision repair (BER) pathway. BER enzyme activities

showed either no correlation (apurinic/apyrimidinic endonuclease), or correlated negatively

ip<0.0\) with donor species MLS (polymerase p). Standard culture conditions (18% O2)

induced both antioxidant and BER enzymes activities, suggesting that the 'normal' cell culture

conditions widely employed are inappropriately hyperoxic, which likely confounds the

interpretation of studies of cellular oxidative stress responses in culture.
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3.2 Introduction

Cellular deterioration resulting from chronic oxygen radical attack of proteins, lipids, and

nucleic acids is thought to play an integral role in animal aging (Finkel & Holbrook, 2000,

Kregel & Zhang, 2007). A number of studies support the hypothesis that enhanced longevity is

associated with increased cellular resistance to oxidative stress. For instance, fibroblasts cultured

from the long-lived Snell dwarf mouse are more resistant to various oxidative stressors than their

normal heterozygous littermates (Murakami, et al., 2003). Similariy, oxidative stress resistance

of cultured fibroblasts is strongly correlated with longer lifespan in mammals (Kapahi et al,

1999). Indeed, differences in cellular resistance to oxidative stress appear to underlie the

observation that mouse dermal fibroblasts in culture senesce earlier than their human

counterparts (Parrinello et al, 2003)

However, the mechanisms underlying these differences in the oxidative stress resistance

of cultured cells have not been directly investigated. Eukaryotic cells have elaborate defence

systems, including antioxidant enzymes for detoxifying ROS and repair enzymes that remove

oxidative damage from DNA. Enhancement of either of these properties could potentially confer

greater stress resistance to the cells of longer-lived animals. Hart and Setlow (1974) described a

positive correlation between UV-induced repair in skin fibroblasts and mammalian lifespan.

Although their study suggests a connection between fibroblast DNA repair capacity and species

lifespan, UV-induced lesions are primarily repaired via the nucleotide excision repair (NER)

pathway. Oxidative damage leading to DNA base modifications or base loss is repaired

primarily by the base excision repair (BER) pathway (Wilson & Bohr, 2007). Consequently, an

investigation into the relationship between cellular BER capacity and species lifespan is

warranted.

The aim of this study was to investigate the correlation of both enzymatic antioxidant

capacity and DNA BER capacity of fibroblasts in culture with mammalian species longevity. To

this end, activities of the antioxidant enzymes catala.se (CAT) and glutathione peroxidase (GFx),
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and levels of the mitochondrial isoform of superoxide dismutase (MnSOD) were quantified in

fibroblasts from eight mammalian species with maximum lifespans (MLS) ranging from 5 to

122.5 years. Similarly, cellular BER capacity was evaluated by measuring the maximal activities

of two enzymes catalyzing critical steps in the BER pathway: apurinic/apyrimidinic

endonuclease (APEl) and polymerase p (P-pol).

Typically, mammalian fibroblasts are cultured under conditions in which the oxygen

content of the culture medium is unregulated (a standard O2 (std02) environment). Oxygen levels

will thus equilibrate to approximately 18% O2 in an incubator flushed f)eriodically with CO2 to

maintain the latter gas at 5%. This results in a substantially hyperoxic medium (Brown et al.,

2007) that appears to impose an oxidative stress on cultured cells. This could obscure between

species differences in antioxidant or BER activities. Alternatively, it is also possible that the

cells of longer-lived species are better able to initiate an appropriate oxidative stress resistance

response, allowing them to better withstand the s(d02 environment. I propagated cells from all

species under either a sid02 or phys02 environment, to investigate innate and oxidative stress-

induced activities.

33 Experimental Procedures

33.1 Materials

Modified Eagles Medium with Earl salts, L-glutamine and sodium bicarbonate was

obtained from Sigma-Aldrich (St. Louis, MO). Penicillin/streptomycin, non-essential amino

acids and fetal bovine serum was obtained from Hyclone (Logan, Utah). Oligonucleotides were

obtained from The Midland Certified Reagent Co. (Midland, TX). Human

apurinic/apyrimimdinic (AP) endonuclease 1 (APEl) and human polymerase beta was purchased

from Trevigen (Gaithersburg, MD). All other chemicals and purified enzymes were obtained

either from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Mississauga, Canada) unless

otherwise stated.
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33.2 Cell lines and growth conditions

Rat (Rattus norvegious) and rabbit {Oryctolagus cuniculus) primary dermal fibroblast

cells were acquired from the American Type Cell Collection (ATCC). Sheep {Ovis aries), dog

{Canis familiaris), cow {Bos taurus), monkey (Macaca fascicularis), horse {Equus caballus) and

human {Homo sapiens) primary dermal fibroblast cells were acquired from the Corieli Institute.

Repository number, age at biopsy, body mass and f>opulation doubling level of each species are

outlined in Table 3.1. All cell lines were cultured under identical conditions; 37°C, humidified

to 5% CO2, 18% O2 atmosphere (stdOj) in Modified Eagles Medium (with Earl salts) with L-

glutamine and sodium bicarbonate, supplemented with 100 U/ml penicillin/streptomycin, non-

essential amino acids and 15% fetal bovine serum. Cell lines were also cultured under low-

oxygen conditions: 5% CO2 and 3% O2 (phys02) in the same media as above. These latter culture

conditions result in dissolved oxygen tensions of approximately 60 nmol 02/ml, more similar to

physiological values for mammalian tissues (Habler and Messmer, 1997).
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Table 3.1. Primary dermal fibroblasts used in this investigation

Repository





3J.3 Preparation of whole cell extracts

Whole cell extracts were prepared from eight 100 mm plates of each cell line. A total of

three extracts were prepared per cell line. Cells were lysed by incubation for 1 hour with

periodic sonication (Ultrasonic Inc Sonicator W-375; setting 3) in 0.5 ml of ice cold lysis buffer

(10 mM Tris pH 8.0, 150 mM NaCl, 2 mM EDTA, 2 mM dithiothreitol (DTT), 0.4 mM

phenylmethylsulfonylfluoride (PMSF), 40% glycerol and 0.5% NP40). Following incubation,

cell lysates were centrifuged at 13,000 x g, 4°C for 10 min (Fisher Scientific accuSpin^^ Micro

R). Protein content of the cell lysates was determined by the Bradford method using a BioRad

protein assay kit. Lysates were stored at -80°C.

33.4 Antioxidant enzyme assays

CAT activity was determined by the decrease in the absorbance due to H2O2, measured at

240nm and 30°C on a Varian Cary 300 UV-Vis spectrophotometer. The assay buffer contained

25 mM potassium phosphate buffer (pH 7.2) and 0.1 M H2O2. The reaction was initiated by the

addition of 20-l(X) ng protein and absorbance was followed for 4 min.

GPx activity was determined by the decrease in the absorbance of NADPH at 340nm and

30°C. The assay buffer contained 50 mM potassium phosphate buffer (pH 7.0), 0.4 mM EDTA,

0.15 mM p-NADPH, lU glutathione reductase, 1 mM glutathione, and 2-10 ng protein. The

reaction was initiated with the addition of 0.0007% H2O2 and absorbance was followed for 6

min.

3J.5 Immunoblotting for MnSOD

Changes in MnSOD levels across species and oxygen tension were determined by

western blot analysis. Equal amounts of whole cell extract (20 ng) were subjected to SDS-

PAGE on 5% stacking, 12% re.solving and transferred to polyvinylidene difluoride membrane.

As a loading/transfer control, membranes were stained with Memcode reversible protein

detection as per manufactures instructions (Pierce, Rockford, II). Western blot analysis was

f)erformed using the Odyssey (Li-Cor, Lincoln, NE) detection system as recommended by the
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manufacture, probing with rabbit antibody raised against a synthetic peptide corresponding to

amino acid residues 183-199 of human MnSOD (S5069, DD-17; Sigma, St. Louis, MO), which

is conserved in all mammalian species investigated (Fig. 3.3. .4). MnSOD protein levels were

quantified from a standard curve generated with the horse cell line.

33.6 BER repair activities

All major steps of the BER pathway were investigated directly in cells from eight

mammalian species. Specific oligonucleotides used in these assays are presented in Table 3.2.

All activities were determined essentially as described by Stuart et al. (2004).
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Table 3.2. Oligonucleotide substrates used.

Name Sequence

dsC 5'- ATA TAC CGC GGC CGG CCG ATC AAG CTT ATT -3'

3'- TAT ATG GCG CCG GCC GGC TAG TTC GAA TAA -5'

ATA TAC CGC GGU CGG CCG ATC AAG CTT ATT -3'

5'- ATA TAC CGC GGiQ CGG CCG ATC AAG CTT ATT -3'

TAT ATG GCG CCG GCC GGC TAG TTC GAA TAA -5'

CTG CAG CTG ATG CGC-OH P-GT ACG GAT CCC CGG CTA C -3'

GAC GTC GAC TAC GCG GCA TGC CTA GGG GCC CAT G -5'

CTG CAG CTG ATG CGC CGT ACG GAT CCC CGG GTA C -3'

GAC GTC GAC TAC GCG GCA TGC CTA GGG GCC CAT G -5'

Underlined regions represent area of interest. dsC = double stranded control with no damage;

ssU = single-stranded oligonucleotide containing uracil; THF = double-stranded oligonucleotide

containing a tetrahydrofuran apurinic/apyrimidinic (AP) site analogue ; GAP = double-stranded

gaped-oligonucleotide; dsG = double-stranded control oligonucleotide without gap.

SSU





Briefly, uracil DNA glycoslyase (UDG) activities were determined by the incubation of

l^g of whole cell extract with 90 fmol of ''^P-end labeled single stranded uracil containing

oligonucleotide (ssU: Table 3.2) for 10, 20 and 30 min at 37°C, in a 10 \i\ reaction buffer

containing 70 mM HEPES-KOH (pH7.5), 1 mM EDTA, 1 mM DTT, 75 mM NaCl, 0.05% BSA,

0.5U endonuclease IV. Reactions were terminated by the addition of 5 ug proteinase K and 1 |il

10% SDS and incubating at 55°C for 30 min. DNA was precipitated by addition of 1 ^g

glycogen, 4 |il 11 M ammonium acetate and 30 jil ethanol, overnight at -20°C. Samples were

centrifuged, dried, suspended in 10 ^1 formamide loading buffer (80% formamide, 10 mM

EDTA, I mg/ml xylene cyanol FF, and 1 mg/ml bromophenol blue) and incubated at 90°C for 10

min.

APE activities were determined by the incubation of 100 ng of whole cell extract with 1

pmol of P-end labeled THF-containing double stranded 30mer oligonucleotide (THE; Table

3.2) for 5, 10 and 15 min, at 37°C in a 10 fil reaction buffer containing 50 mM HEPES-KOH

(pH7.5), 50 mM KCl, 100 fig/ml BSA, 100 mM MgCh, 10% glycerol and 0.05% Triton X-100.

Reactions were terminated by addition of 10 ^1 of formamide loading buffer and heated at 90°C

for 10 min. Two controls were run in parallel to APE activity assays: the addition of control

oligonucleotide (no abasic site analogue); and no cell lysate added.

Polymerase p (P-pol) gap-filling activity was determined by the incubation of 1 (ig whole

cell extract with 1 pmol gapped oligonucleotide (GAP; Table 3.2) for 30, 60 and 90 min, at 37°C

in a 10 jil reaction buffer containing 40 mM HEPES, 0.1 mM EDTA, 5 mM MgCh, 0.2 mg/ml

BSA, 50 mM KCl, I mM DTT, 40 mM phosphocreatine, 100 ng/ml phosphocreatine kinase, 2

mM ATP, 40 ^M dCTP, 4 ^Ci ["P]dCTP, 3% glycerol. Reactions were terminated by the

addition of 5 \ig proteinase K and I ^1 10% SDS and incubating at 55°C for 30 min. DNA was

precipitated by addition of I fig glycogen, 4 jil 1 1 M ammonium acetate and 30 ^1 ethanol,

overnight at -20°C. Samples were centrifuged, dried, suspended in 10 jil formamide loading

buffer (80% formamide, 10 mM EDTA, 1 mg/ml xylene cyanol FF, and I mg/ml bromophenol
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blue) and incubated at 90°C for 10 min. Two controls were run in parallel to P-pol activity

assays: the addition of control oligonucleotide (no gap); and no cell lysate added.

All activity assay products were resolved by electrophoresis at 20 W for 2 h on 20%

polyacrylamide gels containing 7 M urea. Bands were visualized by Phospholmager (Fujifilm

FLA-3000) and analyzed with ImageGauge software. The percent incision of UDG and THF

oligonucleotide was determined by the intensity of the product band divided by the combined

intensities of the substrate and product bands. Percent incisions were plotted against time. UDG

and APE activity was calculated from the slope generated, multiplied by either UDG or THF

oligonucleotide concentration to obtain a molar turnover rate. For p-pol activity, only the band

corresponding to incorporation without ligation was analysed. The increase in band intensity

was plotted against time. P -pol activity was calculated from the slope of this line. Considering

that the amount of DNA and protein are standardized in this assay, quantification was influenced

by the half-life of "^^P-dCTP. A conversion was used based on the known 14 d half-life of the

radionuclide.

3.3.7 Statistical Analysis

Pearson product moment correlational analysis was carried out on antioxidant and BER

enzyme activities to determine if the line of best fit was significantly different from horizontal or

not. The presence of a horizontal or vertical line indicates that there is no correlation between the

two variables. One-tailed paired Student's t-tests were carried out to compare antioxidant and

BER enzyme activities at the two oxygen levels.
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3.4 Results

3.4.1 Fibroblast catalase and glutathione peroxidase activities do not correlate with species

lifespan.

Stress resistance scales positively with mammalian MLS (Kapahi et al, 1999) when cells

are cultured under std02. To understand the factors underlying this relationship, the correlation of

antioxidant enzyme and DNA BER activities with MLS was investigated. CAT, localized in

peroxisomes, reduces H2O2 to water and oxygen. Although, catalase activity shows a positive

trend with species MLS in cells cultured at sid02 (media p02 ~ 170 nmol02/ml), this relationship

was not significant (r = 0.640, p < 0.1) (Fig. 3.1 A). When cells are cultured at an oxygen tension

that more closely resembles the p02 of tissues and capillary blood (3%; media p02 ~ 70

nmol02/ml), there was no relationship between species longevity and CAT activity (r = 0.034, p

> 0.05) (Fig. 3.\B). In addition, CAT activity on average was three-fold higher in cells cultured

at sid02 (Table 3.3), which indicates that std02 induced an oxidative stress, as has previously been

reported (Parrinello et ai, 2003).

GPx is expressed in various subcellular compartments, including mitochondria. GPx also

reduces H2O2, using glutathione as electron donor. At either oxygen tension, GPx did not scale

with species MLS (s,d02 r = -0. 199, /? >0.05; phys02 r = 0.027, p > 0.05) (Fig. 3.Z4, B). Cells

cultured at std02 had three-fold increase in GPx activity (Table 3.3).
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Rgure 3.1. Catalase activity does not correlate with species lirespan. A) A weak positive

correlation between CAT activity and MLS was observed in cells grown at sid02 (p < 0.1 ). B)

When cells were cultured under a more physiological oxygen tension (3%) (0) this relationship

was lost completely. On average, CAT activity was upregulated three-fold when cells are

cultured under high oxygen tension. Data represent the means ± SE of duplicate measurements

of three independently prepared cell ly.sates. The r values indicate Pearson product moment

correlation coefficients, and the p values denote levels of statistical significance.
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Table 3.3. Antioxidant enzyme activities of primary dermal fibroblasts grown at stdOi and

phys02 culture conditions.
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Figure 3.2. Glutathione peroxidase activity does not correlate with species lifespan. A) GPx

activity of primary dermal fibroblast grown at std02 () does not correlate with log mammalian

MLS. B) Similarly, when cells are cultured under phys02 (0) tension, GPx does not correlate with

MLS. GPx activity is upregulated approximately three-fold when cells are cultured under high

oxygen tensions. Data represent the means ± SE of duplicate measurements of three

independently prepared cell lysates. r and p values as in figure 1

.
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3.4.2 Positive correlation of MnSOD with species MLS

Spectrophotometric assays of superoxide activity in whole cell extracts yielded unreliable

results with high non-specific background and interfering activities. As an alternative, MnSOD

protein levels were determined using an antibody specific to a region of the protein that is 100%

conserved in the species investigated (Fig. 3.3). MnSOD protein level was a strong correlate of

species lifespan whether measurements were made at std02 (r = 0.883, p < 0.01 ) (Fig. 3.3C) or

phys02 (r = 0.729, p < 0.05) (Fig. 3.3£). However, it must be noted that my MnSOD antibody

failed to detect the protein in the human fibroblasts, despite the fact that the epitope was 100%

conserved in humans. For this reason, no human data point is present in Fig. 3.3. It is possible

that human MnSOD is post-translationally modified in a way that impedes the interaction of the

protein with the antibody.

Since MnSOD is confined to mitochondria, differences in mitochondrial number per cell

could underlie the observed relationship. To assess this possibility, citrate synthase (CS) was

utilized as a proxy for mitochondrial abundance (Holloszy et ah, 1970; Williams et ai, 1986;

Hood et ai, 1989). When MnSOD protein levels were standardized to CS activities (methods as

previously described in Chapter 2), the correlation remained, and indeed was slightly

strengthened (s.dO: r = 0.896, p < 0.01 ; phys02 r = 0.734, p < 0.05) (Fig. 3.3D, F). Similar to

activities of CAT and GPx there was a general upregulation of MnSOD protein levels when cells

were grown at sidO: (Table 3.4), again indicating that culture oxygen levels regulate these

antioxidant enzymes.
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Figure 3.3. Manganese superoxide dismutase protein level correlates positively with

species lifespan. A) Alignment of available sequence data indicating 100% homology between

amino acid residues 183-199 (starred underline). B) Representative western blot analysis of

MnSOD levels in dermal fibroblasts grown at std02 and phys02 with loading control Memcode©

stained membrane. C) Relative MnSOD protein levels grown at std02 () positively correlates

with MLS. D) The correlation between MnSOD and MLS becomes stronger when samples are

corrected for citrate synthase activity, as a proxy for mitochondrial number. E) In dermal

fibroblasts cultured at phys02 (0) oxygen MnSOD correlation with species MLS is weaker than

when cells are cultured under std02 conditions. F) This relationship is maintained when

mitochondrial number is accounted for by standardizing to citrate synthase (CS) activity. Data

are means ± SE of duplicate measurements of three independently prepared cell iysates, r and/?

values as in figure I. See material and methods for details on quantification.
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Table 3.4. Relative MnSOD protein levels of primary dermal fibroblasts grown at std02 and

phjsOi culture conditions.

Relative MnSOD protein levels (tig)

Species std02 onvsO?

R. norvegicus 2.72 ±0.49 1.76 ±0.15*

O. cuniculus 2.53 ± 0.76 1 -88 ± 0.30

O.aries 5.45 ±1.14 2.23 ±0.36*

C. familiaris 5.62 ± 1 .35 3.21 ± 0.85*

B.taurus 4.13 ±1.33 1.59 ±0.088

M. fascicularis 5.11 ±1.47 3.48 ±1.62*

E. caballus 6.84 ± 1 .36 6.78 ±2.63

Data represent the means ± SE of duplicate measurements on cell lysates from three independent

experiments (* p < 0.05 as in table 3).
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3.4J Negative correlation of DNA BER with donor MLS

Many of the oxidative adducts that occur in DNA, including small base damage, abasic

sites, and single strand breaks, are removed via the short-patch BER pathway. In mammals, this

pathway involves the sequential coordination of four enzymes, specific DNA glycoslyases, AP-

endonuclease I (APE), DNA polymerase P (P-pol) and DNA ligase.

UDG, involved in the first step of the BER pathway, is responsible for the recognition

and removal of uracil resulting either from misincorporation during replication or as a product of

nitrosative deamination related to oxidative stress (Miles et ah, 1995). UDG activity of dermal

fibroblasts from eight mammalian species was examined through incision of an oligonucleotide

containing a U-G mismatch. Although UDG activity is higher in cells from human compared to

rat, there does not appear to be a general correlation with MLS (std02 r = 0.569 p > 0.05; phys02 r

= 0.210 /7 > 0.05) (Fig 3.4). Again, there is a general upregulation of UDG when dermal

fibroblasts are grown under std02 conditions (Table 3.5).

APE, involved in the second step of the BER pathway, is responsible for further

processing abasic sites (produced by the removal of the damaged base by a specific DNA

glycoslyase) which results in a strand break. APE activity was determined through incision of an

oligonucleotide containing a THE abasic site analogue (THE, Table 3.2). No correlation between

APE activity and MLS was observed when dermal fibroblasts are grown at either oxygen tension

(Fig. 3.5B, Q. Surprisingly, oxygen tension did not upregulate APE activity to the same degree

as other antioxidant or repair enzymes (Table 3.5).

Determining the efficiency of P-pol is integral to investigating the BER pathway

contribution to stress-resistance, because this enzyme catalyzes what is thought to be the rate-

limiting deoxyribose phosphate lyase (dRP-lyase) step (Srivastava et al., 1998). As such, if the

hypothesis that longer-lived mammals have greater BER capacities is true, a relationship should

be observed at the point in which flux through the pathway is limited. The ability of P-pol to fill

in an oligonucleotide containing a single nucleotide gap (GAP, Table 3.2) was investigated in all
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mammaiian species under conditions that forced short-patch BER. p-pol activity correlated

inversely with MLS at s,d02 (r = -0.854) (Fig. 3.6fi) but not at physO: (r = -0.644) (Fig. 3.6(7).

The addition of O.OSug aphidicolin, which inhibits replicative DNA polymerases, confirmed that

>95% of polymerase activity was in fact a result of P-pol (data not shown). In accordance with

previous measurements, sidO: appeared to impose a mild oxidative stress, manifesting as

upregulated poip activity in virtually all cell lines (Table 3.5).
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Figure 3.4. Uracil DNA glycoslyase activity does not correlate with mammalian maximum
lifespan. A) UDG activity was determined by measuring the incised product of an

oligonucleotide containing a uracil at position 12 at 10, 20 and 30 min (as indicated by triangles),

standardized to 1 \ig whole cell lysate. Substrate corresponds to 30-mer single stranded uracil

oligonucleotide while product corresponds to 12-mer. B) A general positive trend between

UDG activity and MLS is only observed in cells cultured at std02(»), but this relationship was

not significant. C) Under phys02 (0) conditions there is not correlation between UDG activity

and MLS. On average UDG activity is higher in cells cultured under sid02 conditions with the

exception of rabbit. Data are means ± SE of duplicate measurements of three independently

prepared cell lysates. The r values indicate Pearson product moment correlation coefficients,

and the/7 values denote levels of statistical significance.
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Figure 3.5. AP endonuclease activity does not correlate with species lifespan. A)APE
activity was determined by measuring the incised product of a double stranded oligonucleotide

containing the abasic site analogue tetrahydrofuran (THF) following 5, 10 and 15 min incubation

with 100 ng whole cell lysates. Substrate corresponds to the 30-mer oligonucleotide, while the

product corresponds to the incised 12-mer. No protein = no cell lysate added. As a positive

control, the oligonucleotide substrate was incubated with pure human APEl under identical

conditions. B) APE activity does not correlate with MLS when cells are cultured under s,(j02 ()
conditions. C) Similarly, under physO: (0) conditions APE activity does not correlate with MLS.
Elevated oxygen culture conditions do not consistently regulate APE activity. Data are means ±

SE of duplicate measurements of three independently prepared cell lysates. r and p values as in

figure 1. See materials and methods for details on quantification.
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Figure 3.6. Polymerase p activity inversely correlates with species lifespan. A) p-pol

activity was determined by measuring the activity of p-pol to fill in a single nucleotide gap

oligonucleotide at 30, 60 and 90 min, standardized to 1 ^g whole cell lysate. The 16-mer

corresponds to the product of p-pol "'^P-dCTP incorporation and the 34-mer corresponds to the

fully repaired and ligated product, representing both P-pol and DNA ligase activities. For

analysis of p-pol activity, the kinetics of the appearance of 16-mer was quantified. Control =

control oligonucleotide (no gap); no protein = no cell lysate added; pure human p-pol and T4

DNA ligase were used as a positive control demonstrating "'^P-dCTP incorporation and

subsequent ligation. B) Under sid02 () conditions p-pol negatively correlates with MLS. C)

Conversely, P-pol does not correlate with MLS when fibroblasts are grown under physO: (0)

conditions. P-pol activity is upregulated when cells are cultured under std02 conditions. Data are

means ± SE of duplicate measurements of three independently prepared cell lysates. r and p
values as in figure 1. See material and methods for details on quantification.
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3.5 Discussion

A large body of evidence supports the theory that mammals achieve greater longevity by

enhancing cellular resistance to oxidative stress (Kirkwood et ai, 2000 for review). Kapahi et

al. (1999) showed that this phenotype persists in cells biopsied from mammals and cultured for

multiple generations, suggesting that it is an intrinsic cellular property. Here, I used a similar

comparative approach, using cell lines from mammalian species with MLS spanning between

five and 122.5 years, to test the hypotheses that fibroblasts from longer-lived mammals have

higher antioxidant and/or DNA repair capacities. However, of the antioxidant enzymes, only

MnSOD was found to correlate positively with species MLS. BER enzyme activities showed

either no correlation (APE), or correlated negatively with donor species MLS (P-pol). Thus, it

appears generally not to be the cases that antioxidant and repair activities are universally higher

in fibroblasts of longer-lived animals, but rather only the mitochondrial antioxidant MnSOD.

I re-analyzed the data (not shown) after excluding the rat and human data points, which

represented the low and high extremes of the data set. The rationale for this analysis was that:

(1) the rat donor was a non-adult, which might influence the activities of interest (Cabelof ^ra/.,

2006a), and (2) the estimate of MLS for humans is unfairly biased toward very rare observations

of extreme longevity that cannot be made in other species. However, very similar results were

obtained in the absence of these data points and my general conclusions regarding the positive

correlation of MnSOD and negative correlation of P-pol with species MLS was not altered.

The finding that MnSOD levels correlated with MLS is particularly interesting given the

apparent significance of this enzyme as a regulator of animal longevity. The majority of cellular

ROS is thought to originate within mitochondria, via 'electron leak' from respiratory complexes

to molecular oxygen to form superoxide (Finkel & Holbrook, 2(XX) for review). Thus MnSOD,

in the mitochondrial matrix, represents a first line of defense in the cellular antioxidant system.

This enzyme is critical to stress resistance and survival in mice (Li et al, 1997; Lebovitz et al,

1996) and fiies (Duttaroy et al, 2003; Kirby et al, 2002). In flies, overexpression of MnSOD
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elicits extended longevity (Sun et al., 2002), though this effect has not been observed in mice

(Van Remmen et al, 2003). It is therefore possible that the higher level of MnSOD in

fibroblasts from longer-lived mammals is significant in conferring enhanced resistance to

oxidative stress to these cells. Mathematical models show that higher MnSOD activity reduces

the steady-state concentration of matrix superoxide, while minimally altering the rates of H2O2

production (Liochev and Fridovich, 2007). Thus, the higher 'per-mitochondrion' level of

MnSOD in cells from longer-lived species might therefore reduce mitochondrial superoxide

levels (and related superoxide-initiated reactions) under the same oxygen and metabolic regime.

This could explain the observation of greater cellular stress resistance.

The correlation of MnSOD levels with mammalian lifespan in cultured fibroblasts is

similar to the results of Tolmasoff ef al. (1980) who showed that total tissue SOD activity,

standardized to specific metabolic rate, was a positive correlate of mammalian lifespan. In

neither the present study nor the latter was the higher SOD due simply to greater mitochondrial

abundance/activity per cell, since standardization of MnSOD to CS activity, or standardization of

total SOD to metabolic rate, did not abolish the correlation. Thus, both results suggest a

correlation between SOD and lifespan in mammals.

In contrast to MnSOD, no evidence was found for a correlation of CAT or GPx activities

with donor species MLS. Various authors have demonstrated that engineered over- or

underexpression of CAT (Chen et al., 2004) or GPx (de Haan et al., 2003) alters stress resistance

of cells in culture. However, there is no consistent correlation between the levels of these

enzymes and animal MLS. Only when targeted ectopically to mitochondria has CAT

overexpression been found to alter mammalian MLS (Schriner et al., 2005). This result suggests

that mitochondria are the critical site wherein oxidant production and lifespan are integrated.

DNA BER did not show the expected positive correlation with donor species MLS.

Indeed, it is interesting that neither UDG nor APE activity showed a significant correlation with

donor species MLS; nor were these activities affected by the O2 level at which the cells were
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propagated. While this latter result is in contrast to the known inducibility of APEl by oxidative

stress (Ramana et ai, 1998), it is consistent with the data of Edwards et al. (1998), who showed

that hyperoxia (100% O2) elicits a substantial but transient increase in APEl protein level in rat

tissues. At six hours following exposure to hyperoxia, APEl levels in rat brain tissue were more

than doubled. However, by twelve hours, even though the rats continued to be exposed to

hyperoxia, APEl protein levels had returned to normal. In my experiments, exposure to the

higher pO: of the sid02 condition was chronic, with between one and several weeks for cells to

adapt to this condition. Therefore, any initial induction of APE activity may have stabilized by

the time my measurements were made.

The negative correlation observed between polymerase |3 activity and species MLS was a

surprising result, which runs counter to the idea that cells of longer-lived species have enhanced

DNA repair. While it seems intuitive that for genomic stability to be maintained over lifespans

approaching 1(X) years, BER activity should be significantly enhanced; experimental support for

this idea is limited. Heterozygous Apel"^'" mice expressing -50% less APE have higher mutation

frequencies (Huamani et ai, 2(X)4), and are more susceptible to oxidative stress, but MLS is

unaffected (Meira et ai, 2001). Similarly, heterozygous p-pol*'' mice have -50% less P-pol

protein and activity in various tissues (Cabelof er ai, 2(X)3) but both wild-type and p-pol*'' mice

have similar mean and maximum lifespans (Cabelof e/ ai, 2(X)6a). This suggests that p-pol

activity in vivo also may not correlate positively with mammalian lifespan.

P-pol expression and overall BER capacity is upregulated in vivo by oxidative stress

(Cabelof ^/ ai, 2002), and mitochondria of longer-lived species generate less ROS (e.g. Ku et

ai, 2003; Lambert et ai, 2007). I therefore investigated whether p-pol activity in fibroblasts in

vitro might be related to inter-species differences in cellular oxidative stress. CS activity (a proxy

of cellular oxidative metabolism) was a negative correlate of MLS at physO: (Fig. 3.75), and

plotting P-pol activity against CS activity revealed a positive correlation (Fig. 3.7D). The same

trend was observed in cells cultured at sidO:, although the correlations were not significant (Fig.
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3JA, Q. This is consistent with the idea that p-pol activity may be proportional to cellular

oxidative metabolism and resultant ROS production, thus indicating an adaptive response of P-

pol activity to oxidative stress. Higher rates of oxidative metabolism are likely associated with

an increased incidence of oxidative DNA damage requiring increased repair. Aged animals

accumulate higher levels of oxidative lesions (Hamilton et al, 2001) and thus while p-pol does

not correlate with MLS it may be influential in counteracting an important aging factor.

Increased incidence of oxidative DNA damage can also be caused simply by exposing fibroblasts

to higher O2 (see Parrinello et al, 2003), and I found p-pol activities were typically higher in

cells grown at std02 (though this was not consistently statistically significant). Thus at std02, cells

of all species probably experienced greater oxidative stress and responded by inducing P-pol.

This is supported by my observation that sid02 also induced CAT and GPx activity and MnSOD

proteins levels. However, it will be interesting to directly measure mitochondrial ROS

production in fibroblasts from the species used in this study.
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Figure 3.7. Correlation of fibroblast oxidative metabolism and p-pol activity. CS activity of

dermal fibroblasts does not correlate with species body mass (Brown et al, 2007). Here CS

activity is plotted versus species MLS (A,B) or on the ordinate against P-pol activity (C,D). A)

No correlation of CS activity with MLS in cells cultured under stdO: () conditions B) CS
activity negatively correlates with MLS in cells cultured under phys02 (0) conditions. C) p-pol

activity does not correlate with CS activity in cells cultured under stdO: () conditions. D)

Positive correlation between P-pol and CS activity in fibroblasts cultured under physOa (0). Data

are means ± SE of duplicate measurements of three independently prepared cell lysates. r and p
values as in figure 1.
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Taken together, these results suggest that the use of 'normal' cell culture conditions, i.e.

those that do not regulate O2 to produce physiologically normoxic media p02, may be

inappropriate for studies in which effects of an exogenous oxidative stressor are quantified. For

example, failure of cells in culture to upregulate a particular antioxidant or BER activity may

simply reflect the fact that substantial induction has already occurred due to the effects of

atmospheric O2. For this reason, it is probably advisable for investigators studying oxidative

stress using cell culture models to regulate O2 at near-physiological levels such that the correct

baseline is established prior to the experimental induction of oxidative stress.
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Chapter 4. General Discussion

4.1 Allometric scaling of cells in culture

Allometric scaling of standard MR with species body mass is observed at the cellular

level, both in isolated tissue slices (Krebs, 1950) and freshly isolated hepatocytes (Porter &

Brand, 1995a). Though various reports have suggested that cells in culture should acquire

similar MRs over time (Wheatley & Clegg , 1994; West et al., 2002), no data demonstrating this

has been published. Here I have provided data, using a standard set of culture conditions and

cell types, suggesting that MR scaling is indeed absent in cultured cells. This result supports the

prediction that, removed from the body ('network') and grown under conditions of identical

resource availability, cells converge toward the same MR. This, in turn, suggests that there is no

genetically predetermined setpoint value for MR, but that MR will be determined by signals

received from their immediate environment and/or that cellular workload is driving this

relationship. For example, when ATP levels are depleted, the AMP kinase signalling pathway

initiates mitochondrial biogenesis which results in increased oxidative phosphorylation and thus

increased MR (Bergeron et al., 2001).

The absence of in vitro metabolic scaling of dermal fibroblasts in culture may merely be

the result of a specific cell type that normally does not adhere to metabolic scaling laws. Dermal

fibroblasts represent a cell population that is less active or more glycolytic in nature and

therefore it is possible that they do not scale in vivo (as discussed in Chapter 2). As such, it is

interesting to ask whether more oxidative organs/tissues scale more strongly with species body

mass. Recently the scaling relationship of four highly metabolically active organs, brain, liver,

kidney and heart were compared to less active tissue including, skeletal muscle, adipose tissue,

bone and skin (Wang et al., 2001). Together the four highly oxidative organs contribute to

~65% of mammalian standard MR, even though they represent <6% of body mass (Rolfe &

Brown, 1997) and scale with b values ranging from 0.60-0.86. Although the remaining tisisues
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contribute significantly less to MR (-20%) and comprise -95% of species total body weight, a

very similar b value (0.84) to that of the more oxidative tissues was observed (Wang et al.,

2001). Therefore, based on these in vivo measurements there does not appear to be a strong

relationship between the value of the b exponent and the metabolic activity of the organ/tissue.

Ideal experiments to ensure that there is indeed no intrinsic MR setpoint require an

instantaneous measure of MR in freshly isolated cells, followed by measurements over time.

Unfortunately, due to the nature of culture establishment, it is not possible to determine the MR

of a homogeneous population of fibroblasts immediately following biopsy (as previously

discussed). However, recently Harper et al. (2007) determined that early passaged dermal

fibroblasts from larger donors are more resistant to rotenone. Rotenone inhibits the transfer of

electrons from complex I to ubiquinone, halting aerobic ATP production. These results may

indicate that early fibroblast cultures established from smaller species are indeed more oxidative

or less glycolytic and have higher MR.

The 'bio-artificial' liver provides an alternative experimental model in which immediate

and long-term MRs of isolated cells could be determined. With this technology, freshly isolated

liver hepatocytes are suspended in a collagen solution and injected into a hollow fibre; medium

is then fed through the fibre. Hepatocytes are highly metabolically active and have been

previously shown to scale in vivo, therefore eliminating the caveats of using fibroblasts. The

utilization of the 'bio-artificial' liver enables hepatocytes from various donor species to be

maintained in culture longer than is achieved with standard cell culture practices (Nyberg et al.,

1994; Patzer, 2004). While this technology has been utilized, measurements have not been made

with hepatocytes from species covering a wide range of body masses. An experiment of this

nature would shed light on the issue.

Two opposing models to account for metabolic scaling, argue that either multi-regulatory

energy-demanding components (Darveau et al., 2002; Hochachka et al., 2003) or fuel supply

networks (blood vessels) ultimately determine cellular MRs (West et al., 1997; Banavar et al.,
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1999; Banavar et al., 2002). Although this could apply to numerous blood-borne constituents, I

focused specifically on oxygen concentration, and found that cellular MRs were strongly

influenced by medium oxygen concentration within a range of values encompassing that of

normal capillary blood (-50 mmHg, or 75 nmol/ml) (Habler & Messmer, 1997). This finding is

in contrast with observations that oxygen supply has little or no control over cellular MR and

therefore could not account for the scaling of MR to body mass (Suarez & Darveau, 2005).

However, the contrast reflects differences between acute effects of oxygen on MR and effects

that occur secondarily to chronic exposure of cells to elevated oxygen environments. Cells

grown at higher oxygen accumulate oxidative damage to DNA and other cellular

macromolecules, culminating in a loss of replicative capacity (Parrinello et ai, 2003). My

observation of higher activities of the antioxidant and BER enzymes in cells grown at high

oxygen similarly suggests that these cells were responding to oxidative stress. It is interesting to

note that cells grown in chronically higher glucose concentrations also show signs of oxidative

stress (Brownlee, 2001 ; Vincent et al., 2005), suggesting that chronic oversupply of various

nutrients could impact cellular function.

It is tempting to speculate that the cells of smaller mammals may chronically experience

more oxidative stress than those of larger mammals, and that this could provide a partial

explanation for the scaling of cellular MR with body mass. Is there any evidence for a negative

correlation between interstitial or intracellular p02 or [glucose] and body mass of mammalian

species? The available data suggest that tissue p02 values at rest are relatively constant across a

range of animal size (Massabuau, 2003). However, wide ranges have been reported for

interstitial pOa; this could be due to the data arising from multiple laboratories which employ

various techniques to perform different measurements. It is interesting also that lactate

dehydrogenase scales positively with body mass in mammalian skeletal muscle (Emmett &

Hochachka, 1981 ; Moyes & LeMoine, 2005), suggesting tissue hypoxia, at least at some levels

of work, occurs more commonly in muscles of larger mammals. There has yet to be a study in
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which interstitial p02 has been examined within a single tissue type over a range of mammalian

species covering several orders of magnitude body mass. Data of this nature would be extremely

useful in evaluating the hypothesis that oxidative stress scales inversely with body mass and that

this may drive some metabolic differences.

Oxygen is just one extracellular signal. Hormonal signals received from serum in the

culture medium could also influence MR. In the present study, foetal bovine serum (FBS)

provides hormonal signals and is maintained at a constant concentration in all cell lines.

Therefore could the MR of cells in vivo be influenced by between-species differences in sera and

extracellular fluid of the host animal? This could easily be examined by either utilizing serum

free medium or serum from a wide range of species. In the first case, propagating cells in a

serum free environment ensures the complete removal of extrinsic hormonal cues. However,

serum deprivation results in cell growth arrest, which may not be ideal for experiments involving

metabolic analysis. A more appropriate method would be to use serum from different species.

For example, a single cell line could be grown in the presence of serum from a wide range of

animals. If there is no species-specific intrinsic metabolic control (when MR is plotted against

the body mass of the sera host) an allometric scaling relationship should be apparent.

4.2 Antioxidants and lifespan

A refinement of the rate of living theory predicts that lower mitochondrial activity or

more specifically mitochondrial ROS production could be associated with prolonged life.

Likewise, beneficial attributes of antioxidants on lifespan are generally only observed when they

are expressed in the mitochondria. For example, transgenic mice overexpressing human CAT

targeted to the mitochondria achieve an extension in maximal lifespan of approximately 5.5

months (Wu et ai, 2007; while no beneficial effect is observed when CAT was localized to the

peroxisome or nucleus (Schriner et ai, 2005). I observed that in cultured fibroblasts only

MnSOD, the major mitochondrial antioxidant, correlated with species maximum lifespan.
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MnSOD is responsible for the dismutation of matrix O2* to H2O2. Due to evelvation

MnSOD, this suggests that fibroblasts from longer-lived species more efficiently reduce

intracellular levels of O2*". Intuitively one may think that this would lead to an increase in the

production of H2O2 which has the potential to form the highly reactive 'OH. I did not observe

any significant correlation between CAT or GPx, both responsible for the reduction of H2O2,

with mammalian MLS. In fact, steady state kinetic analyses suggest that in vivo an increase in

SOD may not necessarily result in an accompanying increase in H2O2. However, under

conditions of elevated p02, such as sid02 conditions, overproduction of SOD may result in

increases in H2O2 (Liochev & Fridovich, 2007). In support of this hypothesis I observed a

general positive trend between CAT and MLS when cells are cultured under sid02 conditions.

Another potential benefit is that if having higher MnSOD does not change H2O2 levels but

lowers O2*" there may be a decreased rate of ONOO" production and thus a potential for

enhanced longevity.

4J Genomic stability and lifespan

The maintenance of nuclear genomic stability is thought to be a critical determinant of

mammalian lifespan. ROS is now considered the main source of spontaneous DNA damage and

as such the efficiency of the BER pathway was investigated as a causal factor of mammalian

longevity. All major steps of the BER short-patch pathway were investigated. However, only P-

pol was found to correlate with MLS. The observed negative correlation between p-pol and

MLS was unexpected, although it may be attributed to the fact that longer-lived species produced

less ROS and therefore do not require enhanced repair capacities.

Is there any evidence that BER contributes to mammalian MLS potential? Aged mice

have been shown to have reduced inducibility of APE and p-pol (Cabelof et al., 2006b)

following oxidative stress, but what is the effect if any on MLS? Mice lacking the Ung gene

(Ung' ) which encodes for uracil DNA glycoslyase, have reduced median LS (~13%), but those
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that do survive reach the same MLS as Ung*'* mice (Niisen et al., 2003). Heterozygous ApeT

mice and heterozygous p-pol*'" mice have similar MLS compared to controls (Meira et al., 2001

;

Cabeiof et al., 2006a). Also mice deficient in NER, via ablation of the Xpa gene, experience an

increase in genomic instability but not a corresponding decrease in longevity (Dolle et al., 2006).

Taken together with this evidence, my data do not suggest a role for nuclear DNA repair in

determining mammalian species lifespans.

4.4 Effect of p02 on fibroblast behaviour in vitro

An important outcome of this study is the observation that mammalian cells cultured at

high oxygen, which is the standard condition in virtually all cell culture experiments, often

showed substantial inductions of antioxidant and BER enzymes. This observation has important

implications for studies involving the induction of stress response pathways. In cells propagated

under standard conditions, antioxidant or BER activity may already be induced and no further

induction may be observed when these cells are treated with various oxidants. Thus, standard O2

conditions for cell culture are probably inappropriate for studying the cell physiology of

oxidative stress, particularly the inducibility of DNA BER.

4.5 Is MLS a good measure of longevity?

Contention over whether to use MLS or average species LS in studies of aging and

longevity have arisen in recent years, based on the observation that the maximal age in a species

is highly influence by sample size and the ability to make the observation. For example, as you

increase the sample size you invariably increase the probability of encountering exceptional

cases (Carey, 2003). As such it has been suggested that average or mean lifespan is a better

gauge of longevity. However, average lifespan is to a larger extent dependent on external

factors, which can vary greatly depending on habitat (i.e. laboratory conditions versus wild).

Examination of survival curves corresponding to mortality patterns of organisms in the wild and
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under protective conditions show much lower mean lifespan in wild compared to protected,

while MLS remains unchanged. Consequently, MLS does not change under ideal conditions and

therefore is basically a function of the genetic make up of the species (Vigj, 2007). Accordingly

I chose to use MLS in my correlational studies of the mechanisms of cellular stress resistance.

4.6 Body mass versus lifespan

Since both body mass and MLS tend to coevolve in mammals, any correlation observed

with MLS may actually be driven by body mass. With this in mind, antioxidant and BER

enzyme levels or activities were re-plotted against species body mass (Fig 6.1, 6.2). Generally,

the same trends were observed as with MLS; however, MnSOD did not correlate with body mass

under either O2 regime. On the other hand, MnSOD/CS (sid02) and p-pol (std02) activity, both of

which were highly correlated with MLS, were also found to correlate with species body mass

(Table 6.1 ). One way to remove the confounding effect of body mass and determine which

character is driving the correlation is to plot the residuals of MLS versus body mass against the

residuals of enzyme level or activity versus body mass (Speakman, 2005b). Residual analysis

was performed on all of the antioxidant and BER data (Fig 6.3, 6.4). The significant correlations

observed between MnSOD vs MLS and P-pol vs MLS under stdOa conditions were confirmed by

this analysis. However, the significant positive relationship observed between MnSOD/CS

activity and MLS under sidO: culture conditions was not observed in the residual analysis,

indicating that MnSOD/CS correlated with body mass rather than MLS, at least under these

conditions. The biological significance of this is not clear and requires further experimental

examination to fully understand.
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4.7 Overall Conclusions

In conclusion, my results suggest that the allometric scaling relationship observed

between MR and species body mass is not due to an intrinsic MR setpoint. Oxygen

concentration significantly affects the steady-state metabolic rates of fibroblasts, especially

within the physiological range, with cells grown at higher p02 mostly adopting higher rates of

oxygen consumption. Higher MR has the potential to produce more ROS which could cause

genomic instability and thus reduced lifespan. Fibroblasts of longer-lived species are more

resistant to oxidative stress, only the antioxidant MnSOD appears to contribute to this stress

resistance in cultured cells. An interesting outcome from this study was that some inherent

cellular properties are maintained in culture (i.e. stress resistance, antioxidant and DNA repair

activities) while others are not (i.e. MR). This highlights the complexity of mammalian systems

and suggests different mechanisms of control (i.e. genetic and cellular signalling).
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6. Appendix

6.1 Appendix I: Antioxidant and BER enzymes activities versus species body mass.
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Figure 6.1. Antioxidant enzymes as a function of species body mass. Since species MLS and

body mass have coevolved all antioxidant enzyme activities were also plotted against species

body mass at both sid02 () and physOz (0) culture conditions. All relationships are maintained

when plotted as a function of body mass except the significance of MnSOD/CS activity at physOa

(0) is lost.
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Figure 6.2. BER enzyme activities as a function of body mass. All relationships are

maintained when plotted as a function of body mass at both std02 () and phys02 (0) oxygen

tensions.
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6.3 Appendix II. Residual analysis of antioxidant and BER activities versus MLS.

Figure 6.3. Residual antioxidant enzyme activities as a function of residual MLS. One way

to remove the confounding effect of body mass and determine which character is driving the

correlation is to plot the residuals of MLS versus body mass against the residuals of enzyme

level or activity versus body mass. A) Residual CAT activity when cultured under sidO^ ()
conditions more strongly correlates with residual MLS. B) No significant correlation between

GPx activity and MLS under both cultured conditions physO2(0) when residuals are plotted. C)

Residual MnSOD/CS activity at siaOi () culture conditions is not significant. D) Significant

correlation of residual MnSOD activity and MLS as well as MnSOD/CS activity and MLS are

maintained under physO2(0) culture conditions.
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Figure 6.4. Residual BER enzyme activities as a function of residual MLS. A) No change in

correlation is observed when residual UDG activity is plotted against residual MLS at both sidOz

() and physOi (0) oxygen tensions. B) At physO: (0) residual APE activity negatively correlates

with residual MLS. C) The correlation of P-pol activity from dermal fibroblasts cultured at physO:

(0) is a function of body mass.

17





so
r= -0.100

40 I p > 0.05

I

*

03 0.2 0.4

Residual Log,^LS(yr*)

0.6

150





Table 6.1. Summary of significance of correlations analysis used in this investigation.












