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ABSTRACT 
 

Ageing and age-related diseases are multidimensional processes characterised by the 

accumulation of damaged mitochondria and a reduced capacity to respond to stress. While 

mitochondria play a central role in cellular signalling and stress adaptation, how damaged 

mitochondria accumulate and whether this affects healthy lifespan and onset of age-related 

diseases is unclear. In the following chapters, I demonstrate how mitochondrial turnover is 

involved in the process of stress adaptation, mediated by mitochondrial reactive oxygen species 

(mtROS), using the power of Drosophila genetics. 

 

I focus on the role of mitochondria, specifically on how Reactive oxygen species (ROS) are 

involved in the process of temperature adaptation. Additionally, I establish that ROS acts as a 

signalling molecule in communicating with different downstream processes. Combining 

different approaches to measure ROS, I have dissected the nature of this signal.  

 

I show that an increase in mtROS associated with thermal stress is produced as a consequence of 

over-reduction of the electron transport chain and identify the molecular intermediate as H2O2. 

Moreover, I study in detail the downstream targets and demonstrate that the levels of mtROS 

regulate levels of Pink1. Furthermore, I provide evidence that mitochondrial H2O2 (mtH2O2) act 

as a mitochondrial signal to activate mitophagy, and to repress Target of rapamycin (TOR). 

When this signal is supressed, mitochondrial respiration is markedly diminished, canonical 

Pink1-Parkin mediated mitophagy is obstructed and TOR signalling is hyper-activated. This in 

turn causes the accumulation of damaged proteins and organelles and a drastic reduction in fly 

lifespan. I show that restoring mitophagy in a low mtH2O2 background restores mitochondrial 

respiration, TOR signalling and rescues lifespan. 

 

In the following chapters, I describe in detail a novel mitochondrial H2O2-Pink1/Parkin-TOR 

signalling axis that regulates cellular quality control and how it can be modulated by 

pharmacological and genetic interventions. My results also reveal the existence of a novel ROS 

signalling pathway that regulates mitochondrial density, which in turn determines the activation 

of TOR signalling and lifespan.  

 

 



 
 

ii 

In summary, I show that (1) mtH2O2 is instrumental for the process of canonical Pink1-Parkin 

mediated mitophagy; (2) mtH2O2 production can be precisely regulated in vivo; (3) 

Mitochondrial turnover determines the activation of TOR signalling; and (4) Mitochondrial 

turnover is important in maintaining homeostasis of an organism. 
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Chapter 1. Introduction 
 
 

1.1 An overview of mitochondria 

 
Mitochondria are distinctive organelles found in the cytoplasm of nearly all eukaryotic cells. 

They are thought to have originated from an ancient symbiosis event that occurred when a 

nucleated cell engulfed a Rickettsia- like ancestor prokaryote (Emelyanov, 2001). As a result 

of this event, the host and the endosymbiont gradually co-evolved becoming dependent on 

one another. Conversely, the host cell relied on the engulfed prokaryote to live in a nutrient-

rich environment free from predators. Over time, the engulfed prokaryote developed into the 

mitochondria and energy produced due to endosymbiosis became critical to eukaryotic 

evolution (Roger, 1999). Mitochondria have their own circular DNA (mtDNA), consisting of 

37 genes, which encode 13 polypeptides and are exclusively used in the electron transport 

chain (ETC) for generating adenosine triphosphate (ATP) (Lightowlers et al., 2015). The 

remaining genes encode for tRNAs and rRNAs (Wallace, 1999). The number of mitochondria 

per cell varies between cell-types and species. For example, in mammals, red blood cells have 

none while more metabolically active cell-types, such as skeletal muscle, can have thousands 

(Zhang et al., 2011). 

 

Mitochondria are double-membrane organelles consisting of an outer membrane surrounding 

an inner membrane. The space between the two membranes is termed as the intermembrane 

space. The inner membrane has a greater surface area and hence folds back on itself, creating 

compartments known as cristae that protrudes into the innermost space termed the 

mitochondrial matrix (Palade, 1952). Figure 1.1 shows the mitochondrial structure. The 

respiratory chain complexes are concentrated in the cristae membranes. The matrix mainly 

consists of the mtDNA and its protein scaffold, collectively known as the nucleoid. mtDNA is 

typically held in concatenated rings with a single mitochondrion containing 2-5 copies of its 

genome (Pohjoismaki et al., 2009). Within the matrix are also present the nuclear-encoded 

ribosomes that translate the 13 mitochondrial transcripts into proteins. The matrix also 

contains enzymes that are responsible for the tricarboxylic acid cycle (TCAC) reactions that 

act as entry of electrons into the inner membrane, where they are transferred from one protein 

complex to another (Balaban, 1990). The inner mitochondrial membrane is the site of ETC, 

which contains protein Complexes I-V. Protons build up in the spaces between the inner and 

outer membrane creating a proton gradient for ATP synthesis. The inner membrane is largely 

impermeable to all molecules except those ferried through a pore such as the TIM (translocase 
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of the inner membrane) complex. Alternatively, there are also other pores like Porins or 

Calcium uniporters that help in the exchange of a large array of molecules through passive 

diffusion or membrane potential respectively. Shuttles for ADP, ATP, Aspartate and Malate 

have also been described (Klingenberg, 2008). The intermembrane space is a key component 

in the process of mitochondrial oxidative phosphorylation (Campbell, 2002). Protons 

translocated from the matrix by Complex I, Complex III and Complex IV into the 

intermembrane space generate an electro-chemical gradient across the inner membrane 

providing energy that is used by Complex V to synthesize ATP from adenosine diphosphate 

(ADP) and inorganic phosphate (Pi) (Cooper, 2000). The mitochondrial inner membrane also 

contains various proteases such as HTRA2/OMI (Kang et al., 2013) and the iAAA proteases 

involved in mitochondrial quality control. The outer membrane acts as a gateway to the 

mitochondrion, containing a series of channel proteins called PORINS that allow the free 

movement of small proteins and ions into the intermembrane space (Alberts, 2002). The outer 

membrane also contains complex protein channels called TOM (translocase of the outer 

membrane), and the TOM/TIM complex allows only nascent mitochondrial proteins to 

permeate through the membrane (Pfanner and Geissler, 2001). This process is carried out by a 

mitochondrial isoform of heat shock protein 70 (HSP70)  in an ATP-dependent fashion 

whereupon they are folded and processed by other mitochondrial HSPs and proteases (Kang 

et al., 1990).  

 

Mitochondria are integral to many cellular functions, including maintaining energy 

homeostasis, synthesis of iron-sulphur clusters (ISC) and heme cofactors, storage and 

regulation of calcium, thermogenesis, initiating apoptosis and numerous other roles in 

signalling processes that vary depending on tissue type (Lackner and Nunnari, 2009). Hence 

dysfunctional mitochondria are implicated in many diseases. Inherited mitochondrial diseases 

typically result in progressive, thus far incurable neuropathies and myopathies (tissues most 

dependent on mitochondrial function). However, many sporadic and age-related diseases are 

also thought to have a mitochondrial component (Lane et al., 2015). 
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Figure 1.1 Mitochondrial structure  
 

Different parts of the mitochondria are denoted with different colours in the figure. 
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1.2 The Electron Transport Chain (ETC) 

 
ETC is the key component of mitochondria and is absolutely essential to maintain metabolism 

through the synthesis of ATP and the assembly of iron-sulphur clusters (Karp, 2008). 

Oxidative phosphorylation (OXPHOS) is considered to be the most efficient way of 

generating energy in aerobic cells and its malfunction can cause severe damage to the cell. 

Alternatively, glycolysis is used to produce energy albeit in a less efficient way, considering 

the amount of ATP generated per molecule of glucose oxidized to form pyruvate and the 

amount of waste produced. 

 

Oxidative phosphorylation takes place as a step-wise process which requires five multiprotein 

enzyme complexes (Complex I, II, III, IV and V). All these components are embedded in the 

cristae of the mitochondria, where the two electron carriers, cytochrome c and coenzyme Q 

co-exist. The initiation of ETC takes place by transferring the electrons to carrier molecules 

NADH (Nicotinamide adenine dinucleotide) and FADH2 (Flavin adenine dinucleotide). 

Electrons are also contributed to the ETC by glycerol-3-phosphate dehydrogenase, by 

transferring two electrons from FADH2 to the ETC. There are also few other proteins like 

flavoproteins (Flavoprotein Fp1 and Flavoprotein Fp2) that can transfer electrons as well. 

Overall, these electron carriers are produced by the Krebs’ cycle inside the mitochondrion, the 

only exception being glycerol 3 phosphate dehydrogenase (G3PDH). The transfer of electrons 

generates a proton motive force (Dimroth et al., 2000) which consequentially generates the 

energy used for oxidative phosphorylation. The electrons are transferred in a stepwise 

manner, from the FMNH2 (Flavin mononucleotide, reduced) through the iron-sulphur clusters 

of Complex I to the ubiquinone pool, in a two-step transfer process (Mitchell, 1979). In this 

process, 4 protons are translocated from the mitochondrial matrix to the intermembrane space 

(Hirst, 2005). Ubiquinol is oxidized by Complex III (cytochrome bc1 complex), where 

another proton translocation event occurs (Trumpower, 1990). Four protons are pumped in 

this process by Complex III to the intermembrane space (Schultz and Chan, 2001). Complex 

III transfers two electrons to the other mobile electron carrier of the ETC, cytochrome c 

(Hunte et al., 2003). Complex IV, also known as cytochrome c oxidase, re-oxidizes 

cytochrome c and translocates four protons across the inner membrane. It then transfers four 

electrons and two protons to oxygen, which is the terminal electron acceptor (Yoshikawa et 

al., 2006).  
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Complex II (succinate dehydrogenase) is involved in a different pathway to the one followed 

by NADH. The stepwise electron transfer is similar, but unlike the NADH pathway there is no 

proton translocation by the succinate dehydrogenase (SDH). Complex II also transfers 

electrons to ubiquinone thereby reducing the ubiquinone pool (Cecchini, 2003). In this 

process, an electrochemical gradient resulting in a potential of 150-180 mV is produced which 

is known as the proton motive force. It is generated as a result of accumulation of protons in 

the inter-membrane space and is used to produce ATP when protons diffuse back into the 

matrix through Complex V (also known as ATP synthase). The electrochemical gradient 

drives the formation of ATP from ADP and free phosphate (Pi) at Complex V (Boyer, 1997).  

Figure 1.2 illustrates the function of different complexes in the ETC and complete working of 

the OXPHOS (Oxidative Phosphorylation) system. 

 

In this process, electrons can escape from Complexes I, II or III and reduce oxygen to 

superoxide (or other types of ROS) (Porter and Brand, 1995; Finkel and Holbrook, 2000). 

This can result in oxidative stress which is thought to be responsible for the decline in 

mitochondrial function associated with ageing (Rattan, 2006; Valko et al., 2007). However, 

there is no electron leak at Complex IV, where always four electrons (and two protons) are 

used to reduce oxygen to water.  
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Figure 1.2 Production of adenosine triphosphate by the flow of electrons through different 

multiprotein complexes located in the inner mitochondrial membrane 

The multiprotein complexes are connected to each other by the electron carrier’s cytochrome c and 

coenzyme Q. This figure also points out the most important sites of ROS production. 
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1.3 Mitochondrial biogenesis 

 
Over the years, it has been proved that physical activity increases the amount of mitochondria 

in order to compensate for the energy expenditure during exercise (Melanson et al., 2009). 

However, the molecular mechanisms of this process are being elucidated only very recently. 

Mitochondrial biogenesis is also considered as a major tool that is responsible for maintaining 

mitochondrial number within the cell. It is not only a change in number of mitochondria but it 

is also responsible for maintaining mitochondrial size and mass (Dominy and Puigserver, 

2013). Mitochondria have a bacterial origin and hence have its own genome and can auto 

replicate. The mitochondrial genome is very small and encodes only a few very important 

proteins and their function is mainly supported by proteins that are encoded in the nucleus. 

Proteins that are made in the nucleus are recognised by mitochondria through a mitochondrial 

targeting sequence in the protein itself (Alberts, 2002). This targeting sequence is detected by 

the translocases of inner and outer mitochondrial membrane (TIM and/or TOM) (Neupert and 

Herrmann, 2007) and the strict regulation of protein translocation has been shown to play a 

vital role in mitochondrial biogenesis. Moreover, mitochondrial biogenesis is a process where 

mitochondria are formed de novo from pre-existing mitochondria, hence stringent conditions 

are absolutely essential. This important regulation of mitochondria is the reason behind 

changes in activity of the mitochondria in different tissues and increase in their number with 

respect to ATP requirement (Jornayvaz and Shulman, 2010). 

 

In recent years, studies in many model organism has made it evident that Peroxisome 

Proliferator activated receptor co-activator 1  or PGC1α is the factor responsible for control 

of mitochondrial biogenesis (Fernandez-Marcos and Auwerx, 2011) (Lin et al., 2002). Also, 

activation of PGC1α in turn increases the activation of Nuclear respiratory factor (NRF1 

and/or 2) (Wu et al., 1999). NRF2 is responsible for the transcription of many mitochondrial 

genes. It activates mitochondrial transcription factor A or TFAM which is responsible for 

increase in mtDNA content. This signalling cascade was described in several model 

organisms by utilizing genetic and pharmacological interventions. Additionally, novel results 

emerging from this field have also described the interaction of PGC1α with many other 

proteins, one of them being UCP1 (Uncoupling Protein 1). PGC1α induced the activity of 

UCP1 which also led to an increase in mitochondrial biogenesis (Puigserver et al., 1998). 

Thus PGC1α is responsible for linking several stimuli and cues from the environment. This 

denotes the importance of mitochondrial biogenesis, as it can be induced by different stimulus 

so that the cell can respond to different requirements (Jornayvaz and Shulman, 2010).  
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Several studies have demonstrated that induction of PGC1α activity is pivotal in activation of 

mitochondrial biogenesis. After this discovery, there have been numerous studies 

demonstrating the activation of PGC1α by investigating many upstream events that lead to its 

induction. One of the most prominent studies showed that the activation of AMPK 

(Adenosine Mono-Phosphate Kinase) is responsible for the induction of PGC1α (Wan et al., 

2014). AMPK is a major energy sensor for the cell and it is activated when the ATP/AMP 

ratio inside the cell is low (Wang et al., 2003), which in turn activates PGC1α and NRF1 

and/or 2 leading to increased mitochondrial biogenesis. Experiments performed with mice 

expressing the catalytically inactive version of AMPK showed a decrease in activity of 

PGC1α and less mitochondria per volume of the cell (Kobilo et al., 2014). On the contrary, 

overexpression of AMPK or expressing a constitutively active version of AMPK, increased 

PGC1α induction and mitochondrial content (Liang et al., 2014). AMPK overexpression in 

mice also protected the observed decrease in mitochondrial content with age (Canto et al., 

2009). On the other hand, expression of phospho-mimetic active version of AMPK in 

C.elegans and D.melanogaster has been demonstrated to extend lifespan and maintain 

mitochondrial content by increasing expression of PGC1α (Mair et al., 2011; Burkewitz et al., 

2015; Ulgherait et al., 2014). It has also been demonstrated that the loss of function mutation 

in AMPK decreases lifespan of mice (Viollet et al., 2003). In addition to this, overexpression 

of AMPK has been demonstrated to increase lifespan non-cell autonomously as well 

(Ulgherait et al., 2014). 

 

Over the last few years, it has been shown that Nitric Oxide (NO) increases mitochondrial 

content (Nisoli and Carruba, 2006). Increase in Nitric Oxide Synthase (NOS) within the cell 

increases the content of nitric oxide, leading to an increase in guanylate cyclase. This in turn 

increases cyclic guanidine mono-phosphate or cGMP, which leads to PGC1α induction and 

mitochondrial biogenesis (Nisoli et al., 2004).  

 

One of the major regulators of mitochondrial biogenesis is the silent mating type information 

regulation 2 homologue or SIRT1 (Lagouge et al., 2006). It has been demonstrated that 

fasting in many model organisms activates nutrient sensing signalling conducted by SIRT1 

(Li, 2013). This activation of nutrient signalling increases the activity of SIRT1, which 

activates PGC1α by deacetylation. Studies have demonstrated that resveratrol, a drug that 

induces the expression of SIRT1, increases the induction of PGC1α thereby increasing 

mitochondrial biogenesis (Lagouge et al., 2006). Moreover overexpression of SIRT1 has also 
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produced similar results. However, the effect of resveratrol in inducing SIRT1 has not been 

convincingly demonstrated (Higashida et al., 2013).  

 

Mitochondrial biogenesis is controlled differently in different tissues. One of the factors that 

regulates this mechanism is the p38 mitogen activated protein kinase or p38 MAPK (Ihsan et 

al., 2015). It has been demonstrated that muscle activation or contraction increases the 

expression of p38 MAPK, which leads to an increase in PGC1α and mitochondrial biogenesis 

(Knutti et al., 2001). This has also been demonstrated by experiments on p38 MAPK 

overexpressing mice (Nishida et al., 2004). Figure 1.3 is a schematic representation of all the 

upstream elements discovered that converge onto PGC1α. 

 

All the above mentioned mechanism have also been linked to caloric restriction (Canto and 

Auwerx, 2009). Although it is not very clear how this happens and the mechanism is 

unknown, it can be hypothesized that it is an evolutionary adaptation linking the mitochondria 

to environmental cues. As energy efficiency of the whole organism is regulated by 

mitochondria, it is clearly evident that there is an increase in less damaged mitochondria in 

the organism. These mitochondria utilize less oxygen from the environment, thereby 

producing less ROS. However, more work on this hypothesis is necessary in order to better 

understand the basic biology of the system. Understanding this mechanism can lead to the 

development or discovery of novel therapeutics that can potentially be a cure for 

mitochondrial diseases.  
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Figure 1.3 The mitochondrial biogenesis pathway 

Several upstream elements like AMPK, Nitric Oxide, SIRT1 and p38 MAPK 

converge on to PGC1-α which regulates NRF-2 and TFAM, which in turn 

regulates mtDNA content and mitochondrial biogenesis. 
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1.4 Mitochondrial diseases 

 

The entire organism requires functioning of mitochondria for ATP production. This is 

essential because the mitochondria are one of the only sites in the cell where consumed food 

is converted to ATP by the process of cellular respiration (Alberts, 2002). ATP can be made 

through glycolysis (glucose metabolism) as well, but contributing to only less than 10% of all 

the ATP produced in most tissues. Mitochondrial diseases are caused by mutations in 

mitochondrial (Taylor and Turnbull, 2005) and nuclear DNA (Angelini et al., 2009). It can be 

acquired and inherited from both parents containing mutations in their mitochondrial as well 

as the nuclear genome. The nuclear DNA is in two pairs of equivalent chromosomes which 

are inherited in a Mendelian fashion, one from the male and one from the female. Whereas, 

the mitochondrial DNA is only inherited from the female parent (Taylor and Turnbull, 2005). 

Genome variants are another complication, where the same mutation manifests as different 

disease in different individuals (Stankiewicz and Lupski, 2010). For example, the same 

mutation can manifest as a liver syndrome in one patient and a neuronal disease in a different 

patient. They also cause changes in severity of the disease making it extremely difficult to 

predict the cause. Moreover, the manifestation of diseases also depends on the mitochondrial 

mutation specific to the tissue. For example, a mitochondrial mutation in the brain or the 

heart, where the energy demands are high, can cause a severe phenotype (Stankiewicz and 

Lupski, 2010); whereas, the same mutation in the blood or the liver may not cause the same 

severe phenotype. A few different diseases caused due to the mitochondrial dysfunction are 

described below. 

 

Mitochondrial myopathies are the most common diseases caused due to mitochondrial 

dysfunction. This is a maternally inherited disease and is caused due to an inherited mutation 

in the mitochondrial DNA. Mitochondrial myopathies cause ragged red fibres in muscle and 

causes muscular dysfunction. It is manifested with accumulation of glycogen and neutral 

lipids (Fernandez-Sola et al., 1992).  

 

Diabetes mellitus and sensorineural hearing loss is another case of mutation in mitochondrial 

DNA that is inherited maternally. It has been found that this is caused by a point mutation in 

the 3243rd base pair in the circular human mitochondrial DNA. However, not all patients have 

a causal inherited mutation. The patients inheriting this mutation generally show symptoms of 

diabetes and have severe hearing loss (Kitabchi et al., 2009).  
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Mitochondrial encephalomyopathy, lactic acidosis and stroke like episodes (MELAS) is the 

most studied mitochondrial disease. This disease is maternally inherited, but in some cases it 

is caused by certain mutations in the nuclear genome as well. The patients inheriting one or 

more of either mitochondrial mutations or nuclear mutations generally show symptoms of 

muscle weakness, migraine, nervous disorders and seizures. Accumulation of lactic acid is 

generally found in all these cases, which is hypothesized to be the primal cause of all these 

phenotypes (Tzoulis et al., 2012). Patients with MELAS are found with a mutation in the 

mitochondrial DNA region encoding subunits of the OXPHOS Complex I like ND1 or ND5 

or a mutation in tRNA encoding region of the mitochondrial DNA (Pavlakis et al., 1984). 

However mutations in the tRNA encoding region has been shown to cause more severe 

phenotypes. 

 

Leigh syndrome is one the most predominant mitochondrial diseases found around the world 

(Baertling et al., 2013). Patients with these acquired mutations show severe symptoms of 

neurometabolic disorders and severely damaged nervous system. The muscular system is also 

affected with symptoms of ataxia. Respiratory failure manifests in the final stages of this 

disease. Mutation in the SURF1 gene encoded in the nucleus or mt-ATP6 gene encoded in the 

mitochondria has been found responsible for this mitochondrial disease. SURF1 is responsible 

for the assembly of OXPHOS Complex IV and mt-ATP6 is a part of the Complex V in the 

ETC that aids in producing ATP in the mitochondria (Baertling et al., 2014). Figure 1.4 

summarizes few of the many mitochondrial diseases caused by mitochondrial and nuclear 

DNA mutations in different tissues. 

 

Our knowledge on mitochondria has improved significantly over the years; however there are 

only limited opportunities to treat mitochondrial diseases. Many vitamins like vitamin K and 

vitamin E have been prescribed for the improvement of the mitochondrial disease phenotypes. 

(Parikh et al., 2009). However, the efficiency of neither vitamin E nor vitamin K intervention 

has yet been thoroughly established. On the other hand, membrane penetrating antioxidants 

have been developed and used to improve the phenotypes caused by mitochondrial diseases. 

Some examples of the same are pyruvate and N-acetylcysteine. These antioxidants have been 

shown to decrease the oxidative stress caused by mitochondrial dysfunction (Enns, 2014). 

Recently a technique known as spindle transfer has been developed, which involves the 

transfer of nuclear DNA into another healthy egg, leaving the mutated mitochondrial DNA 

behind. This process has been tested in primates and has been very successful using a pro-

nuclear transfer technique (Tachibana et al., 2009). Moreover, research conducted in the 
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Wellcome Trust Centre for Mitochondrial Research at Newcastle University has demonstrated 

that dysfunctional mitochondria of a mother with mitochondrial DNA mutations can be 

replaced with the healthy mitochondria of another woman by using a new IVF-based 

technique. This process enables the nuclear DNA, which encodes 99.9 % of the genetic 

information from the mother and father, to remain unchanged (Cravel et al., 2010).  
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Figure 1.4 Mitochondrial diseases in humans 

A summary of few of the many mitochondrial diseases caused by mitochondrial 

and nuclear DNA mutations in different tissues (Adapted from Fauci et al, 

2011). 
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1.5 Ageing 

 
Ageing is a multi-faceted process which leads to the loss of molecular fidelity and an 

increased vulnerability to cellular stress. There is a very complicated etiology provided by 

recent studies, proving that ageing has a strong genetic component, and that genetic 

modifications can alter lifespan in many model organisms such as Drosophila melanogaster 

(flies), Caenorhabditis elegans (worms) and Mus musculus (mice) (Longo and Fontana, 

2011).  Notable attempts to combat ageing have been made and among these are the 

experimental trials using “anti-ageing drugs” on nematodes, flies and vertebrates like mice 

and rats (Anisimov et al., 2011). One example of such drug is rapamycin, which increases 

both mean and maximum lifespan even when administrated to old mice (Wang et al., 2011). 

Additionally, some genetic strategies like knockout of daf-2 (Insulin Receptor) and 

overexpression of daf-16 (FOXO) have been demonstrated to extend the lifespan of 

nematodes (around 70-80%) (Kenyon et al., 1993; Kenyon, 2011). However, a much smaller 

effect was observed in other model organisms, such as flies or mice (20-40%) (Clancy et al., 

2001; Bluher et al., 2003; Dillin et al., 2002; Giannakou et al., 2004). Genetics has been 

demonstrated to determine only a part of human longevity with the rest being determined by 

other factors such as diet, exercise and other environmental factors (Rattan, 2012). 

Additionally, this is only true for mean lifespan; whereas, maximum lifespan of an organism 

is genetically pre-programmed (Prinzinger et al., 2005). 

 

1.6 Molecular theories of ageing 

 
The molecular theories of ageing focuses on damage or loss of functionality of biological 

molecules. This includes all kinds of molecules like proteins, DNA and/or lipids, which might 

affect the protein synthesis or gene regulation of the organism (Weinert and Timiras, 2003b). 

There are two basic theories found under this category. They are i) genetic and ii) non-

genetic. As the name suggests, the genetic theories of ageing emphasizes the role of specific 

genes in relation to ageing (Kanungo, 1975). One prominent genetic theory is the codon 

restriction theory. Codon restriction theory states that ageing is caused by a decrease in the 

accuracy of protein translation; thereby leading to a decrease in efficiency of protein synthesis 

(Strehler et al., 1971). One of the other genetic theories is the Hayflick’s Limit theory. This 

theory states that, there is a limit to the number of times a cell can divide (Hayflick and 

Moorhead, 1961; Shay and Wright, 2000). This phenomenon has since been demonstrated to 

be related to telomerase which an enzyme that protects it from continuous shortening 

(Olovnikov, 1996). However most of these theories have been challenged over the years. 
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The non-genetic theories of ageing have their foundation on the physiological aspects of 

ageing. The accumulative waste theory of ageing (Hirsch et al., 1989) proposes that, 

accumulation of cellular debris causes ageing. This theory is supported by the fact that, 

accumulation of the pigment lipofuscin is the most reliable ageing biomarker. Lipofuscin are 

fine granular pigmented molecules, which are debris products of lysosomal digestion. 

Essentially, lipofuscin is the by-product of incomplete oxidation of unsaturated fatty acids, 

glycoxidation of proteins and partial digestion of cellular organelles (Gaugler, 1997). When 

these by-products accumulate they can interfere with normal cellular function (Weinert and 

Timiras, 2003).  

 
A more recent theory is the thiol redox hypothesis. All biological systems contain redox 

elements and the organization of these elements occurs through a redox circuit. These redox-

sensitive elements are insulated and can be activated only with the help of specific catalytic 

mechanism. The redox hypothesis states that, disruption of these redox sensitive thiol 

elements by, i.e. accumulation of oxidative stress, is the cause of ageing (Jones, 2008). On the 

other hand, cellular theories are often closely related to the functions at molecular levels as 

well. One example of this theory is the process of apoptosis, a form of programmed cell death. 

Apoptosis has been demonstrated to play a predominant role in ageing (Warner, 1997). This 

view on cellular theories is compatible with the oxidative stress theories of ageing where these 

phenomena also lead to cell death (Weinert and Timiras, 2003a). 

 

1.7 Mitochondrial Free Radical Theory of Ageing 

 
Mitochondrial Free Radical Theory of Ageing (MFRTA) is one of the most prominent 

theories in the era of ageing research and it can be integrated into almost all the theories 

mentioned earlier. MFRTA was first proposed by Denham Harman in 1956, as the “Free 

radical theory of ageing”. Harman stated ageing as a consequence of accumulation of damage 

caused by radicals, generated during normal metabolic processes (Harman, 1956). Harman's 

free radical theory of ageing was further revised and published in the year 1972, as the 

“Mitochondrial Free Radical Theory of Ageing”  (Harman, 1972; Harman, 1983) which states 

that the respiratory complexes of the ETC produces reactive oxygen species (ROS) as a by-

product of normal oxygen metabolism. Furthermore, MFRTA states that these ROS molecules 

go on to damage nucleic acid, proteins and lipids. This in-turn would lead to age-related 

disorders and diminished longevity. Many facts relate mitochondrial ROS with ageing: 

increased ROS production, accumulation of mutations in mitochondrial DNA (mtDNA) and 

progressive respiratory chain dysfunction (Kirkinezos and Moraes, 2001). In proof of this 
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concept, caloric restriction extended lifespan in most animal species (Guarente, 2005; 

Partridge et al., 2005; Sinclair, 2005). Such extension is related with a reduction in the 

generation of damage (including mtROS) and not with an increase in amount of antioxidant 

defences or repair mechanisms (Sanz et al., 2006).  

 

However, some evidence contradicts MFRTA. For example, the administration of 

antioxidants does not extend lifespan  (Sanz et al., 2006); although it could be argued that 

these antioxidants are not targeted to the appropriate place. The manipulation of endogenous 

antioxidant levels does not produce the expected change in lifespan, either. For example, the 

knock-out of superoxide dismutase 1 or 2 dramatically reduces the lifespan of flies and 

mammals (Mackay and Bewley, 1989), but this phenomenon does not occur in C. elegans 

(Van Raamsdonk and Hekimi, 2009). Moreover, heterozygous knock-out mice for SOD2 are 

long-lived in spite of having much higher levels of oxidative damage (Zhang et al., 2009). On 

the other hand, over-expression of SOD2 in flies has no effect on lifespan (Mockett et al., 

1999). Although over expression of SOD1 increases its lifespan by 30% (Orr and Sohal, 

1994), this is paradoxically related with more oxidative stress rather than less (Parkes et al., 

1998; Sohal, 2002; Magwere et al., 2006). These contradictory results can be explained by 

hypothesising that ROS acts more as signalling molecule than as an agent for causing damage. 

 

1.8 Drosophila as a model system 

 
Drosophila is one of the most widely used model systems for studies on genetics and 

developmental biology (Reeve, 2001). It was first used in the early 1900’s by Thomas H. 

Morgan, Jeff Bridges and Alfred Sturtevant for the study of sex linkage and genetic 

recombination. Since then, Drosophila has been widely used in genetics and molecular 

biology. It’s numerous advantages, including; short generation time, low cost, ease of culture, 

well-characterised genetics and high number of offsprings, make it ideal to study ageing 

(Rubin and Lewis, 2000). Furthermore, it has been used as the model organism as there is a 

high (around 70%) sequence similarity (Reiter et al., 2001) between Drosophila and humans. 

Thus, results gained in Drosophila can be used to highlight possible novel genetic pathways 

in humans. Drosophila has a genome of just 13,600 protein-coding genes, when compared to 

the 40,000 genes in human genome (Halligan and Keightley, 2006), and it is less redundant. It 

was completely sequenced in the year 2000 (Adams et al., 2000). The fact that the genetic 

information in flies are distributed on four chromosomes, 3 pairs of autosomal chromosomes, 

and one pair of sex chromosomes, make it easier for genetic interventions. 
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Genetics has been a valuable tool in research, and numerous approaches have been used to 

gain insight into the function of those genes that have orthologues in humans. To generate 

these detectable phenotypes there has been two main approaches: i) by using the gain of 

function, which involves conferring new or additional function of the protein by the process 

of target specific mutation (gain of function mutation) or adding additional DNA segments to 

increase the translation of the protein (transgenic overexpression); and ii) by using a loss of 

function, which involves mutations that confers to the loss of protein function or knocking-

down or knocking-out of genes by targeted RNAi or deletion events respectively.  The double 

stranded RNA mediated RNA interference (RNAi) strategy has been recently introduced as a 

powerful tool. RNAi involves the use of double stranded RNA or small interfering RNA, to 

knockdown expression of a specific gene by causing degradation of the target RNA (Mello 

and Conte, 2004). The transgenic approach has been used in this thesis and involves the over 

expression of a gene in the fly or for expressing a protein from another organism (Ciona 

intestinalis) in the fruit flies, to study its molecular functions in the whole organism.  

 

1.9 The GAL4/UAS and the Geneswitch/UAS system in Drosophila 
 
The GAL4/UAS system is one of the most powerful systems used for increasing or reducing 

gene expression in Drosophila. The GAL4/UAS adapted from yeast is a system made up of 

two elements, namely the yeast GAL4 activator protein and the UAS (Upstream Activating 

Sequence). The gene of interest is cloned into a vector, which is primarily coupled with the 

UAS sequence. The GAL4 binds very specifically to the promoter of the desired gene and 

drives its expression via interaction with the UAS (Brand and Perrimon, 1993; Duffy, 2002). 

However, neither the GAL4 protein (derived from yeast) nor the UAS exist in wild type flies, 

making the system very specific. 

 

In Drosophila, the system is split into two parts; the GAL4 driver is maintained in a separate 

line and the gene of interest  is kept under the control of the UAS in another line (Busson and 

Pret, 2007). When the two lines are crossed, the binding of the driver (GAL4) to the UAS site 

takes place, leading to the expression of the desired gene in resulting offsprings (Jones, 2009). 

Figure 1.5 is a schematic representation of how the GAL4/UAS system works.  

In the GeneSwitch/UAS system, the elements are similar; however this is a conditional 

expression system which is a modified version of the yeast GAL4 protein. It is activated only 

in presence of the inducer drug RU-486. Moreover, expression of the construct in 

GeneSwitch/UAS system depends on dosage of the drug. Thus increasing or decreasing the 
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dosage of Mifepristone or RU-486 (inducer drug) in the culture vial can increase or decrease 

the efficiency of expression. These are the systems that allow spatial and temporal expression 

or knockdown of genes. 
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GAL4 Driver UAS-Transgene

X F0

UAS-TransgenePromoter

F1 Progeny 

With the 

expression of 

the transgene

Figure 1.5 The GAL4/UAS system  
Virgin females with the GAL4 driver are crossed to males with the 

UAS-Transgene (F0). This results in binding of the GAL4 promoter to 

the UAS-Transgene, resulting in F1 progeny with expression of the 

transgene.  Fly images taken from Roote and Prokop, 2013. 
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1.10 Drosophila melanogaster as a model system to study ageing 

 
The development of the fruit fly undergoes a four stage life cycle; egg, larva, pupa and imago 

or adult over a span of 10 days. Once fertilized, the embryo develops in the egg for around 

one day at 25oC before hatching as a larva. The larva progresses through three stages of 

development over four days, until it pupates. The tiny larva that emerges is called the first 

instar larvae. It feeds on the substrate that the eggs were laid in and after a day it molts into a 

larger worm-like form known as the second instar larvae. This again feeds and molts into the 

third instar larvae in the next 2 days. The larvae would have significantly grown at this stage 

and will start to move and climb the surface of its container where it undergoes pupation. 

During pupation, metamorphosis takes place and the adult fly emerges from an eclosion 

(pupal case) over the course of 4 days. Most of the embryonic and larval tissue is destroyed 

during metamorphosis. The adult tissues are developed from a group of undifferentiated, 

mitotic cells known as imaginal discs and histoblasts formed since early-embryonic 

development. Figure 1.6 shows the life cycle of Drosophila. 

 

Drosophila is poikilothermic and does not thermoregulate as mammals do. The metabolic rate 

and lifespan is determined by their environmental temperature. Thus, ambient temperature 

affects the development time, fecundity and fertility in fruit flies. When in lower 

temperatures, they slow the development process; whereas, higher temperatures have the 

opposite effect. Especially at higher temperature it has been shown that they accumulate 

damage faster and they have a very short lifespan. This short lifespan and their limited 

complexity for the control of lifespan make it a very valuable tool for ageing studies. This has 

been used to our advantage in this work. 
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Figure 1.6 Drosophila life cycle  

Drosophila lay their eggs, the eggs hatch into first instar larva which develops 

through different stages until it pupates. Drosophila then hatch from the pupae, 

where the larvae have been metamorphosing to form adults (Adapted from Elland, 

2006).   
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1.11 Alternative respiratory enzymes 

 
One of the major causes of mitochondrial dysfunction is the failure of the ETC (Koenig, 

2008). Hence therapeutics is mainly aimed to decrease mitochondrial dysfunction in 

mitochondrial diseases. However, it has been debated whether this is because of the loss of 

ATP or the excess ROS generated by ETC (Adam-Vizi et al., 2005; Brookes et al., 2004). 

The ETC contains five respiratory complexes; hence the damage to one of these components 

can cause the failure of the whole system. An idea to prevent or improve the failure of ETC 

complexes is to bypass this damage. Many eukaryotes and some prokaryotes contain 

alternative respiratory enzymes in their mitochondria to bypass this damage in their ETC 

components. This can be explained as an evolutionary mechanism to protect themselves 

against toxins that were present in the environment at early stages of evolution. These toxins 

were able to block the respiration of an organism by blocking its ETC. However, as toxins in 

the environment started reducing, higher organisms arrested the production of these 

alternative respiratory enzymes (McDonald et al., 2004), and was eventually removed from 

the genome of higher organisms. 

  

The alternative respiratory enzymes are non-proton pumping but help in electron transfer. Due 

to this function they can compensate for the loss of ATP only partially, but can be more 

effective to bypass damage to the ETC components. These alternative respiratory enzymes are 

smaller than the ETC components; hence are easy to assemble by the organism and are less 

prone to damage dependent loss of function (Unden and Bongaerts, 1997).  

 

Alternative Oxidase (AOX) is one example for this alternative enzyme. It is present in the 

ETC of the mitochondria in all plants and fungi and also in some higher organisms like Ciona 

intestinallis. It is a comparatively small protein and has no proton pumping properties. The 

protein accepts electrons from ubiquinol and reduces oxygen directly to water, bypassing the 

function of Complex III and IV. AOX is also resistant to cyanide and this can be explained as 

an evolutionary adaptation (Veiga et al., 2003). Figure 1.7 shows how AOX works in ETC. 

 

Few other examples of alternative respiratory enzymes are NADH dehydrogenase internal 1 

(NDi1), NADH Dehydrogenase external 1 (NDe1) and NADH Dehydrogenase external 2 

(NDe2). Budding yeast does not have the ETC Complex I, but has NDi1 inside the 

mitochondrial membrane facing the mitochondrial matrix. They also contain NDe1 and 

NDe2, which are present in the intermembrane space. The alternative respiratory enzyme 

NDi1 has been demonstrated to bypass the dysfunction of Complex I (Sanz et al., 
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2010;Cannino et al., 2012a). Moreover, plants contain all of the above mentioned alternative 

respiratory enzymes, making their ETC extremely branched; therefore less prone to damage 

(Affourtit et al., 2001). Figure 1.7 shows how NDi1 works in ETC. 

 

These alternative respiratory enzymes are potentially a good method to identify diseases in 

lower model organisms, which can thereby lead to inventing and discovering potential cure in 

humans. However, adding to this potential benefit, expression of an exogenous protein can 

cause opposing immune reactions. These enzymes have shown to produce many beneficial 

effects and some have been discussed below. The expression of AOX has been successfully 

achieved in mice and flies. AOX expression in flies rescued several phenotypes caused by the 

knockdown of Complex IV subunit CoxVb, Surf1 which is a Complex IV assembly factor and 

Cyclope (Complex IV subunit COXVIc  (Fernandez-Ayala et al, 2009) (Kemppainen et al., 

2014). AOX expression has also been shown to rescue the phenotypic effects caused by the 

mutation in Dj-1β, which is involved in Parkinson’s disease (Fernandez-Ayala et al., 2009). 

AOX expression was also used to rescue the loss in survival caused by cyanide poisoning in 

mice (El-Khoury et al., 2013). In this study, we have used the expression of AOX to analyse 

the role of ROS signalling in flies (Figure 1.7). AOX also prevents over-reduction of the 

ubiquinone pool, which we hypothesize as the signal responsible for several cellular 

signalling mechanisms.  
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NDi1 and AOX bypass Complex I and Complex III of the ETC respectively, thereby 

reducing the leak of electrons; thereby production of ROS. This aids in rescuing disease 

phenotypes caused by Complex I and Complex III. Additionally AOX and NDi1 oxidise and 

reduce the ubiquinone pool respectively.   

Figure 1.7 Schematic diagram illustrating the effects on electron transport after the 

expression of alternative enzymes; AOX and NDi1  
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1.12 Reactive oxygen species (ROS) 

 
Free radicals are defined as an atom or group of atoms with one or more unpaired electrons. 

They are typically very reactive and therefore they have a very short half-life. They are 

generally unavoidable consequences of aerobic metabolism and are produced by stepwise 

reduction of oxygen due to electron transfer. ROS is a collective term, which includes many 

molecules containing oxygen centred radical. However, ROS is also subcategorized to free 

radicals which are molecules with unpaired electrons. A few examples of these kind of 

molecules are, the hydroxyl radical (OH-) and Superoxide (O2
-). Additionally, Hydrogen 

peroxide (H2O2) is not a free radical but is ROS. 

 
Accumulation of ROS inside the cell is the major cause of oxidative damage, which is termed 

as oxidative stress. One of the major implications of the free radical theory of ageing is that, 

ROS causes cellular damage. Energy production by the ETC leads to the formation of ROS, 

which causes accumulation of damage in mitochondria (Sanz et al., 2008;Luo et al., 2013). 

For a good part of 20th century existence of ROS in vivo was not acknowledged or were 

usually considered as deleterious entities, but the dual nature of ROS in both damage and 

signalling have been extensively studied. Many studies have been emerging showing ROS as 

signalling molecules (D'Autreaux and Toledano, 2007).  

 
There are two types of oxygen molecules that are highly reactive (i) Singlet oxygen or 1O

2 is 

produced by the absorption of sufficient energy to reverse the spin of an oxygen electron (ii) 

Superoxide or O2
- is produced by stepwise monovalent reduction of the oxygen atom 

(Valentine et al., 1984). This is a very harmful by-product and can react with an array of 

molecules. However 1O
2 is studied mostly in plants thorough generation of hydroxyl radicals. 

It oxidizes protein, unsaturated fatty acids and DNA in plants (Triantaphylides and Havaux, 

2009).  

 
Superoxide is very well studied in many higher organisms. However, its reactivity is still not 

completely understood. It is the primary free radical in the cascade to generate other 

components of ROS. Since it is the primary step in this reaction, it is one of the most highly 

reactive ROS species and its reactive half-life is approximately 1µs (Fridovich et al., 1997). 

Due to its considerably short half-life, superoxide can be involved in a lot of redox reactions 

and is generally dismutated to H2O2 either non-enzymatically by auto dismutation, or 

enzymatically by Superoxide Dismutase (SOD), which catalyses this reaction (McCord et al., 

1969). 
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SOD 

2O2
- + 2H+  H2O2+O2 

 

 

Hydrogen peroxide is generated under both normal and stress conditions. It is produced by 

several sources like mitochondria, endoplasmic reticulum and in cytoplasm (Boveris et al., 

1972). Its reactivity with other molecules is more predominant than superoxide because of it 

half-life of around 1ms (Gough et al., 2011). Hydrogen peroxide is a better studied molecule 

in the process of signalling, as H2O2 does not contain any charge and  can  permeate through 

biological membranes (Veal et al., 2007). Due to this property, combined with considerably 

high half-life, it can activate signalling cascades and cause damage far away from the site of 

production. H2O2 generally activates or deactivates an enzyme by targeting its methionine or 

cysteine residues. This can change the conformational state or folding of the protein and this 

determines its activity (Chung et al., 2013).  

 

Hydroxyl radicals or peroxinitrite are the most reactive oxygen species. Hydroxyl radicals are 

produced in a two-step process involving H2O2 and O2
-, which involves a metal catalysis part 

as well (Cohen and Heikkila, 1974). These are called as Fenton reactions. 

 

 

Fe3+ + O2 
.-  Fe2+ + O2 

Fe2+ + H2O2  Fe3+ + -OH + .OH 

O2
.- + H2O2  .OH + -OH + O2 

 

 

Nitric oxide is formed by the oxidation of nitrogen, which is catalysed by an enzyme called 

nitric oxide synthase. Since nitric oxide contains an unpaired electron it is extremely reactive. 

However peroxynitrite a by-product of the nitric oxide, formed by the reaction between 

superoxide and nitric oxide is the much more harmful than nitric oxide itself (Hou et al., 

1999). Nitric oxide also acts an important messenger acting in vasodilation and 

neurotransmission. It also acts as an anti-tumor and anti-pathogenic agent. A sufficient level 

of nitric oxide is also very important in protection of organs like liver from ischemic damage. 

On the other hand, sustained levels of nitric oxide can cause tissue toxicity and also vascular 

collapse. Moreover an increase in nitric oxide has been discovered to be a causal agent for 

diseases like Juvenile Diabetes and Multiple Sclerosis (Heinrich et al., 2013).  
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N2 + O2  2NO 

 

1.13 The role of ROS in signalling and oxidative damage 

 
Role of ROS in signalling is considered to be an evolutionary adaptation that prevents 

excessive damage caused by different ROS entities (Dowling et al., 2009). Its role in 

activation of an array of transcription factors is already a very well-studied mechanism. 

Redox signalling, another well-studied concept, can be facilitated by ROS molecules; where 

the amino acid residues of proteins are oxidized by ROS (Ray et al., 2012). Due to their 

abundance in the cell, proteins are one of the main targets of oxidation by ROS. Oxidation 

causes changes like polarity or size in the amino acids leading to a change in the polypeptide; 

thereby changing the structure, stability and activity of the protein.  

 
Accumulation of O2

- is generally connected more to stress than signalling as it cannot diffuse 

through biological membranes. Moreover, O2
- is extremely reactive compared to its 

counterparts and it reacts with many molecules close to its site of production. Superoxide 

reacts mainly with iron-sulphur clusters and releases free iron, toxic to the cellular 

environment. However, the role of superoxide in signalling has been shown to activate 

antioxidant response and cell death in many organisms (Kim and Park, 2003; Kadowaki et al., 

2005). There are also studies on the presence of a superoxide channel present in mitochondria 

that can transport superoxide from the inside to the outside which is used for signalling (Han 

et al., 2003).  

 
Hydrogen peroxide is studied more extensively than superoxide as a signalling molecule due 

to its very high reactive half-life of 1ms; hence proteins in vicinity are more prone to 

reduction or oxidation (Schaar et al., 2015). As mitochondria are dynamic organelles they can 

also be transported to a certain site, for H2O2 to diffuse through the mitochondrial membrane 

and act in signalling (Bienert et al., 2006). Some extensively studied processes in which H2O2 

is involved are (i) activation of Hypoxia inducible factor (HIF), which is responsible for 

maintaining metabolism within the cell (Jung et al., 2008) (ii) activation of Phophoinositol 3 

Kinase or PI3K that induces growth (Sadidi et al., 2009) (iii) activation of nuclear factor 

kappa-light-chain-enhancer of activated B cells or NF-kappaB responsible for controlling 

several processes like survival, production of antioxidants, activation of transcription factors 

and also in prevention of cancer (Oliveira-Marques et al., 2009) (iv) activation of Mitogen 

activated protein kinase or MAPK which is responsible for proliferation of cell (Bhat and 

Zhang, 1999). These signalling cascades consequently control important systems like increase 
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in stem cell renewal, differentiation and proliferation, immune response and longevity. Figure 

1.8 is a flowchart showing the role of ROS in activating and deactivating different signalling 

mechanisms. 

 
Although recent studies have significantly improved our understanding of the role of ROS in 

signalling, more studies and more precise techniques to study ROS in vivo will help us 

discover novel mechanisms which are absolutely essential for the cell. Improvement in these 

techniques will also aid us to delineate the pros and cons of ROS.  
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Figure 1.8 A flow chart showing different ROS entities acting in several signalling pathways  

 
Different ROS entities like H2O2, O2

- and NO play a role in activating and deactiving many 

signalling mechanisms. 
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1.14 Role of ROS in diseases 

 
The role of ROS has been studied in many diseases like Alzheimer’s, Parkinson’s and other 

neurodegenerative disorders (Alfadda and Sallam, 2012). However, it is still unclear whether 

ROS is a cause or consequence of these disease phenotypes. The only clear evidence is the 

studies that show the role of ROS in cardiovascular disease. It has been demonstrated that 

ROS causes oxidation of low density lipoprotein (LDL) which leads to atherogenesis, 

consequentially leading to atherosclerosis and then cardiovascular diseases (Vogiatzi et al., 

2009). 

 
It is hypothesized that ROS plays a role in many cases of cancer (Liou and Storz, 2010). For 

example, it has been shown that ROS can cause oxidative DNA damage, thereby increasing 

the risk of cancer. However, whether this is a cause of cancer progression or a consequence of 

cancer cell metabolism is still unclear. In mice, the only study that has surfaced is the 

knockout of antioxidants, which increases DNA polymorphisms, in turn increasing the risk of 

cancer (Van Remmen et al., 2003; Tony et al., 2009). Another concept is the role of ROS in 

ageing (Loeb et al., 2005), where it is demonstrated in many organisms that consuming a low 

calorie diet increases lifespan significantly. It is hypothesized that this increase in lifespan is 

due to the decrease in oxidative stress, which is facilitated by decrease in ROS (Ungvari et al., 

2008).  

 

1.15 Antioxidants 

 
Superoxide dismutase (SOD) is the primary line of defence against ROS. It helps the cell in 

breaking down superoxide to hydrogen peroxide, with the help of metal ion cofactors. Three 

superoxide dismutases have been discovered across different model organism namely; 

copper/zinc, manganese, ferrous and nickel superoxide dismutase. In humans, copper/zinc 

cofactor based superoxide dismutase is present in the cytosol and in the mitochondrial inner 

membrane space and the manganese version is present in mitochondria. The version of 

superoxide dismutase present in mitochondria is proven to be very important as mitochondria 

are the source of abundant ROS production (Li et al., 2011). It has been demonstrated that 

mice lacking the mitochondrial version of superoxide dismutase die as soon as they are born. 

However, the mice lacking other types of superoxide dismutases do not have a very well 

defined pathology (Hashizume et al., 2008). It is hypothesized that the progression of damage 

is much more prominent than the homeostatic state. Although there have been so many 

studies with the same enzyme, it is still not completely clear how the enzyme functions. For 

example, in worms, it has been demonstrated that loss of all superoxide dismutase genes does 
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not have any effect on lifespan (Van Raamsdonk and Hekimi, 2012). Overexpression of these 

genes does not cause any beneficial effects either (Perez et al., 2009). Additionally, in flies it 

has been demonstrated that overexpression of Sod2 increases lifespan (Sun et al., 1999); 

however overexpression of SOD2 in mice does not (Huang et al., 2000). 

 

The catalase enzyme catalyses the conversion of H2O2 to H2O and O2. An iron or manganese 

cofactor is used in this process. In humans, the catalase enzyme is generally found localizing 

to peroxisome (Walton and Pizzitelli, 2012). The cofactor of catalase enzyme is oxidized by 

one molecule of H2O2 and then is regenerated by transferring the bound oxygen to the second 

molecule of the substrate. The role of catalase is very well studied and is an important step in 

making the ROS molecule inert. However knockout of catalase does not cause any deleterious 

effects in mice (Hamilton et al., 2012).  

 

Peroxiredoxins are also used in the conversion of H2O2 to H2O. Moreover, it is also used in 

the conversion of organic hydroperoxides and peroxynitrates. Peroxiredoxins are enzymes 

that require a cysteine oxidization to be active (Rhee et al., 2005) and due to its extremely 

high importance in an organism’s array of processes, knockout of this enzyme in mice led to a 

shortened lifespan (Lee et al., 2003). 

 

Thioredoxins and glutathione peroxidases are one of the most abundant antioxidants present 

in any system across species. Thioredoxins are highly reactive reducing agents that are 

responsible for keeping the enzymes in a reduced state. They facilitate the reduction of 

proteins by cysteine thiol-disulfide exchange. On the other hand glutathione peroxidases are 

present in three forms (i) reductases; that catalyses the conversion of H2O2 to organic 

hydroperoxide; (ii) peroxidases; that catalyses the conversion of H2O2 to H2O and O2  and; 

(iii) Transferases; that are responsible for lipid peroxidation (Harris et al., 2015). Peroxidases 

are the one of the most abundant antioxidant in the cell. Experiments have demonstrated that 

knockout of glutathione peroxidase significantly reduces lifespan in mice (de Haan et al., 

1998). 

 

1.16 Role of autophagy in cellular maintenance 

 
Autophagy is a process that is used by the cell for intracellular degradation. It involves the 

formation of an isolation membrane in one portion of the cytoplasm. A double membrane 

structure is formed called autophagosome, which is a vacuole like structure that engulfs all the 

organelles and intracellular debris. It then fuses with the lysosome; an organelle responsible 
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for digesting the debris by utilizing its acidic environment. As damaged proteins or organelles 

are degraded by the lysosome, amino acids and nutrient components of those structures are 

released back to the cellular environment as building blocks of components that were digested 

(Glick et al., 2010).  

 

Autophagy has been studied for a long time as a bulk or non-specific process that just engulfs 

a part of the cytoplasm, but recent evidence shows that autophagy is a more specific process. 

It has been demonstrated to be targeted specifically to damaged parts of the cell; like 

organelles or even proteins (Li et al., 2012). Further investigation has led to the discovery of 

diseases like Carney complex syndrome, Crohn’s disease, Vici syndrome, Hereditary spastic 

paraparesis; that are caused by disruption of these specific autophagy pathways (Jiang and 

Mizushima, 2014) (Kaushik et al., 2010). 

 

1.17 Autophagy: process and function 

 
TOR or mTOR (mammalian/mechanistic Target of Rapamycin), is a serine/threonine kinase 

that regulates a wide array of functions like cell growth, cell survival, protein synthesis and 

translation (described in detail in Chapter 1.22). Adding to these functions, TOR is also a 

major regulator of autophagy. The activation of TOR is responsible for deactivation or 

destabilization of the Unc-51 like Autophagy Activating Kinase 1 (ULK1) complex that 

consists of Autophagy related 13 (ATG13), Family Kinase-Interacting Protein of 200 kDa 

(FIP200) and ATG101 proteins. In absence of TOR activation (i.e. under conditions of 

starvation, where nutrients are much more necessary to survive than to promote growth), 

phosphorylation of ULK1 is halted stabilizing the complex. It is then translocated to the 

endoplasmic reticulum that provides a membrane source for the autophagosome (Jung et al., 

2010). In parallel, PI3K activation also activates several autophagy genes. The recruiting of 

ATG’s is responsible for the formation and expansion of the isolation membrane and 

eventually an omegasome (Heras-Sandoval et al., 2014). More specifically, LC3 or ATG8 is 

responsible for a very important step in autophagy which is the maturation of autophagosome. 

In the absence of lipidation of LC3, the autophagosome formation is disrupted and autophagy 

is terminated. This step has been proven to be absolutely essential, as rescuing the phenotype 

caused by a mutation in LC3 has not been demonstrated (Tanida et al., 2008). Following this 

step, SNARE (soluble NSF attachment protein receptor protein) and HOPS (homotypic fusion 

and protein sorting protein) tether and form a complex. This is the final step in the process 
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where the fusion of autophagosome and lysosome occur (Jiang et al., 2014). Figure 1.9 

illustrates the process of autophagy. 

 

Although the signalling cascade was discovered in budding yeast, in the past two decades it 

has been studied in many other organisms like worms, flies, mice and primates. Discovery of 

these processes has led to the development of many knockout animals. Most of the knockouts 

in the autophagy signalling cascade produced similar phenotype which is evident that 

autophagy is a linear signalling cascade (Mizushima and Levine, 2010). It is still unclear how 

damage to organelles or proteins is detected by the autophagic machinery. Pharmacological 

targets are being discovered and developed alongside the discovery of new genes in the 

autophagy pathway (Rubinsztein et al., 2012).  
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Figure 1.9 The process of autophagy 

Autophagy is a complex process involving many proteins for activation and sustenance 

(Adapated from Kimmelman, 2011). 
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1.18 Various kinds of autophagy that occur within the cell 

 
Autophagy is mainly subdivided into macro-autophagy, micro-autophagy and chaperone 

mediated autophagy. Macro-autophagy is bulk degradation or non-specific of debris within 

the cell, but in recent years more specific macro autophagic processes have been discovered 

(Feng et al., 2014). Some examples of specific macro-autophagy are; (i) Mitophagy or the 

degradation of mitochondria (described in detail in Chapter 1.19); (ii) Pexophagy or the 

degradation of peroxisomes; that are detected by PEX proteins which translocate to the 

surface of peroxisomes. This recruits the ATG protein, ATG30, which flows into the 

canonical autophagy pathway for degradation of the whole organelle; (iii) Reticulophagy or 

the degradation of the Endoplasmic Reticulum; LC3 has been demonstrated to localize to ER 

in order to detect and activate downstream elements to sequester ER to the lysosome and; (iv) 

Aggrephagy or recycling of damaged and aggregated proteins is a more specific process. 

Disruption of aggrephagy has also been shown to cause many diseases (Reggiori et al., 2012). 

Aggrephagy is usually an aggregation of damaged proteins that cannot be recycled. These 

aggregated proteins are usually targeted by p62, which recruits and activates LC3 for further 

autophagic degradation (Reggiori et al., 2012).  

 

Microautophagy is a more unspecific process which does not involve any recruitment or 

specific activation. It is generally a direct lysosomal degradation process which is just bulk 

turnover of many or most of the cytosolic components. However, recently there are reports 

showing more specific microautophagy. Three types of microautophagy have been discussed 

extensively; (1) Micropexophagy, the process of degradation of damaged or superfluous 

peroxisomes. In this process of autophagy, instead of the peroxisomes being targeted or 

sequestered to the lysosome, the lysosome fuses with the peroxisome directly (Mijaljica et al., 

2011); (2) Micromitophagy, the process of unspecific recycling of damaged mitochondria. It 

is split in two; (i) Involves engulfment of mitochondria by the lysosome and; (ii) 

Mitochondria fuse with lysosome for its degradation. Among other kinds of microautophagy, 

micromitophagy is least characterised (Mijaljica et al., 2011) and; (3) Microautophagy of the 

nucleus, is the process of degradation of a damaged part of the nucleus. In this process the 

damaged nucleus is engulfed by endoplasmic reticulum membrane and the lysosome then 

engulfs this structure for degradation (Mijaljica et al., 2011). 
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Another major kind of autophagy is chaperone mediated autophagy (Kaushik and Cuervo, 

2012). Chaperone mediated autophagy is a specific target recognition process. This type of 

autophagy is mainly for damaged proteins that are targeted by specific chaperones like 

HSC70 or HSP90. The proteins targeted by these chaperones are recognized by LAMP2 

(Lysosome associated membrane protein 2), which sequesters them directly to the lysosomes. 

 

1.19 Mitochondrial specific autophagy or mitophagy 

 
Mutation in PTEN-induced putative kinase (PINK1) and/or PARKIN genes in humans have 

been associated with familial and sporadic forms of Parkinson’s disease. In 2008, Richard 

Youle and his colleagues established that PARKIN and PINK1 are responsible for 

degradation of damaged mitochondria (Narendra et al., 2008). They described the mechanism 

as a canonical PINK1-PARKIN pathway that is responsible to detect and recycle damaged 

mitochondria. PINK1 is a protein that is encoded in the nucleus and transported to the 

mitochondria. Under normal circumstances, PINK1 is usually cleaved in the mitochondria by 

different proteases. This cleaved version of PINK1 is completely inactive. When cells are 

subjected to CCCP, depolarization of the mitochondria is answered by stabilization of PINK1 

(Narendra et al., 2008). Under these circumstances, PINK1 is not processed by proteases; 

however, the mechanism of how this happens is still unclear. The stabilized version of PINK1 

is responsible for recruiting and activating PARKIN. PARKIN then ubiquitinates several 

proteins on the outer membrane of mitochondria like Mfn2 or Drp1, which are responsible for 

recruiting several ATG proteins. Consequentially damaged mitochondria as a whole organelle 

is transported to the lysosome for complete degradation (Narendra et al., 2008; Jin et al., 

2010). It is becoming more evident that the activation of PINK1 and PARKIN can occur only 

through the detection of damaged mitochondria. It has also been demonstrated that PINK1 

auto phosphorylates itself when mitochondria depolarize, which is responsible for the 

activation of other downstream processes (Okatsu K et al., 2012). Few other studies have also 

demonstrated that p62 and LC3 can orchestrate the sequestering of the mitochondria to the 

autophagosome; however, these studies are not very clear (Park et al., 2014; Strappazzon et 

al., 2015). More importantly, Pink1 and Parkin knockout mice show a very mild phenotype of 

Parkinson’s when compared to human cohorts (Chesselet and Richter, 2011). Figure 1.10 is a 

schematic representation of canonical mitophagy. 
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Figure 1.10 Schematic representation of canonical mitophagy 
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1.20 Proteasomal degradation of damaged proteins 

 
Protein turnover is generally the balance between protein synthesis and protein degradation. 

When this balance is lost, the cell is under stress which causes many disease phenotypes. In 

general, protein synthesis happens when in an anabolic or a more fed state; and protein 

breakdown happens when in a catabolic or a starved state. Decrease in breakdown of proteins 

have also been found to be directly proportional to increase in age (Razanov et al., 2002).  

 

Proteosomal degradation of ubiquitinated protein is a process that recognizes independent 

proteins and breaks down the peptide bonds in an energy dependent manner. This process is 

also mainly used in the breakdown of misfolded proteins and broken down proteins are 

generally 7-8 base pairs long. They are further degraded into separate amino acid components. 

These amino acids can be used for manufacture of new proteins. Proteasomal assembly and 

components are different in different model organisms, but the number or subunits that are 

necessary to be assembled are always very complex. In most organisms, the proteasome 

consists of a 20S, 16S, 19S and a 11S subunits (Murata et al., 2009). The whole complex is 

responsible for breaking down proteins by breaking peptide bonds between amino acids using 

ATP, produced by the cell. This is the final step of protein degradation. Before this process 

the proteins are tagged with a marker or a flag for degradation. This tagging is undertaken by 

ubiquitin, a very small protein of around 8kDa, that is responsible for tagging damaged 

proteins and is present in all organisms. These ubiquitin tagged proteins are then poly-

ubiquitinated, a process by which the ubiquitin protein binds to itself to form a long poly-

ubiquitin chain. Formation of this chain is the final stage in targeting damaged proteins to the 

proteasome (Li and Ye, 2008). 

 

1.21 Role of dysfunctional autophagy and protein turnover in disease 

 
Dysfunctional autophagy is involved in many disease phenotypes. One of the first ever 

described diseases involving dysfunctional autophagy is Static encephalopathy of childhood 

with Neuro-degeneration in Adulthood (SENDA). In patients, a mutation in WIPI4 gene was 

discovered. With the help of more functional studies in other model organisms like worms 

and flies (Grimmel et al., 2015), this gene was found to be involved in the formation of the 

autophagosome. This was the first ever study showing the link between autophagy and 

neurodegenerative disease (Saitsu et al., 2013). The most important characteristic of this 

disease is accumulation of iron in the brain. Patients suffering from the disease present with 

symptoms like spastic paraplegia, mental retardation, Parkinsonism and dystonia. Even 
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though studies have been very thorough, it has proven to be extremely difficult to find a 

mechanism of why accumulation of iron in the brain occurs. Following this, finding a cure for 

the same has been a daunting task for researchers in the field (Ebrahimi-Fakhari, 2013). 

 

Parkinson’s disease is the second most common form of progressive neurodegeneration. 

There are two kinds of this disease; the autosomal recessive and the sporadic form of 

Parkinson’s. Even though extensively studied, neither a proper mechanism nor a cure to 

Parkinson’s has yet been found. Patients with familial Parkinson’s are found to have 

mutations in PARKIN, PINK1, SNCA (α-Synuclein), LRKK2 (Leucine-rich repeat kinase 2) or 

GBA (Glucocerebrosidase) (Nalls et al., 2001). Moreover as PARKIN and PINK1 have been 

recently discovered to be involved in mitophagy, patients with Parkinson’s are found to have 

an accumulation of dysfunctional mitochondria and symptoms such as tremors, muscle 

rigidity, gait and flexed posture are seen among many other phenotypes. It has been especially 

difficult for researchers to find a cure because of the dual or multiple functions of the same 

protein (Duty and Jenner, 2011). For example, PARKIN is involved in other processes like 

ER protein translocation along with protein degradation (Takahashi et al., 2003), and a defect 

in autophagy is not the only phenotype caused by PINK1 or PARKIN mutation.  

 

Studies showing involvement of autophagy in cancer has been very complicated, since 

autophagy in cancer is like a double-edged sword. In primary stages of cancer, autophagy is 

inhibited to prevent cancer, as the cells lose their recycling ability. After the development of 

cancer, autophagy is necessary for the maintenance involving cyto protection (Mathew et al., 

2007). Mutation in the BECLIN1 gene has been found in many cancers like breast, ovarian 

and prostate cancer. BECLIN is involved in recruiting ATG14, which progresses into 

autophagy. Other than autophagy, BECLIN is also very important for its anti-apoptotic effect, 

which is necessary to prevent cancer in the early stages (Qu et al., 2003). Several other 

proteins, apart from BECLIN, like ATG5 and UVRAG have been found mutated in many 

cancer types (Park et al., 2014). Cancer is the most extensively studied disease; therefore, 

prevention or cure of cancer is not far-fetched.  

 

Defective proteasomal degradation of damaged proteins is also involved in many diseases. 

One of the most extensively studied diseases among this is Alzheimer’s. It is the cause of 60-

70% of dementia cases and is a chronic neurodegenerative disease. Patients present with 

symptoms like short-term memory loss, problems with language, disorientation and 

behavioural issues. Even though extensive research for Alzheimer’s is happening for the past 
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century, no treatment to improve the symptoms have been discovered yet due to the 

complexity of molecular mechanisms involved (Ubhi and Masliah, 2013).  

 

Examples of few other diseases caused by dysfunctional autophagy or protein turnover are; (i) 

Crohn’s disease, which is caused due to a mutation in the ATG16 gene (Baumgart and 

Sandborn, 2012). These patients present with symptoms like weight loss and severe vomiting; 

(ii) Hereditary spastic paraplegia is another disease that is caused due to a dysfunctional 

SPASTIN (SPG4) protein. SPASTINS are generally involved in membrane trafficking and 

proteolysis. Patients are found to have many conditions of neurological disorders (Depienne et 

al., 2007) and; (iii) Another very rare disease is Vici Syndrome, which is caused due to a 

mutation in the EPG5 gene, which is involved in autophagosome maturation. Patients with the 

Vici syndrome present with a multisystem disorder (del Campo et al., 1999). However, with 

the emergence of exome sequencing and whole genome sequencing, there have been many 

new genes discovered involved in these processes. Due to the discovery, pharmacological 

interventions have been more plausible.  

 

 

1.22 The TOR signalling pathway 

 
Most of the organisms have evolved specific mechanisms to efficiently switch between 

catabolic and anabolic states, which allowed them to survive and respond to stress under the 

conditions where nutrient availability is scarce. One such pathway is the mTOR or the 

mammalian Target of Rapamycin pathway. The mTOR (TOR hereafter) pathway responds to 

several environmental changes and it is apparent that TOR controls many of the cellular 

processes. Its most significant role has been related to growth and proliferation, as nutrient 

sensing is a very important signal for the growth of an organism. mTOR is a serine/threonine 

protein kinase and it belongs to the phophoinositide3-kinase (PI3K) family. This protein 

kinase interacts with several proteins in order to form two protein complexes namely, TOR 

Complex 1 and TOR Complex 2. Both the TOR complexes are large and contain six and 

seven very well studied protein components respectively. These proteins bind to their specific 

complexes in order to inhibit or activate them; sensing the conditions which are dictated to 

them by upstream regulating elements (Laplante and Sabatini, 2012).  

 
TOR was first discovered in the model organism Saccharomyces cerevisiae, where genetic 

screens identified TOR Complex 1 and TOR Complex 2 as targets of the molecule rapamycin. 

Rapamycin is a macrolide produced by Streptomyces hygroscopicus bacteria that gained 
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attention because of its anti-proliferative and anti-inflammatory properties (Li et al., 2014). 

Shortly after the discovery of TOR and rapamycin, many different approaches were used to 

identify the physical binding of rapamycin to TOR to inhibit TOR Complex 1. Although the 

inhibitory effects of rapamycin on TOR signalling is clear, the mechanism of action has 

proven to be much more complex than originally anticipated. However the process by which 

rapamycin forms a complex with FK506-binding protein and directly interacts and inhibits 

TOR Complex 1 but not TOR Complex 2 is still in the dark. The hypothesis that rapamycin 

may interfere with the structural integrity of TOR Complex 1 or with the specific activity of 

its kinase domain has still not been proven 20 years after the discovery of TOR signalling.  

 
TOR has been proven to regulate many cellular mechanisms downstream and it is one of the 

major nutrient sensors in all organisms. Because of the complex signalling networks linked 

with TOR, it is a major cause for numerous diseases. TOR deregulation, mostly hyper-

activation, has been linked to human diseases like cancer, obesity, type 2 diabetes and 

neurodegeneration. Furthermore, it has been demonstrated in several model organisms, 

ranging from yeast to mice, that activation or repression of TOR both genetically and 

pharmacologically can improve diseases phenotypes. Repression of TOR pharmacologically 

by rapamycin has also been shown to extend lifespan. This has led to pharmacologically 

activation or repression of the pathways for treatment of diseases. Moreover, as rapamycin is 

already a FDA approved drug, discovering its mode of action will be an important step 

forward in the future (Dazert and Hall, 2011).   

 

1.23 Upstream regulators of TOR 

 
TOR complexes are very well characterised and it has been demonstrated that both these 

complexes converge from two very different and distinct upstream regulators. TOR Complex 

1 integrates several inputs like growth factors, oxygen levels of the cell, amount of amino 

acids and it also senses the energy status of the cell. Since the number of upstream elements 

that are sensed by the TOR Complex 1 is numerous, downstream cellular mechanism like 

protein synthesis, autophagy and lipid synthesis, are also varied (Laplante and Sabatini, 

2012). Most of these process and signalling cascades have been described in detail in the 

Chapter 1.24. 

 

One of the most important signalling responses that are mediated by TOR is oxygen sensing 

(Filomeni et al., 2014). Oxygen sensing pathway also determines the energy status of the cell 

and this converges on to TOR signalling pathway (Filomeni et al., 2014). This response is 
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mainly mediated by Adenosine monophosphate-activated protein kinase or AMPK, which is 

the major fuel gauge of the cell that detects the balance between three forms of nucleotides 

namely; Adenosine monophosphate (AMP), Adenosine diphosphate (ADP) and Adenosine 

triphosphate (ATP). In conditions of low energy state or low oxygen state, AMPK 

phosphorylates the heterodimer Tuberous Sclerosis Complex 1 and 2 (TSC 1 and 2). TSC 1 

and 2 complex is a GTPase activation protein responsible for the activation of Ras homolog 

enriched in brain protein or RHEB. This activation activates RHEB, which in turn binds to the 

TOR complex. Overall in case of oxygen sensing mechanism, AMPK is responsible for 

deactivation or repression of TOR in conditions of low energy or low oxygen. This leads to 

improvement in glycolysis and energy production by better recycling of the available 

nutrients. On the other hand, it also might be responsible for halting development or growth of 

the organism which requires a constant supply of energy.   

 

In recent years, TOR has also been demonstrated to respond to DNA damage, which is also a 

cause of oxygen stress or low energy stress (Xu et al., 2012). It has been shown that DNA 

damage increases the expression of Phosphatase and Tensin homolog deleted on chromosome 

10 or PTEN. Increase in PTEN has been shown to downregulate TOR signalling axis 

severely, which in turn is shown to increase DNA damage response. A feedback loop 

involving the activation of AMPK has also been demonstrated to be involved in response to 

DNA damage (Shen et al., 2007).  

 

Insulin signalling is one of the processes that is extensively controlled by TOR. Most of the 

signalling pathways that control insulin signalling converge on to the TOR signalling 

pathway, which then controls downstream cellular processes. Insulin signalling is initiated by 

insulin receptors which are present on the surface of cellular membranes (Laplante and 

Sabatini, 2012). These insulin receptors (INR’s) are ubiquitous and are also present in almost 

all organisms. The insulin signalling pathway then branches into two distinct pathways, the 

PI3K and RAS pathways (Oldham and Hafen, 2003). Phophotidyl inositol 3-kinase or PI3K 

activation controls AKT or the Protein Kinase B signalling (PKB), and RAS activation 

controls the extracellular regulated signalling regulated kinase or ERK1 pathway (Guardiola-

Diaz et al., 2012). Both these pathways are studied for their involvement in metastasis. AKT 

pathway follows the canonical route of TSC 1 and 2 inhibition, which activates TOR 

signalling. It has also been demonstrated that AKT, upon sensing nutrients or insulin, can 

directly bind and inhibit RAPTOR which is a negative regulator of TOR, again leading to the 

hyper-activation of TOR.  
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Tumor Necrosis Factor α or TNF α, another widely studied molecule for its mechanistic 

action in metastasis, is also involved in activation of TOR by an inhibitory phosphorylation of 

TSC 1 and 2. This leads to a persistent activation of TOR. Nutrient and insulin signalling are 

also major regulators of growth and proliferation. Canonical WNT pathway controls TOR 

signalling which is very important for maintaining homeostasis of the organism. WNT 

pathway controls cell growth, proliferation, polarity differentiation and development. WNT 

activation inhibits glycogen synthase kinase 3 β (GSK3), which in turn activates the TSC 1 

and 2 network in order to inhibit TOR signalling (Kikuchi et al., 2011).  

 

Another major function of TOR signalling is the detection of amino acids, especially Leucine 

and Arginine. Recently it has also been demonstrated that arginine controls mTOR activity in 

a TSC2-RHEB dependent manner (Carroll et al., 2016). The canonical pathway commences 

with specific amino acids which are sensed by the mammalian RAG GTPases (Laplante and 

Sabatini, 2012). RAG GTPases in mammals comprises of four proteins namely RAG A, B, C 

and D. RAG A and RAG B proteins contain a GTP domain and is activated in the presence of 

GTP. Whereas, RAG C and RAG D proteins are activated in the presence of GDP. RAG A/B 

heterodimer interacts with RAPTOR, inactivating the protein by phosphorylation, which in 

turn activates TOR. This activated version of TOR is transported from the cytosol to the 

lysosome by an unknown mechanism. The translocation and activation of TOR on the 

lysosomal surface are controlled by the interaction between the RAG A/B heterodimer and 

RAGULATOR. It is coupled to the activation of GTP loaded RHEB, but this cascade is 

activated only if the RAGULATOR protein chaperones TOR to the lysosomal surface. 

Nonetheless, other proteins have also been demonstrated to sense amino acids to respond to 

the status of the cell. Proteins like Mitogen-Activated protein kinase or MAPK3, Mammalian 

vacuolar protein sorting 34 homolog or hVPS34 and Inositol polyphosphate monokinase 

(IPMK), have been demonstrated to activate TOR by the RAS-RAGULATOR system (Lynch 

et al., 2000). 

 

Finally, in order to control lipid biogenesis, TOR signalling also acts in response to lipids to 

produce the right amount of lipids necessary for homeostasis. It has been demonstrated that 

Phosphatidic acid (PA) activates mTOR, but there are no studies that show the mechanism of 

action. On the contrary, the process of activation has been studied intensively and it has been 

shown that overexpression of Phosphatidic acid synthase (PAS) and exogenous addition of 

Phosphatidic acid (PA) activates TOR persistently. Molecular basis of this activation have 
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been emerging and preliminary studies have demonstrated that this activation might be due to 

the stabilization of TOR complex by PA (Foster, 2013). 

 

All these upstream regulators of TOR converge on several cellular processes which control 

many activities of the cell. The de-regulation of many of these pathways have been 

demonstrated to cause distinctive diseases like cancer, obesity, diabetes, hepatic steatosis, etc. 

However, it is still not completely clear how upstream elements regulate TOR. Moreover, it is 

also unknown how these cascades are prioritized by the cell. Pharmacological inhibition or 

activation of these pathways, which then converge on to TOR, will aid in discovering new 

small molecules that need not necessarily act specifically on TOR for its beneficial effects 

(Laplante and Sabatini, 2012). 

 

1.24 Cellular mechanisms controlled by TOR signalling 

 
The TOR signalling pathway is involved in activation of many signalling cascades; however, 

autophagy is one of the very few processes that TOR de-activates (i.e. inhibition of TOR 

increases autophagy). This is regulated by inhibitory phosphorylation of UNC 51 like kinase 

(ULK1) or the mammalian autophagy related gene 13 (ATG13). The phosphorylation of 

ATG13 or ULK1 is responsible for inhibition of autophagy and this machinery is initiated by 

TOR. TOR controls autophagy by inhibitory phosphorylation of DAP1 (death-associated 

protein 1) that in turn suppresses autophagy. Moreover, the activation of ATG18 by TOR has 

been extensively studied to show they increase autophagy. Although TOR signalling has been 

shown to regulate autophagy, it has also been demonstrated that TOR directly regulates 

lysosomal biogenesis. TOR phosphorylates Transcription factor EB or TFEB that prevents the 

protein from entering into the nucleus, where it activates an array of autophagy initiating 

genes (Roczniak-Ferguson et al., 2012). Nutrient sensing has a major role to play in 

autophagy. When the organism is low on nutrients, the nutrients that are already present 

recycle more efficiently. This is an evolutionary mechanism that is controlled by TOR, as the 

presence of nutrients has a major role in activation or repression of TOR signalling. In case of 

a low nutrient environment the cell represses TOR, which in turn increases autophagy for 

more efficient recycling of the available nutrients to support other cellular processes. 

 
On the other hand, TOR positively regulates energy balance. It has been demonstrated that 

TOR directly controls ATP production in the cell by controlling OXPHOS in the 

mitochondria and glycolysis, which are two major pathways involved in producing ATP. 

Firstly, there are reports proving that TOR alters OXPHOS activity by directly regulating 
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mtDNA (Villa-Ceusta et al., 2014), which is responsible for encoding major components of 

OXPHOS system or ETC. This is mediated by TOR by activating PPAR–Coactivation 

activator (PGC1α). The activation of PGC1α is responsible for increasing mitochondrial 

biogenesis (Cunningham et al., 2007). Secondly, TOR is responsible for regulation of 

glycolysis. This is carried out by the upregulation of Hypoxia inducible factor 1α or HIF1α, 

which is responsible for the activation of many genes involved in glycolysis (Cheng et al., 

2014). These transcriptional regulations are said to have intermediate factors as the presence 

of TOR in the nucleus is minimal (Sun et al., 2011). Moreover, mitochondria also participate 

in a signalling cascade that lead to inhibition of TOR activity (Schieke and Finkel, 2006). 

However, the involvement of these mitochondrial signals is still not understood. 

 

TOR also positively regulates lipid biogenesis, which is necessary for forming membranes in 

many organelles of all organisms. TOR directly activates Sterol regulatory element-binding 

protein 1 or 2 (SREBP 1 or 2), which is a major transcription factor for genes that improve 

fatty acid and cholesterol biogenesis. TOR also regulates SREPB by inhibitory 

phosphorylation of LIPIN1, which is responsible for inactivation of SREBP (Porstmann et al., 

2008). It has also been demonstrated that TOR controls adipogenesis by activation of 

Peroxisome-Proliferator-activated receptor  (PPAR) (Kim and Chen, 2004). Positive 

regulation of lipid biogenesis and TOR are closely linked because of growth regulation, as 

lipids are major building blocks in the formation of almost all membranes during the 

development of an organism.  

 

The most important role of TOR is probably the positive regulation of protein synthesis. TOR 

controls protein synthesis by controlling two different mechanisms. To begin with, TOR 

phosphorylates the EIF 4E-binding protein or 4EBP. This phosphorylation inhibits 4EBP 

from binding to the EIF4E protein, which in turn activates the protein and cap dependent 

translation of proteins. The second mechanism is regulated by phosphorylation of S6 Kinase1 

protein (S6K1), which is responsible for the activation of mRNA biogenesis, translation 

initiation and also elongation in protein translation (Wang and Proud, 2006). It is very well 

known that S6K1 regulates most parts of the translational machinery, but mechanism by 

which it coordinates most of these processes is still unclear. On the other hand, TOR regulates 

protein translation by interacting with promoter regions of RNA polymerase transcribed 

genes. This is controlled by two mechanisms; (i) TOR activates Tripartite motif containing 

protein-24 or TIF-1A. This promotes the interaction with RNA polymerase 1 or POL1 which 

increases translation (Mayer et al., 2004) and; (ii) TOR inhibits MAF1 via inhibitory 
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phosphorylation, which is a repressor of Polymerase III or POLIII. This increases the 

presence of tRNA which leads to increase in translation (Shor et al., 2010). Overall, protein 

synthesis is one of the major processes controlled by TOR as this directly corresponds to the 

growth of an organism. Figure 1.11 is a flow chart of the upstream elements that control TOR 

and the downstream signals that TOR orchestrates. 
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Figure 1.11 The TOR signalling pathway 

The diagram summarizes the upstream elements that control and TOR and the downstream 

signalling mechanisms that TOR orchestrates. 
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1.25 Role of TOR signalling in diseases 

 
In majority of cancers, it has been observed that TOR signalling is hyper activated. Activation 

of TOR is responsible for increase in glycolysis and growth of cancer cells. In many cancers, 

a mutation in P53, which is a tumor suppressor or TSC1/2 heterodimer is found to be the 

cause of the disease (Hodges et al., 2001). When TSC 1and 2 is not present to inhibit TOR, it 

is hyper-activated and leads to excessive growth. This TOR hyper-activation can also lead to 

increase in inhibitory phosphorylation of 4EBP, which in turn leads to an increase in protein 

translation. This supports the hypothesis that cancer cells need more proteins that are 

necessary to support its proliferation by cell cycle increase and metastasis. Ribosome 

biogenesis is also increased in these cases which are likely to promote metastasis by providing 

machinery for growth. Although ERK1 and S6K1 have not been shown to play a very 

important role in cancer, more studies have started emerging regarding the same. It has also 

been shown in many cases that an increase in lipid biogenesis is important for maintenance of 

cancer, especially an activation in SREBP1 (Guo et al., 2014). Another pathway that leads to 

cancer through TOR regulation is the autophagy pathway; an absolute balance in autophagy is 

necessary for maintaining homeostasis of the cell. Pharmacological inhibition of parts of this 

signalling cascade has been demonstrated to halt metastasis in many cases (Mathew et al., 

2007). 

 
Involvement of TOR in many metabolic diseases has been demonstrated, but to isolate a 

particular mechanism is very difficult as it controls an array of metabolism controlling genes. 

Fasting and feeding states in mice have been used to study these effects controlled by TOR 

(Laplante and Sabatini, 2012). They switch between the anabolic and catabolic states that are 

controlled by TOR, which in turn controls metabolism. This part of TOR signalling cascade 

has not been thoroughly studied as a full body knockout of TOR causes embryonic lethality in 

mice (Murakami et al., 2004). For overcoming these conditions, tissue specific knockout mice 

have been used and promising results have been emerging from these studies (Russell et al., 

2011).  

 
In the brain, hypothalamus is the part that maintains energy balance and it is a complex 

network of signals that responds and packages signals to TOR. In response to energy balance, 

TOR can deactivate a gene called orixigenic neuropeptide or NPX, which responds to the food 

intake by an organism (Wiczer and Thomas, 2010). This deactivation leads to intake of more 

food leading to obesity which increases the incidence of other diseases such as type 2 
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diabetes. In many studies it has been shown that conditional knockout of TOR in brain leads 

to lean mice even when fed with a high fat diet (Yang et al., 2012).  

 
One other major disease without a proper cure is type 2 diabetes, which is also said to be a 

cause of hyper-activation of TOR (Zoncu et al., 2011). Increase in TOR causes an increase in 

phosphorylation of S6K1, which is responsible for a feedback loop inhibition of insulin 

signalling leading to insulin resistance, thereby causing type 2 diabetes. As an evidence, it has 

been shown that knockout of S6K1, reduced this feedback loop and decreased insulin 

resistance (Leibowitz et al., 2008).  

 
TOR has also been shown to control muscle contraction through synthesis of specific 

proteins. In many cases, the conditional knockout of TOR in mice is said to cause myopathy. 

This is due to the loss of functionality of OXPHOS, ultimately leading to death. It has also 

been shown that through the control of PGC1α, TOR increases the accumulation of glycogen 

in muscles (Risson et al., 2009). 

 

TOR has also been shown to cause many neurodegenerative diseases like Parkinson’s, 

Alzheimer’s, Huntington’s and Amyotrophic Lateral Sclerosis. The common cause of all or 

most of these neurodegenerative diseases are protein aggregates or damaged proteins. Hyper-

activation of TOR leads to a decrease in autophagy, which causes protein aggregation as 

proteins are not recycled. Additionally, TOR activation also promotes protein synthesis, 

which increases the possibility of protein aggregation (Laplante and Sabatini, 2012). Many 

mouse models have been developed to phenocopy human diseases like Parkinson’s and 

Huntington’s which causes neurodegration and increases the presence of aggregate prone 

proteins. Pharmacological inhibition of TOR has been shown to rescue these phenotypes 

providing neuroprotection and improving clearance of these proteins. 

 

It is not very surprising that one of the many pathways that play a role in ageing is TOR. 

Although it has been demonstrated that TOR and dietary restriction produces similar increase 

in lifespan. However, it has also been demonstrated that there is no additive effect with both 

interventions; which denotes that they act in the same pathway (Blagosklonny, 2010). 

Additionally it has been demonstrated that TOR is hyper- activated in aged organisms and 

rapamycin feeding can extend the lifespan of old mice (Harrison et al., 2009). However, 

specific molecular mechanisms of these pathways are still unknown. TOR is also shown to be 

involved in many other lesser studied diseases, one of which is Nonalcoholic fatty liver 
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disease. When TOR is activated, ketogenesis and lipogenesis are increased, which causes 

accumulation of fat in the liver leading to the disease (Rinella, 2015).  

 

1.26 Pharmacological inhibitors of the TOR complex 

 
TOR was first discovered in budding yeast when the mechanism of action for rapamycin was 

investigated. Rapamycin was initially used as an anti-fungal agent and also as an 

immunosuppressant. The drug was approved by FDA as an immunosuppressant to be used 

during transplantation of organs. However, it was continually examined for its anti-

proliferative action as a valid therapy for cancer (Seto, 2012). It is still under investigation and 

rapamycin is not used in cancer trials because of its unstable chemical structure and 

insolubility in water. To overcome these limitations, many other analogs of rapamycin like; 

Temosirolimus, Everolimus and Deforolimus have been used and have been demonstrated to 

inhibit TOR. These drugs have been studied for the past decade and research has shown many 

advantages and disadvantages over rapamycin. These drugs have still not been used in human 

trials. There have also been some rapalogs discovered like 32-deoxy rapamycin or 

zotorolimus. These novel drugs have been used instead of rapamycin in many studies due to 

their chemical stability and water solubility unlike rapamycin, making them more convenient 

for human trials (Lamming et al., 2013).  

 

Even though it has been almost 20 years since TOR was discovered, there is no clear proof of 

concept of how TOR is inhibited by rapamycin. Rapamycin has also been shown to inhibit 

TOR by a completely novel mechanism as it does not bind to the kinase domain of TOR. Pre-

clinical trials have demonstrated to be anti-proliferative for some cancers. However most of 

them are resistant to rapamycin which makes it more difficult to study (Dumont and Su, 

1996). As novel inhibitors of TOR are being discovered at a very fast rate and also the 

mechanisms of action for old inhibitors are surfacing, we can be sure that more precise and 

effective drugs will be discovered in the near future. 
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1.27 Aims 

 
The ability of an organism to respond to stress progressively declines with age; therefore 

studying the process of stress adaptation can aid in understanding the mechanisms of quality 

control that fail during ageing. It has been already reported that damaged mitochondria 

accumulate with age (Lopez-Otin et al., 2013). Understanding why this happens under a stress 

condition that mimics the ageing process is beneficial to prevent or delay the onset of age 

related diseases. It has also been shown that metabolic rate increases with temperature, where 

the mitochondria play a crucial role (Scialo et al., 2015). I aimed to investigate the signalling 

mechanisms through which mitochondria regulate this adaptation. The specific aims of this 

study were; 

 

1) To ascertain if a mitochondrial ROS signal is essential for this adaptation (Chapter 3). 

2) To understand which ROS entity; either H2O2 or O2
- is involved in this process (Chapter 4).  

3) To investigate the role of mitochondrial ROS in controlling TOR signalling (Chapter 5).  

4) Can mitochondrial turnover be responsible to maintain homeostasis of an organism 

(Chapter 6)? 
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Chapter 2. Materials and methods 
 
 

2.1 Reagents 

 
All reagents used in this thesis, their providers and catalogue numbers are listed in Table 

2.1. 

 

Reagent Company Catalogue number 

Acetyl coenzyme A lithium salt Sigma A2181-100MG 

Active dried yeast 
Dutscher 

Scientific 
789093 

Adenosine 5′-diphosphate sodium salt 

(ADP) 
Sigma A2754-5X1G 

Antimycin A 
Santa Cruz 

Biotechnology 
sc-202467A 

Bovine Serum Albumin (BSA) Sigma A7906-100G 

BSA (fatty acid free) Sigma A7030-10G 

Bradford Reagent Sigma B6916-500ML 

Bromophenol Blue Sigma B0126-25G 

Chroloform Sigma 288306 

Clarity Western ECL substrate kit Biorad 170-5061 

cOmplete, Mini, EDTA-free Protease 

Inhibitor Cocktail Tablets in EASYpacks. 
Roche 4693159001 

DEPC water Qiagen 129112 

Dichlorofluorescin (H2DCF) Sigma D6883-50MG 

5,5′-Dithiobis(2-nitrobenzoic acid) Sigma D8130-5G 

D-(+)-Glucose 
Santa Cruz 

Biotechnology 
sc-211203A 

Dithiothreitol  (DTT) 
Life 

Technologies 
R0862 

Digitonin 
Santa Cruz 

Biotechnology 
sc-280675 

Dimethylsulfoxide (DMSO), sterile filtered 
Santa Cruz 

Biotechnology 
sc-359032 

Table 2.1 List of reagents 
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DNase I + DNase I Buffer  
Thermo Fisher 

Scientific 
89836 

dNTP 
Thermo Fisher 

Scientific 
18427088 

Drosophila Agar Type II 

(Apex bioresearch products) 

Dutscher 

Scientific 
789150 

D-(+)-Saccharose VWR 27480.294 

Ethanol (EtOH) 
Fisher Scientific 

UK 
E/0650DF/17 

Ethylenediaminetetraacetic acid (EDTA) Sigma EDS-100G 

Ethyleneglycol-bis(2-amino-ethylether)-

N,N,N',N'-tetracetic acid (EGTA) 
Sigma 03777-10G 

Guanidine Hydrochloride 
Santa Cruz 

Biotechnology 
sc-202637 

sn-Glycerol 3-phosphate 

bis(cyclohexylammonium) salt 
Sigma G7886-5G 

HEPES Sigma H3375-25G 

Isopropanol Sigma 190764 

Magnesium Chloride, Hexahydrate 
Santa Cruz 

Biotechnology 
sc-203126A 

Maize meal 
TRS white 

maize meal 

4767967 

 

MitoSOX 
Life 

Technologies 
M36008 

Nipagin M (methyl 4-hydroxybenzoate) Sigma H5501-500G 

Phosphate Buffered Saline (PBS) tablets Cambio MC-09-9400-100 

Phospho(enol)pyruvic acid monopotassium 

salt 
Sigma 860077-1G 

PMSF (Phenylmethanesulfonyl fluoride) Sigma P7626-1G 

Potassium cyanide (KCN) Sigma 60178-25G 

Potassium Hydroxide (KOH) Sigma 484016-1KG 

Potassium Phosphate, Monobasic (KH2PO4) 
Santa Cruz 

Biotechnology 
sc-203211A 

L-Proline Sigma P5607-25G 
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Propionic acid VWR 8.00605.1000 

Propyl gallate Sigma P3130-100G 

ProSeive EX Running Buffer  Lonza 200307 

ProSeive EX Transfer Buffer  Lonza 200309 

Random Hexamer Primer 
Thermo Fisher 

Scientific 
48190011 

RevertAid Reverse Transcriptase + 

RevertAid Reverse Transcriptase Buffer 

Thermo Fisher 

Scientific 
EP0441 

RNase Inhibitor 
Thermo Fisher 

Scientific 
EO0381 

Rotenone 
Santa Cruz 

Biotechnology 
sc-203242 

SensiFAST SYBR Hi-ROX Kit Bioline BIO-92020 

Sodium dodecyl sulfate (SDS) 
Santa Cruz 

Biotechnology 
sc-264510C 

Skimmed milk powder Sigma 70166-500G 

Sodium citrate dihydrate Sigma W302600-1KG-K 

Sodium L-ascorbate Sigma A4034-100G 

Sodium pyruvate Sigma P2256-25G 

Sodium succinate dibasic hexahydrate Sigma S9637-500G 

Soybean flour 
Santa Cruz 

Biotechnology 
sc-215897A 

TMPD (N,N,N′,N′-Tetramethyl-p-

phenylenediamine dihydrochloride) 
Sigma 87890-25G 

Treacle 
Lyle’s Black 

Treacle 
- 

Tris 
Santa Cruz 

Biotechnology 
sc-3715B 

Tris-HCl Promega H5121 

Triton X-100 Promega H5141 

Tri-reagent 
Molecular 

research centre 
TR118 

Tween 20 Sigma P9416-100ML 

Wheat germ MP biomedical 0290328805 
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2.2 Preparation of fly food 

 
The reagents shown in Table 2.2 were measured into a glass beaker and slowly added to the 

required volume of deionized water (pre-warmed to 37oC, under constant agitation with a 

magnetic stirrer) in another glass beaker.  

 

 

Weights are listed per 1000 ml of fly food 

Final concentration Dry weight Ingredient 

1 % (w/v) 10 g Drosophila agar type II 

1.5 % (w/v) 15 g D-(+)-Saccharose 

3 % (w/v) 30 g D-(+)-Glucose 

3.5 % (w/v) 35 g Active dried yeast 

1.5 % (w/v) 15 g Maize meal 

1 % (w/v) 10 g Wheat germ 

1 % (w/v) 10 g Soya flour 

3 % (w/v) 30 g Treacle 

 
 

 
 The food ingredients and water were mixed thoroughly and the yeast was allowed to ferment 

for 5 minutes before the temperature was gradually increased to approximately 85oC. The 

food mix was allowed to boil for 20 minutes before being allowed to cool to below 70oC. 

When the temperature dropped to below 70oC, propionic acid (final concentration = 0.5 % 

(w/v)) and nipagin M (made in a 10 % (w/v) stock solution in absolute EtOH; final 

concentration in food = 0.1 % (w/v)) were added. Additional deionized water was added to 

the required volume. Food was stirred continuously throughout the whole procedure. It was 

then dispensed into vials (2 ml per vial) or bottles (30 ml per bottle) and allowed to set over 

several hours before being plugged and stored at 4oC until use. Before use, food was allowed 

to warm up to room temperature for 2 hours. Food supplemented with rapamycin was 

prepared by adding 50mM stock of rapamycin dissolved in EtOH to achieve a final 

concentration of 200µM in the food. EtOH supplementation was used as a control food. Both 

rapamycin and EtOH were added after the addition of propionic acid and nipagin. 

 

 

Table 2.2 List of ingredients for preparing of fly food 
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2.3 Fly stocks and lifespan assessments 

 
 
 

 

All UAS transgenic and GAL4 driver lines were backcrossed for at least 6 generations into a 

DAH background. UAS-AOX flies have been previously described in (Fernandez-Ayala et al., 

2009). Detailed descriptions of fly stocks are shown in Table 2.3. The flies were maintained on 

standard media (1% agar, 1.5% sucrose, 3% glucose, 3.5% dried yeast, 1.5% maize, 1% wheat, 

1% soya, 3% treacle, 0.5% propionic acid, 0.1% Nipagin). The transgenes were expressed by 

crossing virgin females with the GAL4 gene, under the control of the daughterless promoter 

Fly Strain Source Details 

Dahomey Bjedov et al., 2010 Wild type flies incorporated with the 
w1118

 mutation by repeated 
backcrossing. 

w
Dah

 ; UAS-AOX
  
 

 

Fernandez-Ayala et al., 2009 Dahomey backcrossed UAS-AOX on 
2nd Chromosome. 

w
Dah

 ; daGAL4 Bloomington Drosophila 
Stock Center (BDSC) 

Dahomey backcrossed daughterless 
GAL4 driver on 3rd Chromosome 
(BDSC No: 55849). 

 
w

Dah
 ; UAS-mito-ORP1-

roGFP2 
Albrecht et al., 2011 Dahomey backcrossed 

mitochondrially targeted ROS 
reporter on 2nd Chromosome. 

w
Dah

 ; UAS-mtCatalse Mockett et al., 2010 Dahomey backcrossed 
mitochondrially targeted catalase on 
2nd Chromosome. 

w
Dah

 ; UAS-Sod2 Bloomington Drosophila 
Stock Center (BDSC) 

Dahomey backcrossed Sod2 
overexpressors on 2nd Chromosome 
(BDSC No: 24494). 

 

w
Dah

  ; TubGS Neretti  et al., 2009 Dahomey backcrossed Tubulin 
GAL4/GeneSwitch driver on 3rd 
Chromosome. 

w
Dah

  ; UAS-Pink1 Park et al., 2009 Dahomey backcrossed Pink1 
overexpressors on 3rd Chromosome. 

w
Dah

  ; UAS-Parkin Park et al., 2009 Dahomey backcrossed Parkin 
overexpressors on 3rd Chromosome. 

Table 2.3 List of fly stocks 
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with males containing the UAS-Transgene construct. In order to induce gene expression using 

tubulin-Gene Switch-Gal4 an appropriate amount of Mifepristone (RU-486) stock solution (or 

the same amount of ethanol) was added to produce a final concentration of 200 M in the 

standard food. With the help of this system I was able to temporally modulate the expression of 

the transgene or the knockdown by changing the concentration of the drug in the food. 

Additionally since this expression system is inducible, I was able to avoid any developmental 

phenotypes that might be caused by the GAL4 system. We have made use of the ubiquitous 

daGAL4 expression system or tubulin-Gene Switch-Gal4 for expression in all the flies used in 

subsequent experiments. Controls were obtained by crossing males containing the transgene 

constructs, with Dahomey virgin flies for the daughterless promoter crosses. Only female flies 

were used in this study. 24 hours after eclosion the flies were anesthetized on CO2 and collected 

to vials with standard fly food at a density of 20 flies per vial. The flies were then maintained at 

29oC in a light: dark cycle controlled incubator for further experiments. For flies used for 

lifespan experiments, flies were changed to new vials every 2-3 days and the number of dead 

flies was scored. Lifespan experiments were performed with a minimum of 80 flies and repeated 

at least twice. For lifespan experiments in hypoxia and hyperoxia, 20 flies per vial were 

maintained at oxygen levels of 5% and 50%, respectively, at 25°C. Flies in hypoxia and 

hyperoxia were changed to new vials once in 7 days and 4 days respectively to avoid detrimental 

effects of rapid reoxygenation.  The median and maximum lifespan (the last 10% of surviving 

flies) were calculated for each experiment. Adult flies, developed at 25oC and aged at 29oC for 

approximately 10 days were used for all the experiments, unless otherwise stated.  

 

2.4 Quantitative real time PCR 

 
RNA extraction 
 
For complete RNA extraction, a total of 10 flies were anesthetized on ice in a tube and 

immediately frozen at -80oC. The frozen flies were ground completely using a plastic 

homogenizer in 50µl of Tri-Reagent (Molecular Research Center Inc, Ohio, USA), and then after 

grinding another 450µl of Tri-Reagent was added to the vial. The homogenates were then 

incubated at room temperature, for 5 minutes. After which, 100 µl of pure chloroform was added 

and the samples were vortexed thoroughly, followed by incubation at room temperature for 2-3 

minutes, before centrifuging for 15 minutes at 12000g at 4 oC.  

 
The upper aqueous phase obtained was transferred to a new tube, and then 500µl of isopropanol 

was added. RNA was precipitated at room temperature for 10 minutes, and then followed by 
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centrifugation.  The obtained pellet was thoroughly washed by adding 1ml of DEPC water with 

75% ethanol. Washing was followed by vortexing the mix, and then centrifuging at 7500g at 4oC 

for 5 minutes. After centrifugation, the ethanol mix was completely removed by using 0.5mm 

needle for suction.  

 
The pellet was then air dried for 5-10 minutes at room temperature. After this, the RNA pellet 

was re-suspended with 89µl of DEPC treated water, and then subsequently treated with DNaseI 

(FERMENTAS INC., Maryland, USA) and DNaseI buffer (FERMENTAS INC., 

Maryland,USA) 1µl and 10µl respectively in a total volume of 100µl in order to remove any 

DNA contamination. Further, the samples were incubated at 37oC for approximately 1 hour.  

 
Ethanol precipitation of the DNaseI treated samples was followed after that. The RNA was 

precipitated by adding 1/10 volumes of 3M Sodium Acetate pH 5.2 and 2.5 volumes of 95% 

ethanol in DEPC treated water. The samples were incubated at -20°C for a minimum of 30 

minutes up to 1 hour. Then, the samples were centrifuged at 16000g for 20 minutes at 4oC. The 

supernatant was removed by using a vacuum needle followed by washing with 1ml of 75% 

ethanol in DEPC-Water. The step was repeated to ensure proper washing. The pellet was left to 

dry at room temperature for 5 minutes, and then re-suspended with, 10µl of DEPC water. The 

RNA concentration was then measured using a Nano-Drop 2000c (Thermo Scientific, 

Wilmington, USA) apparatus, and adjusted to around 1µg/µl, and then stored at -80oC for cDNA 

synthesis. 

 

cDNA Synthesis 
 
For each cDNA sample prepared, a triplicate was made, and then pooled together for complete 

cDNA synthesis. Each synthesis reaction has a final volume of 20 µl, and a total of 2μg of RNA 

sample. All the following reactions were performed in a 96 well 0.2 ml plate. 2µl of the RNA 

sample was added to the corresponding reaction well, containing 9.6µl of DEPC water, 1µl of 

10mM dNTP and 0.4µl of random hexamers. The mixed samples were then incubated in a 

thermal cycler at 90oC for 3 minutes. After incubation, the samples were added with 4µl of 5X 

reverse transcriptase buffer and 1µl of RNase inhibitor. The samples were then incubated for 10 

minutes at 25oC. Finally 2µl of Reverse transcriptase was added to each individual reaction mix.  

 
The samples were then, again incubated in a stepwise manner in a programmed cycle of 25oC for 

10 minutes, 37oC for 60 minutes and 70oC for 10 minutes. All the triplicated samples were 

pooled in a single tube and then, the cDNA was stored at -20oC. 
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qPCR-Standard curve method 
 
The “primer 3” primer design software was used to design the best primer for each specific gene. 

The cDNA samples were thawed. A stock was prepared by pooling together 5µl of all the 

prepared cDNA samples. 20 µl of the stock is then diluted in 80µl of nucleic acid free water 

(FERMENTAS INC., Maryland, USA), and then serial diluted to three other concentrations, 

namely 1, 1:10, 1:100 and 1:1000, making four standard dilutions in total. The stock was 

prepared in order to determine the standard curve and to be sure that, all the gene amplifications 

fall inside the standard curve. Samples were diluted 20 times. All the standards and samples were 

added in triplicates in the 96 well plates and then stored for further use. 

 
The reaction mix contains 10µl of SENSI FAST enzyme (Bioline, Taunton, USA), 0.4µl of 

forward and reverse primer and 5.2 µl of Nuclease free water. The total adds upto 16µl of the 

reaction mix in the well. I have used fast optical 96 well plates (Applied Biosystems, San 

Francisco, USA) for qPCR. Then 4µl of samples and standards were pipetted into the reaction 

mix, making the reaction volume to 20µl. The reaction mix and the samples were thoroughly 

mixed. The plate was then sealed with optical clear cover and subjected for a short spin. The 

plate was placed in a StepOne, qPCR machine (Applied Biosystems, San Francisco, USA) and 

then, the cycle involving 95 oC for 5s, 60oC for 10s and then finally 72oC for 5s was initiated. 

This cycle is a repeated upto 45 times for the valid quantification. The values were quantified by 

StepOne v2.1 software (Applied Biosciences, San Mateo, USA). All the samples used for 

quantifications with different primers were also used for quantification with Gapdh primers for 

Gapdh (CG12055). These values were then used for normalization from the values obtained 

from other primers.  A list of all primers used in this thesis is given in Table 2.4. 
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Gene/Primer Name Primer Sequence 

16s Forward  5’ - TTCGTCCAACCATTCATTCC - 3’ 

16s Reverse  5’ - TCTAACCTGCCCACTGAAAA - 3’ 

Catalase Forward 5’ - TGATTCCTGTGGGCAAAATG - 3’ 

Catalase Reverse 5’ - CAGACGACCATGCAGCATCT - 3’ 

Co1 Forward 5’ - GGAGGATTACCTTTTTTAGG - 3’ 

Co1 Reverse 5’ - CCTGGAGCATTAATTGGAGATG - 3’ 

Cytb Forward 5’ - AAATTCCGAGGGATTCAATTTT - 3’ 

Cytb Reverse 5’ - TCAACTGGTCGAGCTCCAAT - 3’ 

Delg Forward 5’ - CAGCCAGAAGAGTTCCTCCA - 3’ 

Delg Reverse 5’ - CTCGGGTATCTTCAGGCGTA - 3’ 

Dj-1 beta Forward 5’ - GGGAAATCCCTCACCTCGTAT - 3’ 

Dj-1 beta Reverse 5’ - TTTTGAGGGCGAACTCGTAG - 3’ 

Gapdh Forward 5’ - GACGAAATCAAGGCTAAGGTCG - 3’ 

Gapdh Reverse 5’ - AATGGGTGTCGCTGAAGAAGTC - 3’ 

Glyoxalase Forward 5’ - GTCACCTCAATGGTGGCCTTG - 3’ 

Glyoxalase Reverse 5’ - GCCAAGTTCTCGCTGTACTTTC - 3’ 

Hsp22 Forward 5’ - CCTTTCACGCCTTCTTCCAC - 3’ 

Hsp22 Reverse 5’ - TAGCCATCCTTGTTGACGGT - 3’ 

Hsp60 Forward 5’ - ATGTTCCGTTTGCCAGTTTC - 3’ 

Hsp60 Reverse 5’ - GATCACATTGCGACCCTTG - 3’ 

Hsp70 Forward 5’ - ACTCACACACAATGCCTGCT - 3’ 

Hsp70 Reverse 5’ - TAGACACCCACGCAGGAGTA - 3’ 

Impl3 Forward 5’ - CGGGATTGGACACCATAAGC - 3’ 

Impl3 Reverse 5’ - GCAACACCGACATCCTCAAG - 3’ 

ND1 Forward 5’ - TTGAGAAAGCTGCCTCCCTA - 3’ 

ND1 Reverse 5’ - CACCACCAACGACAACAAAG - 3’ 

Parkin Forward 5’ - GATACGTGTTCTGCCGCAAT - 3’ 

Parkin Reverse CTGCATTTTGGACAGGGCTT - 3’ 

Pink1 Forward 5’ - GCCGCAATATGTCGCTGTAT - 3’ 

Pink1 Reverse 5’ - ATCGTCCTGCAGCTCGATTA - 3’ 

PxGPx Forward 5’ - AGGTGTTCGCCAAGGTAAGAC - 3’ 

Table 2.4 List of Primers 
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PxGPx Reverse 5’ - GGTCTGCTTGGCCTTTAGGTA - 3’ 

Rpl32 Forward 5’ - AGCATACAGGCCCAAGATCGTGAAGAA - 3’ 

Rpl32 Reverse 5’ - CACGTTGTGCACCAGGAACTTCTTGAA - 3’ 

Sdhb Forward 5’ - CATCAACACCTCCAAGTCGC - 3’ 

Sdhb Reverse 5’ - ACAGCATGCACTCGTACAGG - 3’ 

Sod Forward 5’ - GAACTCGTGCACGTGGAATC - 3’ 

Sod Reverse 5’ - GGTGGTTAAAGCTGTCTGCGT - 3’ 

Sod2 Forward 5’ - GTCTGGTGGTGCTTCTGGTG - 3’ 

Sod2 Reverse 5’ - GCCCGTAAAATTTCGCAAAC - 3’ 

Spargel Forward 5’ - AAACTGAGGATCCTGGCACA - 3’ 

Spargel Reverse 5’ - CGCTTTGGATGCTGGCTATT - 3’ 

 

2.5 Western blot analysis 

 
Protein extraction 
 
Around 10 flies were anesthetised with CO2 and stored at -80oC in a tube. Frozen flies or fresh 

flies were then grinded using a sterile plastic homogenizer, in a homogenizing buffer (1,5% 

Triton X-100, 1 tablet of pre-made complete mini EDTA-free protease inhibitor and 1 tablet of 

available phosphatase inhibitor (Roche Diagnostics, Mannheim, Germany), dissolved in 1 X 

PBS. After crushing the flies, they were incubated on ice for around 10 minutes, to let the 

protease inhibitor work. The samples were then subjected to centrifugation for 15 minutes at 

13000g at 4oC. Following this, the supernatant or the total fly extract was transferred to a new 

tube.  

 

SDS-PAGE 
 
The protein concentration of the samples was measured using a Bradford Assay. The samples 

were diluted up to 35 µg of protein in each sample with required amount of sterilized water and 

Sample buffer (40% v/v of Glycerol, 8% v/v SDS, 25% v/v 1M Tris-HCL pH 6.8 and 

Bromophenol blue slurry 0.015%). 8ml of sterilized water is added along with 20% v/v of 1M 

dithiothreitol (DTT) just before using. The diluted samples were then heated on a heating block 

at 100oC for a minimum of 5 minutes and then moved to ice.  

 
The electrophoresis tank was filled with 1X Running buffer diluted from 10 X Running buffer 

(Lonza, Basel, Switzerland). A readymade gel from Bio-Rad (AnyKD, Criterion TGX, Marnes-

la-Coquette, France) was used. The protein ladders were filled with volume of 3µl at one end 
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and 7µl at the other. 25µl of the samples were added in each well accordingly. The tank was 

subjected to a voltage of 130 V until the proteins have migrated into the gel. The voltage was 

then increased to 150 V and run for approximately 40 minutes or until the proteins have migrated 

till the end of the gel. The gel was then removed from its casing and then soaked in the running 

buffer until further use. 

 

Blotting 
 
Two techniques were used for transfer of proteins to a nitrocellulose membrane. I) Dry Blotting 

and II) Wet Blotting. 

 
Dry blotting device, iBlot Dry Blotting System (Invitrogen, New York, USA) was used for dry 

blotting. The recommended kit, iBlot gel transfer stacks (Invitrogen, New York, USA) were 

used. They were placed in the recommended order, and the blot was run at 20 V for a span of 6 

minutes. After completion, the membrane was carefully transferred to a bath of 1X PBS. For 

Wet blotting the tank was filled with 1X blotting buffer diluted from 10 X Western Blot 

transfer buffer (Lonza, Basel, Switzerland).  The sandwich was then packed in the proper order 

and the blot was started. The blotting was done at 40V at room temperature for approximately 

1 hour. After the run was complete, the sandwich was unpacked and then, the membrane was 

carefully transferred to a bath containing 1 X PBS solution. 

 

Immunodetection 
 
After transfer, the membranes were washed throughly with 1X PBS and then stained with 

Ponceau S (0.1 % w/v Ponceau S in 5% v/v acetic acid, made upto 1 litre with double distilled 

water) for a few seconds, to verify the complete transfer of proteins to the membranes. The 

membranes are washed throughly to remove the stain, with water or 1X PBS. The mebranes 

were then subjected to blocking in 5% Milk, dissolved in 1X PBS-Tween for 1 hour, with 

continous shaking. Different dilutions of primary antibodies with the appropriate secondary 

antibodies were used, which were also diluted in  5% Milk in 1X PBS-Tween. The conditions 

and manufacturer information for all the anitbodies used are described in detail in the Table 

2.5 below.  

 

The membranes were incubated in the primary antibody in 5% Milk, dissolved in 1X PBS-

Tween overnight at 4oC. After the incubation, the membranes were washed again with 1X 

PBS-Tween and incubated in the appropriate secondary antibody complementary to the 

primary for 1 hour at room temperature. The membranes were then washed repeatedly with 
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1X PBS-Tween and then, finally washed with PBS. For exposing the membranes or detection 

of the antibody, they were treated with substrate solutions Luminol enhancer and Immuno 

Star HRP peroxide buffer (Bio-Rad, Marnes-la-Coquette, France) in the ratio 1:1. The 

membranes were exposed using a Kodak Biomax hypercasette and developed using a AGFA 

developer (AGFA, Mortel, Belgium). Fuji Medical X-Ray films (FUJIFILM, Tokyo, Japan) 

were used for developing. The images were quantified using ImageJ (La Jola, California). 

 

 

 

Antibody Company Catalogue # Dilution 

4E-BP Cell Signaling  9452 1:250 

AKT Cell Signalling 9272 1:1000 

AMPK Cell Signalling 2757 1:1000 

AOX Prof Howy Jacobs, Finland Fernandez-Ayala 

et al., 2009 

1:100,000 

FOXO Cell Signalling 12829 1:1000 

GAPDH Everest Biotech EB07069 1:30000 

p4E-BP (Thr 

37/46) 

Cell Signaling 3929 1:250 

pAKT (Ser 473) Cell Signalling 4060 1:1000 

pAMPK (Thr 

172) 

Cell Signalling 2535 1:1000 

Parkin Sigma-Aldrich SAB1300355 1:2000 

pFOXO (Ser 

253) 

Cell Signalling 9466 1:100 

PINK1/PARK6 Sigma-Aldrich SAB1300802 1:500 

pS6K (Thr 389) Cell Signalling 9206 1:1000 

Ref(2)P Abcam ab178440 1:100 

S6K Santa Cruz sc-230 1:250 

Sestrin Dr. Michael Karin lab, San Diego Lee et al., 2010 1:2500 

Ubiquitin Cell Signaling 3936 1:1000 

Lamp1 Abcam Ab24170 1:1000 

Anti-Rabbit Vector Laboratories PI-1000 1:10000 

Anti-Mouse Vector Laboratories PI-2000 1:10000 

Table 2.5 List of Antibodies 
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2.6 Isolation of mitochondria 

 
Around 40 flies were immobilized by placing on ice and then transferred to a chilled mortar. 

The number of flies used were similar for all the experiments involving the use of isolated 

mitochondria. 1 ml of ice-cold mitochondria isolation medium with BSA (250mM sucrose, 

5mM Tris-HCL, 2mM EGTA, 0.1% w/v of BSA) was added. Then, the flies were crushed 

using a pestle very carefully. The homogenate was filtered using a 200µm polyamide mesh. 

Another 1ml of the mitochondria isolation medium with BSA was added on top of the mesh. 

Homogenate was transferred to a tube and centrifuged at, 200g for 5 minutes at 4oC.  

 
Supernatant was collected and centrifuged at 9000g for 10 minutes at 4oC. The obtained pellet 

was then resuspended in 50µl  of isolation buffer without BSA (250mM sucrose, 5mM Tris-

HCL, 2mM EGTA). The protein concentration of sample was calculated by Bradford’s Assay. 

After which the mitochondria were stored at -80oC for a few experiments. For other experiments 

fresh mitochondria were used.  

 

2.7 Mitochondrial oxygen consumption measurements 

 
Around 20 flies were transferred to a chilled mortar, and then, 500µl of isolation buffer without 

BSA (250mM sucrose, 5mM Tris-HCL, 2mM EGTA) was added. The flies were crunched to a 

certain extent, being extra careful not to break the mitochondrial membrane. This was done to 

avoid misleading respiration measurements. The homogenate was transferred on top of a 200µm 

polyamide net and collected in a beaker and transferred to a tube. Additional 500µl of isolation 

buffer without BSA was added on top of the net. All the extracts were carefully removed and 

transferred to a tube. This sample was immediately used for the oxygen consumption 

measurements. 

 
Mitochondrial oxygen consumption from the homogenates was measured by high resolution 

respirometry, using an Oxygraph 2-K (Oroborous instruments, Innsbruck, Austria). Prior to the 

measurements, the chambers were thoroughly cleaned with 70% Ethanol and distilled water to 

remove any kind of contamination. Exactly 50µl of the fly homogenate was added in each 

chamber already filled with 1.95ml of assay buffer with BSA (120mM KCl, 5mM KH2PO4, 

3mM Hepes, 1mM EGTA,1mM MgCl2, 0.2% w/v BSA and calibrated to pH 7.2 at 25oC) and 

chambers were closed. All complexes in the ETC were considered for measurements. To begin 

with, Complex I linked substrates, namely; 5µl of 2M pyruvate+5µl of 2M proline and 4µl of 

0.5M ADP were added. In order to study respiration without the participation of respiratory 
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Complex I, 1l of 1mM rotenone was added. After which 30 µl of 1.3M Glycerol-3-Phosphate 

was added to analyse Complex III+IV activities and then Complex III was inhibited by 1µl of 

5mM Antimycin A. After the reaction was completely blocked, Complex IV substrates 

Ascorbate (0.8M) and TMPD (0.2M) were added in the respective volumes of, 5µl and 4µl. The 

whole reaction was inhibited by 2µl of 1M Potassium Cyanide.  

 
Individual HAMILTON GASTIGHT syringes (Hamilton Bonaduz AG, Bonaduz, Switzerland) 

were used for all substrates and inhibitors. Respiration rates were measured by taking into 

account the stable rates produced after the addition of substrates i.e. Pyruvate+Proline+ADP, 

G3P and Ascorbate+TMPD. Respiration rates after the addition of KCN was also tabulated. 

Pruvate+Proline+ADP dependent respiration was tabulated as CI-linked respiration, G3P 

dependent respiration was tabulated as CIII-linked respiration and the Ascorbate+TMPD 

respiration minus the respiration after the addition of KCN was tabulated as  

CIV-linked respiration. Respiration was measured as the stable rate produced, after the addition 

of substrate and the addition of specific inhibitors.  The protein concentrations of the previously 

extracted samples were measured by Bradford’s Assay. The concentrations obtained, were used 

to normalize the previously obtained respiration rates, and the data were tabulated. The data were 

then further normalized to the amount of mitochondria calculated by the citrate synthase assay 

described in Chapter 2.13. 

 

2.8 Mitochondrial ROS production 

 
Around 40 flies were stunned on ice and used for the isolation of mitochondria as described 

before. The mitochondria were immediately placed on ice after the extraction. The protein 

concentration of the samples was measured by Bradford assay. The volumes to be added were 

calculated so that it was made upto 0.5 mg/ml concentration in 100µl final volume of the 

wells. 

 
The buffer was prepared containing 50µl of 10mM of commercially available Amplex red 

(Invitrogen, Oregon , USA) stock solution, 100µl of 10 mM Horse Radish Peroxidase  

(Invitrogen, Oregon , USA) stock solution and 80µl of 6250 U/ml SOD stock solution 

(Sigma-Aldrich, Buchs, Switzerland). The whole mix was made upto 10 ml by filling up the 

rest of the volume by assay buffer with BSA (120mM KCL, 5mM KH2PO4, 3mM Hepes, 1mM 

EGTA,1mM MgCl2, 0.2% w/v BSA and calibrated to pH 7.2 at 25oC). The prepared 100 µl 

volume of buffer was always stored on ice. In each well appropriate amount of buffer was 

added, considering the amount of substrates, inhibitors and mitochondria to be added. 
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Initially, the mitochondria were added in all the required wells, and then, all the inhibitors 

were added according to specific final concentrations. The appropriate substrates (Table 2.5) 

were added in the wells just before the measurements, to validate the immediate reaction 

response.  

 

 

 

Reaction Solutions Final Concentration Volume Used 

Substrates   

Pyruvate+Proline 5mM 2µl 

Inhibitors   

Oligomycin 1µg/µl 2 µl 

 
 

A total of 9 experiments were performed. A blank without mitochondria but with all the other 

components of the reaction was used as negative control. The experiments are as follows: (1) 

mitochondria; (2) mitochondria with oligomycin (used as a blank for the experimental 

samples); (3) mitochondria +  pyruvate+proline (experimental samples). 

 

All of the above mentioned reactions were conducted in separate wells and considered as 

individual experiments. Mitochondrial concentration was added in equal concentrations for all 

reactions, according to the calcuations initially made. The susbstrates and the inhibitors 

volumes used, are mentioned in the Table 2.5 . The reaction plate, containing all the reactions, 

was measured in kinetic mode in a Chameleon V plate reader (Hidex, Turku, Finland) for a 

span of 30 minutes. During the whole measurement, the temperature was maintained at 25oC, 

and the wavelength was set to 530nm excitation and 595nm emission. The reaction was 

stopped after 30 minutes approximately, and the calculations for ROS production were done 

using the slope of the increase in fluorescence.  

 

Appropriate experiments were also performed to obtain standard curves, to measure the 

concentration of ROS subsequentially. The standard curve for calculating the units of 

flourescence produced was prepared using  glucose oxidase enzyme. A glucose oxidase stock 

was prepared by adding 0.04 U/ml in water. A solution of glucose (280mM) was also 

prepared for each reaction. Appropriate volumes of the assay buffer were added to each wells 

to make it up to 100µM final reaction volume in each well, with different volumes of glucose 

Table 2.6 Concentration and final volume of substrates and inhibitors 
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oxidase namely; 0.5,10,15,20,25 µl. The stock of the glucose oxidase was diluted upto 1:1000 

times in water before adding it to the wells. Then, the reaction was started by adding 5µl of 

280mM glucose to complete the reaction volume. The flourescence was then measured using 

the same conditions as used for the ROS measurements for the standard curve. The standard 

curve values were then plotted and the ROS measurements for the samples were plotted 

against the standard curve to obtain relative flourescence units. 

 

2.9 CAFE assay 

 
The flies were aged for 7 days at 29oC, before using them for the experiments. To begin with, 

around 10 tubes per fly group were taken. The tubes were then punched with holes on the top 

and the sides, sufficient for the capillary to fit and for air circulation. 10 tubes with 1 fly each 

was considered as one experiment and experiments were repeated at least 4 times. The flies 

were then anesthetized on CO2 and then transferred to a 1.5 ml tube. The capillaries were then 

filled with CAFE assay food containing, 5% sucrose and 5% yeast extract. After which, the 

capillaries were fit inside the holes in the tube with the flies. The whole container, in which all 

the tubes were placed, was also filled with a small amount of water to maintain equilibrium in 

humidity. The quantification of actual ingestion of food by the flies was done by putting a 

known amount of food in the capillaries, and then measuring the variations every 24 hours. 

The evaporation of the food was controlled by measuring the capillaries in the tubes without 

flies. The analysis was carried out for around 120 hours. The whole set up was placed at 29oC 

for the required measurements. 

 

2.10 Activity of flies 

 
Around 40 flies were anesthethised on CO2 and put in separate capillaries with standard fly 

food (1% agar, 1.5% sucrose, 3% glucose, dried yeast, 1.5% maize, 1% wheat, 1% soya, 3% 

treacle, 0.5% propionic acid, 0.1% Nipagin).   

 

The capilarries were plugged at one end with rubber cork, and other end with a sponge to 

allow the inlet of air. The locomotion activity of the flies was measured using a Digitherm 

Circ Kinetics monitoring incubator (Tritech Research, Los Angeles, USA). The analysis 

temperature was maintained at 29oC and a 12 hour alternative light and dark cycle was set. 

The capillaries with fly food and the flies were connected to a monitoring device. The number 

of times the fly crossed the center of the capillary was monitored by an in-built sensor. The 

readings were integrated by using TriKinetics software. The average locomotor activity of 40 
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flies every 30 minutes, were combined and calculated for statistical analysis. The total 

analysis was done over a time span of 96 hours.  

 

2.11 Weighing of the flies 

 
Around 10 flies were anesthetized by CO2 and then transfered into a tube. The weight of the 

tube was normalized and the weight of the flies was calculated. The experiments were 

performed 10 times. 

 

2.12 AMP, ADP and ATP measurements 

 
20 female flies were put to sleep in a tube on ice. Abdomens were removed then the heads and 

thoraxes were transferred to a tube and placed on ice. The samples were then washed by 

pipetting in sterile PBS to remove any remaining eggs or food particulates. PBS was removed 

and replaced with 100 µl of homogenization buffer (6M Guanidine-HCl, 100 mM Tris pH 

7.8, 4 mM EDTA). Flies were homogenized using a motor pestle and homogenates were 

cleared by centrifugation (4oC, 16,000 x g, 20 minutes). 80 µl of supernatant was taken and 

protein concentration was determined via Bradford assay. 25 µl of undiluted sample was used 

for AMP determination with the AMP-Glo assay kit (#V5011; Promega, USA), according to 

the manufacturer's protocol, with slight modifications. Briefly, 25 µl sample or AMP standard 

was pipetted into a well of a white 96-well plate and 25 µl AMP-Glo reagent was added, 

mixed by pipetting and allowed to incubate at room temperature for 1 hour. Following which, 

50 µl of AMP detection solution was added and the plate was incubated at room temperature 

for 10 minutes before measurement. Following AMP determination, the samples were used 

for ADP detection with the ADP-Glo Kinase assay kit (#V6930; Promega, USA), according 

to the manufacturer's protocol, with slight modifications. Briefly, 25 µl sample or ADP 

standard was pipetted into a well of a white 96-well plate and 25 µl ADP-Glo reagent was 

added, mixed by pipetting and allowed to incubate at room temperature for 1 hour. Following 

which 50 µl of Kinase detection reagent was added and the plate was incubated at room 

temperature for 1hour before measurement. Following ADP determination, the remaining 

sample volume was diluted 10 times in dH2O for ATP determination using the luciferase-

based the ATP determination kit (#A22066; Invitrogen, UK) as per the manufacturer's 

instructions. All measurements were done using a FLOUstar OMEGA microplate reader 

(BMG Labtech, Germany). Both assays and standards were measured in duplicate and 

nucleotide concentration was determined through interpolation with a standard curve. 
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2.13 Mitochondrial density measurements via the citrate synthase assay 

 
Approximately 40-60 flies were immobilised on ice and then transferred to a chilled mortar. 

Alternatively samples prepared to measure respiration were used. The flies were homogenised 

in 500 µl of ice-cold mitochondria isolation medium (250 mM sucrose, 5 mM Tris-HCl, 2 

mM EGTA), and the homogenate was filtered through cheesecloth. Then, an additional 500 µl 

of the mitochondria isolation medium containing 1 mM DTT was added, and the samples 

were frozen at -80°C overnight. Next, the samples were defrosted, and 50 µl of the whole 

homogenate sample was diluted 1:5 in mitochondria isolation medium containing 1 mM 

PMSF. The remainder of the whole homogenate sample was used to isolate mitochondria as 

described above. The isolated mitochondria were then diluted 1:4 in mitochondria isolation 

buffer containing 1 mM PMSF. Measurements were performed in a 96-well plate, in which 

182 µl of reaction buffer (100 mM Tris-HCl (pH 7.5) and 2.5 mM EDTA), 2 µl of 30 mM 

acetyl-CoA and 2 µl of 10 mM DTNB were added to each well. Finally, the samples (either the 

whole homogenate or isolated mitochondria) were added. The reaction was initiated by adding 

10 µl of 10 mM oxaloacetate (OAA), and the linear increase in absorbance at 412 nm was 

followed for 20 minutes using a PerkinElmer EnVision 2104 plate reader (PerkinElmer, 

Waltham, USA). Blanks were made from the same samples without the addition of OAA and 

then measured. Triplicates of all samples were used. Mitochondrial density was calculated by 

dividing the specific citrate synthase activity measured in the whole-fly homogenates by the 

specific citrate synthase activity measured in isolated mitochondria.  

 

2.14 Analysis of protein oxidative damage markers by mass spectrometry 

 
The following experiment was done in the laboratory of Prof Reinland Pamplona, Universitat 

de Lleida, Lleida, Spain. The levels of markers of protein oxidation [the protein carbonyl 

aminoadipic semialdehyde (AASA)], glycoxidation carboxymethyl-lysine (CML)], and 

lipoxidation [malondialdehydelysine (MDAL)] were determined by gas chromatography/mass 

spectrometry (GC/MS). The trifluoroacetic acid methyl ester derivatives of these markers 

were measured in acid-hydrolyzed, delipidated and reduced protein samples using an isotope 

dilution method as previously described (Sanz et al., 2010) with an HP6890 Series II gas 

chromatograph (Agilent), a MSD5973A Series and a 7683 Series automatic injector, an HP-

5MS column (30-m × 0.25-mm × 0.25-μm), and the described temperature program (Sanz et 

al., 2010). Quantification was performed by external standardization using standard curves 

constructed from mixtures of deuterated and nondeuterated standards. Analyses were carried 
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out by selected ion-monitoring GC/MS (SIM-GC/MS). The ions used were: lysine and [2H8] 

lysine, m∕z 180 and 187, respectively; 6-hydroxy-2-aminocaproic acid and [2H4]6-hydroxy-2-

aminocaproic acid (stable derivatives of AASA), m∕z 294 and 298, respectively; CML and 

[2H4] CML, m∕z 392 and 396, respectively; and MDAL and [2H8] MDAL, m∕z 474 and 482, 

respectively. The amounts of product were expressed as the μ molar ratio per mol of lysine.  

 

2.15 Measurement of ROS in Drosophila brains 

 
Approximately 20-40 adult flies were immobilized on ice. The immobilized flies were then 

transferred to a piece of aluminium foil placed on ice to keep them immobilized. The flies of 

the same genotype were used one by one for dissection. Using fine forceps the flies were 

lifted by its wings to avoid any damage. The flies were then dipped in 70% EtOH for 15 

seconds to remove any lipids that might interfere with the dissections. The cleaned flies were 

then transferred to a glass dissecting well filled with 1X PBS. The brain of the fly was 

carefully dissected without causing any physical damage to avoid improper measurements. 

All the dissections were done under a light microscope. Following dissection, fly brains were 

transferred to a tube containing either in MitoSOX or H2DCF using a Pasteur pipette. 

Experiments were done earlier to optimize the concentrations of MitoSOX or H2DCF. 30 μM 

final concentration of either MitoSOX or H2DCF was used to detect superoxide levels in the 

mitochondrial matrix or total cellular peroxide levels respectively. The fly brains were 

incubated for 10 minutes and then MitoSOX or H2DCF was removed and replaced with 1X 

PBS. The washing with 1X PBS was repeated 3 times. The fly brains were then immediately 

mounted on a Poly-Lysine coated dish and used for imaging. Images were acquired using an 

LSM510 confocal microscope (Zeiss, Jena, Germany) equipped with a 10x 0.3 NA objective 

as Z stacks throughout the sample using either a 543 nm or 488 nm line of an Argon laser to 

excite MitoSOX or H2DCF, respectively. For in vivo ROS imaging using mtORP1-roGFP 

reporter lines (Albrecht et al., 2011), whole flies containing the reporter and driver, along 

with any other indicated constructs were put to sleep on ice before being dissected and imaged 

under Ex. 488 (reduced) or 405 (oxidized) nm/Em. 510 nm. The total intensity of each 

individual brain imaged was quantified using ImageJ (La Jola, California). 
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2.16 Lysotracker staining of Drosophila brains 

 

Adult brains were dissected as described in the previous section. An optimized concentration 

of 30 μM was used for the Lysotracker Red staining (Molecular Probes, Eugene, USA).    

Incubations and washings were similar to the previous section. Images were acquired using an 

LSM510 confocal microscope (Zeiss, Jena, Germany) equipped with a 10x 0.3 NA objective 

as Z stacks throughout the sample using 400nm line of an Argon laser to excite Lysotracker 

Red. The total intensity of each individual brain imaged was quantified using ImageJ (La Jola, 

California). 

 

2.17 Proteasome assay 

 

Around 5 flies for 20S Proteasome and 15 flies for 26S proteasome were homogenized in the 

respective homogenizing buffers containing, 0.5% Triton X-100, 250mM NaCl, 3mM EDTA, 

3mM EGTA and 20mM Tris pH 7,55 for 20S and 0.2% IGEPAL, 5mM ATP, 10% Glycerol, 

20mM KCl, 1mM EDTA, 1mM DTT and 20mM Tris pH 7,55 for 26S. After homogenization 

the samples were cleared by centrifugation at maximum speed for 15 minutes at 4oC. The 

samples were filtered and the supernatant was collected. The protein concentration of the 

samples was measured by Bradford assay. 180 µl and 170µl of assay buffer for each reaction 

containing 25mM Tris pH 7.55 and 25µM Suc-LLVY-AMC, 40µM Boc-LRR-AMC and 

100µM Z-LLE-AMC were used for measuring Chymotrypsin-like, Trypsin-Like and Caspase-

like activity respectively. 20µl and 30µl of the samples were used for 20S and 26S respectively. 

The assays were done in a black 96 well plate and measured at wavelength, excitation 380nm 

and emission 460nm for 30 minutes. The kinetics was stopped and 2µl of 2mM z-leu-leu-leu-al 

was added to each reaction to inhibit the proteasome and then measured again at the same 

wavelength, as mentioned above for another 30 minutes. Calculations were done by subtracting 

the values obtained after the addition of z-leu-leu-leu-al from the values obtained before its 

addition. Finally the values were normalized to protein concentration determined by Bradford 

assay. 

 

2.18 PCR arrays 

 
Around 10 flies were used for mRNA isolation as described above. cDNA was synthesised 

from RNA using the RT2 first-strand cDNA synthesis kit (Qiagen Technologies, Hilden, 

Germany). cDNA was added to wells containing RT2 SYBR Green master mix (Qiagen 
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Technologies, Hilden, Germany) in an array format of 4x96 wells, with each plate containing 

384 wells. Each of these 96-well formats contained 84 signal transduction pathway genes, 5 

housekeeping genes and positive and negative controls. The PCR array plate was carefully 

sealed with an optical adhesive film provided by the manufacturer. A total of 41 cycles were 

run. The first cycle consisted of 10 minutes at 95°C, and the other 40 cycles were 2-step 

cycles (15 seconds at 95°C and 1 minute at 60°C). A Bio-Rad CFX384 q-PCR machine was 

used for all of the above-mentioned protocols (Bio-Rad, Hercules, USA). The average 

threshold cycle (CT) value for each well was calculated using Bio-Rad software (Bio-Rad, 

Hercules, USA). The corresponding (CT) values were normalised to those of the housekeeping 

genes and tabulated. A gene was considered to be significantly up or downregulated when the 

difference between the (CT) values was greater than or equal to 10%, respectively.  

 

2.19 Statistical analysis 

 
All data were analysed using Prism 6 (GraphPad, La Jolla, California) using either 1-way 

ANOVA with Newman-Keul's post-test or using the unpaired Student’s T-test where 

appropriate. Lifespan data were analysed using the log-rank Mantel Cox Test. p<0.05 was 

taken as statistically significant. * denotes statistically significant differences between 

experimental groups. Data are shown as mean + SEM. 
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Chapter 3. A mitochondrial ROS signal is required for stress adaptation 
 
 

3.1 Mechanisms of stress adaptation 

 
The mechanism of stress adaptation in flies can be studied by culturing them at high 

temperatures, as the increase in culturing temperature from 25°C to 29°C can impose an 

additional stress (Loeschcke et al., 1997). Stress adaptation is essential to maintain proper 

functioning of an organism. This adaptation has shown to fail at older ages, and flies cultured at 

higher temperatures are an important tool for the study. For instance, Drosophila being a 

poikilothermic organism accumulates damage faster at higher temperatures (Sorensen et al., 

2013). The increase in rearing temperature from 25°C to 29°C also causes activation of heat 

shock response (HSR) and interestingly, induction of HSR extends lifespan at low temperatures 

(Morrow et al., 2004). In conclusion, identifying the mechanisms controlling stress adaptation 

and then inducing them in absence of stress could be a valid strategy to extend healthy lifespan.  

 
Mitochondria are important organelles that act as one of the central regulators of stress 

adaptation in many organisms. For example, muscle mitochondrial stress has shown to activate 

AMPK signalling and consequentially muscle mitohormesis in mice (Ost et al., 2015). Their 

activity is strongly linked to temperature changes (Guderley and St-Pierre, 2002). However, it is 

not clear yet how mitochondria adjust their own function in response to stress. There have been 

several studies suggesting that both ROS-dependent and ROS-independent mitochondrial 

mechanisms can contribute to ageing and stress adaptation (Scialo et al., 2013). ROS are 

intriguing molecules as they cause oxidative damage and also act as signal messengers (Ristow 

and Schmeisser, 2011). This duality leads to a complicated relationship between ROS and stress 

adaptation. However, it is unknown how these adaptations are initiated at the molecular level. 

 
Accumulation of damaged mitochondria is one of the major hallmarks of ageing and many 

neurodegenerative diseases (Osellame and Duchen, 2013). Unfortunately, we are still lacking the 

knowledge on what causes the decline in the mitochondrial function that is observed. 

Understanding these mechanisms will aid us to prevent many neurodegenerative diseases such as 

Parkinson’s or Alzheimer’s.  

 

Mitochondrial turnover is the result of the balance between mitochondrial biogenesis and 

mitochondrial elimination. Mitochondrial biogenesis is regulated by the convergence of signals 

on the peroxisome proliferator-activated receptor gamma (PPAR) family that promote 

transcription of mitochondrial genes, activating nuclear respiratory factor 1 and 2 (NRF 1 or 2) 
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(Scarpulla, 2011). On the other hand, the elimination of the damaged mitochondria is done by a 

process called mitophagy, which is a selective macro-autophagic process. Canonical mitophagy 

is mediated by the PTEN-induced putative kinase 1 (PINK1) and PARKIN (Clark et al., 2006). 

The cleavage of PINK1 by mitochondrial proteases is inhibited and the full length PINK1 

protein stabilizes on the mitochondrial outer membrane upon mitochondrial depolarization 

(Narendra et al., 2008). This stabilization of PINK1 recruits PARKIN and activates it through 

ubiquitination (Matsuda et al., 2010). Ubiquitination of PARKIN is responsible for 

ubiquitination dependent activation or deactivation of several cytosolic proteins, one of them 

being p62 or ref (2) p in flies, which is responsible for recruiting the autophagic machinery (Song 

et al., 2016). Mitochondria are eventually sequestered to the lysosome to be digested. 

Alternatively, other pathways independent of PARKIN have also been shown. NDP52 and 

OPTINUERIN, two proteins which were previously linked to xenophagy, have been shown to be 

recruited by PINK1 upon stabilization to recycle damaged mitochondria (Lazarou et al., 2015). 

Unfortunately, it is not very clear how mitophagy occurs in vivo, as the process has been 

demonstrated in vitro where the conditions are non-physiological. It has been shown that 

mitochondria that use OXPHOS (cells cultured in galactose) inhibit mitophagy by avoiding the 

crucial recruitment and activation of DRP1 for undergoing fission, thereby avoiding the 

recruitment of PARKIN (MacVicar and Lane, 2014).  

 

In this study, I aimed to analyse the role of mitochondria in stress adaptation focusing on the role 

of mtROS and its downstream effects. In this chapter, Drosophila melanogaster was used as 

the experimental model. I took advantage of the alternative oxidase (AOX), which is not a part 

of the ETC of humans or fruit flies, but is present in plants and fungi (McDonald et al., 2009). 

AOX reduces the generation of mtROS, preventing the over-reduction of ETC (Scialo et al., 

2016). Figure 3.1 illustrates the function of AOX in the ETC. Overall; these changes in the 

mitochondria of the fruit flies decrease the ability of the organism to respond to stress. 
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The expression of AOX bypasses the flow of electrons through Complex III and 

Complex IV, by directly receiving electrons from the ubiquinone pool and 

converting oxygen to water. AOX expression thereby also reduces generation of 

mtROS from Complex III and prevents over-reduction of the ETC. 

Figure 3.1 Ectopical expression of AOX in fruit flies and a schematic of how 

AOX interacts with the ETC 
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3.2 AOX expression reduces ROS production 

 
To begin with, I verified the expression of AOX in flies by western blotting (Figure 3.2A). Next, 

in order to verify that AOX expression reduces ROS production, I took an in vitro approach. 

Using the Peroxidase/Amplex Red ROS detection system I verified that AOX expression 

significantly decreased ROS in vitro (Figure 3.2 B). To then determine if AOX reduces ROS ex 

vivo, I dissected fly brains from AOX expressing flies (AOX flies hereafter) and their respective 

controls. Fly brains were then stained with MitoSOX, a dye that accumulates in the matrix of the 

mitochondria due to its positive charge, and fluoresces upon its reaction with superoxide. AOX 

flies showed a significant decrease in the MitoSOX fluorescence (Figure 3.2 C and D). In order 

to re-confirm the results with MitoSOX, I also stained fly brains with H2DCF, a dye that is 

specific to peroxides (i.e. emits fluorescence when oxidized by H2O2 or other peroxides). AOX 

flies showed significantly less fluorescence with H2DCF as well, confirming that superoxide and 

peroxide levels were reduced (Figure 3.2 C and D).  

 

Finally, in order to verify if mitochondrial ROS levels were reduced in vivo, I used a mitoORP1-

roGFP reporter line. roGFP is an engineered GFP sensor with a modified cysteine sensitive 

for oxidation (Albrecht et al., 2011). The probe is also engineered to be sensitive for H2O2 

oxidation as it is fused to ORP1 which is a H2O2 sensor. Flies containing the reporter and da-

GAL4 driver with the AOX construct were used. The mitoORP1-roGFP reporter lines with 

the da-GAL4 driver were used as controls. The flies expressing AOX along with the reporter 

constructs showed significantly less peroxide levels (Figure 3.3 A and B). These results 

confirmed that AOX reduces ROS in vivo as well.  
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(A) Representative western blot membrane showing AOX protein levels of indicated 

genotypes. GAPDH is used for normalization purpose. (B) Quantification of in vitro ROS 

production by Amplex Red assay of indicated genotypes (n=5) (Control = 0.1940 ± 0.009 

nanomoles H2O2 min-1 mg protein-1). (C) Representative images of dissected fly brains 

stained with MitoSOX and H2DCF of indicated genotypes. (D) Quantification of C (n=5). 

Non-expressing flies (2>UAS-AOX) (Control in the figure) and UAS-AOX expressing flies 

(daGAL4>UAS-AOX) (AOX in the figure) were used. A daughterless GAL4 promoter was 

used for the expression of the transgene. P values were calculated using student’s t-test. 

Data are shown as mean ± SEM. * = p<0.05; denotes statistically significant difference 

between mentioned genotypes. Scale bars are 100µm. This work was done in 

collaboration with Dr. Filippo Scialo. The molecular weight of proteins detected by 

western blots are given as kiloDalton (kDa) units. 
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Figure 3.2 AOX expression reduces ROS levels in vitro and ex vivo. 
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(A) In vivo ROS measurements in brains dissected from flies expressing a mitochondrially-

localized redox-active GFP-based reporter (mitoORP1-roGFP) alone (top, n=5) or with AOX 

expression (+AOX; bottom, n=5). A daughterless GAL4 promoter was used for the expression 

of the transgene. (B) Quantification of non-expressing (Control in the figure) and UAS-AOX; 

UAS-mtORP1-roGFP expressing (AOX in the figure) flies (A). P values were calculated 

using student’s t-test. Data are shown as whisker box plots minimum-maximum. * = p<0.05; 

denotes statistically significant difference between mentioned genotypes. Scale bars are 

100µm. This work was done in collaboration with Dr. Filippo Scialo. 

 

mitoORP1-roGFP 

Figure 3.3 ROS production in vivo is reduced in AOX flies. 
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3.3 AMP, ADP, ATP levels and behaviour are not affected in AOX flies 

 
As AOX is ectopically expressed in the mitochondrion of the fly (Fernandez-Ayala et al., 

2009), I performed experiments to check if the expression of AOX perturbs energy levels. I 

measured the steady state levels of AMP, ADP and ATP in AOX flies. An AMP, ADP or 

ATP detection kit was used to measure nucleotide levels. I did not detect any changes in the 

AMP, ADP or ATP levels (Figure 3.4 A). Additionally, as the steady state levels of these 

nucleotides were unchanged, the ratios were also not altered (Figure 3.4 B).  

 

I then analysed if AOX expression affects any of the fly behaviours. I was able to confirm that 

the expression of AOX does not cause any alteration in the activity of the fly, by using 

Trikinetics Locomotion detection software (Figure 3.5 A). AOX expression also did not 

change the feeding behaviour of the flies, measured with a capillary feeding assay (CAFÉ 

assay); over a period of 5 days (Figure 3.5 B). However, the weight of the flies was modestly 

increased (Figure 3.5 C).  
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(A) AMP, ADP and ATP levels of indicated genotypes (n=8) (Control AMP = 101.5±17.14 

nanomoles mg protein-1; Control ADP = 754.9±49.57 nanomoles mg protein-1; Control ATP 

= 1236±69.06 nanomoles mg protein-1) (B) Ratio of the nucleotides AMP: ATP and ADP: 

ATP of indicated genotypes (n=8). Non-expressing flies (2>UAS-AOX) (Control in the 

figure) and UAS-AOX expressing flies (daGAL4>UAS-AOX) (AOX in the figure) were 

used. A daughterless GAL4 promoter was used for the expression of the transgene. P values 

were calculated using student’s t-test. Data are shown as mean ± SEM. 
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Figure 3.4 Nucleotide levels are unaltered in AOX flies. 
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A B 

C 

(A) Locomotion count per hour of indicated genotypes (n=40) (Control = 

82.08±4.378 Counts Hour-1). (B) Food intake measured by CAFÉ assay of indicated 

genotypes (n=20) (Control = 1.155±0.132 µl). (C) Weight in milligrams of indicated 

genotypes (n=10) (Control = 1.103 milligrams per fly). Non-expressing flies 

(2>UAS-AOX) (Control in the figure) and UAS-AOX expressing flies 

(daGAL4>UAS-AOX) (AOX in the figure) were used. A daughterless GAL4 

promoter was used for the expression of the transgene. P values were calculated 

using student’s t-test. Data are shown as mean ± SEM. 
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Figure 3.5 AOX expression does not affect fly behaviour. 
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3.4 Oxidative stress is not reduced, but antioxidant levels are downregulated in AOX 

flies 

 
I analysed if the total oxidative stress in the AOX flies were reduced, since I observed a 

decrease in ROS levels in AOX flies (Figure 3.2). I analysed the levels of specific markers of 

oxidative damage (aminoadipic semi aldehyde (AASA) and glutamic semi aldehyde (GSA) 

for detection of oxidation, carboxymethyl-lysine (CML) was used for detection of 

glycoxidation and carboxyethyl-lysine (CEL) was used for detection of glycoxidation and 

MDA-lys was used as a marker for lipoxidation) by mass spectrometry. However, I did not 

observe any overall differences in oxidative, glycoxidative or lipoxidative damage, except for 

an increase in lipoxidation and glycoxidation in AOX flies (Figure 3.6).  

 

I then measured mRNA levels of different antioxidants like Superoxide dismutase (Sod), 

Superoxide dismutase 2 (Sod2), Catalase, Glutathion Peroxidase (PXGPx), Glyoxalase 1 and dj-

1beta (Park7) by quantitative PCR. Even though the expression of AOX did not reduce 

oxidative protein damage, it caused a significant decrease in levels of most of the antioxidants 

measured, except for Sod2 mRNA levels which was increased; supporting the fact that the lower 

ROS levels in AOX flies causes a feed forward response to reduce the levels of antioxidants 

(Figure 3.7).  
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Measurements for markers of oxidative (GSA, AASA), glycoxidative (CML, CEL) 

damage to proteins and lipoxidative (MDA-lys) damage to proteins of indicated 

genotypes (n=4) (Control GSA = 9910±1578 µmoles moles lys-1; Control AASA = 

178±52 µmoles moles lys-1; Control MDA-lys = 307±116 µmoles moles lys-1; Control 

CML = 121±20 µmoles moles lys-1; Control CEL = 767±73 µmoles moles lys-1). 

Non-expressing flies (2>UAS-AOX) (Control in the figure) and UAS-AOX expressing 

flies (daGAL4>UAS-AOX) (AOX in the figure) were used. A daughterless GAL4 

promoter was used for the expression of the transgene. P values were calculated 

using student’s t-test. Data are shown as mean ± SEM. * = p<0.05; denotes 

statistically significant difference between mentioned genotypes. This work was 

done in collaboration with Dr. Reinald Pamplona, Lleida, Spain. 
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Figure 3.6 Markers of oxidative damage are not reduced in AOX flies. 
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Quantification of mRNA levels of Sod, Sod2, Catalase, PXGPx, Glyoxalase 1 and dj-1beta 

by quantitative PCR of indicated genotypes (n=4). Non-expressing flies (2>UAS-AOX) 

(Control in the figure) and UAS-AOX expressing flies (daGAL4>UAS-AOX) (AOX in the 

figure) were used. A daughterless GAL4 promoter was used for the expression of the 

transgene. P values were calculated using student’s t-test. Data are shown as mean ± 

SEM. * = p<0.05; denotes statistically significant difference between mentioned 

genotypes. 
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Figure 3.7 Antioxidant levels are decreased in AOX flies. 
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3.5 Mitochondrial density is increased in AOX flies 

 
I sought to investigate if mitochondrial turnover was disrupted. I used the Citrate synthase 

assay as a proxy to measure mitochondrial density. I found that AOX flies had significantly 

more mitochondrial density (Figure 3.8 A). I confirmed the citrate synthase results by 

measuring mtDNA copy number of one mitochondrial and one nuclear gene by using 

quantitative PCR (described in detail in Chapter 2.4). The ratio clearly showed that there was 

a significant increase in mtDNA copy number in AOX flies (Figure 3.8 B). This led me to 

believe that AOX expression may have disrupted the ROS signalling mechanisms that are 

essential for stress response.  

 

In order to ascertain that changes in mitochondrial number was caused by AOX expression, and 

therefore by reduced mtROS levels, I used the inducible GeneSwitch system to temporarily 

regulate the expression of AOX. AOX was induced by collecting and ageing the flies on the food 

with RU-486 (explained in materials and methods). To cease AOX expression appropriately 

aged flies were removed from the RU-486 food and transferred to food with just EtOH. I 

analysed the protein levels of AOX to verify induction and removal of the protein (Figure 3.9 A) 

and observed that upon AOX induction, mitochondrial density increased; whereas, the opposite 

was observed when expression of AOX was ceased (Figure 3.9 B). This suggested that 

mitochondrial density is modified in response to changes in AOX/mtROS levels. 
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A B 

(A) Citrate synthase activity measuring mitochondrial density of indicated genotypes 

(n=18) (Control = 2.481±0.071 Absorbance Units mg protein-1). (B) mtDNA copy number 

of indicated genotypes (n=8). Non-expressing flies (2>UAS-AOX) (Control in the figure) 

and UAS-AOX expressing flies (daGAL4>UAS-AOX) (AOX in the figure) were used. A 

daughterless GAL4 promoter was used for the expression of the transgene. P values were 

calculated using student’s t-test. Data are shown as mean ± SEM. * = p<0.05; denotes 

statistically significant difference between mentioned genotypes. 

 

             
 

Figure 3.8 Mitochondrial density is increased in AOX flies. 
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37kDa 

 

A 

B 

(A) Representative western blot membranes showing AOX protein levels. Left panel 

representing AOX protein levels in non-expressing flies (0) and UAS-AOX expressing 

flies (TubGS>UAS-AOX) (+RU-486 ON) for 1,2,3,4 and 6 days were used. Right panel 

representing AOX protein levels in non-expressing flies (0), UAS-AOX expressing flies 

(TubGS>UAS-AOX) un-induced after expression for 5 days earlier (-RU-486 OFF) for 

6,7,8,9 and 10 days were used. GAPDH is used for normalization purpose. (B) Left panel 

representing citrate synthase measurements in non-expressing flies (0) and UAS-AOX 

expressing flies (TubGS>UAS-AOX) (+RU-486 ON) for 2, 4 and 6 days (n=4) (Control 

= 0.5157±0.067 Absorbance Units mg protein-1). Right panel representing citrate synthase 

measurements in non-expressing flies (0), UAS-AOX expressing flies (TubGS>UAS-

AOX) un-induced after expression for 5 days earlier (-RU-486 OFF) for 6, 8 and 10 days 

(n=4) (Control = 0.250±0.011 Absorbance Units mg protein-1). An inducible Tubulin 

GeneSwitch GAL4 promoter was used for the expression of the transgene. P values were 

calculated using 1-way ANOVA with Newman-Keul's post-test. Data are shown as 

mean ± SEM. * = p<0.05; denotes statistically significant difference between mentioned 

genotypes. The art lines in the figure denote the statistically significant difference 

between the marked genotypes. The molecular weight of proteins detected by western 

blots are given as kiloDalton (kDa) units. 

36kDa 

Figure 3.9 Induction and removal of AOX expression increases and decreases 

mitochondrial density respectively. 
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3.6 Mitochondrial biogenesis is unaltered in AOX flies 

 
As I have established in Chapter 3.4 that there is an accumulation of mitochondria, I wanted 

to check if mitochondrial biogenesis was altered. To check if mitochondrial biogenesis was 

increased in response to the presence of AOX in ETC, I measured levels of expression of 

Spargel (homologue of mammalian Pgc-1α) and Ets at 97D (Delg, homologue of the α subunit 

of mammalian transcription factor NRF-2/GABP) using quantitative PCR. Only a modest 

increase in mRNA levels of Spargel was observed, while Delg mRNA levels were unchanged 

(Figure 3.10). 

 
To further confirm if the increase in mitochondrial density was caused by the modest increase 

in mRNA levels of Spargel, I checked mRNA levels of several mitochondrial genes by 

quantitative PCR. Although mRNA levels of mitochondrial Cytochrome b (Cytb; CIII 

subunit) was increased, mRNA levels of other ETC components like mitochondrial NADH-

ubiquinone oxidoreductase chain 1 (ND1; CI subunit), Succinate dehydrogenase, subunit B 

(Sdhb; CII subunit), mitochondrial Cytochrome c oxidase subunit I (CoI; CIV subunit) were 

either unchanged or decreased (Figure 3.11). Expression of mitochondrial genes was not 

consistently induced in AOX flies, making it unlikely that the increase in mitochondrial number 

was caused by an increase in mitochondrial biogenesis. This led me to suspect an alteration in 

mitochondrial turnover caused by AOX expression. 
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Quantification of mRNA levels of Spargel and Delg by quantitative PCR of indicated 

genotypes (n=4). Non-expressing flies (2>UAS-AOX) (Control in the figure) and UAS-AOX 

expressing flies (daGAL4>UAS-AOX) (AOX in the figure) were used. A daughterless GAL4 

promoter was used for the expression of the transgene. P values were calculated using 

student’s t-test. Data are shown as mean ± SEM. * = p<0.05; denotes statistically 

significant difference between mentioned genotypes. 

Figure 3.10 Spargel and Delg levels are unaltered in AOX flies. 
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Quantification of mRNA by quantitative PCR of indicated genotypes (n=4). Non-

expressing flies (2>UAS-AOX) (Control in the figure) and UAS-AOX expressing flies 

(daGAL4>UAS-AOX) (AOX in the figure) were used. A daughterless GAL4 promoter was 

used for the expression of the transgene. P values were calculated using student’s t-test. 

Data are shown as mean ± SEM. * = p<0.05; denotes statistically significant difference 

between mentioned genotypes. 

 

Figure 3.11 mRNA levels of several mitochondrial genes were unaltered in AOX flies. 
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3.7 Mitochondrial functionality is compromised in AOX flies 

 
 
To understand the mitochondrial function of these flies, I performed high-resolution 

respirometry. I hypothesized that the mitochondrial accumulation phenotype caused in the 

AOX flies might be due to the improper recycling of damaged mitochondria. Pyruvate, 

Proline and ADP stimulated CI-linked respiration, G3P stimulated CIII- linked respiration and 

Ascorbate and TMPD stimulated CIV-linked respiration was unchanged when normalized to 

total protein content of the samples (Figure 3.12 A). However, when I normalized these 

respiration measurements to the total mitochondrial density (measured using citrate synthase 

assay as described earlier), I observed a significant decrease in respiration of AOX flies across 

the panel (Figure 3.12 B). The fact that mitochondrial respiration was significantly reduced in 

AOX flies even though mitochondrial density was increased; denote that the accumulated 

mitochondria are severely damaged.  

 

I also observed an increase in the mRNA levels in markers of mitochondrial unfolded protein 

response (Heat shock protein 22 (Hsp22) and Heat shock protein 60 (Hsp60)) and also in the 

levels of markers of cytosolic stress (Heat shock protein 70 (Hsp70)), indicating an accumulation 

of dysfunctional mitochondria (Figure 3.13 A) (Deocaris et al., 2006). In order to confirm this 

observation, I measured expression levels of Ecdysone-inducible gene L3 (ImpL3) (the 

Drosophila homologue of lactate dehydrogenase A) and found a strong up-regulation of mRNA 

levels (Figure 3.13 B). Upregulation of Impl3 levels (used as a proxy for mitochondrial 

damage) also indicates that the cells have switched to a more glycolytic metabolism.  
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A 

B 

 

(A) Comparison of oxygen consumption of indicated genotypes (n=6). CI-linked (Control = 

654.3±76.70 picomoles O2 min-1 mg protein -1), CIII-linked (Control = 486±25.73 picomoles 

O2 min-1 mg protein -1) and CIV-linked (Control = 2360±25.73 picomoles O2 min-1 mg 

protein -1) oxygen consumption measured. (B) Representing respiration data normalized to 

respiration per mitochondrion in indicated genotypes (n=6). CI- CIII- and CIV-linked 

respiration was measured. Non-expressing flies (2>UAS-AOX) (Control in the figure) and 

UAS-AOX expressing flies (daGAL4>UAS-AOX) (AOX in the figure) were used. A 

daughterless GAL4 promoter was used for the expression of the transgene. P values were 

calculated using student’s t-test. Data are shown as mean ± SEM. * = p<0.05; denotes 

statistically significant difference between mentioned genotypes. 

 

Figure 3.12 Mitochondrial respiration is decreased in AOX flies. 
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A 

B 

(A) Quantification of mRNA levels of Hsp22, Hsp60 and Hsp70 by quantitative 

PCR of indicated genotypes (n=4). (B) Quantification of mRNA levels of ImpL3 by 

quantitative PCR of indicated genotypes (n=4). Non-expressing flies (2>UAS-AOX) 

(Control in the figure) and UAS-AOX expressing flies (daGAL4>UAS-AOX) (AOX 

in the figure) were used. A daughterless GAL4 promoter was used for the expression 

of the transgene. P values were calculated using student’s t-test. Data are shown as 

mean ± SEM. * = p<0.05; denotes statistically significant difference between 

mentioned genotypes. 

Figure 3.13 mRNA levels of mtHSP’s and ImpL3 are upregulated in AOX flies. 
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3.8 Pink1 protein levels are decreased in AOX flies 

 
In fruit flies, mitochondria are recycled by the canonical Pink1-Parkin mitophagy pathway 

(Clark et al., 2006) (discussed in detail in Chapter 1.19). I found a significant decrease in 

protein levels of Pink1 measured by Western Blotting, but the protein levels of Parkin were 

not changed (Figure 3.14 A and B). These data indicated that recycling of damaged 

mitochondria was disrupted by reduction of mtROS levels. 

 

I also measured mRNA levels of Pink1 and Parkin and found a significant decrease in mRNA 

levels of Pink1 but not Parkin (Figure 3.15). This indicates that Pink1 is regulated at post-

transcriptional level as well.  
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A 

B 

(A) Representative western blot membranes showing Pink1 and Parkin protein 

levels of indicated genotypes. GAPDH is used for normalization and quantification 

purposes. (B) Quantification of (A) (n=3). Non-expressing flies (2>UAS-AOX) 

(Control in the figure) and UAS-AOX expressing flies (daGAL4>UAS-AOX) (AOX 

in the figure) were used. A daughterless GAL4 promoter was used for the 

expression of the transgene. P values were calculated using student’s t-test. Data 

are shown as mean ± SEM. * = p<0.05; denotes statistically significant 

difference between mentioned genotypes. The molecular weight of proteins 

detected by western blots are given as kiloDalton (kDa) units. 

Figure 3.14 Pink1 but not Parkin protein levels are decreased in AOX flies. 
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Quantification of mRNA levels of Pink1 and Parkin by quantitative PCR of indicated 

genotypes (n=4). Non-expressing flies (2>UAS-AOX) (Control in the figure) and UAS-

AOX expressing flies (daGAL4>UAS-AOX) (AOX in the figure) were used. A 

daughterless GAL4 promoter was used for the expression of the transgene. P values 

were calculated using student’s t-test. Data are shown as mean ± SEM. * = p<0.05; 

denotes statistically significant difference between mentioned genotypes. 

 

  

Figure 3.15 Pink1, but not Parkin mRNA levels are reduced in AOX flies. 
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3.9 Protein turnover mechanisms are disrupted in AOX flies 

 
Mechanism of protein turnover is well established and well conserved in almost all organisms 

(discussed in detail in Chapter 1.20).  To begin with, I checked the functionality of protein 

turnover mechanisms were functioning properly. I used a previously described assay to 

measure the activity of 20S and 26S proteasome (Rivett et al., 2002). I detected a decrease in 

Chymotrypsin-like, Trypsin-Like and Caspase-like activity in both 20S and 26S proteasome in 

AOX flies (Figure 3.16 A and B).  

 
Loss of proteostasis is also considered as a hallmark of ageing (Ryazanov et al., 2002). Protein 

levels of Ubiquitin and p62 (Ref (2) P) were significantly increased (Figure 3.17 A and B), 

which also indicated dysfunctional protein turnover. However, defective protein turnover may 

also be caused by the loss in autophagy (described in the following chapters).  
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A 

B 

(A) Measurements for Chymotrypsin like (CT-L), Caspase like (C-L) 

and Trypsin like (T-L) 20S proteasome activity of indicated genotypes 

(n=6). (B) Measurements for Chymotrypsin-like (CT-L), Caspase-like 

(C-L) and Trypsin-like (T-L) 26S proteasome activity of indicated 

genotypes (n=6). Non-expressing flies (2>UAS-AOX) (Control in the 

figure) and UAS-AOX expressing flies (daGAL4>UAS-AOX) (AOX in the 

figure) were used. A daughterless GAL4 promoter was used for the 

expression of the transgene. P values were calculated using student’s t-

test. Data are shown as mean ± SEM. * = p<0.05; denotes statistically 

significant difference between mentioned genotypes. 

 

Figure 3.16 Proteasome activity is decreased in AOX flies. 
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A 

B 

(A) Representative western blot membrane showing ubiquitinated protein levels of 

indicated genotypes. GAPDH is used for normalization and quantification purposes. (B)  

Left panel showing representative western blot membrane showing Ref (2) P protein 

levels of indicated genotypes. GAPDH is used for normalization and quantification 

purposes. Right panel showing quantification of left panel (n=3). Non-expressing flies 

(2>UAS-AOX) (Control in the figure) and UAS-AOX expressing flies (daGAL4>UAS-

AOX) (AOX in the figure) were used. A daughterless GAL4 promoter was used for the 

expression of the transgene.  P values were calculated using student’s t-test. Data are 

shown as mean ± SEM. * = p<0.05; denotes statistically significant difference between 

mentioned genotypes. The molecular weight of proteins detected by western blots are 

given as kiloDalton (kDa) units. 
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Figure 3.17 Ubiquitinated proteins and Ref (2) P protein levels are increased in AOX 

flies. 
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3.10 Inactivation of proper quality control mechanisms compromises the survival of 

AOX flies 

 
I then observed that expression of AOX drastically reduced survival of the flies (Figure 3.18) 

at high temperatures; whereas, normal culture temperature does not alter AOX lifespan 

(Fernandez-Ayala et al., 2009). It can be hypothesized that with the loss of mtROS signal 

caused by AOX expression, the flies were not able to activate the necessary signals and 

overcome persistent damage.  
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Survival curve of indicated genotypes (n=200). A table with statistics for the 

lifespan is presented in Appendix A. 

 

Figure 3.18 AOX expression decreases fly lifespan. 

p<0.001 
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Chapter 4. Determining the nature of the ROS signal generated under 

stress 

 

4.1 A background on mitochondrial ROS signalling mechanisms 

 
Mitochondrial ROS were initially not considered as signalling molecules since they were said to 

cause oxidative damage. This dual function of ROS has made it very complicated to establish 

how or why ROS causes ageing. However, carefully controlling levels of oxygen and 

maintaining very similar physiological levels of ROS in cell culture; it has been evident that this 

mtROS signal might be responsible for initiating major signalling pathways essential for healthy 

ageing (Hamanaka and Chandel, 2010). Furthermore, extensive studies are required in order to 

elucidate these ROS signalling mechanism in vivo.  

 

ROS are often considered as a unique entity, but over the decade it has been reported that 

different ROS have different properties and are independent molecules (Scialo et al., 2013). For 

instance, extreme increase of O2
- is detrimental for Drosophila, but increasing cellular levels of 

H2O2 extends lifespan (Sohal, 1988; Broughton et al., 2005; Stefanatos et al., 2012). Similarly, 

O2
- and H2O2 may play different roles in mitochondrial turnover and activation of other 

downstream mechanisms. Therefore, using strategies to delineate the effect of different ROS 

molecules is necessary to understand how they operate in vivo. On the other hand, mild 

mitochondrial stress caused by the increase in ROS, increases or activates signalling pathways 

that are needed to protect the organism long term. This activation has been demonstrated to 

prolong the organism’s lifespan. This mechanism known as mitohormesis is gaining attention 

and is being explored extensively owing to the work across different model organisms from 

yeast, mice and rats (Yun and Finkel, 2014). 

 
Results presented in Chapter 3 indicated that the loss of mtROS signalling (AOX flies) 

compromised many of the survival mechanisms, thereby compromising fly lifespan. However, as 

expression of AOX modifies the generation of mtROS by controlling the redox state of 

Coenzyme Q (CoQ), I was not able to differentiate the ROS entity responsible for this signalling 

(H2O2 or O2
-). AOX is also upstream of the antioxidant response to H2O2 or O2

- (El-Khoury et 

al., 2014) and I have already demonstrated that AOX reduces both ROS species.  
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To understand which of the ROS species (H2O2 or O2
-) is involved in this signalling, I took 

advantage of the powerful genetics of Drosophila melanogaster. I ectopically expressed Catalase 

in the mitochondrial matrix. Catalase converts H2O2 to H2O, making the ROS molecule 

completely inert. I also overexpressed Sod2, which is in the mitochondrial matrix and converts 

O2
- to H2O2. Figure 4.1 represents the function of Sod2 and mitochondrial Catalase in the 

mitochondria. In this chapter, I specifically manipulate the levels of both superoxide and 

Hydrogen peroxide to understand which ROS entity is responsible for the changes in the 

mitochondrial functionality observed in Chapter 3. 
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Sod2 and mtCAT are important antioxidants in the mitochondria converting O2
- to H2O2 

and H2O2 to H2O, respectively. 

 

 

Figure 4.1 Superoxide dismutase 2 (Sod2) and mitochondrial Catalase (mtCAT) 

interact with O2
-
 and H2O2 respectively. 
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4.2 Ectopical expression of Catalase and overexpression of Sod2 in the mitochondria 

reduces H2O2 and O2
- 
respectively 

 
To validate the fly models, I analysed the mRNA levels of Catalase and Sod2 in the 

mitochondrial Catalase expressing flies (mtCAT flies hereafter) and the Sod2 overexpressing 

flies (Sod2 flies hereafter), respectively. I detected a significant increase in mRNA levels of both 

Catalase and Sod2 in the respective flies (Figure 4.2 A). To confirm that mitochondrial 

expression of Catalase reduces H2O2 production, I dissected fly brains from mtCAT flies and 

their respective controls. When the fly brains were stained with MitoSOX, mtCAT flies showed 

no decrease in MitoSOX fluorescence, confirming that mtCAT does not affect superoxide levels 

(Figure 4.2 B). I also stained fly brains with H2DCF, a dye specific to peroxides that fluoresces 

in reaction with H2O2 and other peroxides. mtCAT flies showed significantly less fluorescence 

with H2DCF, confirming that mtCAT reduces H2O2 and functions as expected (Figure 4.2 C). 

On the other hand, Sod2 flies showed a significant decrease in MitoSOX fluorescence 

confirming that overexpression of Sod2 reduces O2
- levels (Figure 4.2 B). I also found that 

overexpression of Sod2 increases fluorescence of brains stained with H2DCF, indicating that 

Sod2 overexpression increases H2O2 levels (Figure 4.2 C). 
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(A) Quantification of mRNA levels of  Catalase and Sod2 by quantitative PCR of indicated 

genotypes (n=4) (B) Left panel showing representative images of dissected fly brains stained 

with MitoSOX of indicated genotypes. Right panel showing quantification of left panel (n=5). 

(C) Left panel showing representative images of dissected fly brains stained with H2DCF of 

indicated genotypes. Right panel showing quantification of left panel (n=5). (i) Non-

expressing flies (2>UAS-mtCAT) (Control in the figure), (ii) UAS-mtCAT expressing flies 

(daGAL4>UAS-mtCAT) (mtCatalase in the figure), (iii) non-expressing flies (2>UAS-Sod2) 

(Control in the figure) and (iv) Sod2 overexpressing flies (daGAL4>UAS-Sod2) (Sod2 in the 

figure) were used. A daughterless GAL4 promoter was used for the expression of transgenes. 

P values were calculated using student’s t-test. Experimental groups were compared to their 

respective controls. Data are shown as mean ± SEM. * = p<0.05; denotes statistically 

significant difference between mentioned genotypes. Scale bars are 100µm. This work was 

done in collaboration with Dr. Filippo Scialo. 
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A 

 

Figure 4.2 Reduction in H2O2 and O2
-
 is observed in mtCAT and Sod2 flies respectively. 
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4.3 Oxidative stress is not reduced and antioxidant levels are unaltered in mtCAT and 

Sod2 flies 

 
 

I analysed the levels of specific markers of oxidative damage as described in the Chapter 3.4, 

since ROS levels were significantly altered in these flies. However, I did not see any 

significant difference in oxidative, glycoxidative or lipoxidative damage between the groups, 

except for a moderate increase in AASA (marker for protein oxidation) in mtCAT flies 

(Figure 4.3 A).  

 

I then wanted to see if there was any retrograde response to other antioxidants (Whelan and 

Zuckerbraun, 2013). I detected only moderate changes in the mRNA levels of Glutathion 

Peroxidase and dj-1β were down regulated; whereas, mRNA levels of Glyoxalase 1 was 

unregulated in Sod2 flies. However, in mtCAT flies only Glutathion Peroxidase mRNA levels 

were downregulated. Other antioxidants like Sod, Sod2, and Catalase were unaltered (Figure 4.3 

B). These results demonstrate that the feedback mechanisms are not active in these fly models. 
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Figure 4.3 Oxidative stress is not reduced and antioxidant levels are unaltered. 

(A) Measurements for markers of oxidative (GSA, AASA), glycoxidative (CML, CEL) 

and lipoxidative (MDA-lys) damage in flies of indicated genotypes (n=6) (Control 

(mtCAT) GSA = 6890±268.9 µmoles moles lys-1, Control (Sod2) GSA = 7153±319.1 

µmoles moles lys-1) (Control (mtCAT) AASA = 1404±522 µmoles moles lys-1 and Control 

(Sod2) AASA = 597.8±16.16 µmoles moles lys-1) (Control (mtCAT) CML = 227.4±17.4 

µmoles moles lys-1 and Control (Sod2) CML = 512.5±27.55 µmoles moles lys-1) (Control 

(mtCAT) CEL = 1329±27.13 µmoles moles lys-1 and Control (Sod2) CEL = 1113±49.83 

µmoles moles lys-1) (Control (mtCAT) MDA-lys = 353±23.45 µmoles moles lys-1 and 

Control (Sod2) MDA-lys = 319±22 µmoles moles lys-1). This work was done in 

collaboration with Dr. Reinald Pamplona.  (B) Quantification of mRNA levels of  Sod, Sod2, 

Catalase, Glutathion Peroxidase, Glyoxalase 1 and dj-1β by quantitative PCR  of indicated 

genotypes (n=4). Catalase and Sod2 qPCR measurements are same as Figure 4.2 A, but with 

addition of other experimental groups. Non-expressing flies (2>UAS-mtCAT) (Control in the 

figure), UAS-mtCAT expressing flies (daGAL4>UAS-mtCAT) (mtCatalase in the figure), non-

expressing flies (2>UAS-Sod2) (Control in the figure) and Sod2 overexpressing flies 

(daGAL4>UAS-Sod2) (Sod2 in the figure) were used. A daughterless GAL4 promoter was 

used for the expression of transgenes. P values were calculated using student’s t-test. 

Experimental groups were compared to their respective controls. Data are shown as mean 

± SEM. * = p<0.05; denotes statistically significant difference between mentioned 

genotypes. 
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4.4 Mitochondrial density is increased in mtCAT but not in Sod2 flies 

 
In order to test whether O2

- or H2O2 had a leading role in the phenotypes observed in AOX 

flies, I measured the mitochondrial density in mtCAT and Sod2 flies. I detected a significant 

increase in mitochondrial density in mtCAT flies; whereas, mitochondrial density was 

significantly reduced in Sod2 flies (Figure 4.4 A).  

 

I then measured mtDNA copy number to confirm the increase in mitochondrial density. The 

ratio between the nuclear and the mitochondrial DNA clearly showed a significant increase in 

mtCAT flies and a significant decrease in Sod2 flies (Figure 4.4 B). These results demonstrate 

that O2
- and H2O2 may have different effects on downstream signalling cascades. 

 

Corroborating my results from this chapter, I have established that mtCAT flies phenocopy 

AOX flies, denoting that H2O2 may be involved in maintaining mitochondrial functionality. 

Moreover, mitochondrial recycling was improved in Sod2 flies, which as described earlier 

produce less O2
- and more H2O2. These findings also ascertain the fact that an increase in 

mtH2O2 is not harmful and can function as a ROS messenger. 
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(A) Citrate synthase activity measuring mitochondrial density of indicated genotypes 

(Control (mtCAT) = 1.652±0.16 Absorbance Units mg protein-1 and Control (Sod2) = 

1.882±0.079 Absorbance Units mg protein-1) (n=9). (B) mtDNA copy number of 

indicated genotypes (n=4). Non-expressing flies (2>UAS-mtCAT) (Control in the figure), 

UAS-mtCAT expressing flies (daGAL4>UAS-mtCAT) (mtCatalase in the figure), non-

expressing flies (2>UAS-Sod2) (Control in the figure) and Sod2 overexpressing flies 

(daGAL4>UAS-Sod2) (Sod2 in the figure) were used. A daughterless GAL4 promoter 

was used for the expression of transgenes. P values were calculated using student’s t-

test. Experimental groups were compared to their respective controls. Data are shown 

as mean ± SEM. * = p<0.05; denotes statistically significant difference between 

mentioned genotypes. 

 

A B 

 

  

Figure 4.4 Mitochondrial density is increased in mtCAT but not in Sod2 flies. 

* 

* 

* 
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4.5 Spargel and Delg mRNA levels are unaltered in both mtCAT and Sod2 flies 

 
In order to discern whether the increase in mitochondrial density is not because of an increase 

in mitochondrial biogenesis, I measured the mRNA levels of Spargel and using quantitative 

PCR. I confirmed that mitochondrial biogenesis was not altered in response to changes in 

mtH2O2, as both mtCAT and Sod2 did not alter mRNA levels of Spargel and Delg (Figure 4.5).  
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Quantification of mRNA levels of Spargel and Delg by quantitative PCR of indicated 

genotypes (n=4). Non-expressing flies (2>UAS-mtCAT) (Control in the figure), UAS-

mtCAT expressing flies (daGAL4>UAS-mtCAT) (mtCatalase in the figure), non-

expressing flies (2>UAS-Sod2) (Control in the figure) and Sod2 overexpressing flies 

(daGAL4>UAS-Sod2) (Sod2 in the figure) were used. A daughterless GAL4 promoter 

was used for the expression of transgenes. P values were calculated using student’s t-

test. Experimental groups were compared to their respective controls. Data are 

shown as mean ± SEM.  

m
R

N
A

  

E
x

p
re

ss
io

n
 l

ev
el

s 

%
 C

o
n

tr
o

l 
fl

ie
s 

m
R

N
A

  

E
x

p
re

ss
io

n
 l

ev
el

s 

%
 C

o
n

tr
o

l 
fl

ie
s 

Figure 4.5 Spargel and Delg mRNA levels are unaltered in both mtCAT and Sod2 

flies. 
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4.6 Mitochondrial functionality is compromised in mtCAT flies but improved in Sod2 

flies 

 
I then used the mtCAT and Sod2 flies to analyse mitochondrial respiration. Similar to the 

AOX flies, I did not observe any difference between the samples when the respiration 

measured was normalized to total protein content of the samples (Figure 4.6 A). However, 

mtCAT expression decreased CI, CIII and CIV-linked respiration, when the measurements 

were normalized to their respective mitochondrial densities. On the other hand, Sod2 

expression increased mitochondrial respiration. These experiments demonstrate that mtCAT 

flies phenocopy AOX flies, denoting a leading role of mtH2O2 in maintaining mitochondrial 

functionality (Figure 4.6 B). 

   

In order to ascertain that mitochondria are damaged, I analysed the mRNA levels of different 

heat shock proteins, as they are used as markers for mitochondrial damage. I observed severe 

induction in Heat shock protein 22 (Hsp22) and Heat shock protein 70 (Hsp70), indicating an 

accumulation of dysfunctional mitochondria in mtCAT flies. However, we only observed a 

modest but not significant increase in Heat shock protein 60 (Hsp60). Sod2 flies on the other 

hand, decreased the induction of Hsp70 and did not affect other markers (Figure 4.7). In order to 

confirm this observation, I measured mRNA levels of ImpL3 (used as a marker for mitochondrial 

damage) and found a strong up-regulation in mtCAT flies; whereas, the mRNA levels remained 

unaltered in Sod2 flies (Figure 4.7). This indicated that loss of mtH2O2 signalling and loss in 

recycling of damaged mitochondria caused the fly to switch to a more glycolytic metabolism. 
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CI+III+IV CIII+IV CIV 

 

(A) Comparison of oxygen consumption of indicated genotypes (n=3). CI-linked 

(Control (mtCAT) = 2063±92.68 picomoles O2 min-1 mg protein-1 and Control (Sod2) = 

1993±242.7 picomoles O2 min-1 mg protein-1), CIII-linked (Control (mtCAT) = 

1308±32.32 picomoles O2 min-1 mg protein-1 and Control (Sod2) = 1270±45.17 

picomoles O2 min-1 mg protein-1) and CIV-linked (Control (mtCAT) = 9947±154.8 

picomoles O2 min-1 mg protein-1 and Control (Sod2) = 9555±86.12 picomoles O2 min-1 

mg protein-1) oxygen consumption measured in indicated genotypes. (B) Representing 

respiration data normalized to respiration per mitochondrion in indicated genotypes 

(n=3). CI- CIII- and CIV-linked respiration was measured. Non-expressing flies 

(2>UAS-mtCAT) (Control in the figure), UAS-mtCAT expressing flies (daGAL4>UAS-

mtCAT) (mtCatalase in the figure), non-expressing flies (2>UAS-Sod2) (Control in the 

figure) and Sod2 overexpressing flies (daGAL4>UAS-Sod2) (Sod2 in the figure) were 

used. A daughterless GAL4 promoter was used for the expression of transgenes. P 

values were calculated using student’s t-test. Experimental groups were compared to 

their respective controls. Data are shown as mean ± SEM. * = p<0.05; denotes 

statistically significant difference between mentioned genotypes. 

Figure 4.6 Mitochondrial respiration is decreased in mtCAT flies and improved in 

Sod2 flies. 
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Quantification of mRNA levels of Hsp22, Hsp60, Hsp70 and ImpL3 by quantitative 

PCR of indicated genotypes (n=4). Non-expressing flies (2>UAS-mtCAT) (Control in 

the figure), UAS-mtCAT expressing flies (daGAL4>UAS-mtCAT) (mtCatalase in the 

figure), non-expressing flies (2>UAS-Sod2) (Control in the figure) and Sod2 

overexpressing flies (daGAL4>UAS-Sod2) (Sod2 in the figure) were used. A 

daughterless GAL4 promoter was used for the expression of transgenes. P values 

were calculated using student’s t-test. Experimental groups were compared to their 

respective controls. Data are shown as mean ± SEM. * = p<0.05; denotes 

statistically significant difference between mentioned genotypes. 

 

Figure 4.7 mRNA levels of mtHSP’s and ImpL3 are upregulated in mtCAT flies. 

* 
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4.7 Pink1 protein levels are decreased in mtCAT flies 

 
Canonical Pink1-Parkin mitophagy is generally considered to be active when the 

mitochondrial membrane potential is low, which in turn is generally associated with damaged 

mitochondria (discussed in detail in Chapter 1.19). In this chapter, I show that an active 

mtH2O2 signal regulates the levels of Pink1, probably affecting Parkin recruitment to the 

mitochondrion. By Western Blotting, I demonstrate that Pink1 protein levels are significantly 

reduced in mtCAT flies; whereas, Pink1 protein levels are increased in Sod2 flies. The protein 

levels of Parkin are however unaltered (Figure 4.8 A and B). Taking into account the loss in 

Pink1 protein levels in AOX and mtCAT flies, and also a modest increase in Sod2 flies, I can 

hypothesize that a mtH2O2 signal regulates Pink1 levels in vivo. 
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A 

B 

 

(A) Representative western blot membranes showing Pink1 and Parkin protein 

levels. GAPDH is used for normalization and quantification purposes. (B) 

Quantification of (A) (n=3). Non-expressing flies (2>UAS-mtCAT) (Control in the 

figure), UAS-mtCAT expressing flies (daGAL4>UAS-mtCAT) (mtCatalase in the 

figure), non-expressing flies (2>UAS-Sod2) (Control in the figure) and Sod2 

overexpressing flies (daGAL4>UAS-Sod2) (Sod2 in the figure) were used. A 

daughterless GAL4 promoter was used for the expression of transgenes. P values 

were calculated using student’s t-test. Experimental groups were compared to 

their respective controls. Data are shown as mean ± SEM. * = p<0.05; denotes 

statistically significant difference between mentioned genotypes. The molecular 

weight of proteins detected by western blots are given as kiloDalton (kDa) units. 

 

 

Figure 4.8 Pink1 protein levels are decreased in mtCAT flies. 
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4.8 Protein turnover is disrupted in mtCAT flies 

 

I then used mtCAT and Sod2 flies, to examine whether O2
- or H2O2 is responsible for the 

modulation of protein turnover. Although the effect was not as severe as in AOX flies, 

mtCAT flies reduced Caspase-Like and Trypsin-Like activity of the 20S proteasome and 

Chymotrypsin-Like and Caspase-Like activity of the 26S proteasome. Whereas, Sod2 

overexpressing flies increased the activities of all the parameters studied in the 20S 

proteasome, but activity of the 26S proteasome remained largely unchanged (Figure 4.9 A and 

B). It can be hypothesized that the 20S proteasome is the primary target for the ROS signal. It is 

a more efficient way of recycling proteins that does not require the proteins to be ubiquitin 

tagged for recycling. However, when the mtH2O2 signal is reduced, proteasomal activity is 

always reduced; and when the mtH2O2 signal is increased the activity is always improved. 

This further supports the hypothesis that mtH2O2 signal is not only responsible for 

mitochondrial turnover but also for mechanisms involving protein turnover. 

 

I also found a significant increase in Ubiquitin tagged and p62 (Ref (2) P in flies) protein 

levels in mtCAT flies; whereas, protein levels remained unaltered in Sod2 flies (Figure 4.10 A 

and B). This confirms the results obtained earlier in this chapter, and that protein turnover 

mechanisms are altered by mtH2O2.  
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A 

B 

(A) Measurements for Chymotrypsin-like (CT-L), Caspase-like (C-L) and 

Trypsin-like (T-L) 20S and 26S proteasome activity of indicated genotypes (n=6) 

B) Measurements for Chymotrypsin-like (CT-L), Caspase-like (C-L) and 

Trypsin-like (T-L) 20S and 26S proteasome activity of indicated genotypes 

(n=6). Non-expressing flies (2>UAS-mtCAT) (Control in the figure), UAS-mtCAT 

expressing flies (daGAL4>UAS-mtCAT) (mtCatalase in the figure), non-expressing 

flies (2>UAS-Sod2) (Control in the figure) and Sod2 overexpressing flies 

(daGAL4>UAS-Sod2) (Sod2 in the figure) were used. A daughterless GAL4 

promoter was used for the expression of transgenes. P values were calculated using 

student’s t-test. Experimental groups were compared to their respective controls. 

Data are shown as mean ± SEM. * = p<0.05; denotes statistically significant 

difference between mentioned genotypes. 

 

Figure 4.9 Proteasomal activity is decreased in mtCAT flies and increased in 

Sod2 flies. 
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A 

B 

(A) Representative western blot membranes showing Ubiquitin and Ref (2) P 

protein levels of indicated genotypes. GAPDH is used for normalization and 

quantification purposes. (B)  Quantification of bottom panel of (A) (n=3). Non-

expressing flies (2>UAS-mtCAT) (Control in the figure), UAS-mtCAT expressing 

flies (daGAL4>UAS-mtCAT) (mtCatalase in the figure), non-expressing flies 

(2>UAS-Sod2) (Control in the figure) and Sod2 overexpressing flies 

(daGAL4>UAS-Sod2) (Sod2 in the figure) were used. A daughterless GAL4 

promoter was used for the expression of transgenes. P values were calculated using 

student’s t-test. Experimental groups were compared to their respective controls. 

Data are shown as mean ± SEM. * = p<0.05; denotes statistically significant 

difference between mentioned genotypes. The molecular weight of proteins 

detected by western blots are given as kiloDalton (kDa) units. 
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Ubiquitin 

Ref (2) P 

GAPDH 

Figure 4.10 Ubiquitinated proteins and Ref (2) P protein levels are increased in 

mtCAT flies. 
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4.9 mtH2O2 activates a transcriptional program for stress adaptation 

 
To further understand the mechanisms involved in the control of adaptation by mtH2O2, I 

analysed the expression of 87 genes involved in signal transduction by using quantitative PCR. 

AOX expression altered the expression of 44% of these genes, while mtCAT expression and 

Sod2 overexpression had a weaker effect altering the expression of 20% and 27% of the genes, 

respectively. Such differences can be explained because AOX directly affects the leak of 

electrons from the ETC and suppresses ROS production from both sides of the inner membrane; 

whereas, mtCAT and Sod2 can only intercept a portion of ROS released into the matrix, 

specifically acting on H2O2 and superoxide, respectively. Decreased mtH2O2 signal caused a 

down-regulation of genes, while increased mtH2O2 levels were associated with up-regulation of 

genes. Two pathways appeared to be most affected: P53 signalling (cathD, ef1alpha48d, 

mus209, tsp66e) and adaptation to hypoxia (CG10899, tango, and reptin). More importantly, the 

genes up-regulated in AOX or mtCAT flies were never up-regulated in Sod2 overexpressing 

flies, while the genes down-regulated in AOX or mtCAT flies were never down-regulated in 

Sod2 flies (Figure 4.11). This observation pertains to the fact that an extremely specific 

transcriptional programme is associated with the levels of mtH2O2. Moreover, reducing O2
- and 

reducing H2O2 in two different fly models produced distinctly different transcriptional profiles. 

These results clearly demonstrate that O2
- and H2O2 should not be considered as a single ROS 

entity for studies related to activation and/or deactivation of signal mechanisms. They should be 

explored as two distinctly different ROS molecules and should be modulated independent to one 

another in order to determine more robust mechanisms. Table 4.1 shows the list of all the genes 

analysed in the qPCR array for AOX, mtCAT and Sod2 flies. 
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Sod2 

AOX 
mtCatalase
e 

Venn diagram showing number of genes upregulated (↑) and number of genes 

downregulated (↓) in response to changes in mtH2O2 levels. daGAL4>AOX (AOX 

in the figure), daGAL4>UAS-mtCAT (mtCatalase in the figure) and 

daGAL4>UAS-Sod2 (Sod2 in the figure) flies were used, compared to respective 

controls. A daughterless GAL4 promoter was used for the expression of transgenes. 

P values were calculated using student’s t-test. p<0.05; denotes statistically 

significant fold change between mentioned genotypes. 

 

Figure 4.11 Distinctly different trancription profiles are observed with a 

decrease and increase in mtH2O2. 
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Pathways and Genes involved  AOX mtCatalase Sod2  

 

Hedgehog Pathway 

 

 

 

Fold Change 

 

 

Fold Change 

 

 

Fold Change 

Atonal (ato) CG 7508 0.81 NC NC 
Interference Hedgehog (iHog) CG 9211 NC NC NC 
Mirror (mirr) CG10601 0.84 NC NC 
Patched (ptc) CG2411 0.83 NC NC 
Supernumery limb (smlb) CG3412 0.86 0.85 1.34 
Smoothened (smo) CG11561 NC 0.81 NC 
Wingless (wg) CG4889 

 

0.89 NC 1.38 

Hippo Pathway 

 

 

Fold Change 

 

Fold Change 

 

Fold Change 

Branchless (Bnl) CG4608 0.79 NC NC 
Cyclin E (cycE)CG3938 NC 0.85 NC 
Diminutive (dm) CG10798 NC NC NC 
Expanded (ex) CG4114 0.83 NC NC 
Four Jointed (fj) CG10917 0.86 NC NC 
Kibra Ortholog (Kibra) CG33967 NC NC NC 
Outstretched (os) CG5993 0.88 NC NC 
Spitz (Spi) CG10334 NC NC NC 
Thread (th) CG12284 NC 0.84 1.33 
Unpaired 2 (upd2) CG5988 0.77 NC NC 
Unpaired 3 (upd3) CG33542 NC NC NC 
Vein (vn) CG10491 

 

NC NC NC 

Hypoxia  

 

 
Fold Change 

 
Fold Change 

 
Fold Change 

CG10899 0.86 NC 1.33 
Glucose Transporter 1 (glut1) CG43946 0.85 NC NC 
Ecdysone-inducible gene L3  (Impl3) 

CG10160 

1.43 NC NC 

Tango (tgo) CG11987 0.85 0.75 1.29 
Cysteine string protein (csp) CG6395 NC NC 1.34 
Cyclin G (cycG) CG11525 0.74 NC 1.33 
Ornithin Decarboxylase 1 (odc1) 

CG8721 

NC 0.78 NC 

Ornithin Decarboxylase 2 (odc2) 

CG8719 

0.81 NC NC 

Reptin (rept) CG9750 

 

0.79 0.84 1.29 

All Genes in the qPCR array that are downregulated, upregulated  or unchanged, when 

mtH2O2 is decreased or increased. daGAL4>AOX (AOX in the table), daGAL4>UAS-

mtCAT (mtCatalase in the table) and daGAL4>UAS-Sod2 (Sod2 in the table) flies were 

used, compared to their respective controls. A daughterless GAL4 promoter was used for 

expression of the transgenes. P values were calculated using student’s t-test. p<0.05; denotes 

statistically significant fold change between mentioned genotypes. 

Table 4.1 Transcription profile for all genes in conditions of decreased and increased 

mtH2O2. 
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JAK/STAT Pathway 

 

 
Fold Change 

 
Fold Change 

 
Fold Change 

Cytochrome P451-4e1 (Cyp4e1) CG2062 NC NC NC 
G-Protein α subunit (Galpha73b) 

CG12232 

0.88 NC NC 

Grain (grn) CG9656 NC NC NC 
Heat shock protein 27 (Hsp27) CG4466 0.79 0.87 1.33 
Net (net) CG11450 NC NC NC 
Suppressor of cytokine signaling 36E 

(socs36e) CG15154  

 

0.81 NC NC 

Notch Pathway 

 

 
Fold Change 

 
Fold Change 

 
Fold Change 

Delta (di_delta) CG3619 0.84 NC NC 
Fringe (fng) CG10580 0.79 NC NC 
Hairy (h) CG6496 0.76 NC NC 
Hairy (hey) CG11194 ↓0.84 NC NC 
Notch (n) CG3936 

  

NC NC 1.40 

Oxidative Stress 

 

 
Fold Change 

 
Fold Change 

 
Fold Change 

Glutamate Cysteine Ligase modifier 

(gclm) CG4919 

NC NC 1.33 

Glutathione S transferase D1 (gstd1) 

CG10045 

NC 0.79 1.28 

Keap1 (keap1) CG3962 NC NC NC 
Refractory to sigma 1 (ref(2)p) 0.81 0.85 NC 
Thioredoxin-2 (trx-2) CG31884 

 

NC NC 1.31 

p53 Pathway 

 

 
Fold Change 

 
Fold Change 

 
Fold Change 

Cathepsin D (cathD) CG1548 0.87 0.81 1.34 
CG8630 NC NC NC 
Elaongation Factor 1α48D 
(ef1alpha48d) CG8280 

NC 0.88 1.29 

Heat shock protein cognate 1 (hsc70-1) 

CG8937 

1.35 NC NC 

Mutagen sensitive 209 (mus209) CG9193 0.81 0.84 1.39 
p53 CG33336 NC 0.79 1.40 
Tetraspanin 66E (tsp66e) CG4999 

 

0.80 0.80 1.37 

 

 

PPAR Pathway 

 

 
 
 

Fold Change 

 
 
 

Fold Change 

 
 
 

Fold Change 
CG10924 NC NC NC 
CG2107 NC NC NC 
CG3961 NC NC NC 
Fatty Acid transport protein (fatp) 

CG7400 

NC NC NC 

Midway (mdy) CG31991 NC NC 1.34 
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Phosphoinositide dependent kinase 

(pk61c) CG1210 

 

NC 0.80 NC 

TGF beta Pathway 

 

 
Fold Change 

 
Fold Change 

 
Fold Change 

Brinker (brk) CG9653 NC NC NC 
Division abnormally delayed (dally) 

CG4974 

NC NC NC 

Decapentaplegic (dpp) CG9885 NC NC NC 
Follistatin (fs) CG33466 NC NC NC 
Ionotrophic receptor 76a (ir76a) 

CG42584 

 

0.84 NC NC 

Toll/IMD/NfkB Pathway 

 

 
Fold Change 

 
Fold Change 

 
Fold Change 

Attacin-A (atta) CG10146 0.81 NC NC 
Attacin-B (attb) CG18372 NC NC NC 
Attacin-C (attc) CG4740 NC NC NC 
Attacin-D (attd) CG7629 NC NC NC 
Cactus (cact) CG5848 0.77 0.79 1.41 
Defensin (def) CG1385 NC NC NC 
Drosomycin (drs) CG10810 NC NC NC 
Metchnikowin (mtk) CG8175 

 

NC NC NC 

Torso Pathway  

 

 
Fold Change 

 
Fold Change 

 
Fold Change 

Brachyentron (byn) CG7260 0.81 NC NC 
Fork head (fkh) CG10002 0.79 NC NC 
Hunchback (hb) CG9786 0.84 NC 1.33 
Huckebein (hkb) CG9768 0.77 NC 1.37 
Tailless (tll) CG1378  

 

0.80 NC 1.67 

 

 

Wnt Pathway 

 

 
 
 

Fold Change 

 
 
 

Fold Change 

 
 
 

Fold Change 
Arrow (arr) CG5912 0.84 NC NC 
Axin (axn) CG7926 NC NC NC 
CyclinD (cycD) CG9096 0.77 0.74 1.38 
Frizzled (fz) CG17697 NC NC NC 
Nemo (nm) CG7892 0.76 NC NC 
Pangolin (pan) CG34403 NC 0.84 NC 
Ultrabithorax (ubx) CG10388 0.84 NC NC 
Wnt Oncogene Analog 4 (wnt4) CG4698 0.84 NC NC 
Wnt Oncogene Analog 5 (wnt5) CG6407 NC NC NC 
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4.10 Survival of flies with low levels of mtH2O2 is compromised; whereas, increasing 

mtH2O2 improves fly lifespan 

 
In this chapter I have demonstrated that several pathways are altered due to the loss of 

mtH2O2 signal. I wanted to verify if these alterations affect the survival of fruit flies. 

Interestingly, when survival analyses were performed, mtCAT expressing flies lived 

significantly shorter under a mild thermal stress (Figure 4.12). It can be hypothesized that, a 

balance in mtH2O2 production is necessary. When this balance is lost by reducing mtH2O2, 

signalling cascades like mitochondrial turnover and/or protein turnover are disrupted, 

reducing fly survival. On the other hand, when mtH2O2 was increased by overexpressing 

Sod2, fly survival was significantly increased (Figure 4.12).  
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Survival curves of indicated genotypes (n=200). A table with statistics for the 

lifespan is presented in Appendix A. 

 

 

Figure 4.12 Decreasing mtH2O2 (mtCAT flies) reduces fly lifespan; whereas, 

increasing mtH2O2 (Sod2 flies) increases fly lifespan. 

p<0.001 

p<0.001 
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4.11 mtH2O2 is necessary to modulate a hyperoxic and hypoxic stress response signal 

 
To discern if the observed decrease in survival was specific to thermal stress, I exposed the 

AOX, mtCAT and Sod2 flies to hypoxia (5% Oxygen) and hyperoxia (50% Oxygen). 

Interestingly, I found that H2O2 signal is necessary in order to adapt to changes in oxygen 

concentration, as the flies with decreased levels of H2O2 (AOX and mtCAT flies) lived shorter 

in both conditions (Figure 4.13). However, when the H2O2 levels were increased (Sod2 flies), 

there was a modest increase in lifespan in both conditions (Figure 4.13). It can also be argued 

that the decrease in lifespan of AOX flies in hypoxic conditions is caused by its interaction 

with the ETC. As AOX reduces the ROS produced by CIII, it has been demonstrated that this 

ROS plays a major role in hypoxic adaptation. However, I observed a decrease in lifespan of 

AOX flies in hyperoxic conditions, which demonstrates the role of mtH2O2 signal for 

adaptation under oxygen stress. Furthermore, I also detected a decrease and increase in 

lifespan in mtCAT and Sod2 flies, respectively, in both conditions. In summary, it can be 

ascertained that mtH2O2 signal is necessary to orchestrate a response to changes in oxygen 

concentration. Further experiments are necessary in order to elaborate this signalling cascade.  
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Survival curves of indicated genotype in 50% Oxygen (Hyperoxia) 

(n=200) and survival curves of indicated genotype in 5% Oxygen 

(Hypoxia) (n=200).  A table with statistics for the lifespan is presented in 

Appendix A. 

 

Figure 4.13 mtH2O2 is necessary for adaptation under oxygen stress. 

Days Days 

Days Days 

Days Days 

p<0.001 p<0.001 

p<0.001 

p<0.001 

p<0.001 p<0.001 
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Chapter 5. mtH2O2 regulates TOR signalling  

 

5.1 A brief overview of signalling mechanisms involved in aging 

 
An appropriate signalling following a stress response is necessary to activate pathways that 

detect and respond to stress. These pathways (e.g. nutrient sensing or energy sensing pathways) 

are responsible to make adjustments in case of energy demands or nutrient requirements (Jewell 

and Guan, 2013), including the necessary modifications to mitochondrial function. It has been 

previously hypothesized that de-regulation of the nutrient sensing pathways or a reduction in 

mitochondrial function is due to the damage caused by the excessive ROS produced, and was 

considered a hallmark of ageing (Harman, 1972). This hypothesis however was challenged in the 

following years. Moreover, in recent years several studies have demonstrated that ROS can be a 

consequence of ageing rather than a cause (Copeland et al., 2009). 

 
One of the major pathways responsible for these alterations is the TOR pathway (discussed in 

detail in Chapter 1.22). It has been shown that pharmacological inhibition of TOR Complex I by 

rapamycin increases autophagy. This preserves cellular homeostasis by improving the recycling 

of nutrients and damaged proteins (Bjedov et al., 2010). Even though there are several 

downstream targets of TOR, increase in autophagy has been the most prominent one studied, 

related to lifespan extension. On the other hand, mild down-regulation of ETC genes has also 

proven to be beneficial as it causes a mild mitochondrial dysfunction. It then interferes with an 

array of pathways like, activation of mitochondrial UPR (Unfolded protein response) or 

repression of insulin signalling that extends lifespan (Copeland et al., 2009 ; Owushu-Ansah et 

al., 2013). Both phenomena seem related and there have been several reports showing that TOR 

can directly regulate mitochondrial function (Schieke and Finkel, 2006). However, it is unclear if 

TOR stimulates or represses mitochondrial function.  

 
In this chapter, I demonstrate how ROS, or more specifically mtH2O2, affects TOR signalling, 

since this interaction has not been demonstrated earlier. I hypothesized that there might be 

alterations in the TOR pathway, as I observed significant changes in the transcription profile of 

flies with low mtH2O2. Moreover, protein and organelle turnover, two major mechanisms 

controlled by TOR, were also impaired in these conditions. To further confirm this hypothesis, I 

used AOX flies cultured in a mild heat stress; 29oC, which reduced both mtH2O2 levels and 

mitochondrial turnover. I also inhibited TOR by feeding rapamycin to the flies to analyse the 

impact of TOR inhibition on downstream signalling pathways. Figure 5.1 is a schematic 

illustration of the TOR signalling pathway. 
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TSC2

S6K4E-BP

dTOR

AKT

ULK1

AMPK

Rapamycin

TOR integrates several signalling cascades. It is one the major pathways 

that controls homeostasis of an organism by mediating cellular nutrient and 

energy sensing.  

Figure 5.1 Schematic diagram illustrating in brief the upstream and 

downstream elements of TOR signalling. 

Translation 

 

  

Translation Autophagy 
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5.2 Lysosomal number is decreased when the mtH2O2 signal is disrupted 

 
I have established in Chapter 3 and 4, that mtH2O2 signal is required to initiate mitochondrial 

turnover by acting as a signal to flag damaged mitochondria. Since mitochondrial turnover 

was disrupted in flies with low mtH2O2 (AOX and mtCAT); and was increased in flies with 

high mtH2O2 (Sod2), I wanted to understand whether general autophagy or macro-autophagy 

was altered by a mtH2O2 signal. First, I stained whole fly brains with Lysotracker Red, a 

fluorescent dye that labels acidic organelles. It is used as a general indicator for the amount of 

lysosomes. I observed a significant decrease in the fluorescence by Lysotracker Red in AOX 

flies and mtCAT flies, but not in Sod2 flies (Figure 5.2 A and B). I also previously observed an 

accumulation of p62 (Ref (2) P in flies) and decreased proteasome activity in the AOX and 

mtCAT flies (described in Chapter 3.8 and 4.8). Altogether these results indicate dysfunctional 

autophagy (Korolchuk et al., 2010; Glick et al., 2010); whereas, none of these changes were 

observed in Sod2 flies. This supports the hypothesis that mtH2O2 signal is involved in 

maintaining a proper autophagic flux. 
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A 

B 

(A) Representative images of dissected fly brains stained with Lysotracker Red of 

indicated genotypes. (B) Quantification of (A) (n=4). Non-expressing flies (2>UAS-

AOX) (Control in the figure), UAS-AOX expressing flies (daGAL4>UAS-AOX) (AOX in 

the figure), non-expressing flies (2>UAS-mtCAT) (Control in the figure), UAS-mtCAT 

expressing flies (daGAL4>UAS-mtCAT) (mtCatalase in the figure), non-expressing flies 

(2>UAS-Sod2) (Control in the figure) and Sod2 overexpressing flies (daGAL4>UAS-

Sod2) (Sod2 in the figure) were used. A daughterless GAL4 promoter was used for the 

expression of transgenes. P values were calculated using student’s t-test. Experimental 

groups were compared to their respective controls. Data are shown as mean ± SEM. * 

= p<0.05; denotes statistically significant difference between mentioned genotypes. 

Scale bars are 100µm. This work was done in collaboration with Dr. Filippo Scialo. 

 

 

B 

Lysotracker Red 

>2 >daGAL4 

AOX 

mtCatalase 

Sod2 

A 

Figure 5.2 Lysosomal number is decreased when the mtH2O2 signal is disrupted. 
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5.3 TOR signalling is hyper-activated in AOX flies 

 
Autophagy is negatively regulated by TOR through inhibitory phosphorylation of ULK1 (Nazio 

et al., 2013). As I observed a decrease in autophagy in the previous chapter, I decided to 

investigate if TOR signalling was altered in AOX flies. I detected a significant increase in 

phosphorylated state of RPS6-p70-protein kinase (S6K) (proxy for TOR activity), which is a 

direct phosphorylation target of TOR. The non-phosphorylated state of the protein was 

unchanged, which denoted that the increase in phosphorylation was not because of the 

abundance of the protein but because of TOR hyper-activation. This was further confirmed by 

measuring the phosphorylation state of another downstream target of TOR, Thor (4E-BP) 

(eukaryotic translation initiation factor 4E binding protein), which was significantly increased as 

well (Figure 5.3 A and B). 

 

In order to further confirm that the hyper-activation of TOR signalling was caused by AOX 

expression; I used the “GeneSwitch” inducible expression system to modulate the expression of 

AOX (described in detail in Chapter 1.9). I observed that activation of TOR signalling 

(phosphorylation of S6K as a proxy) occurred in parallel to the increase in mitochondrial density.  

(Figure 3.9 B). I observed that when AOX expression was induced, TOR signalling was hyper-

activated, and when AOX expression was halted, TOR signalling was reverted back to normal 

(Figure 5.4 A and B).  
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A 

B 

(A) Representative western blot membranes showing pS6K, S6K, p4E-BP and 

4E-BP protein levels of indicated genotypes. GAPDH is used for normalization 

and quantification purposes. (B) Quantification of (A) (n=3). Non-expressing flies 

(2>UAS-AOX) (Control in the figure) and UAS-AOX expressing flies 

(daGAL4>UAS-AOX) (AOX in the figure) were used. A daughterless GAL4 

promoter was used for the expression of the transgene. P values were calculated 

using student’s t-test. Data are shown as mean ± SEM. * = p<0.05; denotes 

statistically significant difference between mentioned genotypes. The molecular 

weight of proteins detected by western blots are given as kiloDalton (kDa) units. 
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Figure 5.3 TOR is hyper-activated in AOX flies. 
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A 

B 

(A) Representative western blot membranes and their respective quantification 

showing pS6K and S6K protein levels in indicated genotypes (n=3). Non-expressing 

flies (0) and UAS-AOX expressing flies (+RU-486 ON) for 1,2,3,4 and 6 days were 

used. (B) Representative western blot membranes and their respective quantification  

showing pS6K and S6K protein levels in indicated genotypes (n=3). Non-expressing 

flies (0) and UAS-AOX expressing flies un-induced after expression for 5 days earlier 

(-RU-486 OFF) for 6,7,8,9 and 10 days were used. GAPDH is used for normalization 

and quantification purposes. An inducible Tubulin GeneSwitch GAL4 promoter was 

used for the expression of the transgene. P values were calculated using 1-way 

ANOVA with Newman-Keul's post-test. Data are shown as mean ± SEM. * = p<0.05; 

denotes statistically significant difference between mentioned genotypes. The art lines 

in the figure denote the statistically significant difference between the marked 

genotypes. The molecular weight of proteins detected by western blots are given as 

kiloDalton (kDa) units. 

 

 

70 kDa 

70 kDa 

70 kDa 

70 kDa 

36 kDa 

36 kDa 

Figure 5.4 TOR is hyper-activated and restored parallel to induction and removal of 

AOX expression respectively. 
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5.4 Insulin and insulin-like growth factor signalling is modified in AOX flies 

 
In order to investigate whether the upstream regulators of TOR were altered when the mtH2O2 

levels were decreased, I used AOX flies to check the levels of several proteins that are positive 

and negative regulators of TOR. Firstly, I measured the phosphorylated protein levels of Akt1 

(AKT). Akt1 is a downstream target of Insulin/insulin-like growth factor signalling (IIS) and 

Chico (insulin receptor (INR)) in flies, which are key regulators of energy metabolism and 

growth (Clancy et al., 2001). The phosphorylated state of AKT is a positive regulator of TOR. In 

order to prevent over activation of TOR, the phosphorylation of AKT is also regulated through a 

negative feedback loop  by a downstream target of TOR; S6K1 (Wan et al., 2007). Interestingly, 

I observed a reduction in the phosphorylation of AKT in AOX flies, suggesting that the negative 

feedback loop is active (Figure 5.5 A and B). To further confirm this activation, I measured 

protein levels of forkhead box, sub group O (FOXO), which is a direct target of AKT. In 

accordance to the activation state of AKT, I detected a decrease and increase in the 

phosphorylated and non-phosphorylated form of FOXO respectively, indicating its activation 

and translocation to the nucleus (Figure 5.5 A and C) (Tzivion et al., 2011). These results 

confirmed that the decrease in the phosphorylation state of AKT is not an artefact and the 

feedback loop is active.  

 

Additionally, as FOXO was activated in AOX flies, I analysed the levels of one of its 

transcription targets; Sestrin, which is responsible for the activation of AMP-activated protein 

kinase  subunit (AMPKα) (Lee et al., 2010). I detected an increase in protein levels of Sestrin 

that correlated with an increase in the presence of phosphorylated-AMPK, which is responsible 

for deactivation of TOR (described in detail in Chapter 1.22) (Figure 5.6 A,B and C) 

(Serfontein et al., 2010). These data indicate that the upstream negative regulators of TOR were 

active, however, were not sufficient to supress TOR in conditions of low mtH2O2. 
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A 

(A) Representative western blot membranes showing pAKT, AKT, pFOXO and 

FOXO protein levels of indicated genotypes. GAPDH is used for normalization and 

quantification purposes. (B) Quantification of pAKT and AKT from (A) (n=3). (C) 

Quantification of pFOXO and FOXO from (A) (n=3). Non-expressing flies (2>UAS-

AOX) (Control in the figure) and UAS-AOX expressing flies (daGAL4>UAS-AOX) 

(AOX in the figure) were used. A daughterless GAL4 promoter was used for the 

expression of the transgene. P values were calculated using student’s t-test. Data are 

shown as mean ± SEM. * = p<0.05; denotes statistically significant difference 

between mentioned genotypes. The molecular weight of proteins detected by western 

blots are given as kiloDalton (kDa) units. 
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Figure 5.5 Insulin and insulin-like growth factor signalling (IIS) are downregulated 

in AOX flies. 
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(A) Representative western blot membranes showing Sestrin, pAMPK and AMPK 

protein levels of indicated genotypes. GAPDH is used for normalization and 

quantification purposes.  (B) Quantification of Sestrin from (A) (n=3). (C) 

Quantification of pAMPK and AMPK from (A) (n=3). Non-expressing flies (2>UAS-

AOX) (Control in the figure) and UAS-AOX expressing flies (daGAL4>UAS-AOX) 

(AOX in the figure) were used. A daughterless GAL4 promoter was used for the 

expression of the transgene. P values were calculated using student’s t-test. Data are 

shown as mean ± SEM. * = p<0.05; denotes statistically significant difference 

between mentioned genotypes. The molecular weight of proteins detected by western 

blots are given as kiloDalton (kDa) units. 
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Figure 5.6 The feedback loop necessary to inhibit TOR hyper-activation is activated 

in AOX flies. 
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5.5 Decrease in lysosomal content in AOX flies is rescued by pharmacological inhibition 

of TOR. 

 

I have observed in Chapter 5.3 that TOR was hyper-activated in AOX flies and it was linked 

to reduced autophagy, reduced mitochondrial turnover and severely shortened lifespan 

(Chapter 5.2, 3.5 and 3.9). I then wanted to investigate whether the pharmacological 

inhibition of TOR by rapamycin (described in detail in Chapter 1.26) would reverse or at least 

partially rescue the phenotype conferred by AOX expression.   

 

I was able to successfully inhibit TOR signalling in AOX flies by feeding them with 

rapamycin, as verified by the decrease in phosphorylation of S6K (Figure 5.7 A and B). This 

clearly shows that the rapamycin doses used for the inhibition of TOR was effective. I then 

wanted to analyse if the rapamycin treatment improved lysosomal number in AOX flies. 

Lysotracker staining demonstrated that rapamycin treatment restored lysosomal content in AOX 

flies (Figure 5.8 A and B). I reconfirmed these results by checking the protein levels of Lamp1 

which was also restored upon rapamycin treatment (Figure 5.8 C and D).  
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(A) Representative western blot membranes showing pS6K and S6K protein levels of 

indicated genotypes. GAPDH is used for normalization and quantification purposes.  (B) 

Quantification of (A) (n=3). Non-expressing flies (2>UAS-AOX) (Control in the figure), 

UAS-AOX expressing flies (daGAL4>UAS-AOX) (AOX in the figure) and UAS-AOX 

expressing flies (daGAL4>UAS-AOX) fed with rapamycin (AOX + Rapa in the figure) 

were used. A daughterless GAL4 promoter was used for the expression of the transgene. 

P values were calculated using 1-way ANOVA with Newman-Keul's post-test. Data 

are shown as mean ± SEM. * = p<0.05; denotes statistically significant difference 

between mentioned genotypes. The molecular weight of proteins detected by western 

blots are given as kiloDalton (kDa) units. 
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70 kDa 

36 kDa 

Figure 5.7 TOR signalling is restored when AOX flies are fed with rapamycin. 
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Control AOX

AOX 

+ Rapa

A 
B 

C 

(A) Representative images of dissected fly brains stained with Lysotracker Red of 

indicated genotypes. (B) Quantification of (A) (n=4). This work was done in 

collaboration with Dr. Filippo Scialo. (C) Representative western blot membrane 

showing Lamp1 protein levels of indicated genotypes. GAPDH is used for 

normalization and quantification purposes. (D) Quantification of (C) (n=3). Non-

expressing flies (2>UAS-AOX) (Control in the figure), UAS-AOX expressing flies 

(daGAL4>UAS-AOX) (AOX in the figure) and UAS-AOX expressing flies 

(daGAL4>UAS-AOX) fed with rapamycin (AOX + Rapa in the figure) were used. A 

daughterless GAL4 promoter was used for the expression of the transgene. P values 

were calculated using 1-way ANOVA with Newman-Keul's post-test or using student 

t-test. Data are shown as mean ± SEM. * = p<0.05; denotes statistically significant 

difference between mentioned genotypes. The art lines in the figure denote the 

statistically significant difference between the marked genotypes. Scale bars are 

100µm. The molecular weight of proteins detected by western blots are given as 

kiloDalton (kDa) units. 

 

 
 

120 kDa 

36 kDa 
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Figure 5.8 Lysosomal content in AOX flies is rescued when the flies are fed with 

rapamycin. 
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5.6 Mitochondrial accumulation is rescued by rapamycin feeding in AOX flies 

 
 
We have previously demonstrated that a mtH2O2 signal is necessary; in order to initiate turnover 

of damaged mitochondria (Chapter 3 and Chapter 4). However, I hypothesized that when the 

mtH2O2 signal responsible to flag damaged mitochondria or to stabilize Pink1 is absent; 

improving autophagy may not be necessarily advantageous. This may be because the autophagy 

machinery is not able to successfully detect damaged mitochondria, specifically for sequestering 

them to the autophagosome. This phenomenon might lead to improper recycling of mitochondria 

by the autophagic machinery, by using alternate mitochondrial markers other than Pink1, which 

do not flag damaged mitochondria. 

 

I then checked if the increase in mitochondrial density in AOX flies was rescued by rapamycin 

treatment. Rapamycin treatment, as expected, reduced the mitochondrial density in AOX flies 

(Figure 5.9).  
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Citrate synthase activity measuring mitochondrial density of indicated genotypes 

(Control = 1.159±0.013 Absorbance Units mg protein-1) (n=9). Non-expressing flies 

(2>UAS-AOX) (Control in the figure), UAS-AOX expressing flies (daGAL4>UAS-

AOX) (AOX in the figure) and UAS-AOX expressing flies (daGAL4>UAS-AOX) fed 

with rapamycin (AOX + Rapa in the figure) were used. A daughterless GAL4 promoter 

was used for the expression of the transgene. P values were calculated using 1-way 

ANOVA with Newman-Keul's post-test. Data are shown as mean ± SEM. * = 

p<0.05; denotes statistically significant difference between mentioned genotypes. 

The art lines in the figure denote the statistically significant difference between the 

marked genotypes. 

 

 
 

Figure 5.9 Mitochondrial accumulation is rescued in AOX flies fed with rapamycin. 
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5.7 Mitochondrial dysfunction is not rescued by rapamycin feeding in AOX flies 

 
Interestingly, reduction in mitochondrial respiration was not rescued by rapamycin feeding in 

AOX flies. As described earlier (Chapter 3.6), I did not see any difference between AOX flies 

and controls when respiration rates were normalized to total protein content; however, AOX flies 

fed with rapamycin had a modest but significant decrease in respiration (Figure 5.10 A). 

Additionally, even though AOX flies fed with rapamycin, rescued mitochondrial accumulation, 

the respiration rates per mitochondrion were not increased as expected, when normalized to 

mitochondrial density (Figure 5.10 B). This confirms the hypothesis that a mtH2O2 signal is 

necessary to flag damaged mitochondria for recycling.  

 
To reconfirm that mitochondrial dysfunction was persistent after rapamycin feeding; I measured 

mRNA levels of Hsp22 and Hsp60 whose levels are increased when mitochondria are damaged 

(Chapter 3.6). I detected a significant increase in mRNA levels of both Hsp’s in the rapamycin 

fed AOX flies, surprisingly, even more than AOX flies without rapamycin feeding. I detected a 

similar increase with mRNA levels of Impl3 as well, indicating that the flies are switching to a 

more glycolytic metabolism, due to the severely dysfunctional mitochondria (Figure 5.11). In 

summary, these results support the hypothesis that mitochondrial recycling upon rapamycin 

feeding is not specific to damaged mitochondria. All or most of the damaged mitochondria are 

hence not recycled exacerbating the phenotype of the fly. These results also indicate that hyper-

activation of TOR in AOX flies can be a consequence and not the cause of accumulation of 

damaged mitochondria. It can be further hypothesized that the accumulation of mitochondria or 

the increase in mitochondrial number is interpreted as a signal to grow by the cell; thus 

consequently activating TOR to increase cell size and protein synthesis. Further investigation 

however is required in order to dissect and demonstrate this hypothesis. 
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A 

(A) Comparison of oxygen consumption of indicated genotypes (n=3). CI-linked 

(Control = 544±25.98 picomoles O2 min-1 mg protein-1), CIII-linked (Control = 

328.58±35.98 picomoles O2 min-1 mg protein-1) and CIV-linked (Control = 1243±40 

picomoles O2 min-1 mg protein-1) oxygen consumption measured. (B) Representing 

respiration data normalized to respiration per mitochondrion of indicated genotypes 

(n=3). CI-linked, CIII-linked and CIV-linked oxygen consumption measured. Non-

expressing flies (2>UAS-AOX) (Control in the figure), UAS-AOX expressing flies 

(daGAL4>UAS-AOX) (AOX in the figure) and UAS-AOX expressing flies 

(daGAL4>UAS-AOX) fed with rapamycin (AOX + Rapa in the figure) were used. A 

daughterless GAL4 promoter was used for the expression of the transgene. P values 

were calculated using 1-way ANOVA with Newman-Keul's post-test. Data are 

shown as mean ± SEM. * = p<0.05; denotes statistically significant difference 

between mentioned genotypes. 
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Figure 5.10 Mitochondrial respiration is not rescued in AOX flies fed with 

rapamycin. 
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Quantification of mRNA levels of Hsp22, Hsp60 and ImpL3 by quantitative PCR of 

indicated genotypes (n=4). Non-expressing flies (2>UAS-AOX) (Control in the 

figure), UAS-AOX expressing flies (daGAL4>UAS-AOX) (AOX in the figure) and 

UAS-AOX expressing flies (daGAL4>UAS-AOX) fed with rapamycin (AOX + Rapa in 

the figure) were used. A daughterless GAL4 promoter was used for the expression of 

the transgene. P values were calculated using 1-way ANOVA with Newman-Keul's 

post-test. Data are shown as mean ± SEM. * = p<0.05; denotes statistically 

significant difference between mentioned genotypes. The art lines in the figure 

denote the statistical significance between all three genotypes.  

 

Figure 5.11 Mitochondrial damage is exacerbated in AOX flies fed with rapamycin. 
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5.8 Survival of AOX flies is not rescued by rapamycin feeding 

 
Rapamycin has been shown to increase lifespan in several model organisms like yeast, 

worms, flies and mice. A dose dependent increase in lifespan has also been demonstrated in 

many model organisms (Bjedov et al., 2010). As I previously detected a hyper-activation of 

TOR and a severely compromised lifespan in AOX flies, I wanted to investigate if feeding 

rapamycin to AOX flies might improve their survival.  

 

To begin with, I fed AOX flies with rapamycin every day and analysed their survival. 

Interestingly, AOX flies fed with rapamycin had an even shorter lifespan than AOX flies 

without the feeding (Figure 5.12 A). This can be explained by the fact that mitochondrial 

damaged was exacerbated in AOX flies fed with rapamycin when compared to AOX flies 

feeding on normal food (Figure 5.10 and 5.11). I then hypothesized that the continuous 

feeding of rapamycin can cause defects in translation by inhibiting TOR Complex II, leading 

to a severe reduction in lifespan. This can be an additional burden for AOX flies, thereby 

reducing their lifespan even more drastically. To test the hypothesis, I fed AOX flies with 

rapamycin for only 2 days a week. Transient feeding did not reduce the lifespan of AOX flies, 

but neither did it rescue their lifespan (Figure 5.12 B). In summary, these results demonstrate 

that a mtH2O2 signal might be necessary in order to keep TOR signalling in check and 

maintain homeostasis.   
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Survival curves of indicated genotype.  (n=200). A table with statistics for the lifespan is 

presented in Appendix A. 

B 

A 

Figure 5.12 Continuous feeding of rapamycin shortened the lifespan of AOX flies; 

whereas, lifespan was unaltered upon transient feeding. 
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Chapter 6. Restoring mitophagy rescues the physiological phenotype 

triggered by low mtH2O2 levels 

 
 

6.1 Overview of canonical Pink1-Parkin mediated mitophagy 

 
Canonical mitophagy is mediated by the PINK1-PARKIN axis, but how Pink1 is activated 

upon mitochondrial damage and Parkin is recruited by Pink1 is still a highly debated topic. It 

has been suggested that PINK1 needs to auto-phosphorylate itself upon mitochondrial 

depolarization in order to recruit PARKIN. However, there have also been some reports 

supporting the hypothesis that PARKIN is responsible for the activation of PINK1 (Okatusu 

et al., 2012;Narendra et al., 2008). On the other hand, numerous other studies in flies and 

worms have also demonstrated that Parkin overexpression rescues Pink1 mutant phenotype, 

denoting the fact that Pink1 can also be completely dispensable for mitochondrial turnover 

(Clark et al., 2006).  

 

I have demonstrated in Chapter 3 and 4, that mitophagy is disrupted when mtH2O2 levels are 

decreased (AOX and mtCAT flies). In this chapter, I restored mitophagy in a low mtH2O2 

background (AOX flies) to see if restoration of mitophagy can rescue TOR signalling and 

lifespan of AOX flies. This will help us to differentiate the upstream and downstream elements 

of this network. Figure 6.1illustrates the canonical PINK1-PARKIN mitophagy pathway. 
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It has been demonstrated that PINK1 and PARKIN are essential for detection and 

turnover of damaged mitochondria.  

Mitophagy 

Mitochondrial  
Damage 

PINK1 
Stabilization 

PARKIN 
Recruitment 

Figure 6.1 Schematic diagram illustrating in brief the canonical PINK1-

PARKIN mitophagy pathway. 
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6.2 Verification of overexpression of Parkin and Pink1 in Drosophila 

 

Parkin and Pink1 overexpression was achieved by using a UAS-Parkin and UAS-Pink1 

constructs and an inducible Tubulin GeneSwitch GAL4 promoter. I verified the 

overexpression by measuring protein levels of Parkin and Pink1 in the respective 

overexpressing fly lines. I detected a significant increase in protein levels for both Parkin and 

Pink1, confirming that the overexpression constructs are functional (Figure 6.2). 
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Top panel showing representative western blot membrane of Parkin protein 

levels in non-expressing flies (TubGS>UAS-Parkin; –RU-486 OFF) (Parkin in the 

figure) and Parkin overexpressing flies (TubGS>UAS-Parkin; +RU-486 ON) 

(Parkin in the figure). Bottom panel showing representative Western blot 

membrane of Pink1 protein levels in non-expressing flies (TubGS>UAS-Pink1; –

RU-486 OFF) (Pink1 in the figure) and Pink1 overexpressing flies (TubGS>UAS-

Pink1; –RU-486 ON) (Pink1 in the figure) flies. An inducible Tubulin GeneSwitch 

GAL4 promoter was used for the expression of the transgene. GAPDH was used 

for normalization purpose. The molecular weight of proteins detected by western 

blots are given as kiloDalton (kDa) units. 

 

 

 

Figure 6.2 Validation of Pink1 and Parkin overexpression.  
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6.3 Parkin, but not Pink1 overexpression restores mitochondrial turnover in AOX flies 

 

Results presented in Chapter 3 and 4 indicated that mitochondrial turnover was regulated by 

mtH2O2, and reduction of mtH2O2 compromised stress adaptation and survival. I then sought 

to understand whether increasing mitochondrial turnover by activating the canonical Pink1-

Parkin mitophagy pathway would rescue the AOX phenotype. In agreement with the 

hypothesis, Parkin overexpression in AOX flies reduced the accumulation of mitochondria 

(Figure 6.3). Surprisingly, Pink1 overexpression in AOX flies did not rescue the 

mitochondrial accumulation (Figure 6.3). These results partially validated the hypothesis that 

the Pink1 protein needs to undergo an oxidative modification to be activated. When the 

mtH2O2 necessary for redox regulation of the protein is absent, overexpression of the protein 

is not beneficial. Moreover, these results also indicate that overexpression of Parkin is a 

bypass for this H2O2 signal. 

 

To further understand the process of Parkin dependent mitophagy, I stained live fly brains 

with H2DCF. Parkin overexpression reduced the ROS levels modestly, but not significantly, 

in the AOX flies. This might be due to the decrease in damaged mitochondria; however, 

Pink1 overexpression did not change the ROS levels (Figure 6.4 A and B). This experiment 

demonstrates that Parkin is located downstream of the ROS signal.  
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Citrate synthase activity measuring mitochondrial density of indicated genotypes 

(Control = 0.7783±0.024 Absorbance Units mg protein-1) (n=9). AOX expressing 

flies (TubGS>UAS-AOX; +RU-486 ON) (AOX in the figure), UAS-AOX; Parkin 

overexpressing flies (TubGS>UAS-AOX; UAS-Parkin; +RU-486 ON) (AOX; 

Parkin in the figure) and UAS-AOX; Pink1 overexpressing flies (TubGS>UAS-

AOX; UAS-Pink1; +RU-486 ON) (AOX; Pink1 in the figure). An inducible 

Tubulin GeneSwitch GAL4 promoter was used for the expression of the 

transgene. P values were calculated using 1-way ANOVA with Newman-Keul's 

post-test. Data are shown as mean ± SEM. * = p<0.05; denotes statistically 

significant difference between mentioned genotypes. 
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Figure 6.3 Parkin, but not Pink1 overexpression rescues the mitochondrial 

accumulation caused by AOX expression. 
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A 

B 

H2DCF 

(A) Representative images of dissected fly brains stained with H2DCF of indicated 

genotypes. (B) Quantification of A (n=5). AOX expressing flies (TubGS>UAS-

AOX; +RU-486 ON) (AOX in the figure), UAS-AOX; Parkin overexpressing flies 

(TubGS>UAS-AOX; UAS-Parkin; +RU-486 ON) (AOX; Parkin in the figure) and 

UAS-AOX; Pink1 overexpressing flies (TubGS>UAS-AOX; UAS-Pink1; +RU-486 

ON) (AOX; Pink1 in the figure). An inducible Tubulin GeneSwitch GAL4 

promoter was used for the expression of the transgene. P values were calculated 

using 1-way ANOVA with Newman-Keul's post-test. Data are shown as mean ± 

SEM. This work was done in collaboration with Dr. Filippo Scialo. 
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Figure 6.4 Neither Parkin nor Pink1 overexpression alters ROS levels in 

AOX flies. 
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6.4 Parkin overexpression improves the mitochondrial functionality of AOX flies 

 

In order to verify the recycling of damaged mitochondria, I checked if the mitochondrial 

functionality was restored after restoring mitophagy. The respiration normalized to total 

protein content was unaltered as observed earlier (Figure 6.5 A). However, when normalized 

to their respective mitochondrial densities, mitochondrial respiration was improved by Parkin 

overexpression in AOX flies but not by Pink1 overexpression (Figure 6.5 B). Combined, 

these experiments confirm that Parkin overexpression restores recycling of damaged 

mitochondria, hence improving its function. 

 

I also detected a modest rescue in mRNA levels of Hsp22; which demonstrated that 

mitochondrial function is restored after restoring mitophagy. However, I did not detect any 

changes in the Hsp60 mRNA levels. This can be explained by the fact that induction in Hsp60 

is not as extreme as other Hsp’s in the AOX flies. Additionally, there was also no rescue in 

mRNA levels of Hsp70, but there was a significant increase in induction when Pink1 was 

overexpressed along with AOX. The mRNA levels of ImpL3 were also rescued by Parkin 

overexpression; whereas, Pink1 overexpression did not rescue the induction (Figure 6.6). This 

experiment demonstrates that Parkin overexpression, but not Pink1 overexpression, can 

restore different mitochondrial phenotypes caused by low mtH2O2 levels. 
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A 

B 

CI+III+IV CIII+IV CIV 

(A) Comparison of oxygen consumption of indicated genotypes (n=4). CI-linked 

(Control = 1065±133.4 picomoles O2 min-1 mg protein-1), CIII-linked (Control = 

590.3±52.3 picomoles O2 min-1 mg protein-1) and CIV-linked (Control = 

3155±86.36 picomoles O2 min-1 mg protein-1) oxygen consumption (B) CI-linked, 

CIII-linked and CIV-linked oxygen consumption measurements normalized to 

respective mitochondrial density (n=4). AOX expressing flies (TubGS>UAS-AOX; 

+RU-486 ON) (AOX in the figure), UAS-AOX; Parkin overexpressing flies 

(TubGS>UAS-AOX; UAS-Parkin; +RU-486 ON) (AOX; Parkin in the figure) and 

UAS-AOX; Pink1 overexpressing flies (TubGS>UAS-AOX; UAS-Pink1; +RU-486 

ON) (AOX; Pink1 in the figure). An inducible Tubulin GeneSwitch GAL4 

promoter was used for the expression of the transgene. P values were calculated 

using 1-way ANOVA with Newman-Keul's post-test. Data are shown as mean ± 

SEM. * = p<0.05; denotes statistically significant difference between mentioned 

genotypes. 

 

Figure 6.5 Parkin overexpression rescues mitochondrial respiration of AOX 

flies. 
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Quantification of mRNA levels of Hsp22, Hsp60, Hsp70 and ImpL3 by 

quantitative PCR in indicated genotypes (n=6). AOX expressing flies 

(TubGS>UAS-AOX; +RU-486 ON) (AOX in the figure), UAS-AOX; Parkin 

overexpressing flies (TubGS>UAS-AOX; UAS-Parkin; +RU-486 ON) (AOX; 

Parkin in the figure) and UAS-AOX; Pink1 overexpressing flies (TubGS>UAS-

AOX; UAS-Pink1; +RU-486 ON) (AOX; Pink1 in the figure). An inducible 

Tubulin GeneSwitch GAL4 promoter was used for the expression of the 

transgene. P values were calculated using 1-way ANOVA with Newman-Keul's 

post-test. Data are shown as mean ± SEM. * = p<0.05; denotes statistically 

significant difference between mentioned genotypes. 

 

 

Figure 6.6 Mitochondrial damage is improved by Parkin overexpression in 

AOX flies. 
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6.5 Parkin overexpression restores TOR signalling in AOX flies 

 
As I have observed earlier that AOX expression causes the hyper-activation of TOR (Chapter 

5.3), I wanted to understand if TOR signalling directly controls mitochondrial function or 

vice-versa. I measured phosphorylation of S6K as a proxy for TOR activation. In accordance 

to the results seen in mitochondrial respiration and mitochondrial density, Parkin but not 

Pink1 overexpression restored TOR signalling in AOX flies (Figure 6.7 A and B). This 

suggests a direct control of TOR signalling by mitochondrial activity. Combined, these results 

prove that restoring mitophagy is enough to restore TOR signalling, indicating that an 

appropriate mitochondrial turnover is essential. 
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(A) Representative western blot membranes showing pS6K and S6K levels in 

indicated genotypes. GAPDH is used for normalization and quantification 

purposes.  (B)  Quantification of (A) (n=3).  AOX expressing flies (TubGS>UAS-

AOX; +RU-486 ON) (AOX in the figure), UAS-AOX; Parkin overexpressing flies 

(TubGS>UAS-AOX; UAS-Parkin; +RU-486 ON) (AOX; Parkin in the figure) and 

UAS-AOX; Pink1 overexpressing flies (TubGS>UAS-AOX; UAS-Pink1; +RU-

486 ON) (AOX; Pink1 in the figure). An inducible Tubulin GeneSwitch GAL4 

promoter was used for the expression of the transgene. P values were calculated 

using 1-way ANOVA with Newman-Keul's post-test. Data are shown as mean ± 

SEM. * = p<0.05; denotes statistically significant difference between mentioned 

genotypes. The molecular weight of proteins detected by western blots are given 

as kiloDalton (kDa) units. 

B 

A 

70kDa 

70kDa 

36kDa 

0

50

100

150

0

50

100

150

P
ro

te
in

 l
e

v
e

l

%
 A

O
X

 e
x

p
re

s
s

in
g

 f
li
e

s

P
ro

te
in

 le
v

e
l

%
 A

O
X

 e
x

p
re

s
s

in
g

 flie
s

 pS6K   S6K

 

 

Figure 6.7 Hyper-activation of TOR in AOX flies is restored by Parkin 

overexpression. 
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6.6 Parkin overexpression rescues the survival of AOX flies 

 
As demonstrated in Chapter 3.9, AOX expression caused a significant decrease in lifespan.   

Since I have established that accumulation of damaged mitochondria activates TOR signalling 

and reduces lifespan, I hypothesized that activation of mitochondrial turnover in these 

conditions will rescue the short lifespan of AOX flies.  

 

I performed lifespan analysis in both Parkin overexpressing flies and Pink1 overexpressing 

flies, co-expressing AOX. I observed a significant extension in the survival, when Parkin was 

overexpressed in AOX flies; whereas, Pink1 overexpression did not alter AOX lifespan 

(Figure 6.8). This was in accordance to the lack of effect on other phenotypes studied. In 

summary, this chapter shows that mitochondrial turnover is indispensable for a healthy and 

long survival.    
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Survival curves of indicated genotypes (n=200). A table with statistics 

for the lifespan is presented in Appendix A. 
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Figure 6.8 Parkin overexpression rescues the lifespan of AOX flies. 
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Chapter 7. Discussion 

 

7.1 Introduction 

 
Accumulation of damaged mitochondria is a common characteristic for ageing and 

neurodegenerative diseases (Bratic and Larsson, 2013), but how and why this happens is still 

a mystery. Although ROS can be hypothesized as a proximal cause for this phenotype, studies 

have not been successful in demonstrating this effect definitively. ROS often functions as a 

dual entity, in damage as well as in signalling. The function of ROS, that causes damage to 

proteins and molecules have been very well studied and linked to many diseases, particularly 

that of ageing (Alfadda and Sallam, 2012). Even though many studies have emerged making 

it evident that ROS also functions in signalling pathways like hypoxia and apoptosis (Deng et 

al., 2012) (Qutub and Popel, 2008), it is still unclear if or how ROS are responsible for 

activating or deactivating many other signalling pathways like mitophagy and/or insulin 

signalling. Most of the studies on ROS signalling are also demonstrated in vitro; either in cell 

culture or isolated mitochondria. Cell culture has many advantages, but when considering 

studies on ROS signalling it might be less efficient. Culturing cells in a dish expose cells to 

high levels of oxygen than the ones observed in vivo. This can be responsible for the 

production of excessive ROS, as cells can induce a Hyperoxia like response, increasing ROS 

consequentially. This response can also lead to activation or deactivation of many signal 

transduction pathways (Kwak et al., 2006). Furthermore, cells that are used for experiments 

are also cultured on glucose instead of galactose. Glucose makes the cell highly glycolytic, 

making the cell completely dependent on glycolysis for their energy demands; therefore 

making the mitochondria dormant or with very low functionality. This hypothesis has also 

already been tested and it has been observed that PARKIN dependent mitophagy is altered 

according to the media in which cells are cultured. In these studies, it was observed that 

PARKIN dependent mitophagy in cells occur only when cultured in glucose. Under these 

conditions, PARKIN is overexpressed and FCCP is added to the culture media. However, 

when cells are cultured in galactose, mitochondrial OXPHOS is active and PARKIN 

dependent mitophagy is inhibited. Even upon FCCP addition, PARKIN dependent mitophagy 

is minimal (MacVicar and Lane, 2014).  In summary, as ROS signalling mainly depends on 

mitochondrial function, signalling studies in cell cultures may lose their credibility.  
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Activation or deactivation of TOR signalling has already been studied in many diseases and in 

ageing (Kaeberlein, 2013). TOR signalling plays a major role in cellular mechanisms like cell 

growth, proliferation, protein translation, autophagy and many more. It integrates many 

upstream elements, thus making it one of the most important signal transduction pathways. 

There have been numerous studies emerging from the TOR signalling cascade since its 

discovery (Heitman et al., 1991), but there is no solid proof of how TOR signalling performs 

as a unit. Many studies have demonstrated that inhibiting TOR improves many disease 

phenotypes like cancer and has also been shown to extend healthy lifespan (Seufferlein and 

Rozengurt, 1996; Neff et al., 2013). On the other hand, activation of TOR has been shown to 

improve homeostasis by promoting the translation of proteins. Even though many 

pharmacological and genetic interventions to activate and deactivate TOR have been used, the 

mechanism of activation or inhibition is still not very clear. However, with the discovery of 

new and more specific inhibitors and/or activators, further studies will improve our 

understanding on the molecular basis of the signalling cascade.  

 

TOR signalling modulates mitochondrial bioenergetics in many ways. It activates PGC1 α, 

which is a major modulator for mitochondrial biogenesis (Diop et al., 2015). It has also been 

shown to improve availability of substrates for glycolysis, which is utilized by the 

mitochondria as well (Sun et al., 2011). On the other hand, not many studies have 

demonstrated the role of mitochondria in controlling TOR signalling. It has been shown that 

mitochondrial ROS regulates many downstream mechanisms of TOR like autophagy or 

apoptosis (Gibson, 2013) (Simon et al., 2000), but there are no studies showing a direct 

regulation of TOR by mitochondrial ROS. In many model organisms mitochondrial damage 

and TOR signalling are increased in parallel during ageing (Bratic and Larsson, 2013), but 

whether this is a cause or a consequence of ageing is still not determined. 

 

In summary, I provide evidence that mitochondrial H2O2 signal is necessary for stress 

adaptation. When this signal is blocked by two different genetic interventions, mitochondrial 

turnover is halted. This causes an accumulation of damaged mitochondria which in turn 

causes persistent hyper-activation of TOR. I have further demonstrated that increasing 

mitochondrial turnover in a low mitochondrial H2O2 (AOX flies) background reduces 

mitochondrial density and restores TOR signalling. However, reverting the hyper-activation 

of TOR in a low mitochondrial H2O2 background does not improve this phenotype. This 

demonstrates that activation of TOR signalling can be a homeostatic response, instead of a 

consequence, in order to improve glycolysis for energy balance. I aim to elucidate this redox 
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signalling pathway in detail which will be a valuable clinical tool to prevent ageing and onset 

of age-related diseases.  

 

7.2 A mtH2O2 rather than a O2
- 
signal is responsible for cellular stress response 

 
As discussed earlier, ROS are considered as a double entity; causing damage and acting as 

signalling molecules. Many studies which describe ROS as a damaging agent have been 

performed which is due to the fact that damage can be easily studied. Whereas, it is extremely 

difficult to perform experiments to study ROS as a signalling molecule due to its very short 

half-life of around 1µs to 1ms.  ROS has been shown to act as signals by modifying cysteine 

residues in proteins, changing their conformation and therefore their activity (Miki and 

Funato, 2012). This phenomenon has been described in signalling cascades like apoptosis, 

hypoxia and few other (Ray et al., 2012). To overcome the hurdles of studying ROS as a 

signalling molecule in cell culture, I have taken an in vivo approach altering ROS by genetic 

interventions. I ectopically expressed AOX in the fruit fly (Figure 3.2 A). AOX accepts 

electrons from the ubiquinone pool, thus preventing the over-reduction of the ubiquinone 

pool, the leak of electrons and the generation of ROS (Fernandez-Ayala et al., 2009). I 

hypothesize that this prevention in reduction of the ubiquinone pool caused by AOX is the 

block in the signal that is responsible for cellular stress response.  

 

Currently, there is a huge controversy in the field of ROS regarding the most appropriate 

method to measure ROS in vivo (Halliwell and Whiteman, 2004). To ascertain that AOX 

reduces the leak of electrons from the ETC and thereby reduces ROS, I measured ROS using 

four different techniques to demonstrate the change in different ROS molecules. AOX flies 

significantly reduced O2
- and H2O2 levels both in vitro and ex vivo (Figure 3.2 B, C and D). 

Furthermore, I also confirmed the decrease in ROS in vivo (Figure 3.3 A and B). However, 

this reduction in ROS did not improve the damage caused to proteins (Figure 3.6). This led 

me to hypothesize that ROS might act as a signal instead of a damaging molecule. It can also 

be hypothesized that a certain level of ROS is necessary to facilitate the cellular signalling 

processes. 

 

As AOX has no proton pumping properties and can reduce proton motive force, it is possible 

that it affects ATP production. However, I measured the levels of ATP, ADP, and AMP in the 

fly and observed no changes (Figure 3.4 A and B). This can also occur because of the 

upregulation of glycolysis, which will be discussed in the following pages. Moreover, 
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feeding, locomotion or the weight of the fly were unchanged denoting that AOX expression 

did not cause any phenotypic changes (Figure 3.5 A, B and C). These results demonstrate that 

the effect of AOX predominantly alters ROS levels.  

 

AOX is upstream of the dismutation of O2
- or H2O2; hence it is difficult to determine the ROS 

species involved in the signalling process. O2
- is rapidly dismutated to H2O2 by Superoxide 

dismutases, like SOD1, in the intermembrane space and cytosolic compartments and SOD2, 

in the mitochondrial matrix. On the other hand, H2O2 is converted to water by many enzymes 

like CATALASE, GLUTATHIONE PEROXIDASES and PEROXIREDOXINS making the 

molecule inert. H2O2, however, when compared to O2
- is less reactive and due to its neutral 

charge can diffuse through biological membranes and act in signalling far from its site of 

production. To differentiate these ROS signals, I used two different fly models.  (i) I 

ectopically expressed Catalase in the mitochondria of the fly (Figure 4.2 A) and (ii) I 

overexpressed a version of superoxide dismutase which is present in the mitochondria (Figure 

4.2 A). I demonstrated that ectopic expression of Catalase reduces H2O2 but does not alter 

levels of O2
- (Figure 4.2 B and C). Sod2 overexpression on the other hand reduced levels of 

O2
-and increased H2O2 levels marginally (Figure 4.2 B and C), therefore being a very valuable 

tool in studying ROS signalling. In addition to studying ROS signalling, these flies have been 

used in several labs to study their effect on lifespan. Over the last decade or two, several labs 

have demonstrated contradictory lifespan results. Overexpression of Sod2, in some studies did 

not affect the lifespan of flies and in some studies extended fly lifespan (Mockett et al., 1999; 

Mockett et al., 2010; Mockett et al., 2001). On the other hand, mitochondrial Catalase 

expression has never been demonstrated to extend lifespan of flies (Mockett et al., 2003). 

However, in mice, mitochondrial Catalase expression extended lifespan (Schriner et al., 

2005). It has to be taken into consideration the different experimental conditions used for 

these lifespan analysis e.g. diet or background that can significantly affect these results. More 

stringent conditions have to be maintained in order to demonstrate these results more 

convincingly.   

 

I observed that a reduction in mitochondrial H2O2 in flies (AOX and mitochondrial Catalase), 

caused an increase in mitochondrial density. Whereas, the increase in mitochondrial H2O2 

(Sod2) reduced mitochondrial density (Figure 3.8 A and Figure 4.4 A). Mitochondrial density 

is also a balance between mitochondrial turnover and mitochondrial biogenesis. In order to 

confirm whether there was any alteration in biogenesis, I measured Spargel and Delg levels, 

which regulate mitochondrial biogenesis in flies. I detected only a modest increase in mRNA 
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levels of Spargel in AOX flies (Figure 3.10). Furthermore, Spargel mRNA levels were 

unchanged in the mitochondrial Catalase expressing flies (Figure 4.5). I also detected a 

significant increase in mtDNA copy number, without any changes in mtDNA encoded ETC 

subunits (Figure 3.8 B, Figure 3.11 and Figure 4.4 B). These results indicate that the increase 

in mitochondrial density is caused due to accumulation of damaged mitochondria rather than 

an increase in mitochondrial biogenesis. To confirm that there is accumulation of damaged or 

respiratory deficient mitochondria, I analysed mitochondrial respiration. To begin with, I used 

whole homogenates of the AOX flies, which showed no difference in respiration when 

normalized to total protein content (Figure 3.12 A). Since I detected an increase in mitochondrial 

density, independent of mitochondrial biogenesis, it is unlikely that the mitochondrial 

bioenergetics is preserved. I then measured mitochondrial density in these homogenates used for 

respiration. When the respiration values from the homogenates were normalized to the 

mitochondrial density values instead of the total protein content, I saw a significant decrease in 

respiration of AOX flies (Figure 3.12 B). Interestingly, I observed a similar decrease in 

respiration in mtCAT flies; whereas, in Sod2 flies, mitochondrial respiration was increased upon 

normalization (Figure 4.6 A and B). This analysis of respiration was used, as it gave an 

estimation of respiration per mitochondrion. I also measured mRNA levels of UPR genes 

(Hsp’s) and glycolysis regulator (lactate dehydrogenase (ImpL3)), which were upregulated in 

response to reduction in mitochondrial H2O2 (Figure 3.13 A and Figure 4.7). These results denote 

the increase in presence of damaged mitochondria. Overall, these experiments support the 

hypothesis that an active mitochondrial H2O2 signal is required to alter mitochondrial 

bioenergetics in response to stress. 

 

Results from Figures 3.8, 4.4, 3.12 and 4.6, have demonstrated that damaged mitochondria 

accumulate when mitochondrial H2O2 is reduced; therefore, I wanted to understand the 

mechanism behind this accumulation. Since Pink1-Parkin dependent mitophagy is one of the 

major regulators of mitochondrial turnover, I analysed protein levels of Pink1 and Parkin. I 

observed that canonical Pink1-Parkin mitophagy was reduced with loss of the H2O2 signal 

(Figure 3.14 A, B and Figure 4.8 A, B). These results show that ROS; more specifically mtH2O2, 

is required to initiate mitochondrial turnover independent of the generation of oxidative damage. 

In relation to this, I demonstrated that mitochondrial H2O2 levels regulate the levels of Pink1. 

When H2O2 signalling is interrupted, Pink1 levels rapidly decay which may halt mitophagy, 

explaining the accumulation of respiratory deficient mitochondria that I observed. However, I 

did not detect any changes in the Parkin protein levels (Figure 3.14 A, B and Figure 4.8 A, B). It 

can be hypothesized that the protein levels of Parkin do not explain the activity of the protein, 
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since the phosphorylated or the redox state of the protein is not measured. Additionally, as Parkin 

is a cytosolic protein it is most likely controlled by a mediator protein that relays the ROS signal 

over to Parkin. I hypothesize that a mitochondrial H2O2 signal is essential to stabilize and 

activate Pink1. This can be achieved by an interaction between the cysteine residues in the Pink1 

protein and H2O2. On the other hand, it is also possible that Pink1 activity is regulated by kinases 

or phosphatases that are redox regulated. More experiments dissecting the hypothesis are 

however required.  

 

Through simultaneous expression analysis of 87 genes, I have demonstrated that changes in 

mitochondrial H2O2 have a consistent effect on gene expression, supporting the existence of 

different transcriptomic signatures for high and low levels of mtH2O2 (Figure 4.11 and Table 

4.1). The most significant changes in gene expression were in hypoxia and P53 signalling. These 

results are not unexpected, as hypoxia adaptation is regulated by ROS produced at Complex III 

(Bleier and Drose, 2013). Preventing over-reduction of the ubiquinone pool via expression of an 

alternative oxidase (AOX) was expected to, and did in fact, reduced mitochondrial ROS and 

lifespan of flies exposed to hypoxia. A high proportion of the transcripts up-regulated by H2O2 in 

response to high temperatures (e.g. Tsp66E, CathD or Ref (2) P) were involved in autophagy. 

Accordingly, in transgenic flies with reduced mtH2O2 levels, the autophagic response was 

attenuated (Figure 5.2). The failure of these cellular mechanism caused the flies with low 

mitochondrial H2O2 (AOX and mtCAT) to live shorter. On the other hand, flies with increased 

mitochondrial H2O2 (Sod2) lived significantly longer (Figure 3.18 and Figure 4.12). 

 

In summary, I have established several novel genetic approaches to modify the ROS levels in 

vivo in the fruit fly. Using these techniques, I have revealed alternative effects of different ROS 

molecules. I demonstrated that these ROS molecules have distinctly different roles in redox 

signalling. Moreover, I have provided evidence for the existence of a mitochondrial H2O2 signal 

in the process of canonical mitophagy. Furthermore, I have also demonstrated that interruption of 

this mtH2O2 signal disrupts the response for stress adaptation. 

 

7.3 Interaction between mitochondria and TOR 

 
TOR signalling controls many signalling cascades and has been studied for several years. 

However, a distinct list of signalling cascades that TOR controls still remains unknown. It is 

very complex as it integrates many upstream and downstream elements. Since TOR controls 

many signalling cascades, it is safe to assume it also plays an important role in mitochondrial 
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bioenergetics. It has been demonstrated that TOR signalling controls mitochondrial 

functionality, however, the vice-versa has not been very well studied. Mitochondrial ROS has 

been shown to control many downstream elements that are also controlled by TOR (Schieke 

and Finkel, 2006), but a direct control of TOR by mitochondria or mitochondrial ROS has not 

been shown. Mitochondria has also been shown to control insulin signalling and nutrient 

signalling that are upstream of TOR, but these studies have been contested since. 

Mitochondrial biogenesis is another pathway governed by TOR. TOR signalling controls the 

production of new mitochondria and mitochondrial DNA by controlling the transcription of 

PGC1α and NRF1 (described in detail in Chapter 1.24). Mitochondrial recycling is also one of 

the pathways that interact with TOR. It controls the autophagic machinery, which plays a 

major role in mitophagy (Jung et al., 2010). Even though TOR signalling has been shown to 

interact with mitochondrial functionality and vice-versa, it is still not evident how this 

happens. In summary, I have established a link between mitochondrial turnover and TOR 

activation. I have also demonstrated that mitochondria are upstream regulators of TOR. 

Additionally, I have demonstrated that mitochondrial ROS is directly linked to TOR rather 

than interacting with the downstream effectors of TOR.  

 

First, I observed transcriptional changes mainly in the insulin signalling pathway and the 

autophagy pathway when the levels of mitochondrial H2O2 was reduced (Figure 4.11). Both 

these pathways are major signalling cascades that are controlled by TOR. This was the 

primary reason for me to delve into studying the TOR signalling cascade. Secondly, I also 

observed a decrease in mitophagy, when the mitochondrial H2O2 was reduced. I hypothesized 

that TOR signalling can be disrupted, causing an autophagy dependent accumulation of 

damaged mitochondria. I observed hyper-activation of TOR signalling, confirmed by the 

increase in phosphorylation of S6K and 4E-BP (Figure 5.3 A and B). I also observed a 

decrease in autophagy, which can be linked to hyper-activation of TOR signalling (Figure 5.2 

A and B). Additionally, in order to verify that TOR signalling is modified in response to AOX 

expression, in the sense; decrease in mitochondrial ROS and mitochondrial accumulation, I 

used the inducible system as described earlier to induce or terminate AOX expression. I have 

also previously demonstrated that mitochondria accumulate in parallel to the expression of 

AOX and are reverted when the AOX expression is halted. I observed a similar activation of 

TOR signalling (Figure 5.4 A and B). However, it is still unclear if the activation of TOR is 

because of the decrease in the ROS signal or because of the increase in mitochondrial 

accumulation. 

 



 172 

In order to verify if the activation of TOR was a cause or consequence of the mitochondrial 

accumulation, I checked if the upstream inhibitors of TOR were active. Initially, I verified if 

the well-described S6K feedback loop was active (Efeyan and Sabatini, 2010). This feedback 

loop is responsible for keeping the activation of TOR in check as TOR hyper-activation can 

cause cancer. I have demonstrated earlier that TOR was hyper-activated when mitochondrial 

density was increased. However, I also detected an activation of the feedback loop, as 

mentioned earlier, demonstrated by the decrease in phosphorylation of AKT, mediated by 

S6K (Figure 5.5 A and B). The decrease in phosphorylation of AKT leads to FOXO activation 

(Figure 5.5 A and C) and consequentially TOR inactivation in an AMPK-TSC2 dependent 

manner (Figure 5.6 A, B and C). The failure of the feedback loop to deactivate TOR denotes 

that the activation of TOR is persistent due to the reduction of mtH2O2 or increase in 

mitochondrial density. Figure 7.1 is a schematic representation of the TOR signalling 

pathway. 

 

I then wanted to verify if the hyper-activation of TOR is an adaptive response. In order to 

understand this, I used rapamycin to inhibit TOR in AOX flies. Rapamycin is a well-known 

drug used for the inhibition of TOR and has been shown to extend lifespan robustly in many 

organisms (Ehninger et al., 2014). As described earlier, TOR signalling was hyper-activated 

in AOX flies, which caused a reduction in lifespan (Figure 3.18 and 5.3). I fed AOX flies with 

rapamycin in order to determine if deactivation of TOR will be beneficial for these flies. 

Rapamycin efficiently inhibited TOR, improved autophagy and increased mitochondrial 

turnover (Figure 5.7, 5.8 and 5.9). However, the functionality of mitochondria was not 

rescued. Mitochondrial respiration was disrupted in AOX flies fed with rapamycin, and 

respiration was even lower than the flies that were not fed with rapamycin. When normalized 

to mitochondrial density, the difference was more evident (Figure 5.10). I hypothesize that 

this might be because of improper signalling to recycle damaged mitochondria. It is possible 

that damaged mitochondria might need a functional signal in order to be recycled and this 

signal is H2O2. In AOX flies, this signal is lost causing accumulation of mitochondria.  In 

support of this hypothesis it has been demonstrated that overexpression of ATG18 (increasing 

autophagy), significantly reduced mitochondrial density in mice, independent of PINK1 or 

PARKIN. It is very unlikely that damaged mitochondria are flagged and specifically recycled 

in this process (Chang et al., 2013). Moreover, when AOX flies are fed with rapamycin, the 

increase in autophagy can cause un-specific recycling of mitochondria, leaving behind a very 

low number of functional mitochondria. Finally, the flies fed with rapamycin lived even 

shorter than AOX flies, which demonstrated that maybe TOR activation is a necessary 
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adaptation (Figure 5.12). I also fed the AOX expressing flies with rapamycin two days a 

week. However, I did not see any improvement in the fly lifespan, and the flies had similar 

lifespan as the AOX flies without rapamycin (Figure 5.12). I hypothesize that the increase in 

TOR is a homeostatic response; improving glycolysis to compensate the presence of 

dysfunctional mitochondria and sustain energy production (Sun et al., 2011; Cheng et al., 

2014).  

 

In summary, I show evidence of persistent activation of TOR due to loss of ROS signalling 

and mitochondrial accumulation. I demonstrate that an active S6K feed-back loop is not 

enough to repress TOR signalling. I also show evidence of a mitochondrial signal that is 

absolutely essential to recycle mitochondria, without which the increase of downstream 

pathways is nullified. I have thus demonstrated a novel existing link between mitochondria 

and TOR, and that activation of TOR is determined by the mitochondria.  
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Phosphorylation dependent activation or deactivation of several proteins in the 

cascade, flow into TOR, which inturn (i) inhibits (red text in figure) 

mechanisms like autophagy and starvation-induced gene transcription and (ii) 

activates (green text in figure) mechanisms like translation and ribosome 

biosynthesis among many others. 
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Figure 7.1 A schematic of upstream elements that control TOR and 

downstream elements that TOR controls. 
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7.4 Mitochondrial turnover controls TOR signalling 

 
From experiments performed earlier, I was unable to understand how mitochondria and 

mTOR interact, i.e. I was unable to discern if mitochondrial H2O2 directly controls TOR or if 

H2O2 controls TOR by controlling mitochondrial turnover. It will indeed be very interesting to 

understand if mitochondrial accumulation is a pseudo signal that activates TOR; wherein the 

cell interprets mitochondrial accumulation as signal to promote proliferation. To test this 

hypothesis, I overexpressed two of the proteins involved in canonical mitophagy; Pink1 and 

Parkin, to restore mitophagy (Figure 6.2). 

 

Overexpression of Parkin in AOX flies restored mitochondrial turnover and reduced 

mitochondrial accumulation. However, Pink1 overexpression did not restore mitochondrial 

respiration nor did it reduce the amount of mitochondria (Figure 6.3 and 6.5). Pink1 protein 

was clearly overexpressed in the flies, confirmed by Western blot; however, since Western 

blotting technique only measured the levels of total protein, I was unable to check the activity 

of the protein. I hypothesize that overexpression of Pink1 is not enough to initiate mitophagy. 

It has been shown that auto-phosphorylation of Pink1 after mitochondrial membrane potential 

dissipation is absolutely essential for the process of mitophagy (Kondapalli et al., 2012). 

PINK1 activation after its auto phosphorylation is responsible to recruit PARKIN (Okatsu et 

al., 2012; Kondapalli et al., 2012). However, a redox dependent cysteine activation of PINK1 

has not been shown yet. I hypothesize that a mitochondrial H2O2 signal is responsible for the 

activation of Pink1 and this activation is responsible for conformational changes in the Pink1 

protein avoiding degradation of the protein. This was also confirmed by checking the Pink1 

proteins levels in the flies that have more H2O2 (Sod2). Sod2 flies had more Pink1 protein 

(Figure 4.8), which partially supports the hypothesis that the protein avoids degradation. 

However as mentioned earlier, activation of the protein was still not verified. Additionally, it 

has been shown that PARKIN needs to be recruited in order to be involved in mitophagy. This 

does not explain why Parkin overexpression increases mitochondrial turnover in AOX flies. 

However, Parkin has been shown to rescue Pink1 mutant fly phenotypes (Park et al., 2006). It 

can be hypothesized that, Parkin, when overexpressed, does not need to be recruited and 

activated by Pink1; and it can be involved in mitochondrial turnover independent of Pink1. It 

is not surprising that neither Pink1 nor Parkin overexpression in the AOX flies improved the 

mitochondrial ROS signal (Figure 6.4). These experiments also demonstrate that Parkin is 

located downstream of the mitochondrial H2O2 signal. More experiments are required in order 

to determine the intermediate protein that connects the mitochondrial H2O2 signal and 

mitochondrial turnover.   
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In order to ascertain that accumulation of defective mitochondria is directly responsible for 

the hyper-activation of TOR, I checked TOR signalling in flies overexpressing Pink1 or 

Parkin, in an AOX flies. When the turnover of mitochondria was improved with Parkin 

overexpression in AOX flies, TOR signalling was reverted back to basal levels; whereas, 

Pink1 overexpression, as described earlier, neither improved the mitochondrial turnover nor 

rescued the hyper-activation of TOR (Figure 6.7). This supports the hypothesis that 

mitochondrial turnover or accumulation is directly responsible for activation of TOR. 

Additionally, Parkin overexpression significantly improved the decrease in lifespan caused by 

AOX expression; whereas, Pink1 overexpression did not (Figure 6.8). This shows that a 

proper mitochondrial turnover is absolutely essential for survival, which in turn controls TOR 

signalling. 

 

These results demonstrate how mtH2O2 regulates mitochondrial turnover and through it the 

activation of TOR. When this pathway is disrupted, mitophagy is halted and causes an 

accumulation of damaged mitochondria. This clearly shows that mitochondrial turnover is 

instrumental for an appropriate fine-tuning of TOR signalling. Moreover, I also describe a 

mechanism of how autophagy is disrupted causing the dysfunction of the proteasome and 

consequentially the accumulation of damaged proteins. As a consequence of the reduction in 

cellular quality control, the lifespan of flies under stress is severely reduced.  

 

In summary, I have uncovered a novel mtH2O2-Pink1/Parkin-TOR pathway that provides us 

with new targets for pharmacological or dietary interventions. I have established that targeting 

this pathway is a valid therapeutic strategy that should be considered for the treatment of age-

related and mitochondrial disorders. In the near future, I aim to elucidate this redox regulated 

pathway in detail. Figure 7.2 is a summary of my research findings. 
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I hypothesize that a mitochondrial H2O2 signal initiated by the over reduction of 

ubiquinone pool is responsible for the activation of Pink1. This activation is 

responsible for the recruitment of Parkin and sequestration of mitochondria to 

the autophagosome. Mitochondrial density therefore controls the activation of 

TOR which is responsible for specific adaptations of the organism. 

Figure 7.2 Summary of research findings. 
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7.5 Future work 

 
Bringing together my findings, I have identified a central role of mitochondrial H2O2 in many 

cellular signalling processes. I have used several genetic approaches to block the ROS signal; 

like ectopic expression of AOX or ectopic expression of Catalase in the mitochondrion. Even 

though these techniques are very efficient and the results obtained are reproducible, they are 

non-physiological conditions in the fruit fly as both AOX and mitochondrial Catalase are non-

endogenous proteins. Hence it will be very interesting to see what happens if we block this 

signal physiologically, either by; (i) overexpressing any of the native antioxidants to block the 

H2O2 signal or; (ii) feed the flies with known antioxidants to supress this ROS signal. 

However, both these techniques have shortcomings; (i) Overexpressing antioxidants might 

lead to prevention of damage rather than reducing the ROS signal. Moreover, the affinity 

towards ROS for different antioxidants is different and might be very difficult or improbable 

to control. I also hypothesize that either a balance between O2
- and H2O2 or a specific ratio 

between the two is absolutely essential; hence it will be extremely difficult to maintain this 

balance with transgenic overexpression; (ii) The feeding experiments are very complicated as 

I will not be able to control the amount of food that the fly has consumed, hence will be 

unable to control the concentration of the antioxidant.  

 

I have also mainly used the fly’s brain for my ROS measurement experiments; whereas, in 

other molecular experiments I have used the whole flies, which mostly contain mitochondria 

from the muscle. Hence it will be good to differentiate the tissue in my experiments. I will 

also be able to see a much more significant effect by using just the post-mitotic tissue, most 

extensively found in the thorax and head. This will be advantageous to my work as the repair 

mechanisms and the damage will be much more pronounced in these tissues and will be 

advantageous to modulate. Whereas, the abdomen of the fly contains eggs which are 

constantly undergoing cell division, therefore diluting the effect observed when whole flies 

are used. It will also be interesting to determine the cell non-autonomous signal, by altering 

the ROS signal in the brain, which may lead to a phenotypic change in the muscle of the 

organism. By using tissue specific drivers, I can express AOX or mitochondrial Catalase in 

the brain or the muscle to see if it alters mitochondrial functionality or decreases the lifespan 

of the fly, just as much as ubiquitous expression. This will be very useful as I will be able to 

determine if this ROS signal is existent in different tissues. 
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It would be interesting to determine the protein or a set of proteins that orchestrate this ROS 

signal generating from the mitochondria, through oxidative modifications. I will be able to use 

mass spectrometry and site-specific proteomic mapping to assay a set of mitochondrial 

proteins to determine selectively modified cysteine residues. This will enable to ascertain the 

fact that there is indeed a ROS signal that regulates mitochondrial functionality. Additionally, 

once the redox modification of this protein or these set of proteins are identified, I will be able 

to modify the protein in vivo in different model organisms. This will aid in understanding the 

physiological relevance and the basic biology of different signalling mechanisms. 

 

Finally, it will be essential to determine how Pink1 is activated. This can be done by mass 

spectrometry by determining if Pink1 protein has a cysteine dependent on/off switch. If this 

site is determined, Pink1 can be constitutively activated irrespective of the signal. This model 

can be used to investigate several steps involved in the signalling process. It will also be 

essential to determine how Pink1 is cleaved after deactivation. Moreover, it will be essential 

to determine the process by which TOR signalling is activated detecting the accumulation of 

damaged mitochondria. By discovering the protein or set of proteins involved in this process, 

I will be able understand in detail the mechanism by which TOR and mitochondria interact, 

opening new avenues for pharmacological interventions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 180 

References 
 

 

Adams, M.D., Celniker, S.E., Holt, R.A., Evans, C.A., Gocayne, J.D., Amanatides, P.G., 

Scherer, S.E., Li, P.W., Hoskins, R.A., Galle, R.F., George, R.A., Lewis, S.E., Richards, S., 

Ashburner, M., Henderson, S.N., Sutton, G.G., Wortman, J.R., Yandell, M.D., Zhang, Q., 

Chen, L.X., Brandon, R.C., Rogers, Y.H., Blazej, R.G., Champe, M., Pfeiffer, B.D., Wan, 

K.H., Doyle, C., Baxter, E.G., Helt, G., Nelson, C.R., Gabor, G.L., Abril, J.F., Agbayani, A., 

An, H.J., Andrews-Pfannkoch, C., Baldwin, D., Ballew, R.M., Basu, A., Baxendale, J., 

Bayraktaroglu, L., Beasley, E.M., Beeson, K.Y., Benos, P.V., Berman, B.P., Bhandari, D., 

Bolshakov, S., Borkova, D., Botchan, M.R., Bouck, J., Brokstein, P., Brottier, P., Burtis, 

K.C., Busam, D.A., Butler, H., Cadieu, E., Center, A., Chandra, I., Cherry, J.M., Cawley, S., 

Dahlke, C., Davenport, L.B., Davies, P., de Pablos, B., Delcher, A., Deng, Z., Mays, A.D., 

Dew, I., Dietz, S.M., Dodson, K., Doup, L.E., Downes, M., Dugan-Rocha, S., Dunkov, B.C., 

Dunn, P., Durbin, K.J., Evangelista, C.C., Ferraz, C., Ferriera, S., Fleischmann, W., Fosler, 

C., Gabrielian, A.E., Garg, N.S., Gelbart, W.M., Glasser, K., Glodek, A., Gong, F., Gorrell, 

J.H., Gu, Z., Guan, P., Harris, M., Harris, N.L., Harvey, D., Heiman, T.J., Hernandez, J.R., 

Houck, J., Hostin, D., Houston, K.A., Howland, T.J., Wei, M.H., Ibegwam, C., et al. (2000) 

'The genome sequence of Drosophila melanogaster', Science, 287(5461), pp. 2185-95. 

Adam-Vizi, V. (2005) 'Production of reactive oxygen species in brain mitochondria: 

contribution by electron transport chain and non-electron transport chain sources', Antioxid 

Redox Signal, 7(9-10), pp. 1140-9. 

Affourtit, C., Krab, K. and Moore, A.L. (2001) 'Control of plant mitochondrial respiration', 

Biochim Biophys Acta, 1504(1), pp. 58-69. 

Akundi, R.S., Zhi, L. and Bueler, H. (2012) 'PINK1 enhances insulin-like growth factor-1-

dependent Akt signaling and protection against apoptosis', Neurobiol Dis, 45(1), pp. 469-78. 

Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K. and Walter, P. (2002) Molecular 

biology of the cell. 4 edn. Garland Science. 

Albrecht, S.C., Barata, A.G., Grosshans, J., Teleman, A.A. and Dick, T.P. (2011) 'In vivo 

mapping of hydrogen peroxide and oxidized glutathione reveals chemical and regional 

specificity of redox homeostasis', Cell Metab, 14(6), pp. 819-29. 

Aleksic, J., Lazic, R., Muller, I., Russell, S.R. and Adryan, B. (2009) 'Biases in Drosophila 

melanogaster protein trap screens', BMC Genomics, 10, p. 249. 

Alfadda, A.A. and Sallam, R.M. (2012) 'Reactive oxygen species in health and disease', J 

Biomed Biotechnol, 2012, p. 936486. 



 181 

Angelini, C., Bello, L., Spinazzi, M. and Ferrati, C. (2009) 'Mitochondrial disorders of the 

nuclear genome', Acta Myol, 28(1), pp. 16-23. 

Anisimov, V.N., Zabezhinski, M.A., Popovich, I.G., Piskunova, T.S., Semenchenko, A.V., 

Tyndyk, M.L., Yurova, M.N., Rosenfeld, S.V. and Blagosklonny, M.V. (2011) 'Rapamycin 

increases lifespan and inhibits spontaneous tumorigenesis in inbred female mice', Cell Cycle, 

10(24), pp. 4230-6. 

Ashburner, M. and Roote, J. (2007) 'Culture of Drosophila: the laboratory setup', CSH Protoc, 

2007, p. pdb ip34. 

Asikainen, T.M., Huang, T.T., Taskinen, E., Levonen, A.L., Carlson, E., Lapatto, R., Epstein, 

C.J. and Raivio, K.O. (2002) 'Increased sensitivity of homozygous Sod2 mutant mice to 

oxygen toxicity', Free Radic Biol Med, 32(2), pp. 175-86. 

Baertling, F., Rodenburg, R.J., Schaper, J., Smeitink, J.A., Koopman, W.J., Mayatepek, E., 

Morava, E. and Distelmaier, F. (2014) 'A guide to diagnosis and treatment of Leigh 

syndrome', J Neurol Neurosurg Psychiatry, 85(3), pp. 257-65. 

Balaban, R.S. (1990) 'Regulation of oxidative phosphorylation in the mammalian cell', Am J 

Physiol, 258(3 Pt 1), pp. C377-89. 

Baumgart, D.C. and Sandborn, W.J. (2012) 'Crohn's disease', Lancet, 380(9853), pp. 1590-

605. 

Becuwe, P., Ennen, M., Klotz, R., Barbieux, C. and Grandemange, S. (2014) 'Manganese 

superoxide dismutase in breast cancer: from molecular mechanisms of gene regulation to 

biological and clinical significance', Free Radic Biol Med, 77, pp. 139-51. 

Bhat, N.R. and Zhang, P. (1999) 'Hydrogen peroxide activation of multiple mitogen-activated 

protein kinases in an oligodendrocyte cell line: role of extracellular signal-regulated kinase in 

hydrogen peroxide-induced cell death', J Neurochem, 72(1), pp. 112-9. 

Bienert, G.P., Schjoerring, J.K. and Jahn, T.P. (2006) 'Membrane transport of hydrogen 

peroxide', Biochim Biophys Acta, 1758(8), pp. 994-1003. 

Bjedov, I., Toivonen, J.M., Kerr, F., Slack, C., Jacobson, J., Foley, A. and Partridge, L. 

(2010) 'Mechanisms of life span extension by rapamycin in the fruit fly Drosophila 

melanogaster', Cell Metab, 11(1), pp. 35-46. 

Blagosklonny, M.V. (2010) 'Calorie restriction: decelerating mTOR-driven aging from cells 

to organisms (including humans)', Cell Cycle, 9(4), pp. 683-8. 

Bleier, L. and Drose, S. (2013) 'Superoxide generation by complex III: from mechanistic 

rationales to functional consequences', Biochim Biophys Acta, 1827(11-12), pp. 1320-31. 

Bluher, M., Kahn, B.B. and Kahn, C.R. (2003) 'Extended longevity in mice lacking the 

insulin receptor in adipose tissue', Science, 299(5606), pp. 572-4. 



 182 

Boveris, A., Oshino, N. and Chance, B. (1972) 'The cellular production of hydrogen 

peroxide', Biochem J, 128(3), pp. 617-30. 

Boyer, P.D. (1997) 'The ATP synthase--a splendid molecular machine', Annu Rev Biochem, 

66, pp. 717-49. 

Brand, A.H. and Perrimon, N. (1993) 'Targeted gene expression as a means of altering cell 

fates and generating dominant phenotypes', Development, 118(2), pp. 401-15. 

Bratic, A. and Larsson, N.G. (2013) 'The role of mitochondria in aging', J Clin Invest, 123(3), 

pp. 951-7. 

Broughton, S.J., Piper, M.D., Ikeya, T., Bass, T.M., Jacobson, J., Driege, Y., Martinez, P., 

Hafen, E., Withers, D.J., Leevers, S.J. and Partridge, L. (2005) 'Longer lifespan, altered 

metabolism, and stress resistance in Drosophila from ablation of cells making insulin-like 

ligands', Proc Natl Acad Sci U S A, 102(8), pp. 3105-10. 

Burkewitz, K., Morantte, I., Weir, H.J., Yeo, R., Zhang, Y., Huynh, F.K., Ilkayeva, O.R., 

Hirschey, M.D., Grant, A.R. and Mair, W.B. (2015) 'Neuronal CRTC-1 governs systemic 

mitochondrial metabolism and lifespan via a catecholamine signal', Cell, 160(5), pp. 842-55. 

Busson, D. and Pret, A.M. (2007) 'GAL4/UAS targeted gene expression for studying 

Drosophila Hedgehog signaling', Methods Mol Biol, 397, pp. 161-201. 

Cabreiro, F., Ackerman, D., Doonan, R., Araiz, C., Back, P., Papp, D., Braeckman, B.P. and 

Gems, D. (2011) 'Increased life span from overexpression of superoxide dismutase in 

Caenorhabditis elegans is not caused by decreased oxidative damage', Free Radic Biol Med, 

51(8), pp. 1575-82. 

Campbell, N.A., Reece, J.B. (2002) Biology. 6 edn. Benjamin Cummings. 

Campos-Ortega, J.A.a.V.H. (1985) 'The Embryonic Development of Drosophila 

melanogaster', Springer-Verlag. 

Cannino, G., El-Khoury, R., Pirinen, M., Hutz, B., Rustin, P., Jacobs, H.T. and Dufour, E. 

(2012) 'Glucose modulates respiratory complex I activity in response to acute mitochondrial 

dysfunction', J Biol Chem, 287(46), pp. 38729-40. 

Canto, C. and Auwerx, J. (2009) 'PGC-1alpha, SIRT1 and AMPK, an energy sensing network 

that controls energy expenditure', Curr Opin Lipidol, 20(2), pp. 98-105. 

Canto, C., Gerhart-Hines, Z., Feige, J.N., Lagouge, M., Noriega, L., Milne, J.C., Elliott, P.J., 

Puigserver, P. and Auwerx, J. (2009) 'AMPK regulates energy expenditure by modulating 

NAD+ metabolism and SIRT1 activity', Nature, 458(7241), pp. 1056-60. 

Cecchini, G. (2003) 'Function and structure of complex II of the respiratory chain', Annu Rev 

Biochem, 72, pp. 77-109. 

Chang, T.K., Shravage, B.V., Hayes, S.D., Powers, C.M., Simin, R.T., Wade Harper, J. and 



 183 

Baehrecke, E.H. (2013) 'Uba1 functions in Atg7- and Atg3-independent autophagy', Nat Cell 

Biol, 15(9), pp. 1067-78. 

Cheng, S.C., Quintin, J., Cramer, R.A., Shepardson, K.M., Saeed, S., Kumar, V., 

Giamarellos-Bourboulis, E.J., Martens, J.H., Rao, N.A., Aghajanirefah, A., Manjeri, G.R., Li, 

Y., Ifrim, D.C., Arts, R.J., van der Veer, B.M., Deen, P.M., Logie, C., O'Neill, L.A., Willems, 

P., van de Veerdonk, F.L., van der Meer, J.W., Ng, A., Joosten, L.A., Wijmenga, C., 

Stunnenberg, H.G., Xavier, R.J. and Netea, M.G. (2014) 'mTOR- and HIF-1alpha-mediated 

aerobic glycolysis as metabolic basis for trained immunity', Science, 345(6204), p. 1250684. 

Cheng, Z., Tseng, Y. and White, M.F. (2010) 'Insulin signaling meets mitochondria in 

metabolism', Trends Endocrinol Metab, 21(10), pp. 589-98. 

Chesselet, M.F. and Richter, F. (2011) 'Modelling of Parkinson's disease in mice', Lancet 

Neurol, 10(12), pp. 1108-18. 

Chung, H.S., Wang, S.B., Venkatraman, V., Murray, C.I. and Van Eyk, J.E. (2013) 'Cysteine 

oxidative posttranslational modifications: emerging regulation in the cardiovascular system', 

Circ Res, 112(2), pp. 382-92. 

Ciechanover, A. (2005) 'Proteolysis: from the lysosome to ubiquitin and the proteasome', Nat 

Rev Mol Cell Biol, 6(1), pp. 79-87. 

Clancy, D.J., Gems, D., Harshman, L.G., Oldham, S., Stocker, H., Hafen, E., Leevers, S.J. 

and Partridge, L. (2001) 'Extension of life-span by loss of CHICO, a Drosophila insulin 

receptor substrate protein', Science, 292(5514), pp. 104-6. 

Clark, I.E., Dodson, M.W., Jiang, C., Cao, J.H., Huh, J.R., Seol, J.H., Yoo, S.J., Hay, B.A. 

and Guo, M. (2006) 'Drosophila pink1 is required for mitochondrial function and interacts 

genetically with parkin', Nature, 441(7097), pp. 1162-6. 

Cohen, G. and Heikkila, R.E. (1974) 'The generation of hydrogen peroxide, superoxide 

radical, and hydroxyl radical by 6-hydroxydopamine, dialuric acid, and related cytotoxic 

agents', J Biol Chem, 249(8), pp. 2447-52. 

Cooper, G.M. (2000) The Cell: A Molecular Approach. 2 edn. Sinauer Associates. 

Copeland, J.M., Cho, J., Lo, T., Jr., Hur, J.H., Bahadorani, S., Arabyan, T., Rabie, J., Soh, J. 

and Walker, D.W. (2009) 'Extension of Drosophila life span by RNAi of the mitochondrial 

respiratory chain', Curr Biol, 19(19), pp. 1591-8. 

Cunningham, J.T., Rodgers, J.T., Arlow, D.H., Vazquez, F., Mootha, V.K. and Puigserver, P. 

(2007) 'mTOR controls mitochondrial oxidative function through a YY1-PGC-1alpha 

transcriptional complex', Nature, 450(7170), pp. 736-40. 

D'Autreaux, B. and Toledano, M.B. (2007) 'ROS as signalling molecules: mechanisms that 

generate specificity in ROS homeostasis', Nat Rev Mol Cell Biol, 8(10), pp. 813-24. 



 184 

Dazert, E. and Hall, M.N. (2011) 'mTOR signaling in disease', Curr Opin Cell Biol, 23(6), pp. 

744-55. 

de Haan, J.B., Bladier, C., Griffiths, P., Kelner, M., O'Shea, R.D., Cheung, N.S., Bronson, 

R.T., Silvestro, M.J., Wild, S., Zheng, S.S., Beart, P.M., Hertzog, P.J. and Kola, I. (1998) 

'Mice with a homozygous null mutation for the most abundant glutathione peroxidase, Gpx1, 

show increased susceptibility to the oxidative stress-inducing agents paraquat and hydrogen 

peroxide', J Biol Chem, 273(35), pp. 22528-36. 

Deas, E., Plun-Favreau, H., Gandhi, S., Desmond, H., Kjaer, S., Loh, S.H., Renton, A.E., 

Harvey, R.J., Whitworth, A.J., Martins, L.M., Abramov, A.Y. and Wood, N.W. (2011) 

'PINK1 cleavage at position A103 by the mitochondrial protease PARL', Hum Mol Genet, 

20(5), pp. 867-79. 

del Campo, M., Hall, B.D., Aeby, A., Nassogne, M.C., Verloes, A., Roche, C., Gonzalez, C., 

Sanchez, H., Garcia-Alix, A., Cabanas, F., Escudero, R.M., Hernandez, R. and Quero, J. 

(1999) 'Albinism and agenesis of the corpus callosum with profound developmental delay: 

Vici syndrome, evidence for autosomal recessive inheritance', Am J Med Genet, 85(5), pp. 

479-85. 

Deng, S., Yang, Y., Han, Y., Li, X., Wang, X., Li, X., Zhang, Z. and Wang, Y. (2012) 'UCP2 

inhibits ROS-mediated apoptosis in A549 under hypoxic conditions', PLoS One, 7(1), p. 

e30714. 

Deocaris, C.C., Kaul, S.C. and Wadhwa, R. (2006) 'On the brotherhood of the mitochondrial 

chaperones mortalin and heat shock protein 60', Cell Stress Chaperones, 11(2), pp. 116-28. 

Depienne, C., Stevanin, G., Brice, A. and Durr, A. (2007) 'Hereditary spastic paraplegias: an 

update', Curr Opin Neurol, 20(6), pp. 674-80. 

Dillin, A., Crawford, D.K. and Kenyon, C. (2002) 'Timing requirements for insulin/IGF-1 

signaling in C. elegans', Science, 298(5594), pp. 830-4. 

Dimroth, P., Kaim, G. and Matthey, U. (2000) 'Crucial role of the membrane potential for 

ATP synthesis by F(1)F(o) ATP synthases', J Exp Biol, 203(Pt 1), pp. 51-9. 

Diop, S.B., Bisharat-Kernizan, J., Birse, R.T., Oldham, S., Ocorr, K. and Bodmer, R. (2015) 

'PGC-1/Spargel Counteracts High-Fat-Diet-Induced Obesity and Cardiac Lipotoxicity 

Downstream of TOR and Brummer ATGL Lipase', Cell Rep. 

Dominy, J.E. and Puigserver, P. (2013) 'Mitochondrial biogenesis through activation of 

nuclear signaling proteins', Cold Spring Harb Perspect Biol, 5(7). 

Dowling, D.K. and Simmons, L.W. (2009) 'Reactive oxygen species as universal constraints 

in life-history evolution', Proc Biol Sci, 276(1663), pp. 1737-45. 

Duffy, J.B. (2002) 'GAL4 system in Drosophila: a fly geneticist's Swiss army knife', Genesis, 



 185 

34(1-2), pp. 1-15. 

Dumont, F.J. and Su, Q. (1996) 'Mechanism of action of the immunosuppressant rapamycin', 

Life Sci, 58(5), pp. 373-95. 

Duty, S. and Jenner, P. (2011) 'Animal models of Parkinson's disease: a source of novel 

treatments and clues to the cause of the disease', Br J Pharmacol, 164(4), pp. 1357-91. 

Ebrahimi-Fakhari, D. (2013) 'Autophagy and neurodegeneration - genetic findings in SENDA 

syndrome, a subtype of neurodegeneration with brain iron accumulation, provide a novel 

link', Mov Disord, 28(8), p. 1050. 

Efeyan, A. and Sabatini, D.M. (2010) 'mTOR and cancer: many loops in one pathway', Curr 

Opin Cell Biol, 22(2), pp. 169-76. 

Ehninger, D., Neff, F. and Xie, K. (2014) 'Longevity, aging and rapamycin', Cell Mol Life 

Sci, 71(22), pp. 4325-46. 

El-Khoury, R., Dufour, E., Rak, M., Ramanantsoa, N., Grandchamp, N., Csaba, Z., Duvillie, 

B., Benit, P., Gallego, J., Gressens, P., Sarkis, C., Jacobs, H.T. and Rustin, P. (2013) 

'Alternative oxidase expression in the mouse enables bypassing cytochrome c oxidase 

blockade and limits mitochondrial ROS overproduction', PLoS Genet, 9(1), p. e1003182. 

El-Khoury, R., Kemppainen, K.K., Dufour, E., Szibor, M., Jacobs, H.T. and Rustin, P. (2014) 

'Engineering the alternative oxidase gene to better understand and counteract mitochondrial 

defects: state of the art and perspectives', Br J Pharmacol, 171(8), pp. 2243-9. 

Emelyanov, V.V. (2001) 'Rickettsiaceae, rickettsia-like endosymbionts, and the origin of 

mitochondria', Biosci Rep, 21(1), pp. 1-17. 

Enns, G.M. (2014) 'Treatment of mitochondrial disorders: antioxidants and beyond', J Child 

Neurol, 29(9), pp. 1235-40. 

Feldman, M.E. and Shokat, K.M. (2010) 'New inhibitors of the PI3K-Akt-mTOR pathway: 

insights into mTOR signaling from a new generation of Tor Kinase Domain Inhibitors 

(TORKinibs)', Curr Top Microbiol Immunol, 347, pp. 241-62. 

Fernandez-Ayala, D.J., Sanz, A., Vartiainen, S., Kemppainen, K.K., Babusiak, M., 

Mustalahti, E., Costa, R., Tuomela, T., Zeviani, M., Chung, J., O'Dell, K.M., Rustin, P. and 

Jacobs, H.T. (2009) 'Expression of the Ciona intestinalis alternative oxidase (AOX) in 

Drosophila complements defects in mitochondrial oxidative phosphorylation', Cell Metab, 

9(5), pp. 449-60. 

Fernandez-Marcos, P.J. and Auwerx, J. (2011) 'Regulation of PGC-1alpha, a nodal regulator 

of mitochondrial biogenesis', Am J Clin Nutr, 93(4), pp. 884S-90. 

Fernandez-Sola, J., Casademont, J., Grau, J.M., Graus, F., Cardellach, F., Pedrol, E. and 

Urbano-Marquez, A. (1992) 'Adult-onset mitochondrial myopathy', Postgrad Med J, 68(797), 



 186 

pp. 212-5. 

Filomeni, G., De Zio, D. and Cecconi, F. (2015) 'Oxidative stress and autophagy: the clash 

between damage and metabolic needs', Cell Death Differ, 22(3), pp. 377-88. 

Finkel, T. and Holbrook, N.J. (2000) 'Oxidants, oxidative stress and the biology of ageing', 

Nature, 408(6809), pp. 239-47. 

Foster, D.A. (2013) 'Phosphatidic acid and lipid-sensing by mTOR', Trends Endocrinol 

Metab, 24(6), pp. 272-8. 

Fridovich, I. (1997) 'Superoxide anion radical (O2-.), superoxide dismutases, and related 

matters', J Biol Chem, 272(30), pp. 18515-7. 

Gaugler, C. (1997) 'Lipofuscin', Stanislaus Journal of Biochemical Reviews. 

Gavrilov, L.A. and Gavrilova, N.S. (2002) 'Evolutionary theories of aging and longevity', 

ScientificWorldJournal, 2, pp. 339-56. 

Gegg, M.E., Cooper, J.M., Chau, K.Y., Rojo, M., Schapira, A.H. and Taanman, J.W. (2010) 

'Mitofusin 1 and mitofusin 2 are ubiquitinated in a PINK1/parkin-dependent manner upon 

induction of mitophagy', Hum Mol Genet, 19(24), pp. 4861-70. 

Giannakou, M.E., Goss, M., Junger, M.A., Hafen, E., Leevers, S.J. and Partridge, L. (2004) 

'Long-lived Drosophila with overexpressed dFOXO in adult fat body', Science, 305(5682), p. 

361. 

Gibson, S.B. (2013) 'Investigating the role of reactive oxygen species in regulating 

autophagy', Methods Enzymol, 528, pp. 217-35. 

Glick, D., Barth, S. and Macleod, K.F. (2010) 'Autophagy: cellular and molecular 

mechanisms', J Pathol, 221(1), pp. 3-12. 

Gough, D.R. and Cotter, T.G. (2011) 'Hydrogen peroxide: a Jekyll and Hyde signalling 

molecule', Cell Death Dis, 2, p. e213. 

Guardiola-Diaz, H.M., Ishii, A. and Bansal, R. (2012) 'Erk1/2 MAPK and mTOR signaling 

sequentially regulates progression through distinct stages of oligodendrocyte differentiation', 

Glia, 60(3), pp. 476-86. 

Guarente, L. (2005) 'Calorie restriction and SIR2 genes--towards a mechanism', Mech Ageing 

Dev, 126(9), pp. 923-8. 

Guderley, H. and St-Pierre, J. (2002) 'Going with the flow or life in the fast lane: contrasting 

mitochondrial responses to thermal change', J Exp Biol, 205(Pt 15), pp. 2237-49. 

Guo, D., Bell, E.H., Mischel, P. and Chakravarti, A. (2014) 'Targeting SREBP-1-driven lipid 

metabolism to treat cancer', Curr Pharm Des, 20(15), pp. 2619-26. 

Halligan, D.L. and Keightley, P.D. (2006) 'Ubiquitous selective constraints in the Drosophila 

genome revealed by a genome-wide interspecies comparison', Genome Res, 16(7), pp. 875-



 187 

84. 

Halliwell, B. and Whiteman, M. (2004) 'Measuring reactive species and oxidative damage in 

vivo and in cell culture: how should you do it and what do the results mean?', Br J Pharmacol, 

142(2), pp. 231-55. 

Hamilton, R.T., Walsh, M.E. and Van Remmen, H. (2012) 'Mouse Models of Oxidative Stress 

Indicate a Role for Modulating Healthy Aging', J Clin Exp Pathol, Suppl 4. 

Han, D., Antunes, F., Canali, R., Rettori, D. and Cadenas, E. (2003) 'Voltage-dependent anion 

channels control the release of the superoxide anion from mitochondria to cytosol', J Biol 

Chem, 278(8), pp. 5557-63. 

Harman, D. (1956) 'Aging: a theory based on free radical and radiation chemistry', J Gerontol, 

11(3), pp. 298-300. 

Harman, D. (1972) 'The biologic clock: the mitochondria?', J Am Geriatr Soc, 20(4), pp. 145-

7. 

Harris, I.S., Treloar, A.E., Inoue, S., Sasaki, M., Gorrini, C., Lee, K.C., Yung, K.Y., Brenner, 

D., Knobbe-Thomsen, C.B., Cox, M.A., Elia, A., Berger, T., Cescon, D.W., Adeoye, A., 

Brustle, A., Molyneux, S.D., Mason, J.M., Li, W.Y., Yamamoto, K., Wakeham, A., Berman, 

H.K., Khokha, R., Done, S.J., Kavanagh, T.J., Lam, C.W. and Mak, T.W. (2015) 'Glutathione 

and thioredoxin antioxidant pathways synergize to drive cancer initiation and progression', 

Cancer Cell, 27(2), pp. 211-22. 

Harrison, D.E., Strong, R., Sharp, Z.D., Nelson, J.F., Astle, C.M., Flurkey, K., Nadon, N.L., 

Wilkinson, J.E., Frenkel, K., Carter, C.S., Pahor, M., Javors, M.A., Fernandez, E. and Miller, 

R.A. (2009) 'Rapamycin fed late in life extends lifespan in genetically heterogeneous mice', 

Nature, 460(7253), pp. 392-5. 

Hashizume, K., Hirasawa, M., Imamura, Y., Noda, S., Shimizu, T., Shinoda, K., Kurihara, T., 

Noda, K., Ozawa, Y., Ishida, S., Miyake, Y., Shirasawa, T. and Tsubota, K. (2008) 'Retinal 

dysfunction and progressive retinal cell death in SOD1-deficient mice', Am J Pathol, 172(5), 

pp. 1325-31. 

Hay, N. (2011) 'Interplay between FOXO, TOR, and Akt', Biochim Biophys Acta, 1813(11), 

pp. 1965-70. 

Hay, N. and Sonenberg, N. (2004) 'Upstream and downstream of mTOR', Genes Dev, 18(16), 

pp. 1926-45. 

Hayflick, L. and Moorhead, P.S. (1961) 'The serial cultivation of human diploid cell strains', 

Exp Cell Res, 25, pp. 585-621. 

Heitman, J., Movva, N.R. and Hall, M.N. (1991) 'Targets for cell cycle arrest by the 

immunosuppressant rapamycin in yeast', Science, 253(5022), pp. 905-9. 



 188 

Heras-Sandoval, D., Perez-Rojas, J.M., Hernandez-Damian, J. and Pedraza-Chaverri, J. 

(2014) 'The role of PI3K/AKT/mTOR pathway in the modulation of autophagy and the 

clearance of protein aggregates in neurodegeneration', Cell Signal, 26(12), pp. 2694-701. 

Higashida, K., Kim, S.H., Jung, S.R., Asaka, M., Holloszy, J.O. and Han, D.H. (2013) 'Effects 

of resveratrol and SIRT1 on PGC-1alpha activity and mitochondrial biogenesis: a 

reevaluation', PLoS Biol, 11(7), p. e1001603. 

Hirsch, H.R., Coomes, J.A. and Witten, M. (1989) 'The waste-product theory of aging: 

transformation to unlimited growth in cell cultures', Exp Gerontol, 24(2), pp. 97-112. 

Hirst, J. (2005) 'Energy transduction by respiratory complex I--an evaluation of current 

knowledge', Biochem Soc Trans, 33(Pt 3), pp. 525-9. 

Hodges, A.K., Li, S., Maynard, J., Parry, L., Braverman, R., Cheadle, J.P., DeClue, J.E. and 

Sampson, J.R. (2001) 'Pathological mutations in TSC1 and TSC2 disrupt the interaction 

between hamartin and tuberin', Hum Mol Genet, 10(25), pp. 2899-905. 

Hou, Y.C., Janczuk, A. and Wang, P.G. (1999) 'Current trends in the development of nitric 

oxide donors', Curr Pharm Des, 5(6), pp. 417-41. 

Hulbert, A.J., Pamplona, R., Buffenstein, R. and Buttemer, W.A. (2007) 'Life and death: 

metabolic rate, membrane composition, and life span of animals', Physiol Rev, 87(4), pp. 

1175-213. 

Hunte, C., Palsdottir, H. and Trumpower, B.L. (2003) 'Protonmotive pathways and 

mechanisms in the cytochrome bc1 complex', FEBS Lett, 545(1), pp. 39-46. 

Ihsan, M., Markworth, J.F., Watson, G., Choo, H.C., Govus, A., Pham, T., Hickey, A., 

Cameron-Smith, D. and Abbiss, C.R. (2015) 'Regular postexercise cooling enhances 

mitochondrial biogenesis through AMPK and p38 MAPK in human skeletal muscle', Am J 

Physiol Regul Integr Comp Physiol, 309(3), pp. R286-94. 

Ives, P.T. (1959) 'The Mutation Rate in Drosophila after High Doses of Gamma Radiation', 

Proc Natl Acad Sci U S A, 45(2), pp. 188-92. 

Jang, Y.C., Perez, V.I., Song, W., Lustgarten, M.S., Salmon, A.B., Mele, J., Qi, W., Liu, Y., 

Liang, H., Chaudhuri, A., Ikeno, Y., Epstein, C.J., Van Remmen, H. and Richardson, A. 

(2009) 'Overexpression of Mn superoxide dismutase does not increase life span in mice', J 

Gerontol A Biol Sci Med Sci, 64(11), pp. 1114-25. 

Janus, C. and Welzl, H. (2010) 'Mouse models of neurodegenerative diseases: criteria and 

general methodology', Methods Mol Biol, 602, pp. 323-45. 

Jewell, J.L. and Guan, K.L. (2013) 'Nutrient signaling to mTOR and cell growth', Trends 

Biochem Sci, 38(5), pp. 233-42. 

Jiang, P. and Mizushima, N. (2014) 'Autophagy and human diseases', Cell Res, 24(1), pp. 69-



 189 

79. 

Jiang, P., Nishimura, T., Sakamaki, Y., Itakura, E., Hatta, T., Natsume, T. and Mizushima, N. 

(2014) 'The HOPS complex mediates autophagosome-lysosome fusion through interaction 

with syntaxin 17', Mol Biol Cell, 25(8), pp. 1327-37. 

Jin, S.M., Lazarou, M., Wang, C., Kane, L.A., Narendra, D.P. and Youle, R.J. (2010) 

'Mitochondrial membrane potential regulates PINK1 import and proteolytic destabilization by 

PARL', J Cell Biol, 191(5), pp. 933-42. 

Jin, S.M. and Youle, R.J. (2012) 'PINK1- and Parkin-mediated mitophagy at a glance', J Cell 

Sci, 125(Pt 4), pp. 795-9. 

Jones, D.P. (2008) 'Radical-free biology of oxidative stress', Am J Physiol Cell Physiol, 

295(4), pp. C849-68. 

Jones, W.D. (2009) 'The expanding reach of the GAL4/UAS system into the behavioral 

neurobiology of Drosophila', BMB Rep, 42(11), pp. 705-12. 

Jornayvaz, F.R. and Shulman, G.I. (2010) 'Regulation of mitochondrial biogenesis', Essays 

Biochem, 47, pp. 69-84. 

Jung, C.H., Ro, S.H., Cao, J., Otto, N.M. and Kim, D.H. (2010) 'mTOR regulation of 

autophagy', FEBS Lett, 584(7), pp. 1287-95. 

Jung, S.N., Yang, W.K., Kim, J., Kim, H.S., Kim, E.J., Yun, H., Park, H., Kim, S.S., Choe, 

W., Kang, I. and Ha, J. (2008) 'Reactive oxygen species stabilize hypoxia-inducible factor-1 

alpha protein and stimulate transcriptional activity via AMP-activated protein kinase in 

DU145 human prostate cancer cells', Carcinogenesis, 29(4), pp. 713-21. 

Kadowaki, H., Nishitoh, H., Urano, F., Sadamitsu, C., Matsuzawa, A., Takeda, K., Masutani, 

H., Yodoi, J., Urano, Y., Nagano, T. and Ichijo, H. (2005) 'Amyloid beta induces neuronal 

cell death through ROS-mediated ASK1 activation', Cell Death Differ, 12(1), pp. 19-24. 

Kaeberlein, M. (2013) 'mTOR Inhibition: From Aging to Autism and Beyond', Scientifica 

(Cairo), 2013, p. 849186. 

Kang, P.J., Ostermann, J., Shilling, J., Neupert, W., Craig, E.A. and Pfanner, N. (1990) 

'Requirement for hsp70 in the mitochondrial matrix for translocation and folding of precursor 

proteins', Nature, 348(6297), pp. 137-43. 

Kang, S., Fernandes-Alnemri, T. and Alnemri, E.S. (2013) 'A novel role for the mitochondrial 

HTRA2/OMI protease in aging', Autophagy, 9(3), pp. 420-1. 

Kanungo, M.S. (1975) 'A model for ageing', J Theor Biol, 53(2), pp. 253-61. 

Karp, G. (2008) Cell and molecular biology. 5 edn. 

Kaushik, S. and Cuervo, A.M. (2012) 'Chaperone-mediated autophagy: a unique way to enter 

the lysosome world', Trends Cell Biol, 22(8), pp. 407-17. 



 190 

Kemppainen, K.K., Rinne, J., Sriram, A., Lakanmaa, M., Zeb, A., Tuomela, T., Popplestone, 

A., Singh, S., Sanz, A., Rustin, P. and Jacobs, H.T. (2014) 'Expression of alternative oxidase 

in Drosophila ameliorates diverse phenotypes due to cytochrome oxidase deficiency', Hum 

Mol Genet, 23(8), pp. 2078-93. 

Kikuchi, A., Yamamoto, H., Sato, A. and Matsumoto, S. (2011) 'New insights into the 

mechanism of Wnt signaling pathway activation', Int Rev Cell Mol Biol, 291, pp. 21-71. 

Kim, J.E. and Chen, J. (2004) 'regulation of peroxisome proliferator-activated receptor-

gamma activity by mammalian target of rapamycin and amino acids in adipogenesis', 

Diabetes, 53(11), pp. 2748-56. 

Kim, J.Y. and Park, J.H. (2003) 'ROS-dependent caspase-9 activation in hypoxic cell death', 

FEBS Lett, 549(1-3), pp. 94-8. 

Kirkinezos, I.G. and Moraes, C.T. (2001) 'Reactive oxygen species and mitochondrial 

diseases', Semin Cell Dev Biol, 12(6), pp. 449-57. 

Kitabchi, A.E., Umpierrez, G.E., Miles, J.M. and Fisher, J.N. (2009) 'Hyperglycemic crises in 

adult patients with diabetes', Diabetes Care, 32(7), pp. 1335-43. 

Klingenberg, M. (2008) 'The ADP and ATP transport in mitochondria and its carrier', 

Biochim Biophys Acta, 1778(10), pp. 1978-2021. 

Klingenberg, M. (2008) 'The ADP and ATP transport in mitochondria and its carrier', 

Biochim Biophys Acta, 1778(10), pp. 1978-2021. 

Knutti, D., Kressler, D. and Kralli, A. (2001) 'Regulation of the transcriptional coactivator 

PGC-1 via MAPK-sensitive interaction with a repressor', Proc Natl Acad Sci U S A, 98(17), 

pp. 9713-8. 

Kobilo, T., Guerrieri, D., Zhang, Y., Collica, S.C., Becker, K.G. and van Praag, H. (2014) 

'AMPK agonist AICAR improves cognition and motor coordination in young and aged mice', 

Learn Mem, 21(2), pp. 119-26. 

Koenig, M.K. (2008) 'Presentation and diagnosis of mitochondrial disorders in children', 

Pediatr Neurol, 38(5), pp. 305-13. 

Kondapalli, C., Kazlauskaite, A., Zhang, N., Woodroof, H.I., Campbell, D.G., Gourlay, R., 

Burchell, L., Walden, H., Macartney, T.J., Deak, M., Knebel, A., Alessi, D.R. and Muqit, 

M.M. (2012) 'PINK1 is activated by mitochondrial membrane potential depolarization and 

stimulates Parkin E3 ligase activity by phosphorylating Serine 65', Open Biol, 2(5), p. 

120080. 

Korolchuk, V.I., Menzies, F.M. and Rubinsztein, D.C. (2009) 'A novel link between 

autophagy and the ubiquitin-proteasome system', Autophagy, 5(6), pp. 862-3. 

Kubli, D.A. and Gustafsson, A.B. (2012) 'Mitochondria and mitophagy: the yin and yang of 



 191 

cell death control', Circ Res, 111(9), pp. 1208-21. 

Lackner, L.L. and Nunnari, J.M. (2009) 'The molecular mechanism and cellular functions of 

mitochondrial division', Biochim Biophys Acta, 1792(12), pp. 1138-44. 

Lagouge, M., Argmann, C., Gerhart-Hines, Z., Meziane, H., Lerin, C., Daussin, F., Messadeq, 

N., Milne, J., Lambert, P., Elliott, P., Geny, B., Laakso, M., Puigserver, P. and Auwerx, J. 

(2006) 'Resveratrol improves mitochondrial function and protects against metabolic disease 

by activating SIRT1 and PGC-1alpha', Cell, 127(6), pp. 1109-22. 

Lamming, D.W., Ye, L., Sabatini, D.M. and Baur, J.A. (2013) 'Rapalogs and mTOR 

inhibitors as anti-aging therapeutics', J Clin Invest, 123(3), pp. 980-9. 

Lane, R.K., Hilsabeck, T. and Rea, S.L. (2015) 'The role of mitochondrial dysfunction in age-

related diseases', Biochim Biophys Acta, 1847(11), pp. 1387-400. 

Laplante, M. and Sabatini, D.M. (2012) 'mTOR signaling in growth control and disease', Cell, 

149(2), pp. 274-93. 

Lee, J.H., Budanov, A.V., Park, E.J., Birse, R., Kim, T.E., Perkins, G.A., Ocorr, K., Ellisman, 

M.H., Bodmer, R., Bier, E. and Karin, M. (2010) 'Sestrin as a feedback inhibitor of TOR that 

prevents age-related pathologies', Science, 327(5970), pp. 1223-8. 

Lee, T.H., Kim, S.U., Yu, S.L., Kim, S.H., Park, D.S., Moon, H.B., Dho, S.H., Kwon, K.S., 

Kwon, H.J., Han, Y.H., Jeong, S., Kang, S.W., Shin, H.S., Lee, K.K., Rhee, S.G. and Yu, 

D.Y. (2003) 'Peroxiredoxin II is essential for sustaining life span of erythrocytes in mice', 

Blood, 101(12), pp. 5033-8. 

Leibowitz, G., Cerasi, E. and Ketzinel-Gilad, M. (2008) 'The role of mTOR in the adaptation 

and failure of beta-cells in type 2 diabetes', Diabetes Obes Metab, 10 Suppl 4, pp. 157-69. 

Leonhard, K., Herrmann, J.M., Stuart, R.A., Mannhaupt, G., Neupert, W. and Langer, T. 

(1996) 'AAA proteases with catalytic sites on opposite membrane surfaces comprise a 

proteolytic system for the ATP-dependent degradation of inner membrane proteins in 

mitochondria', EMBO J, 15(16), pp. 4218-29. 

Leonid, G.A., and Natalia, G.S (1991) The Biology of Life Span: A quantitative approach. (4 

vols). Wayne State University Press. 

Li, C. and Zhou, H.M. (2011) 'The role of manganese superoxide dismutase in inflammation 

defense', Enzyme Res, 2011, p. 387176. 

Li, J., Kim, S.G. and Blenis, J. (2014) 'Rapamycin: one drug, many effects', Cell Metab, 

19(3), pp. 373-9. 

Li, W. and Ye, Y. (2008) 'Polyubiquitin chains: functions, structures, and mechanisms', Cell 

Mol Life Sci, 65(15), pp. 2397-406. 

Li, W.W., Li, J. and Bao, J.K. (2012) 'Microautophagy: lesser-known self-eating', Cell Mol 



 192 

Life Sci, 69(7), pp. 1125-36. 

Li, X. (2013) 'SIRT1 and energy metabolism', Acta Biochim Biophys Sin (Shanghai), 45(1), 

pp. 51-60. 

Li, Z.Y., Yang, Y., Ming, M. and Liu, B. (2011) 'Mitochondrial ROS generation for 

regulation of autophagic pathways in cancer', Biochem Biophys Res Commun, 414(1), pp. 5-

8. 

Liang, Y., Huang, B., Song, E., Bai, B. and Wang, Y. (2014) 'Constitutive activation of 

AMPK alpha1 in vascular endothelium promotes high-fat diet-induced fatty liver injury: role 

of COX-2 induction', Br J Pharmacol, 171(2), pp. 498-508. 

Lightowlers, R.N., Taylor, R.W. and Turnbull, D.M. (2015) 'Mutations causing mitochondrial 

disease: What is new and what challenges remain?', Science, 349(6255), pp. 1494-9. 

Lin, J., Wu, H., Tarr, P.T., Zhang, C.Y., Wu, Z., Boss, O., Michael, L.F., Puigserver, P., 

Isotani, E., Olson, E.N., Lowell, B.B., Bassel-Duby, R. and Spiegelman, B.M. (2002) 

'Transcriptional co-activator PGC-1 alpha drives the formation of slow-twitch muscle fibres', 

Nature, 418(6899), pp. 797-801. 

Liochev, S.I. (2013) 'Reactive oxygen species and the free radical theory of aging', Free Radic 

Biol Med, 60, pp. 1-4. 

Liou, G.Y. and Storz, P. (2010) 'Reactive oxygen species in cancer', Free Radic Res, 44(5), 

pp. 479-96. 

Loeb, L.A., Wallace, D.C. and Martin, G.M. (2005) 'The mitochondrial theory of aging and 

its relationship to reactive oxygen species damage and somatic mtDNA mutations', Proc Natl 

Acad Sci U S A, 102(52), pp. 18769-70. 

Loeschcke, V., Krebs, R.A., Dahlgaard, J. and Michalak, P. (1997) 'High-temperature stress 

and the evolution of thermal resistance in Drosophila', EXS, 83, pp. 175-90. 

Longo, V.D. and Fontana, L. (2011) 'Intermittent supplementation with rapamycin as a 

dietary restriction mimetic', Aging (Albany NY), 3(11), pp. 1039-40. 

Luo, C., Li, Y., Wang, H., Feng, Z., Li, Y., Long, J. and Liu, J. (2013) 'Mitochondrial 

accumulation under oxidative stress is due to defects in autophagy', J Cell Biochem, 114(1), 

pp. 212-9. 

Lynch, C.J., Fox, H.L., Vary, T.C., Jefferson, L.S. and Kimball, S.R. (2000) 'Regulation of 

amino acid-sensitive TOR signaling by leucine analogues in adipocytes', J Cell Biochem, 

77(2), pp. 234-51. 

MacDougall, J.D., Gibala, M.J., Tarnopolsky, M.A., MacDonald, J.R., Interisano, S.A. and 

Yarasheski, K.E. (1995) 'The time course for elevated muscle protein synthesis following 

heavy resistance exercise', Can J Appl Physiol, 20(4), pp. 480-6. 



 193 

Mackay, W.J. and Bewley, G.C. (1989) 'The genetics of catalase in Drosophila melanogaster: 

isolation and characterization of acatalasemic mutants', Genetics, 122(3), pp. 643-52. 

MacVicar, T.D. and Lane, J.D. (2014) 'Impaired OMA1-dependent cleavage of OPA1 and 

reduced DRP1 fission activity combine to prevent mitophagy in cells that are dependent on 

oxidative phosphorylation', J Cell Sci, 127(Pt 10), pp. 2313-25. 

Magwere, T., West, M., Riyahi, K., Murphy, M.P., Smith, R.A. and Partridge, L. (2006) 'The 

effects of exogenous antioxidants on lifespan and oxidative stress resistance in Drosophila 

melanogaster', Mech Ageing Dev, 127(4), pp. 356-70. 

Mair, W., Morantte, I., Rodrigues, A.P., Manning, G., Montminy, M., Shaw, R.J. and Dillin, 

A. (2011) 'Lifespan extension induced by AMPK and calcineurin is mediated by CRTC-1 and 

CREB', Nature, 470(7334), pp. 404-8. 

Marsh, M. and McMahon, H.T. (1999) 'The structural era of endocytosis', Science, 285(5425), 

pp. 215-20. 

Mathew, R., Karantza-Wadsworth, V. and White, E. (2007) 'Role of autophagy in cancer', Nat 

Rev Cancer, 7(12), pp. 961-7. 

Matsuda, N., Sato, S., Shiba, K., Okatsu, K., Saisho, K., Gautier, C.A., Sou, Y.S., Saiki, S., 

Kawajiri, S., Sato, F., Kimura, M., Komatsu, M., Hattori, N. and Tanaka, K. (2010) 'PINK1 

stabilized by mitochondrial depolarization recruits Parkin to damaged mitochondria and 

activates latent Parkin for mitophagy', J Cell Biol, 189(2), pp. 211-21. 

Mayer, C., Zhao, J., Yuan, X. and Grummt, I. (2004) 'mTOR-dependent activation of the 

transcription factor TIF-IA links rRNA synthesis to nutrient availability', Genes Dev, 18(4), 

pp. 423-34. 

Mazzucotelli, A., Viguerie, N., Tiraby, C., Annicotte, J.S., Mairal, A., Klimcakova, E., Lepin, 

E., Delmar, P., Dejean, S., Tavernier, G., Lefort, C., Hidalgo, J., Pineau, T., Fajas, L., 

Clement, K. and Langin, D. (2007) 'The transcriptional coactivator peroxisome proliferator 

activated receptor (PPAR)gamma coactivator-1 alpha and the nuclear receptor PPAR alpha 

control the expression of glycerol kinase and metabolism genes independently of PPAR 

gamma activation in human white adipocytes', Diabetes, 56(10), pp. 2467-75. 

McCord, J.M. and Fridovich, I. (1969) 'Superoxide dismutase. An enzymic function for 

erythrocuprein (hemocuprein)', J Biol Chem, 244(22), pp. 6049-55. 

McDonald, A. and Vanlerberghe, G. (2004) 'Branched mitochondrial electron transport in the 

Animalia: presence of alternative oxidase in several animal phyla', IUBMB Life, 56(6), pp. 

333-41. 

McDonald, A.E., Vanlerberghe, G.C. and Staples, J.F. (2009) 'Alternative oxidase in animals: 

unique characteristics and taxonomic distribution', J Exp Biol, 212(Pt 16), pp. 2627-34. 



 194 

Melanson, E.L., MacLean, P.S. and Hill, J.O. (2009) 'Exercise improves fat metabolism in 

muscle but does not increase 24-h fat oxidation', Exerc Sport Sci Rev, 37(2), pp. 93-101. 

Mello, C.C. and Conte, D., Jr. (2004) 'Revealing the world of RNA interference', Nature, 

431(7006), pp. 338-42. 

Mijaljica, D., Prescott, M. and Devenish, R.J. (2011) 'Microautophagy in mammalian cells: 

revisiting a 40-year-old conundrum', Autophagy, 7(7), pp. 673-82. 

Miki, H. and Funato, Y. (2012) 'Regulation of intracellular signalling through cysteine 

oxidation by reactive oxygen species', J Biochem, 151(3), pp. 255-61. 

Millar, S.J.a.Z., R.M. (1983) Life Histories of Mammals: An Analysis of Life Tables. (4 

vols). Ecological Society of America. 

Mitchell, P. (1979) 'Keilin's respiratory chain concept and its chemiosmotic consequences', 

Science, 206(4423), pp. 1148-59. 

Mizumura, K., Cloonan, S.M., Nakahira, K., Bhashyam, A.R., Cervo, M., Kitada, T., Glass, 

K., Owen, C.A., Mahmood, A., Washko, G.R., Hashimoto, S., Ryter, S.W. and Choi, A.M. 

(2014) 'Mitophagy-dependent necroptosis contributes to the pathogenesis of COPD', J Clin 

Invest, 124(9), pp. 3987-4003. 

Mizushima, N. and Levine, B. (2010) 'Autophagy in mammalian development and 

differentiation', Nat Cell Biol, 12(9), pp. 823-30. 

Mockett, R.J., Bayne, A.C., Kwong, L.K., Orr, W.C. and Sohal, R.S. (2003) 'Ectopic 

expression of catalase in Drosophila mitochondria increases stress resistance but not 

longevity', Free Radic Biol Med, 34(2), pp. 207-17. 

Mockett, R.J., Orr, W.C., Rahmandar, J.J., Benes, J.J., Radyuk, S.N., Klichko, V.I. and Sohal, 

R.S. (1999) 'Overexpression of Mn-containing superoxide dismutase in transgenic Drosophila 

melanogaster', Arch Biochem Biophys, 371(2), pp. 260-9. 

Mockett, R.J., Orr, W.C., Rahmandar, J.J., Sohal, B.H. and Sohal, R.S. (2001) 'Antioxidant 

status and stress resistance in long- and short-lived lines of Drosophila melanogaster', Exp 

Gerontol, 36(3), pp. 441-63. 

Mockett, R.J., Sohal, B.H. and Sohal, R.S. (2010) 'Expression of multiple copies of 

mitochondrially targeted catalase or genomic Mn superoxide dismutase transgenes does not 

extend the life span of Drosophila melanogaster', Free Radic Biol Med, 49(12), pp. 2028-31. 

Morita, M., Gravel, S.P., Chenard, V., Sikstrom, K., Zheng, L., Alain, T., Gandin, V., 

Avizonis, D., Arguello, M., Zakaria, C., McLaughlan, S., Nouet, Y., Pause, A., Pollak, M., 

Gottlieb, E., Larsson, O., St-Pierre, J., Topisirovic, I. and Sonenberg, N. (2013) 'mTORC1 

controls mitochondrial activity and biogenesis through 4E-BP-dependent translational 

regulation', Cell Metab, 18(5), pp. 698-711. 



 195 

Morrow, G., Battistini, S., Zhang, P. and Tanguay, R.M. (2004) 'Decreased lifespan in the 

absence of expression of the mitochondrial small heat shock protein Hsp22 in Drosophila', J 

Biol Chem, 279(42), pp. 43382-5. 

Muller, F.L., Lustgarten, M.S., Jang, Y., Richardson, A. and Van Remmen, H. (2007) 'Trends 

in oxidative aging theories', Free Radic Biol Med, 43(4), pp. 477-503. 

Muqit, M.M., Abou-Sleiman, P.M., Saurin, A.T., Harvey, K., Gandhi, S., Deas, E., Eaton, S., 

Payne Smith, M.D., Venner, K., Matilla, A., Healy, D.G., Gilks, W.P., Lees, A.J., Holton, J., 

Revesz, T., Parker, P.J., Harvey, R.J., Wood, N.W. and Latchman, D.S. (2006) 'Altered 

cleavage and localization of PINK1 to aggresomes in the presence of proteasomal stress', J 

Neurochem, 98(1), pp. 156-69. 

Murakami, M., Ichisaka, T., Maeda, M., Oshiro, N., Hara, K., Edenhofer, F., Kiyama, H., 

Yonezawa, K. and Yamanaka, S. (2004) 'mTOR is essential for growth and proliferation in 

early mouse embryos and embryonic stem cells', Mol Cell Biol, 24(15), pp. 6710-8. 

Murata, S., Yashiroda, H. and Tanaka, K. (2009) 'Molecular mechanisms of proteasome 

assembly', Nat Rev Mol Cell Biol, 10(2), pp. 104-15. 

Murphy, M.P. (2009) 'How mitochondria produce reactive oxygen species', Biochem J, 

417(1), pp. 1-13. 

Narendra, D., Tanaka, A., Suen, D.F. and Youle, R.J. (2008) 'Parkin is recruited selectively to 

impaired mitochondria and promotes their autophagy', J Cell Biol, 183(5), pp. 795-803. 

Narendra, D., Walker, J.E. and Youle, R. (2012) 'Mitochondrial quality control mediated by 

PINK1 and Parkin: links to parkinsonism', Cold Spring Harb Perspect Biol, 4(11). 

Nazio, F., Strappazzon, F., Antonioli, M., Bielli, P., Cianfanelli, V., Bordi, M., Gretzmeier, 

C., Dengjel, J., Piacentini, M., Fimia, G.M. and Cecconi, F. (2013) 'mTOR inhibits autophagy 

by controlling ULK1 ubiquitylation, self-association and function through AMBRA1 and 

TRAF6', Nat Cell Biol, 15(4), pp. 406-16. 

Neff, F., Flores-Dominguez, D., Ryan, D.P., Horsch, M., Schroder, S., Adler, T., Afonso, 

L.C., Aguilar-Pimentel, J.A., Becker, L., Garrett, L., Hans, W., Hettich, M.M., Holtmeier, R., 

Holter, S.M., Moreth, K., Prehn, C., Puk, O., Racz, I., Rathkolb, B., Rozman, J., Naton, B., 

Ordemann, R., Adamski, J., Beckers, J., Bekeredjian, R., Busch, D.H., Ehninger, G., Graw, J., 

Hofler, H., Klingenspor, M., Klopstock, T., Ollert, M., Stypmann, J., Wolf, E., Wurst, W., 

Zimmer, A., Fuchs, H., Gailus-Durner, V., Hrabe de Angelis, M. and Ehninger, D. (2013) 

'Rapamycin extends murine lifespan but has limited effects on aging', J Clin Invest, 123(8), 

pp. 3272-91. 

Neupert, W. and Herrmann, J.M. (2007) 'Translocation of proteins into mitochondria', Annu 

Rev Biochem, 76, pp. 723-49. 



 196 

Nishida, K., Yamaguchi, O., Hirotani, S., Hikoso, S., Higuchi, Y., Watanabe, T., Takeda, T., 

Osuka, S., Morita, T., Kondoh, G., Uno, Y., Kashiwase, K., Taniike, M., Nakai, A., 

Matsumura, Y., Miyazaki, J., Sudo, T., Hongo, K., Kusakari, Y., Kurihara, S., Chien, K.R., 

Takeda, J., Hori, M. and Otsu, K. (2004) 'p38alpha mitogen-activated protein kinase plays a 

critical role in cardiomyocyte survival but not in cardiac hypertrophic growth in response to 

pressure overload', Mol Cell Biol, 24(24), pp. 10611-20. 

Nisoli, E. and Carruba, M.O. (2006) 'Nitric oxide and mitochondrial biogenesis', J Cell Sci, 

119(Pt 14), pp. 2855-62. 

Nisoli, E., Falcone, S., Tonello, C., Cozzi, V., Palomba, L., Fiorani, M., Pisconti, A., Brunelli, 

S., Cardile, A., Francolini, M., Cantoni, O., Carruba, M.O., Moncada, S. and Clementi, E. 

(2004) 'Mitochondrial biogenesis by NO yields functionally active mitochondria in mammals', 

Proc Natl Acad Sci U S A, 101(47), pp. 16507-12. 

Okado-Matsumoto, A. and Fridovich, I. (2001) 'Subcellular distribution of superoxide 

dismutases (SOD) in rat liver: Cu,Zn-SOD in mitochondria', J Biol Chem, 276(42), pp. 

38388-93. 

Okatsu, K., Oka, T., Iguchi, M., Imamura, K., Kosako, H., Tani, N., Kimura, M., Go, E., 

Koyano, F., Funayama, M., Shiba-Fukushima, K., Sato, S., Shimizu, H., Fukunaga, Y., 

Taniguchi, H., Komatsu, M., Hattori, N., Mihara, K., Tanaka, K. and Matsuda, N. (2012) 

'PINK1 autophosphorylation upon membrane potential dissipation is essential for Parkin 

recruitment to damaged mitochondria', Nat Commun, 3, p. 1016. 

Oldham, S. and Hafen, E. (2003) 'Insulin/IGF and target of rapamycin signaling: a TOR de 

force in growth control', Trends Cell Biol, 13(2), pp. 79-85. 

Oliveira-Marques, V., Marinho, H.S., Cyrne, L. and Antunes, F. (2009) 'Role of hydrogen 

peroxide in NF-kappaB activation: from inducer to modulator', Antioxid Redox Signal, 11(9), 

pp. 2223-43. 

Olovnikov, A.M. (1996) 'Telomeres, telomerase, and aging: origin of the theory', Exp 

Gerontol, 31(4), pp. 443-8. 

Oral, H.B., George, A.J. and Haskard, D.O. (1998) 'A sensitive fluorometric assay for 

determining hydrogen peroxide-mediated sublethal and lethal endothelial cell injury', 

Endothelium, 6(2), pp. 143-51. 

Orr, W.C. and Sohal, R.S. (1994) 'Extension of life-span by overexpression of superoxide 

dismutase and catalase in Drosophila melanogaster', Science, 263(5150), pp. 1128-30. 

Osellame, L.D. and Duchen, M.R. (2013) 'Defective quality control mechanisms and 

accumulation of damaged mitochondria link Gaucher and Parkinson diseases', Autophagy, 

9(10), pp. 1633-5. 



 197 

Page, M.M. and Stuart, J.A. (2012) 'Activities of DNA base excision repair enzymes in liver 

and brain correlate with body mass, but not lifespan', Age (Dordr), 34(5), pp. 1195-209. 

Palade, G.E. (1952) 'The fine structure of mitochondria', Anat Rec, 114(3), pp. 427-51. 

Pamplona, R. and Barja, G. (2007) 'Highly resistant macromolecular components and low rate 

of generation of endogenous damage: two key traits of longevity', Ageing Res Rev, 6(3), pp. 

189-210. 

Parikh, S., Saneto, R., Falk, M.J., Anselm, I., Cohen, B.H., Haas, R. and Medicine Society, 

T.M. (2009) 'A modern approach to the treatment of mitochondrial disease', Curr Treat 

Options Neurol, 11(6), pp. 414-30. 

Park, J., Lee, S.B., Lee, S., Kim, Y., Song, S., Kim, S., Bae, E., Kim, J., Shong, M., Kim, J.M. 

and Chung, J. (2006) 'Mitochondrial dysfunction in Drosophila PINK1 mutants is 

complemented by parkin', Nature, 441(7097), pp. 1157-61. 

Park, S., Choi, S.G., Yoo, S.M., Son, J.H. and Jung, Y.K. (2014) 'Choline dehydrogenase 

interacts with SQSTM1/p62 to recruit LC3 and stimulate mitophagy', Autophagy, 10(11), pp. 

1906-20. 

Parkes, T.L., Elia, A.J., Dickinson, D., Hilliker, A.J., Phillips, J.P. and Boulianne, G.L. (1998) 

'Extension of Drosophila lifespan by overexpression of human SOD1 in motorneurons', Nat 

Genet, 19(2), pp. 171-4. 

Partridge, L., Piper, M.D. and Mair, W. (2005) 'Dietary restriction in Drosophila', Mech 

Ageing Dev, 126(9), pp. 938-50. 

Pavlakis, S.G., Phillips, P.C., DiMauro, S., De Vivo, D.C. and Rowland, L.P. (1984) 

'Mitochondrial myopathy, encephalopathy, lactic acidosis, and strokelike episodes: a 

distinctive clinical syndrome', Ann Neurol, 16(4), pp. 481-8. 

Perez, V.I., Van Remmen, H., Bokov, A., Epstein, C.J., Vijg, J. and Richardson, A. (2009) 

'The overexpression of major antioxidant enzymes does not extend the lifespan of mice', 

Aging Cell, 8(1), pp. 73-5. 

Perez-Campo, R., Lopez-Torres, M., Cadenas, S., Rojas, C. and Barja, G. (1998) 'The rate of 

free radical production as a determinant of the rate of aging: evidence from the comparative 

approach', J Comp Physiol B, 168(3), pp. 149-58. 

Pfanner, N. and Geissler, A. (2001) 'Versatility of the mitochondrial protein import 

machinery', Nat Rev Mol Cell Biol, 2(5), pp. 339-49. 

Pohjoismaki, J.L., Goffart, S., Tyynismaa, H., Willcox, S., Ide, T., Kang, D., Suomalainen, 

A., Karhunen, P.J., Griffith, J.D., Holt, I.J. and Jacobs, H.T. (2009) 'Human heart 

mitochondrial DNA is organized in complex catenated networks containing abundant four-

way junctions and replication forks', J Biol Chem, 284(32), pp. 21446-57. 



 198 

Porstmann, T., Santos, C.R., Griffiths, B., Cully, M., Wu, M., Leevers, S., Griffiths, J.R., 

Chung, Y.L. and Schulze, A. (2008) 'SREBP activity is regulated by mTORC1 and 

contributes to Akt-dependent cell growth', Cell Metab, 8(3), pp. 224-36. 

Porter, R.K. and Brand, M.D. (1995) 'Mitochondrial proton conductance and H+/O ratio are 

independent of electron transport rate in isolated hepatocytes', Biochem J, 310 ( Pt 2), pp. 

379-82. 

Puigserver, P., Wu, Z., Park, C.W., Graves, R., Wright, M. and Spiegelman, B.M. (1998) 'A 

cold-inducible coactivator of nuclear receptors linked to adaptive thermogenesis', Cell, 92(6), 

pp. 829-39. 

Qu, X., Yu, J., Bhagat, G., Furuya, N., Hibshoosh, H., Troxel, A., Rosen, J., Eskelinen, E.L., 

Mizushima, N., Ohsumi, Y., Cattoretti, G. and Levine, B. (2003) 'Promotion of tumorigenesis 

by heterozygous disruption of the beclin 1 autophagy gene', J Clin Invest, 112(12), pp. 1809-

20. 

Qutub, A.A. and Popel, A.S. (2008) 'Reactive oxygen species regulate hypoxia-inducible 

factor 1alpha differentially in cancer and ischemia', Mol Cell Biol, 28(16), pp. 5106-19. 

Rattan, S.I. (2006) 'Theories of biological aging: genes, proteins, and free radicals', Free 

Radic Res, 40(12), pp. 1230-8. 

Rattan, S.I. (2012) 'Biogerontology: from here to where? The Lord Cohen Medal Lecture-

2011', Biogerontology, 13(1), pp. 83-91. 

Ray, P.D., Huang, B.W. and Tsuji, Y. (2012) 'Reactive oxygen species (ROS) homeostasis 

and redox regulation in cellular signaling', Cell Signal, 24(5), pp. 981-90. 

Reeve, E.C.R. (2001) Drosophila melanogaster: The fruit fly. Routledge. 

Reggiori, F., Komatsu, M., Finley, K. and Simonsen, A. (2012) 'Selective types of autophagy', 

Int J Cell Biol, 2012, p. 156272. 

Reiter, L.T., Potocki, L., Chien, S., Gribskov, M. and Bier, E. (2001) 'A systematic analysis of 

human disease-associated gene sequences in Drosophila melanogaster', Genome Res, 11(6), 

pp. 1114-25. 

Rhee, S.G., Chae, H.Z. and Kim, K. (2005) 'Peroxiredoxins: a historical overview and 

speculative preview of novel mechanisms and emerging concepts in cell signaling', Free 

Radic Biol Med, 38(12), pp. 1543-52. 

Rinella, M.E. (2015) 'Nonalcoholic fatty liver disease: a systematic review', JAMA, 313(22), 

pp. 2263-73. 

Risson, V., Mazelin, L., Roceri, M., Sanchez, H., Moncollin, V., Corneloup, C., Richard-

Bulteau, H., Vignaud, A., Baas, D., Defour, A., Freyssenet, D., Tanti, J.F., Le-Marchand-

Brustel, Y., Ferrier, B., Conjard-Duplany, A., Romanino, K., Bauche, S., Hantai, D., Mueller, 



 199 

M., Kozma, S.C., Thomas, G., Ruegg, M.A., Ferry, A., Pende, M., Bigard, X., Koulmann, N., 

Schaeffer, L. and Gangloff, Y.G. (2009) 'Muscle inactivation of mTOR causes metabolic and 

dystrophin defects leading to severe myopathy', J Cell Biol, 187(6), pp. 859-74. 

Ristow, M. and Schmeisser, S. (2011) 'Extending life span by increasing oxidative stress', 

Free Radic Biol Med, 51(2), pp. 327-36. 

Roczniak-Ferguson, A., Petit, C.S., Froehlich, F., Qian, S., Ky, J., Angarola, B., Walther, T.C. 

and Ferguson, S.M. (2012) 'The transcription factor TFEB links mTORC1 signaling to 

transcriptional control of lysosome homeostasis', Sci Signal, 5(228), p. ra42. 

Roger, A.J. (1999) 'Reconstructing Early Events in Eukaryotic Evolution', Am Nat, 154(S4), 

pp. S146-S163. 

Rohas, L.M., St-Pierre, J., Uldry, M., Jager, S., Handschin, C. and Spiegelman, B.M. (2007) 

'A fundamental system of cellular energy homeostasis regulated by PGC-1alpha', Proc Natl 

Acad Sci U S A, 104(19), pp. 7933-8. 

Rubin, G.M. and Lewis, E.B. (2000) 'A brief history of Drosophila's contributions to genome 

research', Science, 287(5461), pp. 2216-8. 

Rubinsztein, D.C., Codogno, P. and Levine, B. (2012) 'Autophagy modulation as a potential 

therapeutic target for diverse diseases', Nat Rev Drug Discov, 11(9), pp. 709-30. 

Russell, R.C., Fang, C. and Guan, K.L. (2011) 'An emerging role for TOR signaling in 

mammalian tissue and stem cell physiology', Development, 138(16), pp. 3343-56. 

Ryazanov, A.G. and Nefsky, B.S. (2002) 'Protein turnover plays a key role in aging', Mech 

Ageing Dev, 123(2-3), pp. 207-13. 

Sacher, G.A. (1977) Life table modifications and life prolongation. 

Sadidi, M., Lentz, S.I. and Feldman, E.L. (2009) 'Hydrogen peroxide-induced Akt 

phosphorylation regulates Bax activation', Biochimie, 91(5), pp. 577-85. 

Saitsu, H., Nishimura, T., Muramatsu, K., Kodera, H., Kumada, S., Sugai, K., Kasai-Yoshida, 

E., Sawaura, N., Nishida, H., Hoshino, A., Ryujin, F., Yoshioka, S., Nishiyama, K., Kondo, 

Y., Tsurusaki, Y., Nakashima, M., Miyake, N., Arakawa, H., Kato, M., Mizushima, N. and 

Matsumoto, N. (2013) 'De novo mutations in the autophagy gene WDR45 cause static 

encephalopathy of childhood with neurodegeneration in adulthood', Nat Genet, 45(4), pp. 

445-9, 449e1. 

Sanz, A., Pamplona, R. and Barja, G. (2006) 'Is the mitochondrial free radical theory of aging 

intact?', Antioxid Redox Signal, 8(3-4), pp. 582-99. 

Sanz, A., Soikkeli, M., Portero-Otin, M., Wilson, A., Kemppainen, E., McIlroy, G., Ellila, S., 

Kemppainen, K.K., Tuomela, T., Lakanmaa, M., Kiviranta, E., Stefanatos, R., Dufour, E., 

Hutz, B., Naudi, A., Jove, M., Zeb, A., Vartiainen, S., Matsuno-Yagi, A., Yagi, T., Rustin, P., 



 200 

Pamplona, R. and Jacobs, H.T. (2010) 'Expression of the yeast NADH dehydrogenase Ndi1 in 

Drosophila confers increased lifespan independently of dietary restriction', Proc Natl Acad Sci 

U S A, 107(20), pp. 9105-10. 

Sanz, A. and Stefanatos, R.K. (2008) 'The mitochondrial free radical theory of aging: a 

critical view', Curr Aging Sci, 1(1), pp. 10-21. 

Scarpulla, R.C. (2011) 'Metabolic control of mitochondrial biogenesis through the PGC-1 

family regulatory network', Biochim Biophys Acta, 1813(7), pp. 1269-78. 

Schaar, C.E., Dues, D.J., Spielbauer, K.K., Machiela, E., Cooper, J.F., Senchuk, M., Hekimi, 

S. and Van Raamsdonk, J.M. (2015) 'Mitochondrial and cytoplasmic ROS have opposing 

effects on lifespan', PLoS Genet, 11(2), p. e1004972. 

Schieke, S.M. and Finkel, T. (2006) 'Mitochondrial signaling, TOR, and life span', Biol 

Chem, 387(10-11), pp. 1357-61. 

Schriner, S.E., Linford, N.J., Martin, G.M., Treuting, P., Ogburn, C.E., Emond, M., Coskun, 

P.E., Ladiges, W., Wolf, N., Van Remmen, H., Wallace, D.C. and Rabinovitch, P.S. (2005) 

'Extension of murine life span by overexpression of catalase targeted to mitochondria', 

Science, 308(5730), pp. 1909-11. 

Schultz, B.E. and Chan, S.I. (2001) 'Structures and proton-pumping strategies of 

mitochondrial respiratory enzymes', Annu Rev Biophys Biomol Struct, 30, pp. 23-65. 

Scialo, F., Mallikarjun, V., Stefanatos, R. and Sanz, A. (2013) 'Regulation of lifespan by the 

mitochondrial electron transport chain: reactive oxygen species-dependent and reactive 

oxygen species-independent mechanisms', Antioxid Redox Signal, 19(16), pp. 1953-69. 

Scialo, F., Sriram, A., Fernández-Ayala, D., Gubina, N., Lõhmus, M., Nelson, G., Logan, 

A., Cooper,  H.M., Navas, P., Enríquez, J.A., Murphy, M.P. and Sanz, A. (2016) 

'Mitochondrial ROS Produced via Reverse Electron Transport Extend Animal Lifespan', Cell 

Metab, 23(4), pp. 725-34.   

Scialo, F., Sriram, A., Naudí, A., Ayala, V., Jove, M., Pamplona, R. and Sanz, A. (2015) ' 

Target of rapamycin activation predicts lifespan in fruit flies', 14(18), pp. 2949-58. 

Sentman, M.L., Granstrom, M., Jakobson, H., Reaume, A., Basu, S. and Marklund, S.L. 

(2006) 'Phenotypes of mice lacking extracellular superoxide dismutase and copper- and zinc-

containing superoxide dismutase', J Biol Chem, 281(11), pp. 6904-9. 

Serfontein, J., Nisbet, R.E., Howe, C.J. and de Vries, P.J. (2010) 'Evolution of the 

TSC1/TSC2-TOR signaling pathway', Sci Signal, 3(128), p. ra49. 

Seto, B. (2012) 'Rapamycin and mTOR: a serendipitous discovery and implications for breast 

cancer', Clin Transl Med, 1(1), p. 29. 

Seufferlein, T. and Rozengurt, E. (1996) 'Rapamycin inhibits constitutive p70s6k 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Scial%C3%B2%20F%5BAuthor%5D&cauthor=true&cauthor_uid=27076081
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sriram%20A%5BAuthor%5D&cauthor=true&cauthor_uid=27076081
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fern%C3%A1ndez-Ayala%20D%5BAuthor%5D&cauthor=true&cauthor_uid=27076081
http://www.ncbi.nlm.nih.gov/pubmed/?term=Gubina%20N%5BAuthor%5D&cauthor=true&cauthor_uid=27076081
http://www.ncbi.nlm.nih.gov/pubmed/?term=L%C3%B5hmus%20M%5BAuthor%5D&cauthor=true&cauthor_uid=27076081
http://www.ncbi.nlm.nih.gov/pubmed/?term=Nelson%20G%5BAuthor%5D&cauthor=true&cauthor_uid=27076081
http://www.ncbi.nlm.nih.gov/pubmed/?term=Logan%20A%5BAuthor%5D&cauthor=true&cauthor_uid=27076081
http://www.ncbi.nlm.nih.gov/pubmed/?term=Logan%20A%5BAuthor%5D&cauthor=true&cauthor_uid=27076081
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cooper%20HM%5BAuthor%5D&cauthor=true&cauthor_uid=27076081
http://www.ncbi.nlm.nih.gov/pubmed/?term=Navas%20P%5BAuthor%5D&cauthor=true&cauthor_uid=27076081
http://www.ncbi.nlm.nih.gov/pubmed/?term=Enr%C3%ADquez%20JA%5BAuthor%5D&cauthor=true&cauthor_uid=27076081
http://www.ncbi.nlm.nih.gov/pubmed/?term=Murphy%20MP%5BAuthor%5D&cauthor=true&cauthor_uid=27076081
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sanz%20A%5BAuthor%5D&cauthor=true&cauthor_uid=27076081
http://www.ncbi.nlm.nih.gov/pubmed/27076081
http://www.ncbi.nlm.nih.gov/pubmed/27076081
http://www.ncbi.nlm.nih.gov/pubmed/?term=Scial%C3%B2%20F%5BAuthor%5D&cauthor=true&cauthor_uid=26259964
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sriram%20A%5BAuthor%5D&cauthor=true&cauthor_uid=26259964
http://www.ncbi.nlm.nih.gov/pubmed/?term=Naud%C3%AD%20A%5BAuthor%5D&cauthor=true&cauthor_uid=26259964
http://www.ncbi.nlm.nih.gov/pubmed/?term=Ayala%20V%5BAuthor%5D&cauthor=true&cauthor_uid=26259964
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jov%C3%A9%20M%5BAuthor%5D&cauthor=true&cauthor_uid=26259964
http://www.ncbi.nlm.nih.gov/pubmed/?term=Pamplona%20R%5BAuthor%5D&cauthor=true&cauthor_uid=26259964
http://www.ncbi.nlm.nih.gov/pubmed/?term=Sanz%20A%5BAuthor%5D&cauthor=true&cauthor_uid=26259964


 201 

phosphorylation, cell proliferation, and colony formation in small cell lung cancer cells', 

Cancer Res, 56(17), pp. 3895-7. 

Shay, J.W. and Wright, W.E. (2000) 'Hayflick, his limit, and cellular ageing', Nat Rev Mol 

Cell Biol, 1(1), pp. 72-6. 

Shen, C., Lancaster, C.S., Shi, B., Guo, H., Thimmaiah, P. and Bjornsti, M.A. (2007) 'TOR 

signaling is a determinant of cell survival in response to DNA damage', Mol Cell Biol, 27(20), 

pp. 7007-17. 

Shimobayashi, M. and Hall, M.N. (2016) 'Multiple amino acid sensing inputs to mTORC1', 

Cell Res, 26(1), pp. 7-20. 

Shor, B., Wu, J., Shakey, Q., Toral-Barza, L., Shi, C., Follettie, M. and Yu, K. (2010) 

'Requirement of the mTOR kinase for the regulation of Maf1 phosphorylation and control of 

RNA polymerase III-dependent transcription in cancer cells', J Biol Chem, 285(20), pp. 

15380-92. 

Simioni, C., Cani, A., Martelli, A.M., Zauli, G., Tabellini, G., McCubrey, J., Capitani, S. and 

Neri, L.M. (2014) 'Activity of the novel mTOR inhibitor Torin-2 in B-precursor acute 

lymphoblastic leukemia and its therapeutic potential to prevent Akt reactivation', Oncotarget, 

5(20), pp. 10034-47. 

Simon, H.U., Haj-Yehia, A. and Levi-Schaffer, F. (2000) 'Role of reactive oxygen species 

(ROS) in apoptosis induction', Apoptosis, 5(5), pp. 415-8. 

Sinclair, D.A. (2005) 'Toward a unified theory of caloric restriction and longevity regulation', 

Mech Ageing Dev, 126(9), pp. 987-1002. 

Sohal, R.S. (1988) 'Effect of hydrogen peroxide administration on life span, superoxide 

dismutase, catalase, and glutathione in the adult housefly, Musca domestica', Exp Gerontol, 

23(3), pp. 211-6. 

Sohal, R.S. (2002) 'Role of oxidative stress and protein oxidation in the aging process', Free 

Radic Biol Med, 33(1), pp. 37-44. 

Song, P., Li, S., Wu, H., Gao, R., Rao, G., Wang, D., Chen, Z., Ma, B., Wang, H., Sui, N., 

Deng, H., Zhang, Z., Tang, T., Tan, Z., Han, Z., Lu, T., Zhu, Y. and Chen, Q. (2016) 'Parkin 

promotes proteasomal degradation of p62: implication of selective vulnerability of neuronal 

cells in the pathogenesis of Parkinson's disease', Protein Cell, 7(2), pp. 114-29. 

Sonoda, J., Mehl, I.R., Chong, L.W., Nofsinger, R.R. and Evans, R.M. (2007) 'PGC-1beta 

controls mitochondrial metabolism to modulate circadian activity, adaptive thermogenesis, 

and hepatic steatosis', Proc Natl Acad Sci U S A, 104(12), pp. 5223-8. 

Sorensen, J.G., Loeschcke, V. and Kristensen, T.N. (2013) 'Cellular damage as induced by 

high temperature is dependent on rate of temperature change - investigating consequences of 



 202 

ramping rates on molecular and organismal phenotypes in Drosophila melanogaster', J Exp 

Biol, 216(Pt 5), pp. 809-14. 

Stankiewicz, P. and Lupski, J.R. (2010) 'Structural variation in the human genome and its role 

in disease', Annu Rev Med, 61, pp. 437-55. 

Strappazzon, F., Nazio, F., Corrado, M., Cianfanelli, V., Romagnoli, A., Fimia, G.M., 

Campello, S., Nardacci, R., Piacentini, M., Campanella, M. and Cecconi, F. (2015) 

'AMBRA1 is able to induce mitophagy via LC3 binding, regardless of PARKIN and 

p62/SQSTM1', Cell Death Differ, 22(3), p. 517. 

Strehler, B., Hirsch, G., Gusseck, D., Johnson, R. and Bick, M. (1971) 'Codon-restriction 

theory by aging and development', J Theor Biol, 33(3), pp. 429-74. 

Sun, Q., Chen, X., Ma, J., Peng, H., Wang, F., Zha, X., Wang, Y., Jing, Y., Yang, H., Chen, 

R., Chang, L., Zhang, Y., Goto, J., Onda, H., Chen, T., Wang, M.R., Lu, Y., You, H., 

Kwiatkowski, D. and Zhang, H. (2011) 'Mammalian target of rapamycin up-regulation of 

pyruvate kinase isoenzyme type M2 is critical for aerobic glycolysis and tumor growth', Proc 

Natl Acad Sci U S A, 108(10), pp. 4129-34. 

Tachibana, M., Sparman, M., Sritanaudomchai, H., Ma, H., Clepper, L., Woodward, J., Li, Y., 

Ramsey, C., Kolotushkina, O. and Mitalipov, S. (2009) 'Mitochondrial gene replacement in 

primate offspring and embryonic stem cells', Nature, 461(7262), pp. 367-72. 

Tang, H.M., Siu, K.L., Wong, C.M. and Jin, D.Y. (2009) 'Loss of yeast peroxiredoxin Tsa1p 

induces genome instability through activation of the DNA damage checkpoint and elevation 

of dNTP levels', PLoS Genet, 5(10), p. e1000697. 

Tanida, I., Ueno, T. and Kominami, E. (2008) 'LC3 and Autophagy', Methods Mol Biol, 445, 

pp. 77-88. 

Taylor, R.W. and Turnbull, D.M. (2005) 'Mitochondrial DNA mutations in human disease', 

Nat Rev Genet, 6(5), pp. 389-402. 

Tower, J. (2000) 'Transgenic methods for increasing Drosophila life span', Mech Ageing Dev, 

118(1-2), pp. 1-14. 

Triantaphylides, C. and Havaux, M. (2009) 'Singlet oxygen in plants: production, 

detoxification and signaling', Trends Plant Sci, 14(4), pp. 219-28. 

Trumpower, B.L. (1990) 'The protonmotive Q cycle. Energy transduction by coupling of 

proton translocation to electron transfer by the cytochrome bc1 complex', J Biol Chem, 

265(20), pp. 11409-12. 

Tzivion, G., Dobson, M. and Ramakrishnan, G. (2011) 'FoxO transcription factors; 

Regulation by AKT and 14-3-3 proteins', Biochim Biophys Acta, 1813(11), pp. 1938-45. 

Ubhi, K. and Masliah, E. (2013) 'Alzheimer's disease: recent advances and future 



 203 

perspectives', J Alzheimers Dis, 33 Suppl 1, pp. S185-94. 

Ulgherait, M., Rana, A., Rera, M., Graniel, J. and Walker, D.W. (2014) 'AMPK modulates 

tissue and organismal aging in a non-cell-autonomous manner', Cell Rep, 8(6), pp. 1767-80. 

Unden, G. and Bongaerts, J. (1997) 'Alternative respiratory pathways of Escherichia coli: 

energetics and transcriptional regulation in response to electron acceptors', Biochim Biophys 

Acta, 1320(3), pp. 217-34. 

Valentine, J.S., Miksztal, A.R. and Sawyer, D.T. (1984) 'Methods for the study of superoxide 

chemistry in nonaqueous solutions', Methods Enzymol, 105, pp. 71-81. 

Valko, M., Leibfritz, D., Moncol, J., Cronin, M.T., Mazur, M. and Telser, J. (2007) 'Free 

radicals and antioxidants in normal physiological functions and human disease', Int J Biochem 

Cell Biol, 39(1), pp. 44-84. 

van Heemst, D., Beekman, M., Mooijaart, S.P., Heijmans, B.T., Brandt, B.W., Zwaan, B.J., 

Slagboom, P.E. and Westendorp, R.G. (2005) 'Reduced insulin/IGF-1 signalling and human 

longevity', Aging Cell, 4(2), pp. 79-85. 

Van Laar, V.S., Arnold, B., Cassady, S.J., Chu, C.T., Burton, E.A. and Berman, S.B. (2011) 

'Bioenergetics of neurons inhibit the translocation response of Parkin following rapid 

mitochondrial depolarization', Hum Mol Genet, 20(5), pp. 927-40. 

Van Raamsdonk, J.M. and Hekimi, S. (2009) 'Deletion of the mitochondrial superoxide 

dismutase sod-2 extends lifespan in Caenorhabditis elegans', PLoS Genet, 5(2), p. e1000361. 

Van Raamsdonk, J.M. and Hekimi, S. (2012) 'Superoxide dismutase is dispensable for normal 

animal lifespan', Proc Natl Acad Sci U S A, 109(15), pp. 5785-90. 

Veal, E.A., Day, A.M. and Morgan, B.A. (2007) 'Hydrogen peroxide sensing and signaling', 

Mol Cell, 26(1), pp. 1-14. 

Ved, R., Saha, S., Westlund, B., Perier, C., Burnam, L., Sluder, A., Hoener, M., Rodrigues, 

C.M., Alfonso, A., Steer, C., Liu, L., Przedborski, S. and Wolozin, B. (2005) 'Similar patterns 

of mitochondrial vulnerability and rescue induced by genetic modification of alpha-synuclein, 

parkin, and DJ-1 in Caenorhabditis elegans', J Biol Chem, 280(52), pp. 42655-68. 

Veiga, A., Arrabaca, J.D. and Loureiro-Dias, M.C. (2003) 'Cyanide-resistant respiration, a 

very frequent metabolic pathway in yeasts', FEMS Yeast Res, 3(3), pp. 239-45. 

Verhulst, P.J., Janssen, S., Tack, J. and Depoortere, I. (2012) 'Role of the AMP-activated 

protein kinase (AMPK) signaling pathway in the orexigenic effects of endogenous ghrelin', 

Regul Pept, 173(1-3), pp. 27-35. 

Villa-Cuesta, E., Holmbeck, M.A. and Rand, D.M. (2014) 'Rapamycin increases 

mitochondrial efficiency by mtDNA-dependent reprogramming of mitochondrial metabolism 

in Drosophila', J Cell Sci, 127(Pt 10), pp. 2282-90. 



 204 

Virbasius, J.V. and Scarpulla, R.C. (1994) 'Activation of the human mitochondrial 

transcription factor A gene by nuclear respiratory factors: a potential regulatory link between 

nuclear and mitochondrial gene expression in organelle biogenesis', Proc Natl Acad Sci U S 

A, 91(4), pp. 1309-13. 

Visick, J.E. and Clarke, S. (1995) 'Repair, refold, recycle: how bacteria can deal with 

spontaneous and environmental damage to proteins', Mol Microbiol, 16(5), pp. 835-45. 

Vogiatzi, G., Tousoulis, D. and Stefanadis, C. (2009) 'The role of oxidative stress in 

atherosclerosis', Hellenic J Cardiol, 50(5), pp. 402-9. 

Wallace, D.C. (1999) 'Mitochondrial diseases in man and mouse', Science, 283(5407), pp. 

1482-8. 

Walton, P.A. and Pizzitelli, M. (2012) 'Effects of peroxisomal catalase inhibition on 

mitochondrial function', Front Physiol, 3, p. 108. 

Wan, X., Harkavy, B., Shen, N., Grohar, P. and Helman, L.J. (2007) 'Rapamycin induces 

feedback activation of Akt signaling through an IGF-1R-dependent mechanism', Oncogene, 

26(13), pp. 1932-40. 

Wan, Z., Root-McCaig, J., Castellani, L., Kemp, B.E., Steinberg, G.R. and Wright, D.C. 

(2014) 'Evidence for the role of AMPK in regulating PGC-1 alpha expression and 

mitochondrial proteins in mouse epididymal adipose tissue', Obesity (Silver Spring), 22(3), 

pp. 730-8. 

Wang, C., Wheeler, C.T., Alberico, T., Sun, X., Seeberger, J., Laslo, M., Spangler, E., Kern, 

B., de Cabo, R. and Zou, S. (2013) 'The effect of resveratrol on lifespan depends on both 

gender and dietary nutrient composition in Drosophila melanogaster', Age (Dordr), 35(1), pp. 

69-81. 

Wang, H., Song, P., Du, L., Tian, W., Yue, W., Liu, M., Li, D., Wang, B., Zhu, Y., Cao, C., 

Zhou, J. and Chen, Q. (2011) 'Parkin ubiquitinates Drp1 for proteasome-dependent 

degradation: implication of dysregulated mitochondrial dynamics in Parkinson disease', J Biol 

Chem, 286(13), pp. 11649-58. 

Wang, W., Yang, X., Lopez de Silanes, I., Carling, D. and Gorospe, M. (2003) 'Increased 

AMP:ATP ratio and AMP-activated protein kinase activity during cellular senescence linked 

to reduced HuR function', J Biol Chem, 278(29), pp. 27016-23. 

Wang, X. and Proud, C.G. (2006) 'The mTOR pathway in the control of protein synthesis', 

Physiology (Bethesda), 21, pp. 362-9. 

Wang, Y., Nartiss, Y., Steipe, B., McQuibban, G.A. and Kim, P.K. (2012) 'ROS-induced 

mitochondrial depolarization initiates PARK2/PARKIN-dependent mitochondrial degradation 

by autophagy', Autophagy, 8(10), pp. 1462-76. 



 205 

Warner, H.R. (1997) 'Aging and regulation of apoptosis', Curr Top Cell Regul, 35, pp. 107-

21. 

Weinberg, F., Hamanaka, R., Wheaton, W.W., Weinberg, S., Joseph, J., Lopez, M., 

Kalyanaraman, B., Mutlu, G.M., Budinger, G.R. and Chandel, N.S. (2010) 'Mitochondrial 

metabolism and ROS generation are essential for Kras-mediated tumorigenicity', Proc Natl 

Acad Sci U S A, 107(19), pp. 8788-93. 

Weinert, B.T. and Timiras, P.S. (2003) 'Invited review: Theories of aging', J Appl Physiol 

(1985), 95(4), pp. 1706-16. 

Whelan, S.P. and Zuckerbraun, B.S. (2013) 'Mitochondrial signaling: forwards, backwards, 

and in between', Oxid Med Cell Longev, 2013, p. 351613. 

Wiczer, B.M. and Thomas, G. (2010) 'The role of the mTOR pathway in regulating food 

intake', Curr Opin Drug Discov Devel, 13(5), pp. 604-12. 

Wilmoth, J.R., Deegan, L.J., Lundstrom, H. and Horiuchi, S. (2000) 'Increase of maximum 

life-span in Sweden, 1861-1999', Science, 289(5488), pp. 2366-8. 

Wu, Z., Puigserver, P., Andersson, U., Zhang, C., Adelmant, G., Mootha, V., Troy, A., Cinti, 

S., Lowell, B., Scarpulla, R.C. and Spiegelman, B.M. (1999) 'Mechanisms controlling 

mitochondrial biogenesis and respiration through the thermogenic coactivator PGC-1', Cell, 

98(1), pp. 115-24. 

Xu, J., Ji, J. and Yan, X.H. (2012) 'Cross-talk between AMPK and mTOR in regulating 

energy balance', Crit Rev Food Sci Nutr, 52(5), pp. 373-81. 

Yang, S.B., Tien, A.C., Boddupalli, G., Xu, A.W., Jan, Y.N. and Jan, L.Y. (2012) 'Rapamycin 

ameliorates age-dependent obesity associated with increased mTOR signaling in 

hypothalamic POMC neurons', Neuron, 75(3), pp. 425-36. 

Yoshikawa, S., Muramoto, K., Shinzawa-Itoh, K., Aoyama, H., Tsukihara, T., Shimokata, K., 

Katayama, Y. and Shimada, H. (2006) 'Proton pumping mechanism of bovine heart 

cytochrome c oxidase', Biochim Biophys Acta, 1757(9-10), pp. 1110-6. 

Yun, J. and Finkel, T. (2014) 'Mitohormesis', Cell Metab, 19(5), pp. 757-66. 

Zhang, Y., Gao, J., Chung, K.K., Huang, H., Dawson, V.L. and Dawson, T.M. (2000) 'Parkin 

functions as an E2-dependent ubiquitin- protein ligase and promotes the degradation of the 

synaptic vesicle-associated protein, CDCrel-1', Proc Natl Acad Sci U S A, 97(24), pp. 13354-

9. 

Zhang, Y., Ikeno, Y., Qi, W., Chaudhuri, A., Li, Y., Bokov, A., Thorpe, S.R., Baynes, J.W., 

Epstein, C., Richardson, A. and Van Remmen, H. (2009) 'Mice deficient in both Mn 

superoxide dismutase and glutathione peroxidase-1 have increased oxidative damage and a 

greater incidence of pathology but no reduction in longevity', J Gerontol A Biol Sci Med Sci, 



 206 

64(12), pp. 1212-20. 

Zhang, Z.W., Cheng, J., Xu, F., Chen, Y.E., Du, J.B., Yuan, M., Zhu, F., Xu, X.C. and Yuan, 

S. (2011) 'Red blood cell extrudes nucleus and mitochondria against oxidative stress', IUBMB 

Life, 63(7), pp. 560-5. 

Zhou, H., Luo, Y. and Huang, S. (2010) 'Updates of mTOR inhibitors', Anticancer Agents 

Med Chem, 10(7), pp. 571-81. 

Zoncu, R., Efeyan, A. and Sabatini, D.M. (2011) 'mTOR: from growth signal integration to 

cancer, diabetes and ageing', Nat Rev Mol Cell Biol, 12(1), pp. 21-35. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 207 

APPENDIX A: Summary of lifespan experiments performed in this study presented as 

mean and (maximum) lifespan in number of days.  

   29C  
Figure 3.18 daGAL4  >20(>20)  
 AOX  >20(>20)  
 daGAL4>AOX  17(19)  
P value   <0.001  
Figure 4.12 daGAL4  >20(>20)  
 mtCatalase  >20(>20)  
 daGAL4>mtCatalase  10 (20)  
P value   <0.001  
 daGAL4  33(39)  
 Sod2  36(42)  
 daGAL4>Sod2  39(46)  
P value   <0.001  
   25C  
   Hypoxia Hyperoxia 

Figure 4.13 daGAL4  19 (35) 18 (27) 
 AOX  19 (35) 18 (27) 
 daGAL4>AOX  5 (12) 13(22) 
P value   <0.001 <0.001 
 daGAL4  19 (35) 17 (22) 
 mtCatalase  18 (35) 17 (22) 
 daGAL4>mtCatalase  10 (15) 15 (20) 
P value   <0.001 <0.001 
 daGAL4  22 (38) 17 (20) 
 Sod2  27 (34) 17 (20) 
 daGAL4>Sod2  31 (45) 24 (29) 
P value   <0.001 <0.001 
Figure 5.13    29C  
 AOX  

daGAL4>AOX 
   

 daGAL4>AOX+Rapamycin    
P value 
 
 
 
 
 
P value 

 
 
AOX  
daGAL4>AOX                
daGAL4>AOX+Rapamycin 
2 days/week 
 

   

Figure 6.8 

 
 
TubGS>AOX–RU-486 
(OFF) 

   29C 

  >44(>44) 

 TubGS>AOX–RU-486 
(ON) 

    21 (31) 

 TubGS>AOX; Parkin +RU-
486 (ON) 

    26 (28) 

 
 
 P value 

TubGS>AOX; Pink1 +RU-
486 (ON) 

                       
 

   >44(>44) 

 >22(>22) 
 22(22) 
 17(22) 
 <0.001 
  

>22(>22) 
 17(22) 
 19(22) 
  

<0.001 
 

<0.001 
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