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By 2050, the number of people aged over 65 is projected to double due to increased longevity. However, healthspan (time spent without disease) is not increasing at the same rate, which has a severe impact on healthcare systems and quality of life of older people. New interventions to reduce the period of morbidity in later life are urgently needed. Zoledronate has recently been shown to increase survival in patients affected by osteoporosis. In addition, our lab has previously shown that zoledronate reduces DNA damage and cellular senescence of human mesenchymal stem cells (hMSC) by inhibition of the mevalonate pathway and mTOR signalling, resulting in extended cellular lifespan and preservation of their function in vitro. Here we test the hypothesis that administration of zoledronate extends the lifespan and healthspan of Drosophila. The research presented here firstly confirms that zoledronate inhibits phosphorylation of AKT(S505), supporting the findings that zoledronate inhibits mTOR signalling via the mevalonate pathway. In addition, flies pre-treated with zoledronate showed a significant increase in lifespan compared with controls when they were fed with hydrogen peroxide as a source of oxidative damage. However, this was not the case when the dFOXO94 mutant was used, confirming that zoledronate requires Foxo to mediate its activity similarly to hMSC. Furthermore, Drosophila larvae treated with zoledronate showed reduced levels of genomic mutation following irradiation, showing that zoledronate reduces the incidence of DNA damage. Significant lifespan extension was observed, in both male and female Drosophila fed with Zoledronate. As markers of improved healthspan we have tested the flies’ climbing ability and proliferation of their intestinal progenitor cells. As expected, climbing ability declined with age but a significant increase in the proportion of high climbers was observed in flies treated with zoledronate from 40 days of age. An increase in intestinal stem-cell proliferation compatible with epithelial dysplasia was observed with age and this was significantly decreased in the intestines of 40, 56, and 63 day-old females treated with zoledronate. These results suggest that pharmacological intervention with zoledronate improves survival and healthspan with age.
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The World Report on Ageing and Health 2015 pointed out two key drivers of global population ageing; increase in life expectancy and falling fertility rates. Fig 1.1 shows the steady increase in life expectancy from 1950. This worldwide increase not only reflects better public healthcare improving survival through childhood but also an increasing survival of people at older ages. In 2015, only one country (Japan) had more than 30% of its population over the age of 60. However, by 2050, the projection suggests that Europe, North America, and eight countries across the other continents will have a similar proportion of older people to that seen in Japan today (Fig 1.2). With advances in medicine, this percentage of people over 60 is expected to double by the middle of the century (World Health Organization, 2015).
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[bookmark: _Toc524796938][bookmark: _Toc43908762]Figure 1.1 Changes in life expectancy from 1950, with projections until 2050. Adapted from (World Health Organization, 2015).
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[bookmark: _Toc524500041][bookmark: _Toc524593342][bookmark: _Toc524796939][bookmark: _Toc43908763]Figure 1.2 Proportion of population aged 60 years or older by country.
(A) 2015 data on proportion of population aged 60 years or over. (B) Projection of population proportion aged 60 years or over by year 2050. Adopted from (World Health Organization, 2015)


[bookmark: _Toc524593343]However, this increase in life expectancy does not seem to translate into a longer healthspan – that is “added years of life in better health compared to previous generations at the same age” (World Health Organization, 2015). Among those over 65 years old, more than 60% of the population suffer from multi-morbidity – defined as the co-existence of multiple chronic conditions (Vogeli et al., 2007; Hung et al., 2011; Marengoni et al., 2011). There are quality and care management challenges in treating multiple conditions individually. The number of different physicians seen by patients has been reported to increase from four in those with one condition to 14 in those with five or more conditions (Vogeli et al., 2007). Patients may find it challenging to understand, remember, and reconcile the instructions given about their medical conditions, due to this increase in providers involved in their care. Patients with multi-morbidity are also more susceptible to adverse drug events, partly contributed by drug-drug interactions associated with polypharmacy (Gandhi et al., 2003; JH et al., 2003; Tinetti, Bogardus and Agostini, 2004). This also generates high healthcare and social care bills for both individuals and societies (Wolff, Starfield and Anderson, 2002; Fortin et al., 2004, 2007).
Other than multi-morbidity, frailty has also been considered to be a clinical biomarker of ageing (Vetrano et al., 2018). Frailty is increasingly defined by geriatricians as a loss of ability to respond to adverse events, resulting from cumulative declines across multiple physiological systems (Buchner and Wagner, 1992; Lipsitz and Goldberger, 1992; Campbell and Buchner, 1997; Hamerman, 1999). Frail individuals usually present with signs of weight loss, low handgrip strength, slow gait speed, and reduced physical activity (Fried et al., 2001). Major consequences of frailty include functional decline, inability to perform basic daily activities, and poor quality of life. 
Hence, with an ageing population, more holistic approaches targeting more than one deficit or disease at a time are needed.
[bookmark: _Toc43908619]1.2 Mechanisms and signalling pathways involved in ageing
[bookmark: _Toc524593344]Ageing is a major risk factor for pathologies such as cancer, type II diabetes, cardiovascular disorders (CAD), and neurodegenerative diseases. We know there are several mechanisms which can accelerate or deaccelerate ageing that are associated with many of these diseases (López-Otín et al., 2013). Mechanisms that have been proposed include telomere attrition, non-telomeric deoxyribonucleic acid (DNA) damage, epigenetic alteration, loss of proteostasis, cellular senescence, intercellular communication alteration, deregulated nutrient sensing, and mitochondrial dysfunction (López-Otín et al., 2013). This section will review some of these important mechanisms which are closely related to this project.
[bookmark: _Toc43908620]1.2.1 DNA damage independent of telomere attrition
[bookmark: _Toc524593345]At the cellular level, we now know that cells eventually either experience apoptosis or enter a state called senescence, which is the irreversible growth arrest of cells with a senescence-associated secretory phenotype (SASP) (Chen et al., 2004; Di Micco et al., 2006; Campisi and d’Adda di Fagagna, 2007; Tchkonia et al., 2013). On the DNA level, one mechanism that leads to cellular senescence is the build-up of DNA lesions. A rough estimate shows cells experience a total of 105 lesions per day (Hoeijmakers, 2009). These lesions are sites of damage in the base-paring or structure of DNA and occur in several different forms, such as: single-strand breaks (SSBs) in DNA which are usually found at the site of single nucleotide loss; double-strand breaks (DSBs) where both strand backbones break which may cause translocations, fusions, and deletions in DNA; cross-links where actual covalent linkage forms between two strands; DNA mismatch, usually caused by replication error and O6-methylguanine where a methyl group is attached to the O6 position (an oxygen atom) of guanine (Bradley and Kohn, 1979; Aplan, 2006; Li, 2007; Muniandy et al., 2010; Deans and West, 2011; Fahrer and Kaina, 2013; Caldecott, 2014; Mehta and Haber, 2014).  This damage accumulates due to physical or chemical challenges experienced by the cells. For example, reactive oxygen species (ROS), generated through ionizing or ultraviolet radiation and through the cell’s own metabolism could result in non-telomeric DNA damage (Kehrer, 1993; Hemnani and Parihar, 1998; Cadet and Wagner, 2013). Exposure to chemical agents, such as chemotherapy drugs (e.g. cisplatin), crosslinking agents (e.g. mitomycin C), alkylating agents (e.g. temozolomide), and topoisomerase inhibitors (e.g. camptothecin) also creates damage in DNA (Dusre et al., 1989; Caporali et al., 2004; Koster et al., 2007; Dasari and Tchounwou, 2014; Hu et al., 2016). Lesions may also occur in the form of DNA replication errors (O’Neill, 2000). These lesions cause a blockage in the progression of DNA replication, leading to apoptotic attrition, cellular dysfunction or senescence (Van Nguyen et al., 2007; Laberge et al., 2013; Childs et al., 2014).
DNA in each cell will accumulate tens of thousands of lesions per day endogenously or in response to genotoxic agents. Fortunately, cells contain several DNA damage repair (DDR) mechanisms to remove damaged DNA enabling the DNA code can be read properly (Lindahl and Barnes, 2000; Jackson and Bartek, 2009). Different DDR will be triggered according to the type of DNA damage occurred including: base excision repair (BER) which reduces the modified bases in DNA, nucleotide excision repair (NER) which removes bulky DNA adducts (nucleotide modifications), mismatch repair (MMR) which corrects mis-incorporated nucleotides in replication errors, cross-link repair (CLR) that removes inter-strand cross-links, non-homologous end joining (NHEJ) which repairs DSBs during the G0/G1 phase and homologous recombination (HR) which repairs DSBs during the S-G2 phase (Gradia et al., 1999; Hanawalt, 2001, 2002; Marti, Kunz and Fleck, 2002; Harper and Elledge, 2007; Wilson and Bohr, 2007; Lieber and Wilson, 2010). 
Despite the different types of DNA damages resulting in different combinations of DDR, the downstream kinase signalling cascades will always be triggered. These kinases include DNA-dependent protein kinase (DNA-PK), ataxia telangiectasia-mutated (ATM), and ataxia telangiectasia Rad3-related (ATR) proteins. These DDR kinases carry out checkpoint activities, and through a series of phosphorylation steps, converge on the phosphorylation and stabilisation of tumour suppressor protein p53 (Milyavsky et al., 2001; D’Adda Di Fagagna et al., 2003; Rodier, Campisi and Bhaumik, 2007; Blanpain et al., 2011). Minutes after a cell sustains DNA damage, levels of p53 will rise dramatically (Kastan et al., 1991). The activated p53 accumulates within the nucleus where it can act as transcription factor. One of the important target genes of p53 is p21, a protein that prevents action of cyclin-dependent kinases (cyclin dependent kinase inhibitor, CDKI). By inhibiting these kinases, cells will be prevented from going into S phase from G1 phase of the cell cycle (Wade Harper et al., 1993). This is a reversible process whereby a cell cycle will be allowed to resume when p53 is inactivated. Hence, in this fork of DNA damage response, when the level of DNA damage is low, activation of p53 provides time for DNA damage repair to complete before DNA replication happens again. (Beauséjour et al., 2003; D’Adda Di Fagagna et al., 2003).
Deficiency in DNA repair causes accelerated ageing in mice while transgenic mice overexpressing BubR1, a mitotic checkpoint component, showed extension of healthy lifespan (Murga et al., 2009; Gregg et al., 2012; Baker, Weaver and VanDeursen, 2013). This shows a link between longevity and DNA repair, providing evidence that ageing may be delayed by artificially reinforcing nuclear DDR mechanisms.

[bookmark: _Toc524593347][bookmark: _Toc299874503][bookmark: _Toc282331092][bookmark: _Toc378453700][bookmark: _Toc378536469][bookmark: _Toc379829219]In this project, oxidative stress was imposed on organisms in order to understand their resilience in challenging conditions. Oxidative stress is created by accumulation of ROS, which are formed by partial reduction of oxygen and are generally short-lived but highly reactive (Halliwell, 2011; Scientific et al., 2016). These molecules could be produced endogenously within cells (e.g. mitochondria, peroxisomes, lipoxygenases, NADPH oxidases, or cytochrome P450) or be generated through environmental stresses imposed on cells (e.g. UV light, ionizing radiation, chemotherapeutics, inflammatory cytokines, environmental toxins, and agents like paraquat). At low and moderate concentrations, ROS are necessary for the host defence system against diseases, cellular signalling, and induction of mitogenic response (Droge, 2002; Genestra, 2007; Pacher, Beckman and Liaudet, 2007; Zhang et al., 2016). However, when produced in excess and not gradually destroyed by antioxidants such as vitamins, glutathione, superoxide dismutase (SOD) and thioredoxin/thioredoxin peroxidase system (TPx) promptly, ROS can damage DNA, lipids, and proteins (Halliwell, 2009; Tiede et al., 2011; Shalini et al., 2012). Oxidative stress induces non-telomeric DNA damage causing acute DNA DSBs which leads to the upregulation of p53 and p21 at which point cells under stress would then exit the cell cycle and either get repaired and re-enter the cell cycle or in the case of persistent DNA damage will enter cellular senescence (Kehrer, 1993; Hemnani and Parihar, 1998; Chen et al., 2004; Cadet and Wagner, 2013; Wang, Wei and Xiao, 2013).  
[bookmark: _Toc43908621]1.2.2 Target of Rapamycin (TOR)
One of the key regulators of lifespan and ageing is the mTOR/AKT pathway. Mammalian target of rapamycin (mTOR) is an evolutionarily highly conserved serine/threonine protein kinase operates in two distinct complexes as shown in Fig 1.3: mTORC1 and mTORC2 (Saxton and Sabatini, 2017). The two complexes share some components such as mammalian lethal with SEC13 protein 8 (mLST8) and DEP domain-containing mTOR-interacting protein (DEPTOR). Regulatory-associated protein of mTOR (RAPTOR) and proline-rich Akt substrate1 (PRAS40) are found only in mTORC1 whereas rapamycin-insensitive companion of mTOR (RICTOR), protein observed with Rictor-1 (Protor-1/2) and mammalian stress-activated protein kinase interacting protein 1 (mSin1) are exclusively present in mTORC2 (Saxton and Sabatini, 2017). The two complexes differs functionally and have varied sensitivity to rapamycin (Hara et al., 2002; Kim et al., 2002; Sarbassov et al., 2004). 
mTORC1 responds to external stimuli as well as intracellular cues such as amino acids, growth factors, hormones and energetic stress. These factors initiate signal transduction via the PI3K/PDK1/AKT (phosphoinositide 3-kinase/3-phosphoinositide-dependent protein kinase 1/protein kinase B) pathway. The tuberous sclerosis complex (TSC) inactivates Ras homologue enriched in brain (RHEB) GTPase protein, leading to inhibition of mTORC1(Yamagata et al., 1994; Kwiatkowski and Manning, 2005; Yang et al., 2017). mTORC1 regulates protein synthesis and cell growth via phosphorylating a multitude of substrates including eukaryotic translation initiation factor 4E (eIF4E)-binding protein (4E-BP) and ribosomal protein S6 kinase (S6K) (Caron et al., 2010; Saxton and Sabatini, 2017; Roux and Topisirovic, 2018). 
mTORC2 is involved in glucose and lipid metabolism through AKT-dependent and independent mechanisms (Masui, Cavenee and Mischel, 2014; Li et al., 2016). Upon stimulation with growth factors or hormones,  mTORC2 phosphorylation results in 
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[bookmark: _Toc43908764]Figure 1.3 Illustration of mTOR/AKT pathway
mTOR operates within two functionally and structurally distinct complexes: mTORC1 and mTORC2. They share same components such as DEPTOR and mLST8. RAPTOR and PRAS40 is only present in mTORC1 while RICTOR, PROTOR and mSIN1 exclusively in mTORC2. Growth factors or hormones would activate the PI3K/PDK1/AKT signalling pathway, which inhibits TSC1/2 complex. Inactivation of the complex would then activates mTORC1 through upregulation of RHEB. mTORC1 is inactivated during glucose or energy limitation through AMPK signalling. Protein synthesis and cell growth is regulated by mTOR through two main effectors: S6K and 4E-BP1. mTOCR2 is activated through PI3K activation, generating PIP3. This phosphorylates AKT and promotes AKT signalling pathway. AKT negatively regulates FOXO3a, a key regulator for metabolic pathways and apoptosis. mTOR: mammalian target of rapamycin, mTORC: mammalian target of rapamycin complex, DEPTOR: DEP domain-containing mTOR-interacting protein, mLST8: mammalian lethal with SEC13 protein 8, RAPTOR: regulatory-associated protein of mTOR, PRAS40: proline-rich Akt substrate of 40kDa, RICTOR: rapamycin-insensitive companion of mTOR, PROTOR: protein observed with Rictor-1, mSIN1: mammalian stress-activated protein kinase interacting protein 1, PI3K: phosphoinositide 3-kinases, PDK1: Phosphoinositide-dependent kinase-1, TSC: tuberous sclerosis complex, RHEB: Ras homologue enriched in brain, AMPK: 5' adenosine monophosphate-activated protein kinase, S6K: ribosomal protein S6 kinase beta-1, 4E-BP1: eukaryotic translation initiation factor 4E (eIF4E)-binding protein.

de-phosphorylation of forkhead box protein O 3a (FOXO3a) via AKT (Oh and Jacinto, 2011). The nuclear translocation of FOXO3a triggers ATM phosphorylation at Ser 1981 and promotes formation of nuclear foci response to DNA damage through its downstream mediators (W.-B. Tsai et al., 2008; Chung et al., 2012; Adamowicz, Vermezovic and d’Adda di Fagagna, 2016). Studies have shown only TORC1 is sensitive to rapamycin treatment that is less than 24hrs, while prolonged rapamycin exposure would also downregulate mTORC2 in several cell lines and tissues such as adipose tissue, skeletal muscle, heart, liver and lung in vivo (Loewith et al., 2002; Oshiro et al., 2004; Sarbassov et al., 2004, 2006; Lamming et al., 2012; Schreiber et al., 2015).
TOR has initially been shown as a negative regulator of lifespan through gene manipulation. Depletion of TOR or daf-15 (RAPTOR) through RNA interference (RNAi) in Caenorhabditis elegans (C.elegans) extended lifespan of the worms. In Drosophila melanogaster (D. melanogaster), similar effects were observed by overexpressing TOR suppressors or expressing dominant forms of dTOR or dS6K (Vellai et al., 2003; Jia, Chen and Riddle, 2004; Kapahi et al., 2004). Pharmacologically inhibiting TOR using rapamycin confirmed the fundamental role of mTOR as a key regulator for longevity in several different species including Saccharomyces cerevisiae, C. elegans, D. melanogaster and Mus musculus (Lin et al., 1997; Powers et al., 2006; Medvedik et al., 2007; Harrison et al., 2009; Bjedov et al., 2010; Anisimov et al., 2011; Miller et al., 2011; Robida-Stubbs et al., 2012; Pan and Finkel, 2017). 
[bookmark: _Toc43908622]1.3 Interventions that target mechanisms of ageing and promote healthspan
[bookmark: _Toc524593348][bookmark: _Toc43908623]1.3.1 Dietary Restriction (DR)
A study done by Osborne et al. (1917) over a century ago showed stunting rats from nutrition for various periods of time induced a beneficial effect on the lifespan of these animals. The stunted female rats also had longer reproductive periods than the non-stunted group (Osborne, Mendel and Ferry, 1917). Since then, dietary restriction (DR) experiments have been widely employed in ageing research. DR (or calorie restriction) is defined as a decrease in calories and nutrient intake without malnutrition compared with animals maintained on an ad libitum diet. It has been estimated that animals on these diets usually intake only 50-70% of those on ad libitum control diet, even though in humans, a 15% reduction in calories might be more favourable against mortality due to ageing (Speakman and Mitchell, 2011; Chung et al., 2013; Willcox and Willcox, 2014). DR has shown to increase healthy, median, and maximum lifespans in a diverse range of animals, from single-celled budding yeast, invertebrates like Drosophila, and vertebrate animals including mice, rats, and dogs (Fontana and Partridge, 2015). Together with extension of lifespan, DR has been shown to ameliorate and delay the onset of several age-associated pathologies such as neurodegenerative diseases, sarcopenia, immune function decline, glucose untolerance, insulin resistance, and obesity (Weindruch et al., 1986; Kalant, Stewart and Kaplan, 1988; Aspnes et al., 1997; Halagappa et al., 2007; Colman et al., 2008; Fontana, Klein and Holloszy, 2010). Some studies showed conflicting results, where in animals of the same species, DR resulted in different effects on lifespan (Mattison et al., 2012; Colman et al., 2014). One study by the National Institute of Ageing (NIA) identified no improved survival outcomes for rhesus monkeys on DR but did observe beneficial effects on metabolic health and immune response (Mattison et al., 2012). This finding is in line with other studies from rodents, suggesting a separation between mortality and morbidity. However, studies conducted by the University of Wisconsin showed improvement in survival of DR monkeys together with reduction in incidence of cancer, cardiovascular disease (CVD), and diabetes (Colman et al., 2009, 2014; Mattison et al., 2017). The contradictory findings in these two studies might be caused by differences in diet composition, the genetic background of the animals involved, and study design. The Wisconsin study fed control group monkeys with 20% more than the baseline food intake measured before initiation of the study, hence was truly ad libitum; however, this was not the case in the NIA study. Protein and carbohydrate sources were different in the two studies, and vitamin and mineral supplementation were done differently as well. The genetic background of monkeys used in the NIA study were also more diverse as they had monkeys originating from both China and India. This is in line with rodent studies where genetic differences also affected results in DR experiments (Forster, Morris and Sohal, 2003; Liao et al., 2010; Swindell, 2012). Nevertheless, both research groups showed the health benefits of DR using controlled longitudinal studies in a model organism that is closest as possible to humans.
Data has shown DR in humans decreased circulating levels of growth factors, adipokines, and inflammatory cytokines, which are associated with increased risk of cancer (Longo and Fontana, 2010). The age-associated transcriptional profile changes in human skeletal muscle have also been shown to slow down with dietary interventions (Mercken et al., 2013). Collectively, these results do show possible beneficial effects of DR in humans, even though a randomised, DR-controlled long-term survival study in humans would never be feasible. The best representation of how DR affects both healthspan and lifespan in human is through the long-lived Japanese population in Okinawa. Okinawa prefecture is made up of 160 islands of which 49 are inhabited. Due to its geographic specialties, agriculture and fishery was once the major income stream for people living in Okinawa and are still the main industries on these islands.  Compared with the rest of Japan, local Okinawans have a lifestyle with above-average daily exercise and below-average food intake. However, when comparing the Okinawan population who moved to Brazil and adopted a Western lifestyle, to the population who stayed in Okinawa, it was found that life expectancy dropped by 17 years, suggesting the effect of diet and exercise on lifespan in humans (Mizushima et al., 1997; Willcox and Willcox, 2014). 
Despite the popularity of DR experiments in ageing research, the precise mechanisms underpinning its effects are unclear. As described in section 1.2.2, the mTOR pathway has been shown to have a role in lifespan regulation in a broad range of species (Lin et al., 1997; Vellai et al., 2003; Jia, Chen and Riddle, 2004; Kapahi et al., 2004; Powers et al., 2006; Medvedik et al., 2007; Harrison et al., 2009; Bjedov et al., 2010; Anisimov et al., 2011; Miller et al., 2011; Robida-Stubbs et al., 2012; Pan and Finkel, 2017), and mTORC1 is shown to be specifically sensitive to glucose and amino acid levels (Blomstrand et al., 2006; Li et al., 2011; Xiao et al., 2011; Gallinetti, Harputlugil and Mitchell, 2013; Bar-Peled and Sabatini, 2014; Moberg et al., 2014), making it one of the plausible mechanisms through which DR affects lifespan and healthspan in animals. Study by Samantha et al. has shown that diet consisting low-protein and high carbohydrates would result in longest lifespan in mice (Samantha M. Solon-Biet et al., 2014). The same study pointed out that circulating glucose as well as branched-chain amino acids (BCAA) strongly influence the ratio of phosphorylated mTOR to total mTOR (activation of mTOR) (Samantha M. Solon-Biet et al., 2014). A following study by Lamming et al. showed that reduced dietary protein intake can inhibit mTORC1 signalling in both tumour and somatic tissues  in vivo (Lamming et al., 2015). Addition to these findings, other studies have shown that DR could not potentiate effect in extending lifespan of TORC1 inhibited organisms including TOR1 deleted brewer’s yeast, TOR RNAi roundworm or dTsc2 overexpressing fruit flies (Kapahi et al., 2004; Kaeberlein et al., 2005; Hansen et al., 2007). Conversely, other report has shown that rapamycin could further increase lifespan of fruit flies under DR, indicating the complexity of mechanisms involved in the beneficiary effects of DR (Bjedov et al., 2010). Nonetheless, these studies all demonstrated the important role of mTOR in nutrient sensing to regulate lifespan.

Despite the effectiveness of DR on healthspan and lifespan shown in laboratories, and the handful of fasting regimes (such as protein restriction, specific macronutrient intake limitation and intermittent fasting) developed to avoid possible adverse health effects by long-term DR in humans, there are confounding difficulties in translating this approach to humans(Levine et al., 2014; Mirzaei, Suarez and Longo, 2014; Samantha M Solon-Biet et al., 2014; Lee and Longo, 2016). Although intermittent restrictions make DR more socially and ethically acceptable; these restrictions on diet would not seem appealing to most people (Heilbronn et al., 2005; Johnson et al., 2007; Varady et al., 2009; Harvie et al., 2011). Hence, pharmacological interventions are gaining more and more attention as an approach which could potentially become an easier alternative to a life-long restriction.

[bookmark: _Toc524593349][bookmark: _Toc43908624]1.3.2 Pharmacological Interventions
Several molecules targeting oxidative stress, inflammation, or autophagy are showing promise for their positive effects on more than one age-related pathologies. A few of them are listed in Table 1.1. Out of the all the candidates, the two most studied are rapamycin and metformin.
Rapamycin is primarily used as an immunosuppressive drug, treating allograft rejection. Rapamycin analogue is also used as an anti-cancer drug due to its anti-proliferative activity (Guba et al., 2002; Benjamin et al., 2011). It inhibits S6K activation through mTORC1 as described in section 1.2.2, and an important mediator of PI3 kinase signalling; acting in an evolutionarily conserved signalling pathway that regulates longevity (Chung et al., 1992, 1994; Kuo et al., 1992; Lamming et al., 2013). It was first shown to extend lifespan and delay cancer formation in mice (Namba et al., 2006; Granville et al., 2007; Mabuchi et al., 2007; Mosley et al., 2007; Anisimov et al., 2010). Together with lifespan increase, rapamycin also improved cognition, memory, and locomotor behaviour in several different strains of mice, both males and females (Miller et al., 2011; Harrison et al., 2009; Halloran et al., 2012; Majumder et al., 2012; Wilkinson et al., 2012; Flynn et al., 2013). However, the study by Neff et al. pointed out that similar improvements were observed in young mice, without prior decline in these abilities. This finding puts the beneficial effects observed in aged mice into the question of whether this is an actual modulation of ageing per se (Neff et al., 2013). Discrepancies could be due to different study designs, strains of mice used, numbers and genders of animals used, treatment regime, dosages used, and routes of delivery. A study of rapamycin in Drosophila showed an increase in lifespan, but this came at the cost of infertility in females soon after administering the drug (Bjedov et al., 2010). Prolonged treatment of mice with rapamycin showed nephro- and genado-toxicity and acute treatment showed impaired glucose tolerance (Lamming et al., 2012; Neff et al., 2013). Long-term rapamycin treatment has caused adverse effects in patients, including anaemia, pneumonitis, impaired wound healing, and hypercholesterolemia (de Cabo et al., 2014). However, a recent study showed that using a low-dose combination of a catalytic and an allosteric mTOR inhibitor ameliorated age-related increase in infection rates and enhanced influenza vaccination response in elderly patients for a year after study drug initiation (Mannick et al., 2018). The low dose of drug used has been shown to be safe to use in human and may not cause the side effect of infertility discovered in study conducted by Bjedov et al. in Drosophila (Bjedov et al., 2010).
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[bookmark: _Toc524779173][bookmark: _Toc43908810]Table 1.1 Potential pharmacological interventions as DR alternatives, and their mechanism of action. Adapted from (Fontana and Partridge, 2015; Figueira et al., 2016).
	Molecule
	Main mechanism of action
	Mechanism against ageing
	Lifespan extension
	Health Improvements

	Rapamycin
	↓ nutrient sensing pathways (mTOR)
	Autophagy 
Oxidative Stress
(Berger et al., 2006; Kofman, McGraw and Payne, 2012; Rotte et al., 2012; Miwa et al., 2014)
	median Yes
maximum Yes
(reviewed in (Fontana and Partridge, 2015))
	Prevention of cancer, Increase cognition, cardiac function, insulin sensitivity, mobility, decreased immune dysfunction (Wilkinson et al., 2012; Fang et al., 2013; Flynn et al., 2013; Neff et al., 2013)

	Metformin
	↓ nutrient sensing pathways (AMPK)
(Zhou et al., 2001)
	Autophagy
Oxidative stress
Chronic inflammation
(Zhou et al., 2001)
	median Yes
maximum No
(reviewed in (Fontana and Partridge, 2015))
	Improved mobility, insulin sensitivity, decreased cataract formation, cancer
(Anisimov et al., 2005; Yin et al., 2011; A Martin-Montalvo et al., 2013)

	17α-Estradiol (non-feminizing estrogen)
	Targeting estrogen receptor
	Oxidative stress
Inflammation
(Gélinas et al., 2004; Stout et al., 2017)
	median Yes (M mice only)
maximum No
(reviewed in (Fontana and Partridge, 2015))
	Protecting neuronal functions
(Simpkins et al., 1997)


	Acarbose
	↓ IGF signalling ↑ FGF-21
	Oxidative stress
(Bolland et al., 2010)
	median Yes
maximum Yes
(reviewed in (Fontana and Partridge, 2015))
	Reduce cardiovascular diseases
(Standl et al., 2014)

	Aspirin
	↓ Inflammation
	Inflammation
Oxidative Stress
(Kopp and Ghosh, 1994; Podhaisky et al., 1997)
	medium Yes (M only)
maximum No
(reviewed in (Fontana and Partridge, 2015))
	Prevention of cardiovascular diseases and stroke
(Russell, 2011)

	Nordihydroguaiaretic acid (NDGA)
	↓ inflammation & oxidative stress
	Inflammation
Oxidative Stress
(Shishido et al., 2001; West et al., 2004)
	median Yes (M only)
maximum No
(reviewed in (Fontana and Partridge, 2015))
	N/A






Metformin is a biguanide which is clinically approved and commonly prescribed to treat type 2 diabetes (T2D). It manages hyperglycaemia by decreasing hepatic gluconeogenesis and increasing sensitivity to insulin (Campbell, White Jr. and Saulie, 1996; Berstein, 2012). Metformin has been shown to indirectly inhibit the electron transport chain, leading to a decrease in adenosine triphosphate (ATP) production in mitochondria (El-Mir et al., 2000; Owen, Doran and Halestrap, 2000). This means that the adenosine monophosphate (AMP)/ (ATP) ratio would increase without ROS accumulation and this increase would activate adenosine monophosphate-activated protein kinase (AMPK) (Hardie and Hawley, 2001). The activation of AMPK would then inhibit mTOR, a kinase in the mTOR signalling pathway which regulates longevity, cellular proliferation, and tumour growth (Shaw, 2009). Metformin also activates transcription factor SKN-1/Nrf2, which in turn increases expression of antioxidant genes, protecting cells from oxidative damage (Onken and Driscoll, 2010). A recent study has also shown, by using conditioned medium from senescent cells, that stimulated growth of prostate cancer cells could be inhibited by metformin (Moiseeva et al., 2013). By investigating the underlying mechanism of action, it was found that metformin inhibited the NF-κB pathway by prohibiting nuclear translocation of NF-κB and phosphorylation of IκB and IKKα/β. These effects were also found to be independent of AMPK activation (Moiseeva et al., 2013). Long-term treatment of mice starting at middle age with metformin (low dose at 0.1% w/w in diet) extended both life- and healthspan in males. The treatment mimicked effects from DR, improved insulin sensitivity, physical performance, and reduced level of cholesterol in mice. The effect of metformin in activating AMPK and stimulating expression of antioxidants also resulted in reduced chronic inflammation and oxidative damage in these mice (Martin-Montalvo et al., 2013). Mice fed on a high-fat diet supplemented with metformin for six months also showed health benefits of metformin supplementation, with attenuation in decline in motor function and spatial reference memory (Allard et al., 2016). In a retrospective study analysing clinical observations of T2D patients treated with metformin or sulphonylureas, it was found patients treated with metformin monotherapy had an increase in survival, compared with non-diabetic patients (Bannister et al., 2014). It has also been shown that T2D patients on metformin had a significantly lower risk of cancer than those not treated with metformin (Bannister et al., 2014). Another study which looked at 12 months of metformin treatment in non-diabetic but overweight/obese participants showing mild cognitive impairment found significant improvement in total recall in the Selective Reminding Test (Luchsinger et al., 2016). The Targeting/Taming Ageing With Metformin (TAME) study is an FDA-approved clinical trial which started in 2015 investigating the action of metformin on human ageing. There will be assessments on cardiovascular events, cancer, dementia, mortality as well as other important functional and geriatric end points. The success will be judged by whether metformin can delay the onset of several of these age-related pathologies (Barzilai, 2016). 
Another category of drugs with the potential of becoming anti-ageing agents are senolytics. Senolytics are agents that selectively eliminate senescent cells. As cellular senescence is one of the hallmarks of ageing, these agents might be an effective approach to enhance healthspan in organisms (López-Otín et al., 2013). A study showed that genetically modified mice expressing caspase 8, when supplemented with a senolytic agent, experienced a decrease in p16INK4a-positive senescent cells. In tissues such as skeletal muscle, eye, and adipose tissues, where p16INK4a contributes to age-related pathologies including cataract and sarcopenia, lifelong elimination of p16INK4a expressing cells delayed onset of these pathologies (Baker et al., 2011). With the success of work performed by Baker et al., several drugs were identified for their function in promoting senescent cell apoptosis. A combination of dasatinib and quercetin were among the first of these agents which showed particular promise in clearing cellular senescence. Dasatinib was used as a cancer treatment, inhibiting tyrosine kinases and interfering with ephrin B-dependent suppression of apoptosis (Chang et al., 2008; Montero et al., 2011; Xi et al., 2012). Quercetin is an inhibitor of PI3K, and serpines (Olave et al., 2010; Bruning, 2013). Combination of the two agents (D+Q) resulted in a significant reduction in senescent primary mouse embryonic fibroblasts (MEFs) as well as senescent bone marrow-derived murine mesenchymal stem cells (MSCs). D+Q reduced senescent cell burden in physiologically aged, radiation-exposed, and progeroid mice. Age-related cardiac function and exercise capacity was improved following drug treatment (Zhu et al., 2015). By transcript analysis, this study also showed elevation of pro-survival networks in senescent cells, establishing their resistance to apoptosis. Silencing expression of key components of this pro-survival pathway killed senescent cells selectively, while non-proliferative or quiescent, differentiated cells remain alive. Five senescent-cell anti-apoptotic pathways (SCAPs) were identified including ephrins (EFNB1 or 3), PI3Kδ, p21, BCL- XL, and plasminogen-activated inhibitor-2 (Zhu et al., 2015). Following this study, heat shock protein 90 inhibitors were identified as a class of SCAP and a growing number of senolytic agents has been reported (Fuhrmann-Stroissnigg et al., 2017). Several senolytics including D+Q, navitovlax (targeting BCL-XL), alvespimycin (targeting HSP-90) and peptide targeting the BCL-2 and p53-related SCAPs have demonstrated their effectiveness in reducing senescent cell burden in mice (Zhu et al., 2015, 2016; Chang et al., 2016; Baar et al., 2017). A recent study showed that by administrating D+Q to mice transplanted with senescent pre-adipocytes, senescent cell elimination was promoted and the physical dysfunctions in mice receiving the senescent cell transplantation was alleviated. Notably, a single 5-day treatment of D+Q was sufficient to maintain the beneficial effects for several months. Treating aged mice (24-27 months) bi-weekly with D+Q extended their remaining lifespan by 36% without increasing morbidity (Xu et al., 2018). With the possibility of these drugs preventing or delaying chronic diseases due to accumulation of cellular senescence, senolytics hold great potential to be an anti-ageing reagent.
Many other molecules such as 17α-estradiol and acarbose listed in Table 1.1 have also been reported to delay onset of several age-related diseases, extending lifespan in animals. These proof-of-principle experiments have shown the possibility and importance of therapeutic interventions targeting the ageing mechanism, delaying multiple age-related diseases at the same time and extending the healthy human lifespan. In this project, the possibility of pharmacological agent zoledronate (Zol) on extension of life or health span will be investigated.


[bookmark: _Toc524593350][bookmark: _Toc43908625]1.4 Zoledronate 
Zoledronate (Zol) belongs to a class of chemical compounds called bisphosphonates (BP, or diphosphonates) that are used as a treatment for an array of skeletal disorders. BP inhibits osteoclast activity; hence it is a treatment option for disorders with high bone resorption rates. They are synthetic analogues of the naturally occurring inorganic pyrophosphate (PPi), where the central oxygen atom (P-O-P) is replaced by a carbon atom (P-C-P) (Fig 1.4) (Drake, Clarke and Khosla, 2008; Russell et al., 2008). This change of atom at the site where two phosphonate groups (PO(OH)2) are connected, made the molecule more biologically active, water soluble, and  with an increase in resistance to chemical and enzymatic hydrolysis (Green, 2005).
Early work in the 1960s showed that PPi has the ability to inhibit calcification by binding to hydroxyapatite (HAP) crystals (Fleisch, Russell and Francis, 1969; Francis, Russell and Fleisch, 1969; Russell et al., 1970). Since PPi is naturally released as a by-product in many tissues including blood and urine, this led to the hypothesis that bone mineralization is regulated by PPi levels in the body (Fleisch, Russell and Straumann, 1966). Clinical work of BPs started with the use of etidronate for calcification disorders such as fibrodysplasia ossificans progressiva (FOP), and Paget’s disease where it showed remarkable efficiency compared to previous treatment (Bassett et al., 1969; Smith, Russell and Bishop, 1971). It has been proposed that the molecule has a high affinity for bone mineral due to its HAP crystal-binding property so clinically BPs have been used as bone scanning agents to detect skeletal lesions (Fogelman et al., 1978; Francis et al., 1987). In the 1970s, BPs began to be used as a treatment for the prevention of complications associated with bone metastases and multiple myeloma (Chapuy et al., 1980; Paterson et al., 2018). The use of BPs in osteoporosis showed reduction in bone turnover markers and increased bone mineral density, reducing risk of fractures (FLEISCH et al., 1969; Muhlbauer et al., 1971; Minaire et al., 1987). 
Nowadays, alendronate and risedronate, etidronate, ibandronate, and zoledronate are used in most osteoporosis treatment. These BPs have different modifications in their chemical structures which result in differences in the effective concentrations needed for anti-resorptive activity. As shown in Fig 1.4, compared with the naturally occurring PPi, almost all BPs have a hydroxyl group attached to the central carbon (termed R1 position), which further enhances the molecules’ affinity to bind calcium in bones (Russell, 2006). As the hydroxyl and phosphate groups are necessary for BPs’ affinity to bones, the primary determination of a BP’s bone resorptive ability comes from the final structural moiety (termed R2 position in Fig 1.4) bound to the central carbon atom. The early non-nitrogen containing bisphosphonates get incorporated into ATP and inhibit ATP-driven reactions leading to osteoclast apoptosis (Russell et al., 2008). The second- and third- generation BPs have nitrogen contacting R2 side chains. The mode of action for these nitrogen-containing BPs is by inhibiting the mevalonate pathway through the enzyme farnesyl pyrophosphate synthase (FPPS). The anti-resorptive potency of nitrogen containing BPs such as zoledronate is thousands of times higher than that of non-nitrogen containing BPs like etidronate, as the presence of a nitrogen or amino group dramatically increases their potency (Dunford et al., 2001; Kavanagh et al., 2006).
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[bookmark: _Toc524796941][bookmark: _Toc43908765]Figure 1.4 Structures and anti-resorptive potencies of BPs.
Structure of naturally occurring inorganic pyrophosphate (PPi) with a (P-O-P) backbone and the different synthetic bisphosphonates with a (P-C-P) backbone together with their relative anti-resorptive potencies (relative to etidronate). Adapted from (Drake, Clarke and Khosla, 2008; Russell et al., 2008).


[bookmark: _Toc299874504][bookmark: _Toc524593352][bookmark: _Toc43908626]1.4.1 Mechanism of action
The bone resorption ability of Zol is achieved through the inhibition of farnesyl pyrophosphate synthase (FPPS) enzyme in the mevalonate pathway (Amin et al., 1992; Luckman et al., 1998). As depicted in Fig 1.5, mevalonate pathway starts from the synthesis of 3-hydroxy-3-methylglutaryl-CoA (HMG)-CoA synthesis from acetyl-CoA and acetoacetylCoA. HMG-CoA is then converted to mevalonate, catalysed by 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR) (Goldstein and Brown, 1990). Following this reaction, mevalonate kinase converts mevalonate to mevalonate 5-phosphate, and subsequent phosphomevalonate kinase converts mevalonate 5-phosphate into mevalonate pyrophosphate. Through mevalonate pyrophosphate decarboxylase and geranyl pyrophosphate synthase, mevalonate pyrophosphate is catalysed to geranyl pyrophosphate. The end products of this pathway includes sterols, isoprenoid lipid, farnesyl pyrophosphate (FPP), and geranylgeranyl pyrophosphate (GGPP) (Russell et al., 2008). FPP and GGPP are involved in post-translational modifications of small GTPases like Ras, Rab, Rho, Rac, and Rap. As depicted in Fig 1.5, Zol targets farnesyl pyrophosphate synthase (FPPS) in the mevalonate pathway, inhibiting FPP and GGPP production. This then causes loss of farnesylation of Ras family proteins and loss of geranylgeranylation of Rho family proteins (Van Beek et al., 1999; Bergstrom et al., 2000; Dunford et al., 2001). Farnesylation and geranylgeranylation are both prenylation, a post-translational modification of proteins. In this protein modification, cysteine residues close to the proteins’ c-terminus are biosynthetically modified with an isoprenoid lipid (15-carbon farnesyl group or a 20-carbon geranylgeranyl group), anchoring proteins’ attachment to internal cell membranes. These prenylated small GTPases are important signalling proteins involved in the regulation of cellular processes including osteoclast function, morphology and apoptosis (Russell et al., 2008). 


[image: ]
[bookmark: _Toc524796942][bookmark: _Toc43908766]Figure 1.5 The mevalonate pathway in the mammalian system
[bookmark: _Toc299802133][bookmark: _Toc299874141]The mevalonate pathway, showing Zoledronate (Zol) inhibits farnesyl pyrophosphate synthase (Fpps) in the pathway and subsequently, reduces production of farnesyl pyrophosphate (FPP) and geranyl-geranyl pyrophosphate (GGPP). This then inhibits the downstream prenylation (farnesylation and geranylgeranylation) of small GPTases. Farnesol (FOH) and geranylgeraniol (GGOH) which are two metabolites downstream of Fpps should be able to reverse the effect Zoledronate have on downstream protein prenylation inhibition.


Inhibiting prenylation of small GTPases through mevalonate pathway would therefore affect cellular functions. Ras signalling is involved in cell proliferation, migration, apoptosis and differentiation. The key effector of Ras pathway is the mitogen-activated protein kinase (MAPK), through which Ras is activated and dimerises to bind Raf (Ihle et al., 2012; Stephen et al., 2014). Raf dimerization induces activation of mitogen-activated protein kinase 1 and 2 (MEK1/2) and ERK 1/2. Activated GTP-bound Ras has also been found to regulate PI3K pathway, phosphorylating AKT. Both ERK and AKT phosphorylates TSC2, regulating mTORC1 activation and longevity (Inoki et al., 2002; Manning et al., 2002; Roux et al., 2004; Ma et al., 2005). Rho GTPases family have 3 most studied members: Rho, Rac and Cdc42. Rho promotes actin stress fibre formation, Rac regulates membrane ruffles formation and Cdc42 is key to actin microspikes and filopodium formation (Ridley and Hall, 1992; Ridley et al., 1992; Nobes and Hall, 1995). They combined, regulate the organisation of the actin cytoskeleton (van Buul, Geerts and Huveneers, 2014). Zoledronate and alendronate has been found to inhibit cancer cell migration and invasion by inhibition of Rho geranylgeranylation and activation (Sawada et al., 2002; Denoyelle et al., 2003).

[bookmark: _Toc524593353][bookmark: _Toc43908627]1.4.2 Clinical applications of Zoledronate
[bookmark: _Toc524779174]In mammalian organisms, the loss of osteoblast and increase in osteoclast activity leads to loss of bone. Osteoclasts are cells which reabsorb bone tissue while osteoblasts are cells which synthesize bone. Studies have shown that the low farnesylation rate of Ras following Zol treatment  disrupts the bone resorption ability of osteoclasts (Boissier et al., 2000; Steinman, Brufsky and Oesterreich, 2012). Hence, through decrease in osteoclast functioning, Zol helps to reduce bone fracture rate by increasing bone mass and bone strength. 
In clinical practice, 4mg Zol is administered intravenously every 3-4 weeks in patients with advanced breast or prostate cancer to manage bone metastases (Berenson, 2005; McKeage and Plosker, 2008). For post-menopausal women with osteoporosis, 5mg zoledronate is administered once a year (McClung et al., 2007; Lambrinoudaki et al., 2008). Compared with previous-generation oral bisphosphonates, the infused Zol could reach and be deposited in bone much easier as it bypasses the gastrointestinal tract. This means patients do not need an overnight fast before administration of the drug nor do they need a 30-60 minutes fasting period after taking the medication to ensure absorption of bisphosphonate (Tosteson et al., 2003; Siris et al., 2006; Weycker et al., 2006). Compared to other intravenously administered bisphosphonates; Zol has the shortest infusion time at a very low dose due to its high potency (Table 1.2). The intravenous BPs usually have long lasting effect, making the number of infusions per year very low, though the mechanism of this long-lasting effect is still elusive (Reid et al., 2005; Hosking et al., 2007; Reid and Hosking, 2011). With all these advantages Zol is now widely used in the management of patients with osteoporosis.
Certain side effects should be considered before individuals start treatment with Zol. Reports have associated Zol with renal dysfunction, increased cycles of Zol and other BPs usage may deteriorate renal function. However, the risk can be reduced by slowing down infusion rates. (Toussaint, Elder and Kerr, 2009; Miller, 2011)  Serum creatinine occur in some patients with chronic Zol administration for prevention of skeletal-related events (Edwards et al., 2013; Jackson et al., 2014). Though uncommon, assessment on patients’ risk of developing osteonecrosis of the jar should be considered before starting individuals on Zol. During treatment, invasive dental surgeries should only be performed after careful consideration, dental surgery may intensify the condition for patients who develop osteonecrosis of the jar while on BP therapy (Haidar et al., 2009; Rasmusson and Abtahi, 2014). In patients receiving BP as a long-term treatment for osteoporosis, atypical fractures of the femur have also been reported and healing of these fractures have been shown to be poorly (Bubbear, 2016; Kharwadkar et al., 2017; Ota et al., 2017). To use Zol as a potential anti-ageing molecule, long-term use and its possible side effects should be considered.
[bookmark: _Toc43908811]Table 1.2 Recommended doses and infusion times for intravenous bisphosphonates for patients with bone metastases. Adapted from (Berenson, 2005)
[image: ]
[bookmark: _Toc282110255][bookmark: _Toc282331093][bookmark: _Toc299874505][bookmark: _Toc524593354]
[bookmark: _Toc43908628]1.4.3 Zol and survival
Zol is the most prevalent and potent BP in use today. BPs are widely used in patients with multiple myeloma, bone, and breast cancer metastases. Several studies have shown striking effects on mortality and lifespan upon the administration of BPs, beyond the original intended purposes for treating osteoporosis, fragility fractures, and metastases, summarised in Table 1.3.
In all the clinical trials and meta-analyses, Zol or BP use has been associated with a decrease in mortality rate in patients (Lyles et al., 2007; Eriksen et al., 2009; Bolland et al., 2010; Colon-Emeric et al., 2010; Morgan et al., 2010; Lee et al., 2016). The 59% reduction in mortality of patients in the intensive care unit (ICU) showed that patients pre-administered with Zol had higher resilience towards critical illness (Lee et al., 2016). Figures suggest close to 2/3 of in-hospital deaths occur following ICU admission (Angus et al., 2004). The relationship between Zol and substantially better survival among critically ill patients could improve this survival rate in ICU. Beneficial effects of Zol in prevention of CVD events and pneumonia has also been identified (Morgan et al., 2010, 2011).
These studies and analyses show a reduced mortality risk with the use of BPs which seems to be independent of preventing new fractures in these patients, pointing at the possibility of a new bisphosphonate mechanism.



[bookmark: _Toc524779175][bookmark: _Toc43908812]Table 1.3 Summary of studies on effect of Zol on improving survival rate in patients.
	Study
	Study Design
	Survival benefits of Zol
	Health Improvements and other remarks

	Medical Research Council (MRC) Myeloma IX trial

	Primary endpoint: progression-free survival, overall response rate and overall survival (OS)
Secondary endpoint: toxicity and skeletal relevant events (SRE) incidence
	Zol significantly prolonged both Progression-free survival and OS (Richardson et al., 2012). 16% reduction in mortality with 5.5-months extension in median survival compared to clodronate (Morgan et al., 2010)
	Zol treatment group had less vertebral fracture incidents than clodronate treatment group; the overall survival benefits were observed early and remained long-term with Zol treatment (Morgan et al., 2010, 2011)


	Health Outcomes and Reduced Incidence with Zoledronic Acid Once Yearly (HORIZON)
Recurrent Fracture Trial

	Primary endpoint: subsequent skeletal fractures
Secondary endpoint: change in bone mineral density in the nonfractured hip, other safety endpoints including death
	28% reduction in mortality compare to placebo group receiving only Vitamin D2 or D3 background therapy (Lyles et al., 2007), among which 8% was contributed by prevention of secondary fracture by Zol in patients (Colon-Emeric et al., 2010)
	Zol treated subject were less likely to die from arrhythmias and pneumonia than placebo-treated subjects. Zol may have a beneficial effect on preventing cardiovascular events and pneumonia (Colon-Emeric et al., 2010). 
Fewer patients treated with Zol had extreme difficulties in mobility, self-care and usual activities (Adachi et al., 2011).

	Effect of osteoporosis treatment on mortality: a META-ANALYSIS
	Primary analysis included 8 eligible studies over 4 agents (risedronate, strontium ranelate, zoledronate and denosumab)
Secondary analysis: 2 alendronate studies where treatment dose changed were included
(This is a meta-analysis hence no specific primary and secondary endpoints)
	11% reduction observed in older and more frail osteoporosis patients receiving osteoporotic treatments like Zol and risedronate (Bolland et al., 2010)
	-

	Preadmission Bisphosphonate and Mortality in Critically Ill Patients
	Primary outcome in-hospital mortality rate
Other outcomes: bone density loss, biological and haematological changes in the mechanistic substudy
	59% mortality reduction in patients who were treated with BPs before ICU administration. Survival benefit was independent of vitamin D, but vitamin D/BP co-use had additive reduction in mortality (Lee et al., 2016)
	-



A study by Varela et al. (2008) may have partly explained the relation between BPs and mortality observed in these clinical trials. In their study, they demonstrated the combined treatment of Zol and statins have a beneficial effect on the lifespan of mice with Hutchinson-Gilford progeria syndrome (HGPS). HGPS patients show accelerated ageing caused by the nuclear envelope accumulation of farnesylated prelamin A. Varela et al. have provided evidence in their in vitro study that a combination treatment of Zol and statins in HGPS mice blocks isoprenylation of nuclear proteins. The effectiveness of the treatment is from Zol and statins’ ability to inhibit FPP synthesis. More importantly, the combined treatment of Zol and statin produced a reduction in DNA damage sites. In a study carried out in vivo, Varela et al. found that using either Zol or statin separately did not alleviate progeroid phenotypes of the Zmpste24-/- mice, while a combined treatment did. The median lifespan of Zmpste24-/- mice increased from 101 days to 179 days and the maximum survival time was extended from 151 days to 222 days. The study concludes that the molecular mechanism probably involved inhibition in prenylation of prelamin A, with the use of Zol and statins, and improved the progeroid phenotype shown in the mice (Varela et al., 2008).
Following these previous findings, the Bellantuono lab further investigated the effect of Zol using human bone marrow mesenchymal stem cells (hMSC). With Zol treatment, an increase in number of population doublings was observed with cells protected from age or gamma-ray-induced DNA damage (Juhi et al., 2015). In addition, pre-Zol administration before irradiation protected the mesenchymal stem cells in mice (Juhi et al., 2015). At the mechanistic level, it has been shown that enhanced DNA repair triggered by Zol occurred via the inhibition of the mevalonate pathway and downstream mTOR signalling (Juhi et al., 2015). 

Even though in vitro evidence has shown increase in lifespan of hMSC upon Zol treatment; there is yet no evidence to indicate that Zol would also extends lifespan and healthspan in organisms without pre-existing conditions. 
[bookmark: _Toc524593355]

[bookmark: _Toc43908629]1.5 Drosophila melanogaster 
[bookmark: _Toc299874507]Since Thomas Hunt Morgan reported his identification of the white gene in Drosophila, the fruit fly has become a versatile model organism which has been used in biological research to study a wide range of processes including genetics, development, ageing, and behaviour (MORGAN, 1910; Arias, 2008; Bellen, Tong and Tsuda, 2010).  
[bookmark: _Toc524593356][bookmark: _Toc43908630][bookmark: _Toc282331096]1.5.1 Drosophila life cycle and longevity
Drosophila undergo three development stages before becoming adult flies: egg, larva, and pupa (Fig 1.6). The Drosophila development and ageing progression, like most poikilotherms, is faster at higher temperatures (LILLIE and KNOWLTON, 1897; Yamamoto and Ohba, 1982; James, Azevedo and Partridge, 1995, 1997). At 25°C, eggs take 22-24 hours to hatch into a larva. It then takes 2 days for first instar larva to molt into a third instar larva. Until this point, larvae feed on the substrate they are laid in and, after a further 3 days, start to climb up in order to pupate in a relatively dry and clean space. The pupa will then undergo metamorphosis during which most of the larval structures are lysed, before eclosing as adult flies in around 3-4 days (Jennings, 2011).  Each female fly can lay around 300-400 eggs per day for its entire lifespan, and it can store sperm from inseminations for use of egg production. Adult Drosophila can live on either agar-containing food or 5% sucrose-water, which means that administering a drug and testing its effect on flies is straightforward. Simply dilute the drug in the determined dose into the food the adult Drosophila or larva feeds on and the drug will be taken into their body system. 
The lifespan of Drosophila shortens the length of ageing studies that normally take years in other organisms such as mice, to weeks or months. The maximum lifespan of a wild-type adult fly is around 90 days (at 25°C) and this could be different depending on factors such as stress, temperature, and diet the flies experience (Linford et al., 2013). 
[image: ]
[bookmark: _Toc524796943][bookmark: _Toc43908767]Figure 1.6 The life cycle of Drosophila melanogaster. Adapted from (Weigmann et al., 2003).


[bookmark: _Toc524593357][bookmark: _Toc43908631]1.5.2 Advantages and disadvantages of Drosophila
[bookmark: _Toc282331097][bookmark: _Toc299874508][bookmark: _Toc524593358]There are many unique advantages in using Drosophila as a model organism. They are a short-lived model organism which are easy and cheap to maintain in large quantities, making quantitative work time- and cost-effective; also, there is no regulatory paperwork need for Drosophila use. The vast number of genetic tools available in the Drosophila model organism makes it an extremely useful tool in this project. As an insect, Drosophila melanogaster has no bones (Lachaise et al., 1988). Hence, any effects observed in Drosophila will be irrelevant to the beneficial effects Zol may have in preventing fractures in patients.
Although human and Drosophila may look very different, the genetic make-up of the two have been highly conserved throughout evolution and is remarkably similar (Adams et al., 2000; Reiter et al., 2001). Using a ‘shot-gun’ sequencing technique, both the Drosophila and the human genome sequences have been revealed. Comparison between the two have revealed that about 77% of known human disease genes have an identifiable Drosophila match and 50% of fly proteins have human homologue (Adams et al., 2000; Reiter et al., 2001). The genetic pathways including the IIS/mTOR signalling pathway that influences ageing are evolutionally conserved as well (Guarente and Kenyon, 2000; Kenyon, 2010). This makes Drosophila a legitimate model organism in medical research. 
However, the bioavailability of Zol in Drosophila might be very different from that in humans, especially the drug can only be administered into flies through feeding rather than direct injection. Hence, there might be limitation in uptake of Zol through the intestinal barrier (Kuraishi et al., 2011; Capo, Wilson and Di Cara, 2019). The route through which Zol may act in Drosophila is also currently unknown, though the branch in mevalonate pathway leading to prenylation is suggested to be the same as the mammalian system (Yi et al., 2006; Spindler, Li, Dhahbi, Yamakawa, Mote, et al., 2012a; Sorrentino et al., 2014). Hence, it is important to perform experiments understanding the mechanism of action and kinetics of Zol in Drosophila. Very limited numbers of antibodies are reactive to Drosophila samples, which is another disadvantage of using Drosophila in this research. However, this can be compensated by the vast genetic tool that is available by using Drosophila as a model organism.
[bookmark: _Toc43908632]1.5.3 Age-related behavioural changes in Drosophila 
In addition to absolute lifespan itself, signs of ageing and health conditions such as decrease in activity or fertility can be easily observed in just a few weeks in Drosophila using simple but robust assays. 
[bookmark: _Toc524593359]Locomotor activity is used to demonstrate functional decline in the nervous system. It is an extremely important trait as almost all behaviours are based on this activity (Martin, 2003). This can be assessed by open field studies, with total time spent in movement and the amount of activity calculated; or with more sophisticated versions involving video tracking systems, allowing the evaluation of  additional locomotor parameters like speed of movement, accelerations, and pattern of activities (Martin, 2003; Branson et al., 2009). Studies have used these methods and demonstrated the negative impact ageing has on spontaneous locomotor activity in Drosophila. Older flies (40-days old) have been shown to move shorter distances from release points in an open field compared to younger ones (6-7 days old), but also take on different routes and activity patterns (Branson et al., 2009). However, these observations usually have gender differences. Female flies’ locomotor activity usually decrease with age, while for males, it increased up to 35-40 days old before a decrease is observed (Le Bourg, 1987; Fernandez et al., 1999).
Drosophila have a negative geotaxis nature, which means when startled, they move vertically upwards. The average adult fly has been estimated to climb around 4-5 cm every 3 seconds. So mobility assays such as the rapid iterative negative geotaxis (RIGN) assay can be employed to assess age-related decline in Drosophila locomotion (Gargano et al., 2005). This measurement of negative geotaxis combines the flies’ muscular function, neuronal functions, stress endurance and phototactic response (if performed with a light source). Grotewiel et al. has demonstrated that decline in negative geotaxis is a bona fide ageing feature in Drosophila (Gargano et al., 2005).
Using sexually naive females and adult male flies at different ages, the fertility of adult flies can be tested by observing whether eggs are laid or whether larvae would subsequently hatch after mating. Differences in fecundity of both young and aged flies can be identified accordingly. In a review by Miller et al. several studies were compared and females from several strains experienced decline in fecundity in the form of decline in egg laying, oogenesis, and germline stem-cell number. The egg-adult, embryonic, larvae-adult viability all experienced decline as the age of the mother increased (Miller et al., 2014).
Another aspect that is affected by ageing in Drosophila is their circadian rhythms. This change in circadian rhythms with age can affect important body functions including sleep-wake cycles, hormone release, body temperature, eating habits, and digestion. This disruption in circadian rhythm contributes to the age-related diseases such as cardiovascular diseases and brain disorders (Braunwald, 2012; Portaluppi et al., 2012; Musiek, Xiong and Holtzman, 2015; Milan-Tomas and Shapiro, 2018). As a matter of fact, loss of sleep consolidation has been considered to be one of the several frailty measures in the elderly (Mitnitski et al., 2002; Pandi-Perumal et al., 2002). Reports have shown, that similar to humans, sleep-wake cycles tend to weaken with age in Drosophila (Koh et al., 2006; Kondratova and Kondratov, 2012). Changes in ambient temperature manipulated the lifespan of flies, and at the same time, altered the age-associated disruption of sleep-wake cycle (Koh et al., 2006). Further analysis has also shown the age-related changes in expression of clock genes and proteins in flies are similar to that observed in vertebrates (Asai et al., 2001; Yamazaki et al., 2002; Kolker et al., 2003; Zhdanova et al., 2008; Jud et al., 2009; Rakshit et al., 2012). Similar to that seen in human ageing, flies treated with oxidative stress inducing agent displayed a disruption in rest/active cycle (Koh et al., 2006). This shows accumulation of oxidative damage with age might contribute to this change in cycle.
[bookmark: _Toc43908633]1.5.4 Drosophila intestinal stem cell condition in relation to age
In the adult Drosophila midgut, the fast turnover of the epithelial cells that make up the gut is conspicuously similar to the mammalian intestinal epithelium. Drosophila midgut epithelium regeneration relies on intestinal stem cells (ISC). They can divide symmetrically or asymmetrically into either stem cells or progenitor cells called enteroblasts (EB), EB can then differentiate into either enterocytes (EC, building blocks of the gut epithelium) or secretory enteroendocrine cells (EE) (Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006; De Navascués et al., 2012). Both ISC and EB express a transcription factor called escargot (esg). In healthy young flies, the mature EC of the entire gut is replaced about once every week. The differentiation destiny (EE or EC) of EB is decided by Delta-Notch signalling pathway. ISC expresses Delta (Dl) which activates the Notch (N) signalling pathway in EB close to the ISC. A weak N signal results in the generation of EEs, while a strong N signal would specify EC cell fate. A loss of function mutated N pathway, will result in the accumulation of ISCs and EEs. (Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006) 
To study the Drosophila intestine, earlier reports have extensively compartmentalised the Drosophila gut into different sections. The gut is divided into the foregut, midgut, and hindgut according to different developmental origins. The midgut is then further divided into sub-regions. The microbial population, differential gene expression, and changes in cell morphology can all vary from one sub-region to another. Some of the gene expression patterns described within the midgut are controversial. Buchon et al. have suggested that no sharp gene expression boundaries are usually present, especially in the areas close to the boundaries between sub-regions (Buchon et al., 2013). However, studies conducted by Marianes et al. proposed that sub-regions in the midgut characterised using their own methods display sharp boundaries between each other and ISCs are likely to contribute to these differences (Marianes et al., 2013). Nevertheless, to conduct studies in the midgut region, especially if related to ISCs, it is necessary to focus on specific areas each time in order to make experiments comparable.
In recent studies, it has been shown that the Snail homolog Esg expressed in the stem cell and progenitor cell niche, is important for the maintenance of the stem-cell pool in the adult midgut (Micchelli and Perrimon, 2006). The expression of Esg should be turned off when EB differentiate into EC or EE. However, in ageing intestine, phenotypes such as hyper-proliferation of ISCs, defective epithelial barrier and cell lineage mis-differentiation occurs (Biteau, Hochmuth and Jasper, 2008; N. H. Choi et al., 2008; Rera, Clark and Walker, 2012). As Drosophila line esg-Gal4;UAS-GFP (esg>GFP) expresses green fluorescent protein (GFP) under control of the stem cell/ progenitor cell driver escargot-Gal4, in young healthy intestine, GFP signal marks the expression of Esg in ISCs and EBs. However, as previously published, Esg expression becomes persistent in mis-differentiated cells in ageing Drosophila gut (Cordero et al., 2014; Nászai, Carroll and Cordero, 2015). This causes number of GFP+ cells (esg) to increase in Drosophila gut as well as the size of GFP+ cells, possibly due to expression of Esg in the mis-differentiated polyploid ECs. 
Another marker related to intestinal ageing is phospho histone H3 (PH3). Histone H3 is phosphorylated during mitosis and meiosis, it marks a specific time-point during the cell division cycle. As Drosophila ages, amount of cell division increases and number of PH3+ cells increases (Regan et al., 2016). 
With all the available markers for different cell types and the high turnover of cells in Drosophila midgut epithelium, the fly gut is a suitable organ to study stem cell biology and ageing. 

This study will use Drosophila (fruit fly) as a model organism to examine the effects of Zol in vivo.






[bookmark: _Toc378453701][bookmark: _Toc378536470][bookmark: _Toc379829220][bookmark: _Toc299874510][bookmark: _Toc524593360][bookmark: _Toc43908634]1.6 Hypothesis
We hypothesis zoledronate (Zol) extends the life and healthspan of the flies. 
Our objectives to test the hypothesis are as follows:
· To determine whether Zol acts in Drosophila through the same pathway as it does in the mammalian system. It was previously shown that Zol reduces prenylation of small GTPases such as Rap1A, phosphorylation of mTOR pathway components such as AKT which was dependent on inhibition of the mevalonate pathway and reduces DNA damage upon irradiation in human mesenchymal stem cells (hMSCs). Western blot will be used to analyse expression of prenylated proteins and proteins of the mTOR pathway. Addition of farnesyl farnesol and geranyl geraniol will be used to reverse the inhibition of the mevalonate pathway and demonstrate the dependency of the changes in expression oj inhibition of the mevalonate pathway. Drosophila RNAi lines expressing DNA damage as red eye will be used to access whether through feeding Zol, amount of DNA damage could be reduced in vivo.
· To determine whether the lifespan of flies could be extended by feeding Zol using the lifecourse assay, through recording death events every other day.
· To determine the extension of healthspan on flies using behavioural assays (Drosophila climbing assay, rapid iterative negative geotaxis assay) and assessment of intestinal integrity (smurf assay and midgut immunohistochemistry analysis).
· 
CHAPTER 2. [bookmark: _Toc43908635]MATERIALS AND METHODS


[bookmark: _Toc43908636]2.1 Cell Culture
[bookmark: _Toc43908637]2.1.1 Maintenance and drug treatment of hMSCs
The human mesenchymal stem cells (hMSCs) used were established harvested from bone marrow of patients (2-15 years old) undergoing osteotomy for non-metabolic disorders at Sheffield Children’s hospital. Written parental consent forms had been obtained in accordance with local ethical committee approval (Research Ethics Committees Reference: 13/YH/0419, Improving bone marrow stem cells performance) (Juhi et al., 2015). 
Bone marrow was harvested into bone marrow collection medium including 44.5ml Dulbecco's Modified Eagle Medium (DMEM; Gibco, ThermoFisher Scientific, Northumberland, UK), 5ml Hyclone fetal bovine serum (FBS Hyclone; ThermoFisher Scientific), 500uL Penicillin/Streptomycin (Pen-Strep; Gibco) and 5ml heparin (ThermoFisher Scientific). Equal volume of Lymphoprep (STEMCELL technologies, Vancouver, Canada) were then added to the bone marrow collected and centrifuged at 800g for 20 mins at room temperature without application of brake at the end of centrifugation. Based on increasing density, the top red layer is the plasma and platelets, then there is the mononuclear cell layer, followed by the transparent layer of the lymphocyte separation medium and finally the red cells and granulocytes.  The interphase layer formed (containing mononuclear cells, also called the ‘buffy coat’) was collected using a sterile Pasteur pipette into a new sterile falcon tube. For every 2ml cells harvested, 18ml phosphate buffered saline (PBS; Gibco) was added and mixture was centrifuged at 800g for 10mins at room temperature. The cell pellet was then resuspended in MSC culture medium (DMEM containing 10% FBS Hyclone) and hMSCs were cultured at 37°C with 5% carbon dioxide (CO2) to passage 3. The cells were monitored daily and the medium was changed twice every week until cells reached confluency. When they had reached 90% confluency, media was removed from the flask and cells were first washed with PBS (Gibco). The cells were detached from the bottom of the flask by incubating them with Trypsin (0.5%) with 1mM ethylene diamine tetra-acetic acid (EDTA; Gibco) at 37°C with 5% carbon dioxide. Cells were then harvested using MSC culture medium followed by 5-minute centrifugation at 800g; the supernatant was disposed and cell pellet re-suspended with 1ml MSC media. Cells were counted using trypan blue exclusion method (LifeTechnoligies, Warrington, UK) using a Neubauer haemocytometer and a final cell concentration of 1,000 cells/cm2 were seeded into flasks in a total volume of 10ml MSC media. Drugs were added to a final concentration of 10µM Zol, 33µM trans, trans farnesol (FOH, Sigma Aldrich, Dorset, UK) and 33µM geranylgeraniol (GGOH, Sigma Aldrich, Dorset, UK) where required. Any drug treatment of hMSCs involved a 3-day incubation at 37°C with 5% carbon dioxide before harvesting.
[bookmark: _Toc43908638]2.1.2 Start-up and maintenance of S2R+ cells
S2R+ cells (Drosophila cell line) were first derived from a primary culture of late stage Drosophila embryos (Schneider, 1972). It was initially acquired by Dr Martin Zeidler through the Drosophila Genomics Resource Center (DGRC). Upon arrival, cells from each cryovial were defrosted in a 37°C water bath and were mixed with 5ml of full Schneider’s Drosophila Media (10% FBS, Sigma Aldrich and 1% Penicillin-Streptomycin, Gibco; in Schneider’s Drosophila Media, Gibco) (Schneider, 1972; Yanagawa, Lee and Ishimoto, 1998). As cell freezing medium contained dimethyl sulfoxide (DMSO) which affects cell viability and proliferation, the mixture was then centrifuged at 800g for 5mins. Original media containing DMSO were discarded and cells were re-suspended in 5ml fresh full Schneider’s Drosophila media and plated in flasks at 10,000 cells/cm2 concentration. S2R+ cells were incubated in 25°C incubator without CO2 supplement and were passaged every 3 days. As S2R+ cells are semi-adherent cells, cell harvesting was performed by first removing media from flask and using new full Schneider’s media to mix vigorously. Cells were plated again at 10,000 cells/cm2 concentration during each passage.
[bookmark: _Toc43908639]2.1.3 RNAi-mediated knockdown of S2R+ cells
Before knockdown, S2R+ cells were harvested from culture flasks and were plated in 6-well plates with 5x106 cells per well. After removing culture media from flasks, S2R+ cells were harvested from culture flasks using serum-free Schneider’s Drosophila Media (Gibco). Cells were incubated in the tissue culture hood at room temperature for 30mins-1hour with 5ml serum-free Schneider’s Drosophila Media (Gibco) containing 16µg of dsRNA (section 2.4.1 for dsRNA generation) per well. After incubation, media volume was doubled using Schneider’s Drosophila Media containing 20% FBS (Sigma Aldrich). Plates were then incubated at 25°C for 5 days to allow knockdown and depletion of existing protein. Performance of each knockdown were examined by Western Blot and qPCR described in section 2.4.5.

[bookmark: _Toc43908640]2.2 Drosophila
[bookmark: _Toc43908641]2.2.1 Drosophila stocks and genetic crosses
The Drosophila melanogaster strains used in this study and references are listed below, in Table 2.1. 

[bookmark: _Toc524779176][bookmark: _Toc43908813]Table 2.1 Drosophila lines used in this study.
	White Dahomey (wDah)
	Laboratory-adapted strain derived from wild-type flies collected in Dahomey (now Benin) in 1970 (Grandison et al., 2009).
Gifted by Prof Alex Whitworth

	y1 w67c23; P{w+mC=lacW}Fppsk06103/CyO
(Fpps k06103)
	FPPS mutant fly with a P{lacW} insertion at 2R:11,306,150..11,306,150 [+] within the 4th intron of the FPPS gene
Bloomington Drosophila Stock Centre Stock ID: 10604

	y1w67c23; rawk03514 P{w+mC=lacW}Fppsk03514/CyO
(Fppsk03514)
	FPPS mutant fly with a P{lacW} insertion at 2R:11,307,524..11,307,524 [+] within the 5’ UTR of the FPPS gene

Bloomington Drosophila Stock Centre Stock ID: 10532

	w1118; foxoΔ94/TM6B, Tb1
	Deletion on the foxo locus generated through imprecise excision of p{GT1}foxoBG01018, removing part of the predicted promoter region as well as coding exons. (Slack et al., 2011)

Bloomington Drosophila Stock Centre Stock ID: 42220

	ActP-EGFP-pk
	Construct were inserted into the attP2 landing site by øC31 integration, see (Strutt, Thomas-MacArthur and Strutt, 2013) for details.

Gifted by Prof David Strutt 

	ActP-EGFP-pkΔCaaX

	Construct were inserted into the attP2 landing site by øC31 integration, see (Strutt, Thomas-MacArthur and Strutt, 2013) for details.

Gifted by Prof David Strutt

	Su(H)-lacZ; esg-Gal4,UAS-GFP/CyO
	Drosophila line with intestinal stem cells and progenitor cells expressing GFP using the UAS-Gal4 system. Escargot promoter used is only expressed in stem and progenitor cells in the intestine of flies (N.-H. Choi et al., 2008).

	w+; p{w+,GMR-Gal4}, p{UAS-whiteRNAi} GD30033

(w+; GMR-Gal4,UAS-whiteRNAi)
	Drosophila with Glass Multiple Response (GMR) promoter leading to dsRNA expression targeting white mRNA (using the UAS-Gal4 system) in a w+ background (Kalidas and Smith, 2002; Li et al., 2012; Liang et al., 2015).
whiteRNAi line was acquired from Vienna Drosophila Stock Centre.





Drosophila line Su(H)-lacZ; esg-Gal4,UAS-GFP/CyO and w+; GMR-Gal4,UAS-whiteRNAi uses the Gal4/UAS system as a tool to drive tissue specific gene expression (Brand and Perrimon, 1993). Briefly, Gal4 is a yeast transcription factor that specifically activates gene expression via an Upstream Activating Sequence (UAS) not otherwise present in the Drosophila genome. As depicted in Fig 2.1A, in parental flies with either the promoter-Gal4 or UAS-gene X construct, gene X will not be expressed. However, in their offspring which inherited both promoter-Gal4 and UAS-gene X constructs, the promoter will drive expression of Gal4 which specifically binds to UAS and gene X will be expressed.  This method can provide both temporal and spatial control of gene expression through different promoters.
Research in Drosophila is carried out in various different genetic strains. The whiteDahomey strain was created in the Partridge lab and is widely used for lifespan studies. It has been shown that genetic background and gender affects lifespan of flies, and genetic controls are needed for each lifespan study on ageing (Ziehm, Piper and Thornton, 2013). Hence, in this project, experiments using mutants such as fppsk06103, were first outcrossed into a wDah genetic background for at least 7 generations before use. In this scenario, heterozygous mutant males over a balancer were crossed to virgin wDah females. At the next generation, heterozygous mutant virgin females (identified by expression of the mini-white marker present in the P{lacW} insertion) were selected and back crossed to wDah males (Fig 2B).  In this way exchange of chromosome arms, and meiotic recombination that occurred in the germline of the virgin females, resulted in almost all of the genome (apart from the mini-white-marked mutant locus) being swapped for the wDah genetic background. After 7 generations of this outcrossing heterozygous flies were then be used in lifespan studies in this project.
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[bookmark: _Toc524796945][bookmark: _Toc43908768]Figure 2.1 Schematic representation of the Gal4/UAS system and backcrossing of flies.
(A) If Gal4 is expressed under specific promoter and the UAS sequence is present, Gal4 can bind to UAS sequence. This event would lead to the subsequent activation of gene X. (B) Backcrossing of flies to use in lifespan assays. Here we use virgin female Fppsk06103 females which are red-eyed (w+mC) and have curly wings (Cyo) to cross with white-eyed wDah males. F1 offsprings will have females which have red eyes and the Fpps mutation, or curly wings without the Fpps mutation. Virgin females which are red-eyed but not curly-winged will be selected to cross at least 7 more generations with wDah males. All female offsprings from the following crossing will have red eyes and heterozygote Fpps mutation in their genes.
[bookmark: _Toc43908642]2.2.2 Receipt of Drosophila media
Standard Drosophila food with the composition listed in Table 2.2 was used throughout the project unless otherwise stated. Sugar-yeast (SYA) food (Table 2.3) was used in some experiments to compare whether Drosophila food used in this facility would generate different results in Drosophila longevity assays compared to the SYA food published in literature.
The standard Drosophila food is in solid-state dried at bottom of bottles or vials at room temperature. The most common way to administer any drug to Drosophila is by feeding; drugs or small molecules are mixed with the standard food in liquid-form at 60°C at the appropriate concentration. The food is then set to solid state at room temperature overnight before use. Zol, FOH, GGOH, paraquat (PQ, Sigma Aldrich) and Hydrogen peroxide (H2O2, Sigma Aldrich) were diluted into the liquid-form food if necessary from a stock concentration of 10mM Zol, 330mM FOH, 330mM GGOH, 200mM PQ and 30% w/w H2O2. Stock solution of Zol was diluted in PBS, while FOH and GGOH were dissolved in ethanol (EtOH).
[bookmark: _Toc524779177][bookmark: _Toc43908814]Table 2.2 Standard Drosophila food composition.
	Mix the following contents in 1 litre cold H2O2

	· 80 g Medium Cornmeal (Triple Lion, Beanies)

	· 18g Dried Yeast (Kerry Ingredients, BTP Drewitt)

	· 10g Soya Flour (Lembas Wholefoods, Beanies)

	· 80g Malt Extract (Rayner’s Essentials, Beanies)

	· 40g Molasses (Rayner’s Essentials, Beanies)

	· 8g Agar (BTP Drewitt)

	Bring to boil and stir constantly until homogeneity reached. Add following contents after cooling to 60C

	· 25ml 10% Nipagen (Fisher Scientific, Loughborough) in 95% Ethanol (Fisher Scientific)

	· 4ml Propionic Acid (Fisher Scientific)



[bookmark: _Toc524779178][bookmark: _Toc43908815]Table 2.3 YSA Drosophila food composition.
	Mix the following contents in 700ml cold H2O2

	· 15 g Agar (Sigma Aldrich)

	· 50g Sugar (Tesco, Hertfordshire)

	· 100g Dried Yeast (Kerry Ingredients, BTP Drewitt)

	Bring to boil and stir constantly until homogeneity reached. Add extra distilled water to reach a final volume of 1 litre. Add following contents after cooling to 60C

	· 30ml 10% Nipagin (Fisher Scientific) in 95% Ethanol (Fisher Scientific)

	· 3ml Propionic Acid (Fisher Scientific)



To determine whether the Drosophila food used in our lab could generate equivalent results to the SYA food described in the literature (Table 2.3) (Bjedov et al., 2010), female 14-day old wDah flies were kept on either standard food or SYA food containing 20mM Paraquat (PQ) or combination of 20mM PQ with 200μM Rap (100 flies per condition, n=3, Fig 2.2). The analysis from 3 replicates showed Rap increased lifespan significantly compared with flies fed with PQ alone, and the different food recipe did not have any significant effect on the survivorship of flies (Fig 2.2 D).


[image: ]
[bookmark: _Toc43908769]Figure 2.2 Rap extends lifespan of wDah females on both standard and YSA food containing 20mM PQ.
Survivorship of female wDah female flies fed on food in presence or absence of 20mM paraquat (PQ) and 200μM rapamycin (Rap) throughout their lives. Three replicates were generated (A, B and C) with 100 flies per condition. (D) Summary of statistical differences between groups treated with or without rapamycin (Rap). Data were analysed using Prism 7 by Log-rank (Mantel-Cox) test and Bonferroni post-test for multiple comparisons ****p<0.0001

[bookmark: _Toc43908643]2.2.3 Drosophila rearing
All flies were maintained in a 12:12h light-dark cycle. Stock flies were kept in vials containing standard Drosophila food (Table 2.2) at 18°C in groups of around 20 and tipped every 2 weeks as basic stock maintenance (males and females mixed in stock maintenance). Stock flies would be transferred to bottles and used for population expansions if the strain is needed for experimental use. These flies were maintained at 18°C on standard Drosophila food. For all experimental use, Drosophila would be kept under 25°C to accelerate the ageing process. The time taken to complete the embryogenesis experiences a two-fold acceleration from 17.5°C to 27.5°C. While development timing at 30°C is roughly the same as 27.5°C, the velocity becomes slower at 32.5°C, possibly due to heat stress. In ageing studies, 29°C is sometimes used to accelerate progression, however, in this project, experimental flies were all kept at 25°C (stock flies at 18°C, maintenance temperature used in the facility) as this is the temperature most historically reported and most widely used (Kuntz and Eisen, 2014). 
To avoid possible stressful effects caused by anesthetizing flies using CO2, flies were allowed to recover for at least 1 hour on standard Drosophila food before performing experiments. 
[bookmark: _Toc43908644]2.2.4 Synchronised egg collection 
Two hundred flies would be transferred into each collection cage to allow egg laying. Apple juice agar plates (20%v/v apple juice, Sainsbury’s, London, UK; 3%w/v agar, Invitrogen, Warrington, UK; and 0.0015%w/v nipagen, Sigma Aldrich) spread with yeast paste were used to cover the opening end of the cage. Eggs were laid on the apple juice agar plates by flies and plates were changed twice daily at 9am and 5pm. First two apple juice agar plates were discarded. After allowing embryos to be collected onto the plate for 16-20 hours (usually an overnight collection between 5pm to 9am next day), the surface of the agar plate was washed with PBS to collect eggs. Eggs could be poured into a conical flask and allowed to settle to the bottom. A few washes with PBS were then performed until the supernatant was clear. An aliquot of eggs (~32 µl) was then transferred into one food bottle. The seeded bottles were put into a 25°C incubator with a 12:12 hour light-dark cycle and 60% relative humidity, waiting for aged-matched fly collection.
[bookmark: _Toc43908645]2.2.5 Age-matched adult fly collection and sorting
Flies eclosed in the first 24hrs were discarded and bottles were placed back in a 25°C incubator overnight. The 1-day old flies emerged within the next 16-20 hours were then transferred into new food bottles by tipping without using CO2. Flies in new bottles were left to reach sexual maturity and mate for a couple of days in the incubator.
For male-female sorting, a small group of flies (<50 flies) was tipped from bottles onto an anaesthetic pad and rapidly sorted by gender using a paintbrush. As soon as each sorting segment finish, flies were transferred into new bottles/vials with males and females separated. The amount of time flies were exposed to CO2 was minimized to prevent possible future CO2-related problems which may affect the longevity and behavioural experiments (Poon et al., 2010).
[bookmark: _Toc43908646]2.2.6 Longevity Assay (including paraquat and H2O2 assays)
For longevity assays, 20 flies of same gender were put into each food vial directly after male-female sorting (Section 2.2.5). Unless specifically specified, total number of flies analysed per longevity assay per treatment group is 100 (n=100, for each sex); hence, for each treatment group, 5 vials of females and 5 vials of males were used. Flies were separated into 20 per vial for ease of scoring during longevity assay. Each longevity assay was repeated 3 times (3 separate cohorts of flies harvested on different dates; for each cohort, n=100). Flies were transferred into new vials every 2-3 days during the experiment by tipping. During every transfer (tipping), numbers of dead or censored (escape or accidental death) flies were recorded. Termination of experiments was when 100% mortality was reached. Data was analysed using Survival Table in GraphPad Prism Version 7.0. In the survival table, each death is scored as 1 and censored as 0. For example, on 11/07/2016, 54 days after eclosing, 7 male flies had died and 1 had escaped during transfer group; under Day 54, seven ‘1’s and one ‘0’ would be recorded. The death curve generated was then analysed using the Gehan-Breslow-Wilcoxon test in GraphPad to understand whether there is any significant difference in organism survival between treatment groups.
In the case of paraquat assay, flies were kept on standard Drosophila food containing 20mM PQ (Sigma Aldrich) and death was scored every 24 hours. Before flies were transferred onto food containing PQ, they were starved on 1% agar for 3 hours to synchronise feeding.
For the hydrogen peroxide assay, flies were kept on food containing 5% H2O2 (Sigma Aldrich) and death scoring was first performed every 12 hours for the first 36 hours. After that, death scoring was performed every 2 hours for the next 48 hours. If 100% mortality was not reached by that point, further death scoring was conducted every 12 hours afterwards. Before flies were transferred onto food containing H2O2, they were starved on 1% agar for 3 hours to synchronise feeding.
[bookmark: _Toc43908647]2.2.7 Climbing Assay
Synchronised egg and age-matched adult flies were collected as described in section 2.2.4 and 2.2.5. Flies were kept in groups of ~150 per food bottle (containing food or food + drugs) and bottles were tipped every 2-3 days within the timeframe of the experiment.
On the day of the experiment, flies were transferred from bottles into food vials by CO2 anaesthetizing. Twenty flies were kept in each vial and vials were left in the climbing assay room for adaption of temperature, humidity, and recovery from CO2. After 1-2 hours in the food vials, flies were tipped from the food vials into empty polystyrene tubes. As starvation would trigger Drosophila’s tendency to climb, all flies were then starved for 45mins before performance of the experiment.
The climbing assay apparatus was consisted of 2 sets of tubes connected through a sliding cassette, 5 tubes on the top and 6 on the bottom, the cassette allows top and bottom tubes to slide across each other (Fig 2.3 a->b). Tubes were inserted into the sliding cassette and gaps in the cassette allowed flies to climb from bottom tubes to top tubes (position 8 to position 2 in Fig 2.3 f for instance). As shown in Fig 2.3, at start of each experiment, polystyrene tube with flies were first inserted into position 7 (Fig 2.3 a) and the apparatus was tapped sharply down on the bench three times to knock all flies down to the bottom of the tubes. The empty tubes on the top row were then slid 1 position forwards (i.e. 2->1, 3->2, 4->3 and 5->4) (Fig 2.3 b) and flies were allowed 15secs to climb upwards (Fig 2.3 c). After 15secs, top row was shifted 1 position backwards and apparatus were tapped sharply down 3 times again (Fig 2.3 d). Flies successfully climbed from position 7 to position 1 will now be in position 8 (Fig 2.3 e). The cycles were continued for 5 times for each set of flies. Numbers of flies in positions 7, 8, 9, 10, 11, and 12 were then recorded. Tested flies were then disposed.
For this experiment, each fly will receive a score. Flies left in position 7 would have climbed 0 tube heights out of 5 chances given, receiving a score of 0; flies left in position 8 would have climbed 1 tube heights out of 5 chances given, receiving a score of 1and so forth. 
Twenty flies were assessed from each condition at each time point, 3 repeats were performed for all experiments (n=60).
Statistical significance was analysed using 2Way ANOVA with Tukey’s multiple comparison test (* P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001 and **** P ≤ 0.0001) in GraphPad Prism Version 6.0b. A difference was stated to be significantly different if P ≤ 0.05.
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[bookmark: _Toc524796946][bookmark: _Toc43908770]Figure 2.3 Schematic of Drosophila climbing-assay apparatus.
 Flies would be tapped sharply to bottom of tubes at would be allowed 15secs to climb from position 7, 8, 9, 10, and 11 into position 1, 2, 3, 4, and 5 respectively as shown in the right-most scenario (c. and f.).


[bookmark: _Toc43908648]2.2.8 Rapid iterative negative geotaxis (RING) assay
Synchronised egg and age-matched adult flies were collected as described in section 2.2.4 and 2.2.5. Flies were kept in groups of ~150 per food bottle (containing food or food + drugs) and bottles were tipped every 2-3 days within the timeframe of the experiment.
The day before experiment, flies were sorted into groups of 20 and transferred into separate vials under brief CO2 anaesthesia. Flies were then allowed to recover overnight. To assess RING, 20 flies per group were transferred into 25ml strippette (Fisher Scientific). After 1 minute rest, the strippette was tapped sharply and rapidly to the table 3 times to initiate the negative geotaxis responses. Flies were allowed 10 seconds to climb and the position of each fly was captured by a photograph at the end of the 10 seconds. The distance climbed by each fly were then recorded using the photo taken at the end of the 10 seconds (Fig 2.4). Twenty flies were assessed from each condition at each assessed age, 3 repeats were performed for all experiments. Flies that climbed above 10cm were classified as ‘high climbers’, flies that climbed in between 3-10cm were classified as ‘medium climbers’ and any flies that climbed below 3cm were classified as ‘low climbers’. The fractions (percentage) of ‘high’ or ‘medium + high’ climbers in each treatment and age group were then analysed.
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[bookmark: _Toc524796947][bookmark: _Toc43908771]Figure 2.4 Rapid iterative negative geotaxis (RING) assay.
Flies were given 10 seconds to climb after being tapped to the bottom of the strippette. Representative photo taken at the end of the 10 seconds recording the height climbed by each fly. 


[bookmark: _Toc43908649]2.2.9 Drugged-food absorption assay
In order to assess whether the amount of food taken by flies changed with addition of drugs or molecules, food absorption assays were performed. Blue food colouring - erioglaucine disodium salt (Sigma Aldrich) was dissolved evenly in standard Drosophila food at liquid state (60°C) to a final concentration of 2.5% v/w. For drug food, Zol, FOH and GGOH were diluted into Drosophila food together with the blue food colouring from a stock concentration of 10mM Zol and 330mM FOH/GGOH to a final concentration of 100µM and 3.3mM FOH/GGOH. Food was then allowed to set at room temperature overnight and used the subsequent day. Sixty 7-day old flies from each condition tested were anesthetised using CO2 and sorted into a vial the day before experiment (flies were allowed to recover from CO2 overnight). On the day of experiment, 60 flies were tipped onto the blue food with or without drugs, a set of 60 flies were tipped onto standard Drosophila food without blue colouring. Half an hour later, all flies were collected into Eppendorf tubes, each condition would be transferred to a separate tube. For each tube (60 flies), 200µl of water was first added and flies were crushed using Eppendorf pestles before a further 800µl of water was then added. The total 1ml liquid in each tube were then passed through a 0.2µm filter to take out debris and lipids. Measurements were then done on the Nanodrop Spectrophotometer ND-1000 (Labtech International, Sussex, UK) for OD629 reading, machine was blanked with flies fed with standard Drosophila food without blue colouring. 
[bookmark: _Toc43908650]2.2.10 Smurf assay
As stated in 2.2.9, standard Drosophila food with 2.5% blue food colouring was prepared the day before experiment. Flies undergoing test were put onto blue food for 9 hours on the day of experiment and scored for any ‘smurf-ness’ happening, indicating gut leakage. 
In young flies, the blue dye should only be observed in the gut after such feeding. However, as flies age, with structural decline of their guts, the organ becomes ‘leaky’. Instead of blue guts, number of flies exhibiting blue colour throughout their bodies after feeding will increase age-dependently. (Rera, Clark and Walker, 2012; Regan et al., 2016) These flies are referred to as ‘smurfs’. Flies were scored either as a ‘smurf’ if their entire body became blue, or a ‘non-smurf’ if the blue colouring was enclosed in only the intestine.
[bookmark: _Toc43908651]2.2.11 Larvae and fly irradiation
Larvae or adult flies were irradiated using the Torrex Cabinet X-ray system (Faxitron X-ray, Arizona, USA) at the rate of 9mins 15secs per thousand rads (100 Gy).
[bookmark: _Toc43908652]2.2.12 Larvae mutation rate assay
As depicted in Fig 2.5, 96 hours post synchronised egg collection described in section 2.2.4, third instar larvae from genotype w+; GMR-Gal4 UAS-whiteRNAi were irradiated using the Torrex Cabinet X-ray system (Faxitron) at the rate of 9mins 15secs per thousand rads (100 Gy). A total of 200Gy irradiation was given to each larva. The larvae were then allowed to eclose to adult flies, when the frequency of red w+ clones were then scored.
[image: ]
[bookmark: _Toc524796948][bookmark: _Toc43908772]Figure 2.5 Larvae mutation rate assay timeline.
Flies were irradiated at 3rd instar larvae stage indicated in red and red clones formation in Drosophila eyes were scored 48 hours (2 days) after eclosion.

[bookmark: _Toc43908653]2.2.13 Drosophila ovaries dissection and immunohistochemistry
ActP-EGFP-pk and ActP-EGFP-pkΔCaaX flies were kindly provided by Prof David Strutt (Strutt, Thomas-MacArthur and Strutt, 2013) (detailed information about the line see Table 2.1). Flies were kept 3 days on food containing of 100μM Zol in standard Drosophila food. Ovaries were acquired by dissection in cold PBS and fixed with 4% formaldehyde (Sigma Aldrich) in PBS for 30 minutes. Fixed ovaries were washed twice in PBST (PBS with 0.1% Triton X-100, Sigma Aldrich) and blocked in PBST supplemented with 5% normal horse serum for 20mins. Primary antibody rat anti-E cadherin (5D3, DSHB) was added into blocking solution at 1:1000, ovaries were incubated for 1.5hours in room temperature. Primary antibodies were washed off with blocking solution (3 times, 10mins each) and incubated with secondary antibody DyLight 649 Donkey anti-rat 1:1000 (BioLegend, London, UK) in blocking solution for 2 hours at room temperature. Ovaries were then washed 3 times with PBST before mounted onto slides with FluoroshieldTM with DAPI (Sigma Aldrich). All slides were visualised using Leica confocal microscope using a 40X oil immersion objective. Standard image size is 512x512 pixels. Images were then processed using either Image J or Adobe Photoshop CS.
[bookmark: _Toc43908654]2.2.14 Drosophila midgut dissection and immunohistochemistry
By using antibody staining and cell-type specific markers visualised via the Gal4/UAS system (described in section 2.2.1), different cell types that make up the Drosophila gut can be identified. Drosophila line esg-Gal4;UAS-GFP (details of the Drosophila stock see Table 2.1) expresses GFP under control of the stem cell/ progenitor cell driver escargot-Gal4. ISCs and EBs in this strain of flies are therefore marked with GFP. Antibody staining for the Notch ligand Delta is the only known ISC marker currently identified (Ohlstein and Spradling, 2007) while Prospero is a protein and marker specifically expressed in EE cells (Micchelli and Perrimon, 2006). Drosophila from strain Su(H)-lacZ; esg-Gal4,UAS-GFP/CyO at various ages which experienced different drug treatments were used. Midgut was acquired by dissection in cold PBS and fixed with 4% formaldehyde (Sigma Aldrich) for 1 hour at room temperature. Fixed intestines were then incubated in antibodies diluted in PBST (PBS with 0.1% Triton X-100, Sigma Aldrich) supplemented with 1% BSA (Sigma Aldrich) – blocking solution. Chicken anti-GFP antibody was used 1:4000 (Abcam, Cambridge, UK), two rabbit anti-Phospho-histone H3 antibodies were mixed into a final concentration of 1:100 (New England Biolabs, Ipswich, USA). Midgut was incubated in primary antibodies overnight at 4°C. Primary antibodies were washed off with blocking solution (3 times, 10mins each) and incubated with secondary antibodies AlexaFluorTM 488 goat anti-chicken IgG and AlexaFluorTM 594 goat anti-rabbit IgG (Life Technologies, Oregon, USA) in blocking solution for 2 hours at room temperature. Midguts were then washed 3 times with PBST before being mounted onto slides with FluoroshieldTM with DAPI (Sigma Aldrich). To maintain the 3D structure of the midguts, Grace Bio-Labs SecureSeal™ imaging spacers were placed in between microscope slides and coverslips (Sigma Aldrich), providing a 0.12mm thickness in between the two. All slides were visualised using Perkin Elmer Spinning Disk confocal microscope with a 40X objective. Standard image size is 512x512 pixels. Images were then processed using Image J.

[bookmark: _Toc43908655]2.3 Protein Techniques
[bookmark: _Toc43908656]2.3.1 Protein extraction and fractionation from cells
hMSCs were harvested from cultures using trypsin (see section 2.1.1), cells were spun down for 5mins at 2000rpm. Pellet was re-suspended in mammalian cell lysis buffer (Mammalian cell lysis kit, Sigma Aldrich) consisting of 750mM NaCl, 0.5% sodium dodecyl sulphate, 250mM tris- 5mM EDTA, 2.5% deoxycholic acid and 5% Igepal supplemented with proteinase inhibitors cocktail (Sigma Aldrich) at a ratio of 500µl per 3x106 cells. The lysate was incubated on a rotating on a shaker for 15 minutes at 4°C. Centrifugation at 12,000rpm for 10mins at 4°C was then conducted to remove cell debris. The supernatant containing the proteins in lysates was then transferred to chilled Eppendorf tubes and stored at -20°C for future use.
For S2R+ cells, cells were washed with cold TBS (50mM Tis, 150mM NaCl, pH 7.6) and centrifuged at 3,000rpm for 5mins. Cells were exposed to lysis buffer (0.05M Tris HCl pH 7.4, 0.25M NaCl, 5mM EDTA and 0.003% Triton X-100) with protease inhibitor (cOmplete Mini, EDTA-free, ROCHE, Sussex, UK) at ratio of 80μl lysis buffer per million cells. After 30mins incubation in 4°C on a rotating shaker, protein solution was centrifuged down at 13,000rpm for 15mins and supernatant were collected and stored at -20°C. 
Fractionation of cells was done using Mem-PER™ Plus Membrane Protein Extraction Kit (ThermoFisher Scientific). As instructed by the manufacturer, cells were first washed twice with Cell Wash solution and centrifuge at 400g for 5mins. 5 x 106 cells were re-suspended in 0.75ml Permeabilisation Buffer and incubated 10mins at 4°C with constant mixing. Cells were then centrifuged in a micro-centrifuge at 13,000rpm for 15mins, supernatant containing cytosolic proteins was transferred to a new tube. Solubilisation buffer was then used to re-suspend the pellet before being incubated at 4°C for 30mins. After centrifugation at 13,000rpm for 15mins again, supernatant containing membrane-associated proteins was then harvested.
[bookmark: _Toc43908657]2.3.2 Protein extraction from flies
Flies were collected into Eppendorf tubes using CO2 anaesthesia followed by snap freezing in liquid nitrogen. Whole flies were then crushed using a pestle in ice-old lysis buffer (50mM Tris HCl pH 7.4, 250mM NaCl, 5mM EDTA and 0.003% Triton X-100) with protease inhibitor (cOmplete Mini, EDTA-free, ROCHE, Sussex, UK) at a ratio of 200µl lysis buffer per 30 flies. After 30mins incubation in 4°C on a rotating motor, protein solution was centrifuged at 13,000rpm for 30mins and the supernatant stored at -20°C.
Fractionation of whole flies was done using Mem-PER™ Plus Membrane Protein Extraction Kit (ThermoFisher Scientific). As instructed by the manufacturer, 40 snap frozen whole flies were re-suspended in 0.75ml Permeabilisation Buffer and incubated 10mins at 4°C with constant mixing. Tissues were then centrifuged in a micro-centrifuge at 13,000rpm for 15mins, supernatant containing cytosolic proteins was transferred to a new tube. Solubilisation buffer were then used to re-suspend pellet and incubated at 4°C for 30mins. After centrifugation at 13,000rpm for 15mins again, supernatant containing membrane-associated proteins was then harvested.
[bookmark: _Toc43908658]2.3.3 Bicinchoninic Acid (BCA) Protein Assay
Diluted Albumin (BSA, Sigma Aldrich) standards were made according to instructions from the Pierce BCA Protein kit (Life Technologies). BCA working reagents (Sigma Aldrich) were made by mixing 50 parts of BCA reagent A with 1 part of BCA reagent B. Each BSA standard and protein sample was mixed with working reagent in 1:20 ratio. After 30mins incubation at 37°C, a standard curve was generated and sample concentrations were measured using NanoDrop Spectrophotometer ND-1000 (Labtech International) at 562nm wavelength.
[bookmark: _Toc299874522][bookmark: _Toc43908659]2.3.4 Western Blot
Protein lysate (40-60 µg) were mixed with 2x Laemmli buffer (4% SDS, 20% Glycerol, 120mM Tris-HCl pH6.8, 0.05% Bromophenol Blue, and 5% 2-mercaptoethanol) in a 1:1 ratio and boiled at 99°C for 5 minutes. 4–15% Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-Rad, Hertfordshire, UK) were used. Proteins and 5 µl of Precision Plus Protein™ All Blue Prestained Protein Standards (Bio-Rad) was loaded onto gels and gels were run with cold running buffer (25mM Tris, 19mM Glycine, and 0.04% SDS) at 150V for 1 hour.
Once gel running was finished, proteins were transferred onto polyvinylidene difluoride (PVDF) membrane (Immobilon-P Membrane, Millipore, Hertfordshire, UK) in chilled transfer buffer (47mM Tris, 38mM Glycine, 0.037%SDS, and 20% methanol) at 85V for 1hour 20mins.
Once transfer was finished, membranes were then cut at appropriate site if necessary and incubated in 5% BSA-TBST (TBST: 50mM Tris, 150mM NaCl, 0.05% Tween 20, pH 7.6) blocking solution for 1hour 30 minutes. Primary antibodies were the added at optimised concentrations into blocking solution (details of all antibodies see Table 2.4). Membranes were incubated in primary antibody overnight at 4°C followed by 4-time TBST washes. All secondary antibodies (HRP conjugates) were used at concentration of 1:10,000 in 5% dry milk-TBST and incubated for 1hour at room temperature. After secondary antibody incubation, membranes were washed in TBST for 3 times 15mins each.
All antibodies used and concentration used for optimisations are listed in Table 2.3.
[bookmark: _Toc524779179][bookmark: _Toc43908816]Table 2.4 Antibodies used and concentrations tested for optimisation.
	Antibody
	Concentrations tested
	Source

	Goat anti- human RAP1A (anti-RAP1A)
	1:1,000
	Santacruz Biotechnology, Sana Cruz, USA

	Mouse anti- Drosophila Armadillo 
(anti-Arm)
	1:1000, 1:500, 1:200
	DSHB, University of Iowa, USA

	Mouse anti- Drosophila Rho1 
(anti-Rho1)
	1:500, 1:1,000, 1:2,000
	DSHB, University of Iowa, USA

	Rabbit anti- Phospho-Drosophila Akt (Ser505) (anti-pAKT)
	1:500, 1:1,000
	Cell Signalling, Hichin, UK

	Rabbit anti- Akt (anti-AKT)
	1:500, 1:1,000 
	Cell Signalling, Hichin, UK

	Rabbit anti- Phospho-Drosophila p70 S6 Kinase (Thr398) (anti-pS6K)
	1:500, 1:1,000, 1:2000
	Cell Signalling, Hichin, UK

	Mouse Anti-phospho-Histone H2A.X (anti-H2Ax)
	1:500, 1:1,000 
	Cell Signalling, Hichin, UK

	Mouse Anti-phospho-Histone H2A.X (anti-H2Ax)
	1:250
	Millipore, Burlington, US

	Mouse Anti-phospho-Histone H2A.v (anti-H2Av)
	1:200
	DSHB, US

	Rabbit anti-Tubulin (anti-Tub)
	1:1000
	Cell Signalling, Hichin, UK

	Rabbit anti-goat IgG HRP (anti-goat)
	1:1000
	Dako, Cambridge, UK

	Rabbit anti-mouse IgG HRP (anti-mouse)
	1:1000, 1:5000, 1:10,000
	Dako, Cambridge, UK

	Goat anti-rabbit IgG HRP (anti-rabbit)
	1:10,000
	Dako, Cambridge, UK




For development, membranes were washed in room temperature ECL or ECL Select (GE Healthcare, Buckinghamshire, UK) for 5 minutes. Excess ECL solution was removed from the membranes and membranes were wrapped in plastic foil ‘Saran Wrap’ before being sealed into cassettes.  Membranes were then exposed to high performance chemiluminescence film (Amersham Hyperfilm ECL, GE Healthcare) in a dark room for required the time and developed using an Optimax 2010 X-ray film processor (PROTEC, Oberstenfeld, Germany).


[bookmark: _Toc43908660]2.4 DNA techniques
[bookmark: _Toc43908661]2.4.1 Polymerase Chain Reaction (PCR) and In Vitro Transcription (IVT) to generate dsRNA for knockdown
The gene-specific targets and primers (sequence of primers see section 2.4.4) were kindly donated by the “Sheffield RNAi Screening Facility” and were originally designed by Horn and Boutros (Arziman, Horn and Boutros, 2005; Gilsdorf et al., 2010; Horn, Sandmann and Boutros, 2010). 12.5µl PCR master mix was used per reaction (Promega, Southampton,UK). In this experiment, 20pmol of each primer was mixed to 1µl of template cDNA. PCR was then performed on a PTC-200 Peltier Thermal Cycler (MJ Research) with 28 cycles of 1min 96°C, 1min 60°C, and 1min 72°C followed by 30 cycles of 1min 96°C, 1min 55°C, and 5mins 72°C.
PCR products were used to generate dsRNA using 5X MEGAscript T7 kit (Ambion, Life Technologies). According to instructions from the kit, in IVT reaction, 17µl master mix was incubated at 37°C for 20 hours with 3µl of PCR product. After addition of 1µl DNAse, each reaction was further incubated at 37°C for 30mins. 2.1µl ammonium acetate and 52.5µl absolute ethanol were then added into each reaction following incubation at -80°C for 1 hour. The RNA precipitate was recovered by centrifugation at 13,000rpm for 10mins at room temperature. Pellets obtained were washed with 70% ethanol. Supernatant was discarded and pellets were allowed to air dry in a laminar flow hood. Water was added into each reaction and sizes of dsRNA obtained were checked by separation on a 1% TAE (40mM Tris, 20mM Acetic Acid, and 1mM EDTA) electrophoresis gel containing 1% agarose (Invitrogen).
[bookmark: _Toc43908662]2.4.2 RNA extraction from S2R+ cells
S2R+ cells were isolated by centrifugation and Tri Reagent (Sigma Aldrich) was used to lyse the cells by continuous pipetting at a ratio of 106 cells / 1ml Tri Reagent. For phase separation, 0.2ml of chloroform (Sigma Aldrich) were added per 1ml Tri Reagent, mixed by gentle inversion and allowed to stand for 15 mins on ice. RNA present in the colourless upper aqueous phase was precipitated by adding 0.5ml of 2-propanol (Sigma Aldrich) per 1ml Tri Reagent. Samples were incubated at room temperature for 15 mins before 10 mins centrifugation at 12,000 rpm at 4°C. The RNA precipitate formed a pellet while the supernatant was removed. A minimum of 1ml of 75% ethanol in ddH2O per 1ml of Tri Reagent was added and tube was centrifuged at 7,500 rpm for 5 mins at 4°C. The RNA pellet was air-dried and resuspended in Ambion® DEPC-treated RNAse free water (ThermoFisher Scientific). To purify and concentrate RNA by removing contaminant DNA, DNases treatment was then performed using the RNAqueous®-4PCR Total RNA Isolation Kit (ThermoFisher Scientific). Following the protocol of the kit, DNase I and DNase I buffer were added to RNA and incubated for 30 mins at 37°C. DNase Inactivation Reagent was then added, mixed, and incubated for 10 mins at room temperature. The samples were then centrifuged at 10,000 rpm for 1 min and supernatant containing RNA was transferred into fresh tube. Prior to storage at -80°C, RNA was quantified by spectrometry Nanodrop ND100 spectrometer (ThermoFisher Scientific, Paisley, UK). Quality of RNA was monitored by 260/280 and 260/230 ratios, the former one needing to be larger than 2, and the latter larger than 1.8.
[bookmark: _Toc43908663]2.4.3 First strand cDNA synthesis
The first-strand cDNA synthesis kit (GE Healthcare) was used for cDNA generation. Following the instructions of the kit, RNA solution was first heated at 65°C for 10 mins and chilled on ice. For every 2 µg of RNA (diluted to 0.1 µg/ µl final volume), 11µl first-strand reaction mix, 1µl DTT solution, 1µl diluted Not I-d(T)18 primer was added to make a final volume of 33µl. Not I-d(T)18 primer was always diluted into RNase-free waster at a ratio of 1:25 before use.  The mixture was then pipetted to mix and incubated at 37°C for 1 hour. Amount of cDNA generated was then quantified using a Nanodrop spectrophotometer and stored at -20°C.
[bookmark: _Toc43908664]2.4.4 Primers for RT-qPCR
Primers were designed using Primer3 Primer design software following the published instructions (Thornton and Basu, 2011). Rpl32 primers used for RT-qPCR was Fw 5’-AAACGCGGTTCTGCATGAG-3’ and Rev 5’-GCCGCTTCAAGGGACAGTATCTG-3’. FPPS primers used for RT-qPCR was Fw 5’-TAACGATGCTCTTATGATTG-3’ and Rev 5’-AGTGATGTATGTGATTTCGTG-3’.
[bookmark: _Toc43908665]2.4.5 Real-time Polymerase Chain Reaction (RT-qPCR)
In order to assess the efficiency of knockdown experiments, qPCR was performed to analyse the quantity of target gene transcript (mRNA level) left after a knockdown protocol.
All equipment and solutions used were UV irradiated for 20 mins before use. Drosophila genomic DNA (Drosophila Species Stock Centre 0000-1012.01) diluted into 50ng/2µl, 5ng/2µl, 0.5ng/2µl, and 0.05ng/2µl was used to generate a standard curve. All cDNA generated with first-strand cDNA synthesis kit was used at 1:20 dilution.  Real-time qPCR was performed in triplicates containing 1µl template DNA, 0.6ul both forward and reverse primer (primers diluted to 5µM) and 1.8µl of RNase free water (ThermoFisher) and 4µl SYBR GREEN 2x qPCR Mix (Eurogentec, Belgium). A 384 well PCR plate loaded with reaction mix was sealed with a transparent film after preparation and qPCR was performed with 1 cycle of 50ºC for 2mins, 95ºC for 10mins, followed by 40 cycles at 95ºC for 15secs (denaturation) and at 60ºC for 1min (annealing) on the Applied Bioystems 7900 Real-Time PCR machines (Applied Biosystems, California, United States). A dissociation curve was generated at the end by a dissociation stage (95ºC for 15secs, 60ºC for 15secs, and 95ºC for 15secs). This is used to verify specificity of the amplification product.
Reaction wells with no cDNA or genomic DNA template provided non-template control, all original RNA extractions were run at the same time with the cDNA samples to check possible DNA contamination in the RNA samples, and all reactions were run in triplicate to ensure technical reproducibility.
[bookmark: _Toc43908666]2.4.6 Data analysis of qPCR
Data analysis was performed on SDS 2.4 software (ThermoFisher Scientific) which converted raw data into a mean cycle threshold (Ct) number. Ct is the amplification cycle number needed at which fluorescence from a sample passes the fixed threshold, which lies in the middle of the exponential phase. As SYBR green would bind to dsDNA and become fluorescent, the fluorescence emitted is proportional to the amount of PCR product present after each amplification cycle. Therefore, the fewer the amplification cycles (lower Ct) needed for fluorescence from a sample to pass the threshold, the higher the amount of cDNA is present in the original sample.
The log10 of genomic DNA concentration vs average Ct of the triplicates was plotted and a standard curve generated with a trendline equation (example in Fig 2.6). In the trendline equation (y = ax + b), y is the average Ct number, a is the reaction efficiency (which should be in the range of -3.3 to -3.8), and x is the log10 of DNA concentration. From the average Ct number of the cDNA samples, the concentration of the cDNA could then be calculated. Expression level of the housekeeping gene Rpl32 is used for normalisation.
[image: ]
[bookmark: _Toc524796949][bookmark: _Toc43908773]Figure 2.6 Analysis of qPCR efficiency.
Standard genomic DNA curve showing a good example with reaction efficiency measured to be -3.3. X axis representing log amount of DNA and Y axis representing mean Ct. 

[bookmark: _Toc43908667]
2.4.7 Dissociation curve
Upon completion of the qPCR, a dissociation curve was generated with the samples (an example in Fig 2.7). With presence of a single PCR product, all the fluorescence should be lost at the same temperature, as a single product would have a specific size-dependent denaturing temperature. If multiple peaks were present on the dissociation curve for a single gene product, it would be notified as a result of non-specific product. This provided additional confirmation of specific gene amplification for each qPCR analysis.
[image: ]
[bookmark: _Toc524796950][bookmark: _Toc43908774]Figure 2.7 Dissociation curve.
Single-peak dissociation curve testing primer binding ability. The single peak represents primer only annealed at a single point on template, resulting in a single amplification product.




[bookmark: _Toc43908668]2.5 Statistical Analysis
Statistical analysis was performed on GraphPad Prism 7. For two group comparison, data were analysed using non-parametric unpaired student’s t-test unless otherwise stated. For multiple comparisons, ordinary one-way analysis of variance (ANOVA) and two-way ANOVA was used followed by Bonferroni’s Sidak’s multiple comparison post-hoc tests. Survival data was analysed using Log-rank (Mantel-Cox) test. All data were expressed as mean ± standard deviation (SD). A difference was stated to be statistically significant if the p value was <0.05 (*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001).
Chapter 2. Materials and Methods


CHAPTER 3. [bookmark: _Toc43908669]MECHANISM OF ACTION OF ZOLEDRONATE IN DROSOPHILA SYSTEM


[bookmark: _Toc43908670]3.1 Introduction
In our previous study, Zol was shown to inhibits the phosphorylation of AKT, S6K in the mTOR pathway in human mesenchymal stem cells (hMSCs) and this was dependent on protein prenylation (Juhi et al., 2015). In the mammalian system, evidence suggests that zoledronate (Zol) inhibits the farnesylation and geranylgeranylation (together called prenylation) of small GTPases such as Rho, Ras, Rheb and Rap through the mevalonate pathway by inhibiting farnesyl pyrophosphate synthase (FPPS) as described in section 1.4.1 (Hasmim, Bieler and Rüegg, 2007; Juhi et al., 2015; Xie et al., 2015). Some of these proteins are important components in the mTOR pathway as illustrated in Fig 1.3 (section 1.2.2). RHEB is inactivated by tuberous sclerosis complex (TSC) in the PI3K/PDK1/AKT (phosphoinositide 3-kinase/3-phosphoinositide-dependent protein kinase 1/protein kinase B) pathway, leading to inhibition of mTORC1 and downstream pS6K. Inactive Ras can reduce activity of PI3K, which in turn, inhibit the mTOR pathway (Yamagata et al., 1994; Kwiatkowski and Manning, 2005; Yang et al., 2017). In order to proceed further with the investigation of Zol using Drosophila as a model organism, it was necessary to verify that it acts through the same pathways than that used in the mammalian system.
The isoprenoid branch of mevalonate pathway which is responsible for the prenylation of proteins is conserved in the Drosophila system, whereby proteins in Drosophila are also prenylated using farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP) (pathway illustration see Fig 1.5) (Spindler et al., 2012). Prickle protein for example, is farnesylated in Drosophila. Using the Prenylation Prediction Suite (PrePS), human proteins Prickle 1 and Prickle 2, which are human homologues to prickle in Drosophila, are predicted to be preferentially farnesylated, similar to that in Drosophila (Maurer-Stroh et al., 2007; Strutt, Thomas-MacArthur and Strutt, 2013). However, not all proteins have the same type of prenylation in Drosophila compared to mammalian system. Sequence alignment shows Drosophila Ras1 is most similar to mammalian K-Ras. However, unlike mammalian K-Ras, the C-terminal motif of Ras1 specifies geranylgeranylation rather than farnesylation (Moriya et al., 2010; Sung et al., 2010). Hence, it needs to be confirmed, in Drosophila, whether inhibition of  prenylation by Zol would lead to inhibition of AKT phosphorylation.
Detecting the unprenylated form of the small GTPase Rap1A by western blotting is a  widely used method to study inhibition of prenylation in the mammalian system. Using this approach, reports have shown bisphosphonates including Zol inhibit prenylation in macrophages and osteoclasts in vitro as well as in vivo (Frith et al., 2001; Coxon et al., 2005; Roelofs et al., 2006, 2010; Thompson et al., 2006). Since there is no readily available antibodies to detect unprenylated form of a small GTPase in the Drosophila system, prenylation pattern will be investigated through cellular localisation of Rho and Ras. As depicted in Fig 3.1, Prenylation assists protein’s attachment to cellular membranes, inhibition of the mevalonate pathway should result in more unprenylated forms of the proteins, causing proteins to lose membrane anchorage and move into the cytosol.
The involvement of prenylation can also be inferred by reversing the inhibition of FPPS by adding downstream metabolites of the mevalonate pathway farnesol (FOH) and geranylgeraniol (GGOH). In this case the inhibition of phosphorylation level of S6K and ATK can be assessed by western blotting and their dependency from prenylated proteins can be inferred by its reversal following the addition of FOH and GGOH.
[image: ]
[bookmark: _Toc43908775]Figure 3.1  Schematic representation of protein prenylation and change in localisation
An illustration showing unprenylated protein residing in the cytosolic compartment of the cell. Once prenylated  (a post-translational modification: covalent attachment of a lipid isoprene unit near the c-terminus of a protein), the modification anchors protein’s attachment to the membrane compartment.



Chapter 3. Mechanism of Action of Zoledronate in Drosophila system

Given the evidence regarding the mechanism of Zol in mammalian system in relation to the inhibition of the mTOR pathway, the aims of this chapter were to verify that similar mechanisms occurred in Drosophila in response to Zol. These aims were achieved by determining whether Zol affected prenylation using a combination of methods including assessment of the localization of key prenylated proteins. I also asked whether Zol inhibited molecules  of the mTOR pathway and whether these inhibition was mediated by the inhibition of FPPS in the mevalonate pathway.  This was achieved by assessing whether inhibition of FPPS per se showed a similar phenotype and whether inhibition of molecules of the mTOR pathway could be reversed by the addition of molecules downstream of FPPS in the mevalonate pathway and restoring prenylation..
[bookmark: _Toc43908671]3.2 Heat does not affect molecular activity of zoledronate (Zol), FOH or GGOH in Drosophila food
The most common route of administrating substances to Drosophila is through feeding and the process of making Drosophila food is by mixing the compounds into the food paste while it is still hot. The food can then be poured into bottom of small vials or bottles, cooled overnight to set. Hence, the compounds will be exposed to high temperatures. It is therefore necessary to determine whether Zol, farnesol (FOH) and geranylgeraniol (GGOH) retain their activity upon heating. To do this I have used human mesenchymal stem cells, and assessed the level of expression of unprenylated Rap1A by western blotting following exposure to Zol, FOH and GGOH which had been heated. In the preparation of Zol, FOH and GGOH I have followed the same process of adding molecules to Drosophila food. Molecules were heated at 60°C for 20mins (similar to what it is required to incorporate the compounds in the Drosophila food) and then added to the culture medium of hMSCs. This was compared to freshly made Zol (1μM), FOH (3.3μM) and GGOH (3.3μM) at doses known to inhibit or reverse the inhibition of FPPS (Juhi et al., 2015). As Zol was dissolved in PBS and FOH/GGOH in ethanol (EtOH), the same volumes of PBS and EtOH were also added to hMSCs in culture as vehicle controls. Cultures were then lysed and assessed for protein expression of unprenylated RAP1A (one of the small GTPases) and housekeeping gene GAPDH (glyceraldehyde 3-phosphate dehydrogenase) by Western blotting.
Low levels of unprenylated RAP1A were detected in hMSCs when treated with PBS or PBS+EtOH (Fig 3.2). However, the addition of Zol increased expression of unprenylated RAP1A (Fig 3.2). When hMSCs were cultured with Zol together with either FOH or GGOH, the effect was reversed. This showed that Zol was blocking the mevalonate pathway through FPPS and addition of FOH or GGOH (two metabolites in the mevalonate pathway downstream of Zol, Fig 1.5) could reverse the effect as expected. More importantly, no difference in expression of unprenylated RAP1A was observed when comparing hMSC exposed with Zol, FOH, and GGOH in their heated or non-heated form (Fig 3.2).
[image: ]
[bookmark: _Toc43908776]Figure 3.2 Zoledronate, FOH and GGOH act via Mevalonate pathway.
Western blot showing expressions of unprenylated RAP1A (top panel) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH; bottom panel) in hMSCs following treatment with either Zol, Zol together with FOH, or GGOH and the heated forms (Heat) of these drugs.



[bookmark: _Toc43908672]3.3 Optimisation of the detection of prenylation by imaging follicle cells in the ovary
To determine whether Zol inhibits prenylation in the mammalian system, detection of unprenylated RAP1A by western blot was used as a marker (Juhi et al., 2015). However, the antibody has only been shown to be reactive in the mammalian system and an equivalent antibody was not available for Drosophila. Therefore, it was necessary to establish a new method for detecting prenylation in Drosophila.
One of the proteins in Drosophila which has been shown to be prenylated is Prickle (Pk). Prenylation occurs on the CAAX (where C = cysteine, A = aliphatic amino acid and X = any amino acid) motif at the C-terminus of the protein (Sung et al., 2010). Two strains of flies were kindly provided by Prof David Strutt: ActP-EGFP-pk (hereafter GFP-pk) and ActP-EGFP-pkΔCaaX (hereafter GFP- pkΔCAAX), where Pk is expressed as either full-length form (GFP-Pk) or a form that is lacking the prenylation site (ΔCAAX) (Strutt, Thomas-MacArthur and Strutt, 2013). Prenylation is a process of adding hydrophobic molecules onto proteins, facilitating the tethering of proteins onto membranes. If proteins are not prenylated, they would reside in the cytosol; while if prenylated, they would translocate to the cell membrane (Fig 3.1 and 3.3 A). Fig 3.3A is a schematic diagram showing the theoretical localisation of prickle proteins with or without Zol treatment. In the GFP- pkΔCAAX, due to the lack of CAAX motif, no prenylation and consequently protein membrane anchorage is expected. Pk protein in GFP- pkΔCAAX flies would mainly be cytosolic, and this would not be altered if flies were treated with Zol. For GFP-pk flies prenylated Pk protein would reside mainly on the membrane of cells, forming protein membrane punctate. If flies were treated with Zol, causing inhibition in prenylation, Pk protein were then expected to lose membrane anchorage and translocate to the cytosol. 
To compare the localisation of Pk protein in the two different type of flies without Zol treatment, their ovary follicle cells were dissected, stained using e-cadherin to mark out their membrane and then imaged. The ovary follicle cells were used as they were easy to both dissect and image. In cells from GFP- pkΔCAAX flies, higher expression of cytosolic Pk protein was  observed compared with that in GFP-pk flies as expected. However, there was still abundancy of membrane-Pk protein in GFP- pkΔCAAX flies (Fig 3.3B).
To determine whether Zol could change the pattern of Pk expression, GFP-pk flies were kept on food containing 100μM Zol for 3 days before their follicle cells were dissected for imaging (n=8/group; Fig 3.3). Before the start of the project, trial experiments were performed by Dr Martin Zeidler, feeding flies Zol ranging from 1-100μM; in this experiment, as a short-term treatment, a high dose of 100μM was chosen in order to trigger the strongest possible effect. 
Comparing Pk protein distribution in the 100μM Zol-treated GFP-pk flies compared to non-treated ones, fewer membrane-punctate (GFP punctate on the cellular membrane) were present and less Pk protein was distributed along the membrane of follicle cells (Fig 3.3B). However, this method was highly qualitative and quantification was difficult; a more quantitative method was necessary to determine the dose and feeding regime required by Drosophila.  


[image: ]
[bookmark: _Toc43908777]Figure 3.3 Theoretical schematic representation and representative image of Drosophila ovary follicle cell before and after Zoledronate treatment.
[bookmark: _Toc299874146](A) Theoretical schematic representation of pk protein localisation in ovaries follicle cells from female flies with GFP-pkΔCAAX or GFP-pk construct. pK protein is labelled with GFP(green) and E-cadherin (E-cad) protein labelled red. (B) Representative images of Drosophila ovary follicle cells from female flies with GFP-pkΔCAAX or GFP-pk construct either following 3-day Zol (100 µM) treatment or not (n=8 from each group). The E-cadherin (Ecad) staining which marked out the cell membrane while GFP channel marked protein Prickle (pk).

[bookmark: _Toc43908673]
3.4 Detection of prenylation using GFP-pk flies by Western blot
[bookmark: _Toc43908674]3.4.1 Western blot optimisation
As described in the previous section, attempting to quantify the level of prenylation via location of Pk protein in follicle cells through imaging was challenging; the alternative approach was to identify the ratio of GFP-pk protein localised in the cytosolic and in the membrane compartment using Western blot. Prenylation facilitates the association of proteins with the membrane. Given that GFP- pkΔCAAX flies lack the prenylation motif, it would be expected that a higher amount of Pk protein would be in the cytosolic compartment compared with that of GFP-pk flies. 
To optimise the western blot protocol, the best blocker solution for the secondary antibody (anti-rabbit IgG HRP), was tested. The protein lysate from wDah  wild-type flies were incubated with anti-rabbit IgG HRP alone at 1:10,000 concentration (recommended concentration by manufacturer) and blocked with either 5% milk-TBST or %BSA-TBST. Result showed that when anti-rabbit IgG HRP was blocked by 5% milk-TBST, a clean membrane was produced, while 5%BSA-TBST gave a high level of non-specific binding (Fig 3.4A). Hence, all subsequent Western blots were done with secondary antibodies blocked in 5% milk-TBST. Primary antibodies were all blocked using blocking solution recommended by manufacturers.
To determine whether nuclear and cytosolic separation was successful, Drosophila expression of Armadillo was selected as nuclear marker . As this antibody was acquired through the Drosophila hybridoma bank and there were no indication on which concentration to use, optimisation was performed. Anti-Armadillo primary antibody was tested in 3 different concentrations (1:1000, 1:500, and 1:200), blocked in 5%BSA-TBST using the same protein lysates as above. From the imaging result, 1:500 was chosen for all subsequent experiments (Fig 3.4 B).
[bookmark: _Toc43908675]3.4.2 Detection of Pk protein prenylation
To determine whether Zol inhibited prenylation, I used the same system described in section 3.3 and represented in Fig 3.3A. However, here I tried to detect localisation of Pk-GFP protein using western blot. Three different flies were used in this set of experiments, GFP-pk and GFP-pkΔCAAX flies as well as wDah flies. wDah are wild-type flies with no expression of GFP, and they were used as negative controls to test the specificity of the anti-GFP primary antibody. Western blot was then performed using protein lysates from these 3 different sets of adult flies, PVDF membrane was then probed with anti-GFP. The GFP signal was detected in the lysates produced from GFP-pk and GFP-pkΔCAAX flies, while in wDah flies (negative control) no signal was detected.  This showed that the anti-GFP antibody used was specific for GFP detection.
In order to determine protein localisation, tissue fractionation for cytosolic and membrane compartment was performed on whole adult flies, as previously described in section 2.3.2. Western blot was then performed using protein lysates from adult flies, PVDF membrane was hybridised with anti-GFP, anti-Armadillo, and anti-Tubulin (Tub, used as a cytosolic marker). Separation of tissue compartments was successful with the expression of Arm (at 91kDa) only detected in the membrane fraction and the expression of Tub (at 52kDa) only in cytosolic fraction (Fig 3.4 C). 
As for the western blots probed with anti-GFP, there was detection of three bands at around 125kDa, 100kDa as well as 30kDa for lysates produced from GFP-pk and GFP-pkΔCAAX flies. With prickle protein around 96kDa in size and GFP around 27kDa, the expected protein size from the GFP-pk construct would be around 123kDa. Since there was detection of proteins at around 125kDa (corresponding to GFP-Pk), 100kDa (corresponding to Pk) as well as 30kDa (corresponding to GFP), it suggests that dissociation may have occurred during the protein preparation and some GFP protein was no longer bound to the Pk protein. An alternative explanation holds that there was a transcription of some mRNAs only coding for GFP but not the whole GFP-Pk construct. Regardless this system cannot be considered reliable to quantify changes in protein localisation following treatment with Zol.
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[bookmark: _Toc43908778]Figure 3.4 Western blot optimisation.
(A) Western blot showing when blots were probed with secondary antibody alone, blocked with either 5% TBST- milk or BSA. Lysates from wDah flies used. (B) Armadillo (Arm) antibody concentration optimisation, tested at 1:200, 1:500, and 1:1000 dilutions. Lysates from wDah flies used (C) Western blot showing successful separation of proteins from the membrane and cytosolic compartments with Armadillo (Arm) used as a nuclear marker and Tubulin (Tub) as cytosolic marker. GFP signal could be identified in GFP-pkΔCAAX or GFP-pk flies but not in wDah flies.




[bookmark: _Toc43908676]3.5 Optimisation of the detection of prenylation in S2R+ cells
With the unsuccessful attempts to detect Pk protein prenylation in whole flies, it was important to test whether localisation of other prenylated proteins could be affected by Zol in Drosophila. To ensure that Zol reaches the cells, I decided to use S2R+ cell line which is a commonly used cell line in the Drosophila system.  Rho1 is a member of the GTPase superfamily, and a target of prenylation (Cook et al., 2012) and an antibody to Rho1 protein is available. To determine whether Zol reduced prenylation of Rho1, western blot was used to determine the amount of Rho1 associated with cell membranes (i.e. prenylated protein) and in the cytosol (i.e. unprenylated protein) by Western Blot. 
To optimise the detection of Rho1 protein by western blot, protein lysates from S2R+ cells were incubated with anti-Rho1 at 1:250, 1:500, and 1:1000 concentrations. While using anti-Rho1 at 1:250 generated a blot with huge amount of non-specific binding (Fig 3.5 A); at 1:500 and 1:1000 concentrations, 3 bands could be seen (125kDa, 30kDa and 21kDa, with the expected size of Rho1 at 21kDa). In order to understand whether the antibody was detecting Rho1, I decided to first knockdown Rho1 in S2R+ cells. To do that, I first generated dsRNA using polymerase chain reaction (PCR) and in vitro transcription IVT as described in section 2.4.1. Two different dsRNA were generated, one that was specific for Rho1 and one for C02F5.12.  This is a c.elegans gene representing a oligonucleotide sequence of similar size but irrelevant to Rho1 protein, which could be used to control for non-specific knock down. The electrophoresis gel (Fig 3.5 B) showed that the dsRNAs generated were at the correct sizes (Rho1: 276bp and C02F5.12 at 302bp). S2R+ cells were incubated with 16µg of Rho1 dsRNA at 25°C for 5-6 days to achieve knockdown.
Following knockdown of Rho1 and C02F5.12 S2R+ cells were lysed and protein lysates were collected for western blot. In the sample where  Rho1 was knocked down (Rho1 K/D), two other bands were observed at 125kDa and 30kDa (Fig 3.5 C). In contrast in the sample where C02F5.12 was knocked down (C02F5.12 K/D), western blot showed three bands (125kDa, 30kDa, and 21kDa). Hence, despite the presence of non-specific bands, knockdown resulted in the reduction of a band at 21kDa, the expected molecular weight for Rho1, showing specificity of the antibody to Rho1 protein at 21kDa.

[image: ]
[bookmark: _Toc43908779]Figure 3.5 Rho1 antibody optimisation and specificity test.
 (A) Rho1 antibody was tested at three different concentrations using S2R+ cell lysate (1:250, 1:500 and 1:1,000). Two biological repeats were performed (2 lanes in the Western blot shown).  (B) Gel electrophoresis showing sizes of dsRNA generated for knockdown. (C) Rho1 antibody detection on cell lysates from either Rho1 knockdown (Rho1 K/D) S2R+ cells or C02F5.12 gene (control) knockdown (C02F5.12 K/D) S2R+ cells. Two biological repeats were performed (2 lanes in the Western blot shown).  


[bookmark: _Toc43908677]3.6 Rho1 localisation in S2R+ cells did not change when cells were treated with Zol
To determine whether Zol has an effect on prenylation in Drosophila cells changes in Rho1 localisation were assessed in S2R+ cells treated in presence or absence of Zol (ranging from 0-10μM) for 5 days. Protein lysates were fractionated prior to Rho1 detection (n=3). Cell fractionation was successful as shown by the expression of Arm in the membrane fraction and expression of Tub in the cytosolic compartment (Fig 3.6 A). The level of Rho1 in the membrane compartment was not different in the groups treated with Zol compared with the vehicle (0μM, PBS only), as quantified in Fig 3.6. The level of Rho1 was too low in the cytosolic compartment for quantification.
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[bookmark: _Toc43908780]Figure 3.6 Rho1 antibody localisation did not change when S2R+ cells were treated with Zol.
(A) A representative example of Rho1 expression in cytosolic and membrane compartment in S2R+ cells treated with 0,1,5 or 10 μM Zol for 5 days. (n=3) (B) Quantification of membrane-bound Rho1 from 3 Western blot repeats when cells were treated with Zol for 5 days. Rho1 was normalised to Armadillo (Arm)and analysed by imageJ. Data are expressed as mean ±SD and were analysed by one-way ANOVA and Bonferroni post-test for multiple comparisons 



[bookmark: _Toc43908678]3.7 Rho1 localisation did not change when FPPS was knocked down in S2R+ cells
The lack of changes in Rho1 localisation when S2R+ cells were treated with Zol could be caused by either lack of penetration of Zol in S2R+ cells or the fact that the mevalonate pathway works differently in Drosophila compared with that in the mammalian system. To determine whether it was lack of penetration, FPPS knockdown was done in S2R+ cells, since Zol inhibits  FPPS in the mevalonate pathway in the mammalian system.
To do that, I first generated dsRNA targeting FPPS using polymerase chain reaction (PCR) and in vitro transcription IVT as described in section 2.4.1. Size of FPPS dsRNA (281bp) generated was confirmed (Fig 3.5 B) and 16 µg of FPPS dsRNA was used to knockdown FPPS in S2R+ cells by incubating with cells at 25°C for 5-6 days. The knockdown was successful as shown in qPCR result (n=3; Fig 3.7 A), with FPPS mRNA level significantly reduced in cells where the expression of FPPS was knocked down (FPPS K/D). In contrast   cells treated with a non-specific control dsRNA (C02F5.12) or with no knock down (NA) did not show any reduction in FPPS expression Cell fractionation was also successful with expression of Arm only detected in the membrane compartment and expression of Tub only in the cytosolic compartment. However, the amount of nuclear Rho1 did not change when FPPS was knocked down in the cells (n=3, Fig 3.6 B&C).
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[bookmark: _Toc43908781]Figure 3.7 Rho1 antibody localisation did not change in S2R+ cells with FPPS knockdown.
(A) Quantification of FPPS mRNA level in cells treated with FPPS dsRNA (FPPS K/D), non-specific dsRNA derived from a c.elegans gene (C02F5.12 K/D) or no dsRNA (NA). Level expressed relative to control gene Rpl32. (B) A representative example of Rho1 expression in cytosolic and membrane compartment in S2R+ cells with FPPS (FPPS K/D) or control knockdowns (C02F5.12 K/D and NA). (C) Quantification of membrane-bound Rho1 normalised to Armadillo (Arm) in different knockdown situations and analysed by Prism (n=3). Data are expressed as mean ±SD and were analysed by one way ANOVA and Bonferroni post-test for multiple comparisons ****p<0.0001


[bookmark: _Toc43908679]3.8 S6K and AKT detection in Drosophila 
In the previous section, it was shown that loss/inhibition of FPPS did not affect prenylation of some proteins (Rho1 and Pk). However, as it was not clear which prenylated proteins were important to mediate the downstream inhibition of the mTOR pathway by inhibition of the farnesyl pyrophosphate synthase (FPPS), further analysis was performed to detect the expression of targeting downstream mTOR pathway moleculres. Moreover, addition of FOH and GGOH was used to reverse the inhibition of the mevalonate pathway and infers its involvement.
Small GTPases such as Ras and Rheb are known for their regulatory effects in many cellular functions through complex signalling network (Castellano and Downward, 2011).  One of the main effector pathways is phosphatidylinositol 3-kinase (PI3K) (Vivanco and Sawyers, 2002; Castellano and Downward, 2010). Activation of PI3K phosphorylates and activates protein kinase B (AKT) through TORC2 and ribosomal protein S6 kinase (S6K) through TORC1 (Fig 1.3). If activation of small GTPases such as Ras were affected upon Zol treatment, due to changes in their prenylation, the downstream activation of AKT, mTOR, and S6K would be affected as well (Castellano and Downward, 2011). Hence, in this section, the possible downstream effectors Drosophila S6K (marker of TORC1 inhibition) and ATK (marker for TORC2 inhibition) of these prenylated proteins are tested, as there are antibodies available to use for these two proteins.

[bookmark: _Toc43908680]3.8.1 Addition of Zol FOH or GGOH in Drosophila food does not interfere with feeding
All drugs involved in this study were administered to flies through feeding. Yet drugs may change the taste of food, in turn, change the food uptake by flies. Changes in amount of food intake may mimic the effect of DR and the mTOR pathway, independently of Zol. With lower food intake, the phosphorylation level of AKT, S6K, or FOXO in the mTOR pathway would decrease and vice versa. Hence, any alteration in the amount of food uptake could either mask or intensify the effect of Zol. In order to understand the amount of food intake by flies, drug-food absorption assays were performed as described in section 2.2.9.
As the erioglaucine disodium salt (blue food colouring) was dissolved in food, the amount of food uptake by flies could be determined by amount of blue colouring ingested (2.5% v/w erioglaucine disodium salt in standard Drosophila food = ‘blue food’). The concentration of Zol, FOH, and GGOH used in this experiment were of the highest concentration used in this whole project; 100μM for Zol and 330μM for FOH/GGOH. As Zol was dissolved in PBS and FOH/GGOH was dissolved in EtOH, 2 vehiclecontrol groups were set-up and were fed with PBS or EtOH using the same volume than Zol. OD 629 reading of serial dilutions of erioglaucine disodium salt in distilled water (ddH2O) was used to generate a standard curve. This showed a linear range of concentrations (Fig 3.8 A). 
In order to understand whether drugs would change the taste of food and alter food intake level when added to standard Drosophila food, 14-day old flies were fed with ‘blue food’ containing Zol, FOH, and GGOH for 30minutes before they were sacrificed. The flies were then lysed in water and OD629 reading were taken as an indication for the quantity of food intake within 30minutes. Compared with the standard curve, all experimental readings from samples were in the range detected by the standard curve (Fig 3.8 B&C). OD629 reading between the different feeding groups were not significantly different (n=5; Fig 3.8 B) showing that feeding did not differ immediately after the flies were exposed to the food containing the drugs. In order to understand whether continuous feeding on the same food could affect the food intake level, another set of 14-day old flies were pre-treated with food containing Zol, FOH and GGOH for 7 days, followed by a drug-food absorption assay using ‘blue food’ for 30minutes. The OD 629 readings again, showed no difference between all treatment groups (n=5; Fig 3.8 C). This confirmed that any changes of protein phosphorylation in the mTOR pathway would be due to the drugs/molecules given to the flies instead of alteration in the flies’ diet.
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[bookmark: _Toc43908782]Figure 3.8 Food intake level was not affect with addition of Zol, FOH or GGOH in their diet.
(A) Standard curve between concentration of erioglaucine disodium salt in distilled water to OD 629 reading. (B) Quantification of blue colouring in Drosophila when flies were fed on ‘blue food’ containing different molecules for half an hour (for each reading, 60 flies, males and females mixed, were used; n=5). (C) Quantification of blue colouring in Drosophila when flies were subjected to food containing different molecule combinations for 7 days prior to start of the assay (for each reading, 60 flies, males and females mixed, were used; n=5). 
Concentrations of molecule used: 100μM for Zol and 330μM for FOH/GGOH. Flies were 14-day old at start of all experiments, a mixture of males and females were used here. Data are expressed as mean ±SD and were analysed by one way ANOVA and Bonferroni post-test for multiple comparisons.





[bookmark: _Toc43908681]
3.8.2 Optimisation of anti-pS6K antibody in Western blot
Zol has been shown to inhibit components of the mTOR pathway including phosphorylation of S6K and AKT in hMSCs (Juhi et al., 2015). To determine if this was the case in Drosophila, 14-day old wDah female flies were treated with 100µM Zol (dissolved in PBS) for 10 days before they were sacrificed for protein lysates. We also treated a group of flies with 200µM Rapamycin (Rap) which is known to inhibit the central component TOR kinase in the mTOR pathway in Drosophila. This was used as positive control with EtOH as vehicle control (Bjedov et al., 2010). 
To optimise the detection of pS6K the primary antibody was tested in 3 different concentrations 1:2000, 1:1000, and 1:500. A band of 70kDa in size was expected. While no signal was detected when 1:2000 dilution of the antibody was used. At 1:500 and 1:1000 (recommended dilution by the supplier) several bands were present between 50kDa and 37kDa, as well as two bands below 37kDa (Fig 3.9). The Western blots performed showed no specific binding of the antibody to pS6K. It was later confirmed by a collaborator, one of the authors from the Bjedov et al. (2010) that other groups were experiencing similar issues with recent batches of this antibody.
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[bookmark: _Toc43908783]Figure 3.9 pS6K antibody optimisation.
pS6K antibody tested at 1:500, 1:1000, and 1:2000 dilutions using protein lysates from 14-day old wDah female flies treated with either 100µM Zol (dissolved in PBS) or 200µM Rap (dissolved in EtOH) for 10 days. Expression of tubulin (Tub) was probed for normalisation. 30µg protein loaded in each well.



[bookmark: _Toc43908682]3.8.3 Zol and downstream metabolites in the mevalonate pathway affects phosphorylation level of AKT in Drosophila 
With no successful detection using pS6K antibody in Drosophila, another important mTOR pathway component is pAKT with protein size expected at 65kDa.
In order to determine whether treatment with Zol led to a reduction in pAKT expression, wDah females were fed with or without 100µM Zol. In order to determine whether reversal of the inhibition of the mevalonate pathway reversed pAKT inhibition, 330μM FOH/GGOH (two metabolites downstream of FPPS) were also used for 10 days before they were sacrificed for protein lysates. Groups of flies were also fed with PBS or EtOH as vehicle control for Zol or FOH&GGOH respectively. Phosphorylation level of AKT in wDah flies fed on food containing 100μM Zol, showed a significant reduction compared with PBS-treated flies (n=5; Fig 3.10 A&B).  A significant effect was detected between the Zol treated group when compared to PBS control-fed as well as to Zol treated groups (n=3; Fig 3.10 C&D). However, there was no significant difference between the PBS/EtOH groups and the Zol + FOH/GGOH treated groups. This showed FOH and GGOH abrogated the inhibition of pAKT by Zol. Quantification also showed no significant difference in total AKT/Tub ratio between all groups, indicating that  changes in AKT phosphorylation is not due to change in total amount of AKT in the flies (Fig 3.10 E). This showed FOH/GGOH could reverse inhibition of the mTOR pathway induced by Zol in Drosophila suggesting that inhibition of pAKT by Zol occurs via inhibition of the mevalonate pathway.
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[bookmark: _Toc43908784]Figure 3.10 Zoledronate affects the phosphorylation level of AKT in the mTOR pathway through mevalonate pathway.
(A) A representative example of AKT and pAKT expression in whole female flies fed on food containing 100μM Zol or PBS for 10 days. (B) Quantification of expression level of pAKT normalised to tubulin in presence or absence of Zol (100μM) administered in Drosophila food for 10 days. Quantification of protein expression was performed using imageJ (n=5). (C) A representative example of AKT and pAKT expression in whole female flies fed on food containing combinations of Zol (100 μM), FOH (330μM), GGOH (330μM), PBS and ethanol (EtOH) for 10 days. (D) Quantification of expression level of pAKT normalised to tubulin in presence or absence of Zol (100 μM), FOH (330μM) and GGOH (330μM) in Drosophila food for 10 days analysed by imageJ (n=3). (E) Quantification of expression level of AKT normalised to tubulin in presence or absence of Zol (100 μM), FOH (330μM) and GGOH (330μM) in Drosophila food for 10 days analysed by imageJ (n=3). 
Data are expressed as mean ±SD and were analysed by Mann Whitney test (t-test) or one way ANOVA and Bonferroni post-test for multiple comparisons *p<0.05, **p<0.01.
[bookmark: _Toc43908683]3.8.4 Reduction in pAKT level by Zol is dose dependent
To determine whether the reduction in expression levels of pAKT in Drosophila was dose-dependent 14-day old wDah female flies were fed with food containing Zol ranging from 1μM to 100μM for 10 days and were sacrificed for detection of pAKT and total AKT (n=3; Fig 3.11 A&B). The result showed a significant decrease in the level of pAKT/Tub level even at the smallest dose of 1μM, and no dose response was identified (Fig 3.11 B). Hence, another dose response experiment was performed, dosing between 0 to 1 μM Zol; again, female wDah were fed on the designated food for 10 days (n=3; Fig 3.11 C&D). A dose-dependent decrease in pAKT/Tub level was observed by feeding flies with Zol (Fig 3.11 D). No significant difference could be detected in the pAKT/Tub level between PBS-treated and 0.3μM Zol treated flies (Fig 3.11 D).  
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[bookmark: _Toc43908785]Figure 3.11 pAKT level reduction in Drosophila by treating them with Zol is dose dependent.
 (A) A representative example of AKT and pAKT expression in whole female flies fed on food containing 1-100μM Zol for 10 days. Group of flies were also fed with food containing PBS only as vehicle control. (B) Quantification of expression level of pAKT normalised to tubulin (Tub) in presence or absence of Zol (1-100μM) in Drosophila food for 10 days quantified by imageJ (n=3). (C) A representative example of AKT and pAKT expression in female flies fed on food containing 0.3-1μM Zol for 10 days. Group of flies were also fed with food containing PBS only for control. (D) Quantification of expression level of pAKT normalised to tubulin (Tub) in presence or absence of Zol (0.3-1μM) in Drosophila food for 10 days analysed by imageJ (n=3). 
Data are expressed as mean ±SD and were analysed by one way ANOVA and Bonferroni post-test for multiple comparisons *p<0.05, **p<0.01, ***p<0.001


[bookmark: _Toc43908684]3.8.5 Treatment with Zol for 7 days was sufficient to significantly reduce pAKT level in Drosophila and the effect was maintained for 7 days
To determine the time taken for Zol to induce inhibition of pAKT, a time course was then undertaken. Zol was administered at 1μM Zol for 0-10 days (n=3; Fig 3.12 A&B). The quantification of pAKT/Tub level showed that at least a 7-day treatment was required in female wDah flies (14-day old at start of experiment) for 1μM Zol to have a significant effect on the level of pAKT level in flies (Fig 3.12 B). 
To determine the time  it took for the effect of Zol on pAKT expression to wear off wDah females  at 14 days old were treated for 7 days on 1μM Zol , followed by transfer of the flies to  PBS-containing (vehicle) food for 0-10 days. Result showed a significant difference in the pAKT/Tub level up to 7 days after flies were back onto vehicle containing food (n=3; Fig 3.12 C&D).
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[bookmark: _Toc43908786]Figure 3.12 pAKT level was reduced significantly 7 days post Zol treatment and the level remained low for 7 days.
 (A) A representative example of AKT and pAKT expression in wDah female flies fed on food containing 1μM Zol for 0-10 days (flies were 14-day old at start of experiment). (B) Quantification of expression level of pAKT normalised to tubulin (Tub) in presence or absence of Zol (1μM) in Drosophila food for 0-10 days analysed by imageJ (n=3). (C) A representative example of AKT and pAKT expression in wDah  female flies fed on food containing 1μM Zol for 7 days and transferred back on control food for 0-10 days (flies were 14-day old at start of experiment). (B) Quantification of expression level of pAKT normalised to tubulin (Tub) in absence of Zol in Drosophila food for 0-10 days analysed by imageJ (n=3). 
Data are expressed as mean ±SD and were analysed by one way ANOVA and Bonferroni post-test for multiple comparisons **p<0.01, ***p<0.001


[bookmark: _Toc43908685]3.8.6 FPPS heterozygote mutant flies showed reduced level of pAKT compare to their wild-type siblings
If Zol inhibits FPPS in the mevalonate pathway in Drosophila, as it does in the mammalian system, FPPS mutant flies would also have a decreased level in pAKT compared with wild-type flies, similar to wDah flies treated with Zol. Two FPPS heterozygote mutant strains were generated (Fppsk06103/+ and Fppsk03514/+, details see Table 2.1) by backcrossing FPPS mutants to wDah (wild type) flies for over 7 generations as described in section 2.2.1. fourteen-day old female heterozygote mutant flies were then sacrificed and probed with anti-pAKT using western blot together with wDah females. As expected, the level of pAKT/Tub level was significantly lower in the FPPS mutants compared with wDah control (n=3; Fig 3.13) while total AKT remained the same.
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[bookmark: _Toc43908787]Figure 3.13 pAKT level was significantly lower in FPPS.
(A) A representative example of AKT and pAKT expression in 14-day old FPPS female mutant flies (Fppsk06103/+ and Fppsk03514/+) and wild-type wDah females. (B) Quantification of expression level of pAKT normalised to tubulin (Tub) in FPPS mutant flies analysed by imageJ (n=3). 
Data were expressed as mean ±SD and were analysed by one way ANOVA and Bonferroni post-test for multiple comparisons **p<0.01


[bookmark: _Toc43908686]3.9 Discussion
Zoledronate has been associated with a decrease in mortality rate in patients in clinical trials; and it has been shown patients pre-administered with Zol had higher resilience towards critical illnesses (Lyles et al., 2007; Eriksen et al., 2009; Bolland et al., 2010; Colon-Emeric et al., 2010; Morgan et al., 2010; Lee et al., 2016). Previous study in vitro has also demonstrated increase in cell population doublings and delay in cellular senescence when human mesenchymal stem cells were treated with Zol (Juhi et al., 2015). In this project I wanted to test effect of Zol on the lifespan and healthspan of short-lived model organism Drosophila and the first step was to understand whether Zol was acting through similar molecular pathway seen in hMSC in Drosophila.
In the mammalian system the mevalonate pathway and molecules of the mTOR pathway are inhibited by the administration of Zol (Juhi et al., 2015). The Mevalonate pathway in insects such as Drosophila is somewhat different to that in vertebrates. One of the important final products of mevalonate pathway in the mammalian system is cholesterol, which maintains cell membrane and has an implication for human cardiovascular diseases (Goldstein and Brown, 1990). However, insects do not synthesize cholesterol de novo as they lack genes encoding enzymes of the sterol branch, while they produce juvenile hormones which regulates embryonic development, repress metamorphosis and induce pheromone production uniquely in insects (Clark and Block, 1959; Santos and Lehmann, 2004). At the same time, geranyl diphosphate synthase and farnesyl diphosphate synthase (FPPS, potential target of Zol) gene is present in Drosophila (Eigenheer et al., 2003; Keeling, Blomquist and Tittiger, 2004). Similarly, production of farnesol (FOH) and geranylgeraniol (GGOH) resulting in prenylation of small GTPases are also present (Santos and Lehmann, 2004; Deshpande and Schedl, 2005).  These data show some similarity in the mevalonate pathway, particularly in the branch which has been previously shown to be important in mediating the action of Zol on pAKT and mTOR, between vertebrate and insect systems. To verify whether Zol was promoting a reduction in protein prenylation I first attempted to identify localisation change of protein Pk upon administration of Zol to GFP-pk flies. However, it was hard to precisely quantify whether the ratio of Pk abundancy in the cytosol compared to membrane changed following administration of Zol-by imaging.
For a more quantitative method, cytosolic and membrane protein fractions from GFP-pk and GFP- pkΔCAAX flies were quantified by western blot. Nuclear and membrane fractionation was achieved successfully as shown by  the expression of tubulin in the cytosolic compartment and armadillo  in the membrane compartment. However, degradation might have happened during cell fractionation, dissociating GFP with Pk. This approach was therefore not appropriate.
A similar lack of detection in prenylation changes was observed when analysing prenylation of Rho1 following treatment with zol. Difficulty in localisation assay of small GTPases in Drosophila has been reported before. Spindler et al. attempted multiple times trying to identify localisation of small Ras family GTPases on plasma membrane and cytosol using Western blot without success . They then used proteins from mice liver and successfully detected an increase in prenylation level of both Rab4 and Ras when mice were treated with statins (Spindler, Li, Dhahbi, Yamakawa, Mote, et al., 2012b). Hence, there are two possibilities for this lack of response. It could mean that either Rho1 prenylation pattern was not changed in Drosophila S2R+ cells upon treatment with Zol or knockdown of its target FPPS. However, this is unlikely. The process of prenylation in Drosophila has shown similarity to that in the mammalian system, with CAAX motif on prenylated proteins and conserved components like FOH, GGOH, and FPPS in the mevalonate pathway (Eigenheer et al., 2003; Keeling, Blomquist and Tittiger, 2004; Santos and Lehmann, 2004; Deshpande and Schedl, 2005). Subcellular localisation of Drosophila Ras1 has been shown to change with mutations in the CAAX prenylation motif, indicating protein prenylation in Drosophila would facilitate their attachment to the plasma membrane, similar to that in the mammalian system (Michaelson et al., 2005; Sung et al., 2010). Immunoprecipitation of Rho1 protein from Drosophila head lysates showed specific binding to anti-farnesyl antibody (Cook et al., 2012). Similarly, RhoA, the vertebrate orthologue of Drosophila Rho1 has a farnesylated form as well (Allal et al., 2000). This evidence suggests Rho1 should be prenylated in Drosophila. The other possibility is the technique used to extract protein from whole flies and Drosophila cells was not sufficiently sensitive to detect Rho1 in western blot. Most Drosophila studies on prenylation use genetic approaches, judging localisation of prenylated/unprenylated proteins through imaging. A previous study did report using Western blot, amount of prenylated Rho1 was decreased in heterozygous Fppsk03514/+ flies compared with wild-type flies. In this study, immunoprecipitations from lysates using anti-Rho1 were performed, followed by Western blot probing with an anti-farnesyl antibody which was no longer available at the time of my study (Cook et al., 2012). This shows that rather than differences in biological processes between Drosophila and mammalian systems, it is more likely that the technique used did not allow for the detection in changes in prenylation. Other methods including gas chromatography and mass spectrometry could have been incorporated to analyse amount of prenylated proteins in an organism or cells. It was previously challenging to detect prenylation in a large pool of unprenylated proteins using mass spectrometry due to poor selectivity and limited proteome coverage. The focus of these studies were to detect farnesylated proteins, with almost no studies available on fragmentation behaviour of geranlgeranyl peptides, one of the other major type of prenylation in proteins (Jenkins et al., 2003; Hoffman and Kast, 2006; Wotske, Wu and Wolters, 2012). Recent studies using a combination of collision-induced dissociation and electron transfer dissociation fragmentation techniques showed clear distinction in prenylated form of peptides and detailed fragmentation of geranylgeranylated peptides which can be a very useful tool in analysing prenylation pattern of proteins (Bhawal, Shahinuzzaman and Chowdhury, 2017). On top of mass spectrometry, recent advances developed by Storck et al. includes a pair of alkyne-containing probes which can be metabolically incorporated into proteins. The alkyne tags also allow prenylated proteins to be affinity purified, therefore isolated and identified by liquid chromatography-mass spectrometry (Doerr, 2019; Storck et al., 2019). Going forward it would be good to attempt some of these approaches to confirm the changes in prenylation.
Although detection of prenylation changes in response to Zol treatment was not successful, further investigations were carried out in the downstream mTOR pathway. Zol has been reported to inhibit both the TORC1 and TORC2 complexes in the mammalian system and phosphorylation of protein S6K decreased when hMSCs were treated with Zol (Juhi et al., 2015). An equivalent Drosophila pS6K antibody was used by Bjedov et al. in their study of rapamycin, showing significant reduction in the level of pS6K when flies were treated with rapamycin, while total S6K remained constant (Bjedov et al., 2010). However, this project did not show the presence of specific binds by western blot, despite several optimisation attempts using different concentrations of this antibody. This might have been caused by defects in the batch of antibody used, as other groups were experiencing similar issues with this antibody at the time of the study. 
Western blots performed using pAKT and total AKT antibodies, showed phosphorylation of AKT did reduce when flies were treated with Zol in a dose and time-dependent manner. This effect was reversed by FOH/GGOH, showing that Zol did affect AKT phosphorylation level through the mevalonate pathway (pathway see Fig 1.5). This approach has been used before to test the involvement of the mevalonate pathway (Juhi et al., 2015). Heterozygote FPPS mutant flies also showed significant reduction in level of pAKT compare to wild-type wDah. An experiment involving treating FPPS mutant flies with FOH&GGOH could have been performed as well, to see if the reduction in level of AKT phosphorylation can be rescued by administering downstream metabolites of the mevalonate pathway to FPPS mutant flies. Though AKT is just one of the many components in the mTOR pathway which would have been affected by Zol, these experiments did show inhibition of this mTOR pathway component using Zol. Due to limitation in antibodies that are reactive to Drosophila, phosphorylation level of other components of the mTOR pathway such as 4EBP1 and Foxo could not be tested. However, genetic approaches were identified and will be the focus of the next chapter.
Chapter 3. Mechanism of Action of Zoledronate in Drosophila system


CHAPTER 4. [bookmark: _Toc43908687]EFFECTS OF ZOLEDRONATE ON DNA DAMAGE REPAIR


[bookmark: _Toc43908688]4.1 Introduction
In chapter 3, it was shown that in Drosophila, Zol affects the phosphorylation of AKT, a downstream component in the mTOR pathway and two metabolites in the mevalonate pathway rescued this effect. Previous work in the Bellantuono lab has also shown the ability of Zol to increase nuclear translocation of Forkhead box O3a (FOXO3a) and pATM recruitment which is part of the DNA repair machinery, and this results in a decrease in the number of gamma H2AX (H2AX) DNA damage foci in human mesenchymal stem cells (hMSCs) (Juhi et al., 2015). This chapter will discuss verification of whether a similar mechanism acts in Drosophila using a combination of tools including antibodies and genetic tools. Antibodies to detect DNA damage will be used, however, as reliable antibodies are in short supply in Drosophila, the investigation will include genetic tools to infer the action of Zol on oxidative stress and repair pathways.
Irradiation by Cs137 source  generates DNA damage in Drosophila (Lake, Holsclaw, et al., 2013; Shim et al., 2014) and by irradiating larvae from Drosophila line w+; GMR-Gal4, UAS-whiteRNAi, eye pigmentation of the adult flies changes if DNA damage occurs at specific sites. w+; GMR-Gal4, UAS-whiteRNAi flies have w+ gene on Chromosome X; expression of w+ gene causes red pigmentation in eyes of Drosophila. GMR-Gal4 contains a glass multiple reporter (GMR) that is strongly expressed in the developing fly eye (Hay, Wolff and Rubin, 1994; Morrison and Halder, 2010). Under this promoter, the Gal4-UAS system expresses whiteRNAi gene in developing eyes of Drosophila, as illustrated in Fig 4.1 A. Due to the eye-specific expression of whiteRNAi under control of the Gal4-UAS system as explained in section 2.2.1, dsRNA targeting w+ mRNA is transcribed. The dsRNA binds with Dicer2 (Dcr-2) and eventually forms RNA-induced silencing complex (RISC) with siRNA targeting white mRNA. The disruption of w+ mRNA expressed on Chromosome X results in lack of pigment in their eyes, hence the flies eyes are white instead of red (Fig 4.1A). In  By irradiating Drosophila during mid-3rd instar larvae stage, DNA damage can occur in one of the GMR-Gal4, UAS-whiteRNAi constructs, which causes damage to the machinery expressing the whiteRNAi gene. If these DNA damage sites lack proper repair, Drosophila larvae would develop into adult flies with cells that are able to express undisrupted w+ mRNA. Each red spot in adult flies’ eyes represent a cell with DNA damage which did not get repaired during the larvae stage (Fig 4.1 B). Hence, higher frequency of red colonies in adult flies’ eyes is associated with higher level of DNA damage which has persisted due to lack of repair. Zol has shown to enhance DNA damage repair in hMSCs, so it is logical to hypothesise that ‘Zol-treated w+; GMR-Gal4, UAS-whiteRNAi Drosophila have fewer red colonies in their eyes after irradiation’.
Paraquat (PQ) and hydrogen peroxide (H2O2) are two molecules extensively used to challenge flies, in order to test their stress response (Chen, Hales and Ozanne, 2007; Rzezniczak et al., 2011; Hosamani and Muralidhara, 2013). PQ is an herbicide; in vivo, PQ undergoes NADPH-dependent reduction and the stable PQ radical reacts with oxygen to generate a reactive oxygen species (ROS) called a superoxide anion (Bus and Gibson, 1984). H2O2 is the most diffusible and stable of ROS and is used as a behaviour regulator in Drosophila (Balaban, Nemoto and Finkel, 2005; Grover et al., 2009). Both PQ and H2O2 have shown to induce DNA damage in Drosophila (Ali et al., 1996; Shukla, Pragya and Chowdhuri, 2011; Mehdi and Qamar, 2013). The lifespan of flies decreases drastically from a maximum of 90 days to less than 2 weeks when they are raised on food containing either 5% H2O2 or 200µM PQ due to the in vivo oxidative damage generated (Grover et al., 2009; Bjedov et al., 2010; Slack et al., 2010). Previous work done in the Partridge lab has shown Rap, which inhibits the mTOR pathway, significantly increase lifespan of flies treated with PQ (Bjedov et al., 2010). Based on the findings that Zol protects hMSCs from DNA damage by modulating mTOR signalling, and Rap extended lifespan of flies treated with PQ, it can be hypothesised that ‘Zol will extend the lifespan of wild-type flies treated with PQ or H2O2’.


Chapter 4. Effects of Zol on DNA damage repair
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[bookmark: _Toc43908788]Figure 4.1 w+; GMR-Gal4, UAS-whiteRNAi Drosophila eyes genetic illustration and images.
 (A) An illustration showing Chromosome X of the Drosophila gene express white+ gene, while GMR promoter expresses dsRNA which targets white mRNA, resulting in white-eyed Drosophila. A representative image of an eye from a non-irradiated w+; GMR-Gal4, UAS-whiteRNAi fly (B) An illustration showing Chromosome X of the Drosophila gene express white+ gene, with no whiteRNAi production due to DNA damage on Chromosome 3, the white+ gene is expressed and red spots would be shown on Drosophila eye. A representative image of an eye from a w+; GMR-Gal4, UAS-whiteRNAi fly with DNA damage, expressing the w+ gene (red colony)
The aim of this chapter is to understand whether irradiation-generated DNA damage or oxidative stress generated through PQ or H2O2 feeding can be attenuated by treating Drosophila with Zol. The aims will realised by examining:
· The effect of pre-treating Drosophila with Zol on expression level of H2Ax in vitro
· The effect of pre-treating Drosophila with Zol on DNA damage rate using both homozygous and heterozygous w+; GMR-Gal4, UAS-whiteRNAi flies in vivo
· The effect of Zol, FOH and GGOH on survivorship of Drosophila when exposed to paraquat (PQ) or hydrogen peroxide (H2O2)
· The effect of FPPS and FOXO mutation on lifespan of Drosophila when exposed to H2O2 



[bookmark: _Toc43908689]4.2 Development of double strand breaks (DSBs) detection in Drosophila using H2Av and H2Ax antibodies
It has been shown in previous research that hMSCs treated with Zol enhanced DNA repair activity upon irradiation, and that fewer H2Ax foci was enumerated 4 hours after irradiation compared with controls (Juhi et al., 2015). H2Ax was shown to be recruited to DNA damage sites, which then facilitates recruitment of DNA repair machinery (Kobayashi, 2004). In the presence of DNA damage, it is phosphorylated on Serine139 residue (termed H2Ax) within minutes (Rogakou et al., 1998; Kuo and Yang, 2008). Hence, H2Ax foci is a good indicator of DNA damage quantity. To test whether Zol treatment reduced accumulation of DNA damage in Drosophila, the optimisation of detection of DNA damage using H2Av and H2Ax antibodies was attempted. The antibody H2Av has been reported to be a monoclonal antibody to the phospho-specific form of Drosophila H2Av, so 14-day old wDah flies (mix between males and females) were first irradiated at 10Gy and 40Gy, as described by Lake et al. who generated the monoclonal antibody (Lake, Korda Holsclaw, et al., 2013), and sacrificed for Western blot H2Av protein assessment 10 mins, 4, 8, and 24 hours post irradiation. The H2Av antibody was tested at 1:3000, 1:1000, and 1:100 with either 5% BSA-TBST (Fig 4.2A) or 5% milk-TBST (Fig 4.2B) as blocking solutions. When the antibody was used at 1:1000 or 1:100 dilution in blocking solution containing 5% BSA, unspecific binding was observed while when 1:3000 was used, no binding could be identified (Fig 4.2A). When the antibody was used at 1:1000 and 1:100 dilution in 5% milk-TBST, no binding could be identified (Fig 4.2B). At the same time, the size of H2Av was expected at 15kDa, but no bands were observed at the 15kDa site. 
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[bookmark: _Toc43908789]Figure 4.2 Detection of H2Av antibody in whole flies with or without irradiation.
Western blot for expression of H2Av and Tubulin (Tub, bottom panel) in 14-day old wDah whole-flies (mixture of males and females) 10mins, 4, 8 and 24 hours after 10Gy or 40Gy irradiation compared to non-irradiated expression (last column of the western blot). (A) H2Av antibody blocked in 5% BSA-TBST, (B) H2Av antibody blocked in 5% milk-TBST. Antibody concentrations used varied in between 1:100 to 1:3000. 30µg protein loaded in each well.



Due to the high level of unspecific bindings observed in H2Av Western blot, a second phospho-specific antibody to the histone 2A was used (H2Ax, 05-636, Millipore). Fourteen-day old wDah flies were first irradiated at 10Gy and 40Gy and sacrificed 10mins after irradiation. Compared with non-irradiated flies, 10Gy irradiated flies did not have any increase in detection while 40Gy irradiated flies had a very slight increase in the amount of H2Ax expression, a very faint band was shown around 15kDa in 40Gy irradiated fly sample (Fig 4.3 A). To intensify the detection, 14-day old wDah flies were then irradiated at 200Gy and sacrificed 10mins post irradiation for H2Ax expression detection. Here, compared with non-irradiated flies, there was a small increase detected in the band around 15kDa (Fig 4.3 A). However, even though one single band should be expected at 15kDa for H2Ax expression, multiple bands could be seen at higher molecular weights, indicating low specificity of the antibody.
The final phospho-specific antibody towards the histone 2A tested was monoclonal H2Ax from Cell Signaling (9718S). Fourteen-day old wDah flies (mixture of males and females) were irradiated at 200Gy to generate DSBs and were sacrificed 10mins post irradiation for detection of H2Ax expression by Western blot. A significant increase in H2Ax level could be identified by comparing the 200Gy irradiated flies with non-irradiated flies, showing the amount of DSBs increase upon irradiation in flies (Fig 4.3 B-C).
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[bookmark: _Toc43908790]Figure 4.3 Detection of H2Ax antibody in whole flies with or without irradiation.
 (A) Western blot for expression of H2Ax (Millipore, 05-636) and Tubulin (Tub, bottom panel) in 14-day old wDah whole-flies (mixture of males and females) 10mins after 10, 40, or 200Gy irradiation compared to non-irradiated flies. (B) A representative example of western blot showing expression of H2Ax (Cell Signaling, 9718S) and Tubulin 10mins after 200Gy irradiation compared to non-irradiated flies (14-day old wDah whole-flies, mixture of males and females used). (C) Quantification of H2Ax (9718s) proteins normalised to Tub in non-irradiated and 200Gy-irradiated flies. 
Data presented as mean ±SD and were analysed by unpaired t-test in Prism *p<0.05.


To determine whether Zol treatment was associated with DNA repair in Drosophila; 14-day old wDah flies were treated with control (PBS), or 1μM and 10μM Zol containing food for 10 days, before they were irradiated at 200Gy. Flies were sacrificed 10mins, 2, 6, 12, and 24 hours post irradiation for H2Ax expression detection (Fig 4.4 A-C). It was shown from the quantification that immediately post irradiation, the PBS and 1μM Zol fed flies showed reduced level of H2Ax compared to that of PBS treated flies. Two hours post irradiation, H2Ax/Tub level showed that the 3 treatments did not make a great difference in the amount of DNA damage at that time point. However, after the 2-hour timepoint, lower levels of H2Ax  was detected in 1μM and 10μM Zol-treated flies compared to PBS control-treated until 48-hours post irradiation, when the H2Ax level went back to baseline (n=3, Fig 4.4 D).  However, although there is some variability detected in the H2Ax/Tub level before and after irradiation  no significant difference were observed at any timepoint in this assay.
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[bookmark: _Toc43908791]Figure 4.4 Time course of H2Ax expression in whole flies upon irradiation.
Representative examples of Western blot for H2Ax (Cell Signaling, 9718S) and Tubulin (Tub, top panel) expression in whole-fly at 0, 2, 6, 12, 24 and 48 hours after 200Gy irradiation, using 24-day old male and female flies treated on food containing (A) control (PBS, 0μM Zol), (B) 1μM Zol and (C) 10μM Zol for 10 days (flies were 14-day old at start of treatment). 30µg protein loaded in each well. (C) Quantification of H2Ax proteins normalised to Tub in non-irradiated and 200Gy-irradiated flies. Data were expressed as mean ±SD and were analysed by by one way ANOVA and Bonferroni post-test for multiple comparisons.


[bookmark: _Toc43908690]4.3 DNA damage level upon irradiation is reduced when Drosophila are treated with Zol
With the unsuccessful attempts to reliably identify DNA damage using H2Ax or H2Av antibodies, indirect measurements were performed using Drosophila line w+; GMR-Gal4,UAS-whiteRNAi.
Drosophila w+; GMR-Gal4,UAS-whiteRNAi fed on 4 different kinds of food (control-PBS&EtOH, 1μM Zol, 10μM Zol, and 10μM Zol with 330μM FOH, and GGOH) were irradiated at 96 hours after hatching using one dose of 200Gy irradiation. During larvae stages, any DNA damage occurring in the genome of imaginal discs cells expressing GMR-Gal4,UAS-whiteRNAi would cause red colonies to form in the eyes of fully developed adult flies (Fig 4.1). The number of red colonies formed in adult flies were enumerated and the rate of red-colony forming was calculated (Fig 4.5 A). Roughly 1500 flies (5 bottles of flies hatched from synchronised collected eggs) were analysed per repeat for each treatment group (n=3). In both the homozygote GMR-Gal4,UAS-whiteRNAi flies (Fig 4.5 B) and heterozygote GMR-Gal4,UAS-whiteRNAi flies (Fig 4.5 C), the rates of red-colony formation were significantly reduced when comparing control to 1 or 10μM Zol treated Drosophila. However, when Drosophila were treated with 10μM Zol in combination with 330μM FOH and GGOH, the rate of red-colony formation increased significantly compared with Drosophila treated with 10μM Zol alone. When compared to PBS-fed Drosophila (control), the rate of red-colony formation is still significantly reduced. This partial rescue of Zol’s effect through FOH and GGOH suggests that the effect of Zol in Drosophila could be through the mevalonate pathway as well.
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[bookmark: _Toc43908792]Figure 4.5 Red colonies formation rate in GMR-Gal4,UAS-whiteRNAi Drosophila upon irradiation.
 (A) Time line of experiment. (B) Percentage of eyes with red colonies upon 200Gy irradiation in homozygous w+; GMR-Gal4,UAS-whiteRNAi flies when treated with PBS (control), 1μM Zol, 10μM Zol, or 10μM Zol with 330μM FOH and GGOH from larvae stage. Roughly 1500 flies per treatment group were analysed for each repeat (n=3) (C) Percentage of eyes with red colonies upon 200Gy irradiation in heterozygous w+; GMR-Gal4,UAS-whiteRNAi flies when treated with PBS (control), 1μM Zol, 10μM Zol, or 10μM Zol with 330μM FOH and GGOH from larvae stage. Roughly 1500 flies per treatment group were analysed for each repeat (n=3)
Data are expressed as mean ±SD and were analysed by one way ANOVA and Bonferroni post-test for multiple comparisons ***p<0.001, ****p<0.0001



[bookmark: _Toc43908691]4.4 Zol protects wild-type Drosophila from oxidative stress
Paraquat (PQ) and hydrogen peroxide are used in Drosophila studies as a source of oxidative stress. Previous research (Bjedov et al., 2010) has shown that 20mM PQ in the Drosophila diet, reduces the lifespan of female flies to less than a week. A combination of PQ feeding with Rap, showed a significant increase of lifespan compared with flies fed with PQ alone. It was therefore important to test whether Zol can protect Drosophila from oxidative stress.
[bookmark: _Toc43908692]4.4.1 Zoledronate does not increase lifespan of flies fed on food containing 20mM PQ
To determine whether Zol could protect Drosophila from oxidative stress, flies were treated with 0, 0.5, or 1μM Zol together with 20mM PQ. 
Both males and females showed a reduction of maximum lifespan from up to 90 days to less than a week on 20mM PQ food. Combination of Zol and PQ in food did not change the survivorship of flies compared with groups kept on food containing 20mM PQ alone (100 flies per condition, n=3, Fig. 4.6). Combined analysis for both males and females showed no difference in lifespan between each treatment either.
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[bookmark: _Toc43908793]Figure 4.6 Zol does not have an effect on lifespan of wDah fed with food containing 20mM PQ.
Survivorship of 14-day old wDah flies fed on food in presence or absence of 0.5 or 1μM Zol and 20mM PQ throughout their lives. Three replicates were generated for both females (A, B and C) and males (D,E and F) with 100 flies per condition. Data from the 3 repeats were combined, plotted and analysed in Prism for both females (G) and males (H).
Data were analysed using Prism 7 by Log-rank (Mantel-Cox) test and Bonferroni post-test for multiple comparisons 



[bookmark: _Toc43908693]4.4.2 Pre-treatment of flies with Zol does increase lifespan of flies fed on food containing H2O2 and the effect is mediated through the mevalonate pathway
The survival curve generated for flies fed with 20mM PQ showed that majority of flies were dead 24hrs after being exposed to PQ. Hence, in order to assess changes in survivorship within the first 24 hours, death needed to be scored every 2 hours. This would have involved multiple operators in the lab working around the clock, which was not possible. H2O2 is another stress inducer used in the study of Drosophila, and flies survive longer compared with those fed with PQ. Hence, tests were established to introduce oxidative stress in vivo to flies by feeding them H2O2. A trial experiment was first operated. Four-day old female wDah flies were either treated with PBS (control), 10μM Zol or 200μM Rap at the same time when 5% H2O2 or they were pre-treated with either PBS or 10μM Zol for 7 days before being exposed to 5% H2O2 (Fig 4.7 A). Results showed that Rap significantly increased the lifespan of female flies when exposed to 5% H2O2 compared with vehicle control. Flies pre-treated for 7 days with Zol before being exposed to 5% H2O2 also showed a significant increase in lifespan compared with controls. However, without pre-treatment, there was no lifespan extension observed when flies were fed on combination of Zol and 5% H2O2 compared with vehicle control (100 flies per condition, Fig. 4.7 B).
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[bookmark: _Toc43908794]Figure 4.7 Flies pre-treated with Zol did experience an increase in lifespan when exposed to oxidative stress induced by H2O2.
 (A) Timeline of experiment. (B) Survivorship of female wDah flies fed on food containing 5% H2O2. The flies were treated with 5% H2O2 in combination with PBS, 10μM Zol, 200µM rapamycin (Rap), 7-day pre-treatment with PBS or 7-day pre-treatment with 10μM Zol. Data were analysed using Prism 7 by Log-rank (Mantel-Cox) test and Bonferroni post-test for multiple comparisons, **p<0.01, ****p<0.0001




To determine whether this effect was a result of Zol acting on the mevalonate pathway, 4-day old wDah females were pre-treated with PBS+EtOH (control), 10μM Zol or 10μM Zol in combination with 330μM FOH&GGOH (100 flies per condition, n=5, Fig 4.8 A-E). As before, the survivorship curves indicated pre-treatment with 10μM Zol increased the lifespan of flies upon exposure with 5% H2O2. The addition of FOH/GGOH reversed this effect and there was no significant difference between flies pre-treated with Zol in combination with FOH&GGOH and the PBS+EtOH (vehicle control) group. When comparing survivorship of wDah females that were pre-treated with 10μM Zol compared to pre-treatment using 10μM Zol + 330μM FOH&GGOH, 3 out of 5 repeats showed significant difference. When all data from 5 replications were combined, pre-treating flies with Zol showed a significant increase in lifespan upon exposure with 5% H2O2 compared to control. and this increase was alleviated when flies were pre-treated with FOH and GGOH together with Zol (Fig 4.8 F). These data showed a partial rescue of Zol’s effect on flies by addition of FOH and GGOH, indicating that Zol’s effect was mediated through the mevalonate pathway.
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[bookmark: _Toc43908795]Figure 4.8 Unlike flies pre-treated with Zol alone, flies pre-treated with Zol+FOH&GGOH did not experience an increase in lifespan when exposed to oxidative stress induced by H2O2.
Survivorship of female wDah flies fed on food containing 5% H2O2. Four-day old females were pre-treated PBS+EtOH (control), 10μM Zol, or 10μM Zol in combination with 330μM FOH&GGOH. Five replicates were generated (A-E), with 100 flies per condition per replicate. (F) Combined data for all 5 replicates plotted and analysed in Prism. (G) Summary of statistical differences between groups pre-treated with or without Zol, FOH and GGOH. Data were analysed using Prism 7 by Log-rank (Mantel-Cox) test and Bonferroni post-test for multiple comparisons *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001


[bookmark: _Toc43908694]4.5 FPPS mutant Drosophila have a longer lifespan under oxidative stress than wild-type Drosophila
As Zol acts through the mevalonate pathway by inhibiting FPPS (Fig 1.4), two FPPS mutant strains: Fppsk06103 and Fppsk03514(as described in Table 2.1) were outcrossed with wild-type wDah and heterozygote mutant flies Fppsk06103/+ and Fppsk03514/+ were used. This theoretically should reduce the level of FPPS protein by approximately 50%, as one copy of their genes has Fpps mutation. As previously described, pre-treating wDah with 10µM Zol for 7 days significantly increased their lifespan after being exposed to food containing 5% H2O2. The two FPPS heterozygote mutants also showed increased survival when exposed to oxidative damage (H2O2), consistent with the notion that the extension in survival seen with Zol is mediated through inhibition of FPPS in the mevalonate pathway. (100 flies per condition, n=3, Fig 4.9)
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[bookmark: _Toc43908796]Figure 4.9 FPPS mutant flies have a significant longer lifespan compare to wild-type control when exposed to oxidative stress induced by H2O2.
 (A,B and C) Survivorship of female flies fed on food containing 5% H2O2. The flies were either 4-day old wDah pre-treated PBS or 10μM Zo for 7 days, or two heterozygote FPPS mutants: Fppsk06103/+ and Fppsk03514/+, 11 days old at start of survivorship analysis. Three replicates were generated with 100 flies per condition per replicate. (D) Combined data of the three repeats A-C. (E)Summary of statistical analysis. Data were analysed using Prism 7 by Log-rank (Mantel-Cox) test and Bonferroni post-test for multiple comparisons *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 



[bookmark: _Toc43908695]4.6 6 Zol does not increase the survival of Drosophila FOXO mutant flies when exposed to H2O2
In the mammalian system using hMSCs, the Bellantuono lab has shown that Zol repairs DNA damage via regulating FOXO3a (Juhi et al., 2015). To determine whether Zol protect cells from DNA damage generated by oxidative stress through FOXO in Drosophila, the Drosophila mutant line w1118; foxoΔ94/TM6B, Tb1 was used. The mutant line was backcrossed with wDah flies to generate heterozygote dFOXO Δ94/+ flies. Four-day old female dFOXO Δ94/+  flies were pre-treated with either PBS or Zol for 7 days together with wDah control before being exposed to 5% H2O2. While wDah pre-treated with 10μM Zol showed a significant increase in lifespan when exposed to 5% H2O2, pre-treating dFOXO Δ94/+ flies with Zol did not have any beneficial effect (100 flies per condition, n=3, Fig 4.10).
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[bookmark: _Toc43908797]Figure 4.10 FOXO mutant flies does not experience beneficial effect when pre-treated with Zol after being exposed to oxidative stress induced by H2O2.
Survivorship of female flies fed on food containing 5% H2O2. The flies were either 4-day old wDah or dFOXO Δ94/+ flies pre-treated PBS or 10μM Zol. Three replicates were generated (A-C), with 100 flies per condition per replicate. (D) Combined data for A-C plotted and analysed in Prism. (E) Summary of statistical analysis. Data were analysed using Prism 7 by Log-rank (Mantel-Cox) test and Bonferroni post-test for multiple comparisons *p<0.05, **p<0.01, ***p<0.001


[bookmark: _Toc43908696]4.7 Discussion
In the mammalian system using hMSCs, our lab has shown that Zol repairs DNA damage via the mTOR pathway in vitro (Juhi et al., 2015). This chapter outlines the investigation of whether this mechanism is conserved in Drosophila in vivo. To address this, levels of H2Ax or H2Av at different time points post-irradiation were measured. Irradiation is one way to generate double strand breaks (DSBs) and one of the earliest events after DSB formation is phosphorylation of the histone 2A variant, termed H2Ax (Talbert and Henikoff, 2010; Lake, Holsclaw, et al., 2013; Shim et al., 2014). Directly after irradiation, there will be an increase in detection of histone 2A variant and as cellular DNA repair occurs. If Zol were to enhance the repair of DNA damage in Drosophila, flies treated with Zol would have a more rapid reduction in histone 2A variant post-irradiation. In the mammalian system phosphorylation occurs at serine 139 and is named H2Ax (Rogakou et al., 1998) while in Drosophila, the conserved phosphorylation is at serine 137, named H2Av (Madigan, 2002). A monoclonal antibody has been developed to recognise the Drosophila-specific phosphorylated H2Av (Lake, Korda Holsclaw, et al., 2013). It has been shown that upon irradiation at 1000 rads (10Gy), both Drosophila S2 cells and whole flies had a dramatic increase in the amount of H2Av assayed using Western blot (Lake, Korda Holsclaw, et al., 2013). However, it was not possible for me to detect  a unique band at the expected molecular weight of 15kDa by irradiating whole flies at 10Gy or 40Gy. Substantial amounts of non-specific binding occurred. The failure to detect specific binding at 15kDa could be due to two reasons, first the irradiation source used in the study was an X-ray machine while other studies conducted by Lake et al. used Cs137 gamma source, which may cause different levels of DNA damage. Secondly the antibody acquired from the Developmental Studies Hybridoma Bank was in serum and might have been in very low concentration. This means a Protein A column purification may have been necessary before the antibody could be used for Western blot. Protein A purification was performed prior using this antibody for Western blot in the study which the anti-H2Av was generated (Lake, Korda Holsclaw, et al., 2013). Subsequently, Drosophila lysates were assayed on Western blot using two H2Ax antibodies that were raised for mammalian system. Sequence alignment between H2Ax and H2Av has shown a conserved SQ-Y motif at c-terminus (Redon et al., 2002). It has been reported that antibodies to human H2Ax can detect Drosophila H2Av but sometimes lack specificity (Rogakou et al., 1999; Jang et al., 2003; Mehrotra and McKim, 2006). One of the H2Ax antibodies (05-636, Millipore) showed a slight increase in H2Ax expression with 40Gy irradiation, and it was only after the flies were irradiated at 200Gy was a significant increase in H2Ax level detected. This shows that with an increase in irradiation level the amount of DNA damage occurred in Drosophila would increase as well, 40Gy irradiation generated by the x-ray source might not be enough for us to detect a difference in the amount of H2Ax. Even though there was a significant increase in H2Ax level post irradiation (10mins), this difference was insufficient to detect whether the rate of reduction in H2Ax level was significantly different between flies pre-treated with or without Zol. 
To determine the rate of DNA repair using an alternative method, w+; GMR-Gal4,UAS-whiteRNAi flies were used. The eye-specific driver GMR-Gal4 drives the expression of dsRNA for RNAi of white under UAS control (Hay, Wolff and Rubin, 1994; Kalidas and Smith, 2002; Li et al., 2012; Liang et al., 2015). The eye colour of flies in a w+ background is normally red, however, with expression of whiteRNAi, the eye colour of these flies is white instead (Fig 4.1). By irradiating late-stage larvae at 200Gy, DNA damages on GMR-Gal4,UAS-whiteRNAi site in future pigment cells of the developing eye imaginal discs would cause red colonies to form in Drosophila eyes (Fig 4.1). Drosophila fed with Zol has shown a significant decline in the number of red colonies, which indicates a reduced level of DNA damage in the adult fly. Given the rate of DNA damage is the same upon irradiation, reduced level of red colonies indicates reduced level of DNA damage accumulation in Drosophila treated with Zol. 
Other than irradiation, oxidative damage could also induce DNA damage (Ali et al., 1996; Shukla, Pragya and Chowdhuri, 2011; Mehdi and Qamar, 2013). To determine whether adult flies are more resistant to oxidative stress following treatment with Zol, paraquat (PQ) and hydrogen peroxide (H2O2) were used to induce oxidative damage to flies. By treating the flies with Rapamycin (Rap), lifespan of female flies fed on food containing PQ was extended compared with controls (see section 2.2.2, Fig 2.2). The same results were generated by Bjedov et al. (Bjedov et al., 2010), demonstrating the protocol used was correct. In the subsequent PQ assays, Zol treatment did not alter the survival of either male or female flies. 
In the H2O2 assay, the survival of flies also reduced significantly by adding 5% H2O2 in Drosophila food, and this reduction  in survival is comparable with that reported in the literature (Slack et al., 2010). Female flies started on H2O2 food containing Rap lived significantly longer than the control group (PBS fed). However, Zol did not extend the lifespan of the flies. The assay was then repeated by pre-treating a group of flies with Zol for 7 days before exposing them to H2O2. These pre-exposed flies lived significantly longer than the controls. This shows that pre-exposure to Zol does increase flies’ resistance to oxidative stress. As shown in Chapter 3, it does take 7-day Zol feeding before pAKT levels decrease significantly (Fig 3.11), but flies on 5% H2O2 food only live up to 5 days. If flies were not pre-treated with Zol, they might have been dead before initiation of the effect; which might be the reason why flies exposed to Zol with H2O2 at the same time did not show a beneficial effect in terms of survival. The assay was then performed by pre-treating flies with Zol together with FOH and GGOH, the beneficial effect observed by pre-treating only with Zol was reversed when FOH and GGOH was present. This shows that Zol does protect Drosophila from oxidative damage, and that this is likely to occur through the mevalonate pathway.
Differences in the effect of Zol to oxidative stress induced by PQ and H2O2 was observed here. PQ is a non-selective herbicide found to induce oxidative stress by production of reactive oxygen species (ROS) including superoxide anions (O2•-) and H2O2 (Jimenez-Del-Rio, Suarez-Cedeno and Velez-Pardo, 2010; Abrashev et al., 2011). H2O2 on the other hand, does not directly produce O2•- since the system detoxifying H2O2 does not produce O2•- directly (Thorpe et al., 2013). A comparative study of PQ and H2O2 showed that, using the same concentrations of the two molecules, levels of protein oxidation were much higher with the use of PQ than H2O2 and that the two molecules triggered different enzymatic antioxidant systems (Abrashev et al., 2011). These differences might have been the reasons why the effect of Zol was variable between the two oxidative stress sources. In this study, the maximum lifespan of female flies treated with 200mM PQ and 5% H2O2 (without combination treatment with Zol of Rap) was 3 and 6 days respectively. This shows differences in the degree of stress experienced by the flies. With a lower concentration of PQ or scoring death of flies more frequently in the first 24 hours when using PQ as a stress inducer, an increase in oxidative stress resistance in flies treated with Zol may be observed as well. However, due to the requirement for multiple operators working around the clock in the lab, it was not conducted in this study.
To further confirm the pathway, a H2O2 assay were then performed on two FPPS mutants and one FOXO mutant. As described in the introduction (Fig 1.5), Zol acts through the mevalonate pathway by inhibiting the enzyme farnesyl pyrophosphate synthase (FPPS). Two independent FPPS heterozygote mutants showed a significant increase in lifespan compare with wild-type wDah in the H2O2 assay. This increase in lifespan is similar to pre-treating wDah flies with Zol for 7 days before exposure to H2O2, showing that reducing the activity of FPPS does have the same effect as treating flies with Zol. This result is in line with the proposed mechanism of action of Zol in Drosophila, through inhibition of the mevalonate pathway and its downstream mTOR pathway. Increased survival of wDah files pre-treated with Zol compared with controls in the H2O2 assay was not observed in heterozygote FOXO mutant flies pre-treated with Zol. The positive effect of Zol on stress resistance abrogated by FOXO mutant shows FOXO is required for action of Zol to protect organisms from oxidative stress. 
In conclusion, this chapter has showed Zol’s ability to enhance stress resistance by looking at DNA damage in several indirect ways. The evidence presented here shows that, consistent with the mammalian system, Zol mediates the DNA repair through inhibition of mevalonate pathway with FPPS and FOXO being the key components of the mechanism. DNA repair and maintenance in stem cells is important for the overall tissue re-generation and homeostasis of an organism, which leads to lifespan and healthspan differences in whole organisms. Therefore, the next chapter will discuss whether Zol has an effect on general lifespan and healthspan of flies.

CHAPTER 5. [bookmark: _Toc43908697]EFFECTS OF ZOL ON DROSOPHILA LIFESPAN AND HEALTHSPAN


[bookmark: _Toc43908698]5.1 Introduction
As introduced in Chapter 1, clinical use of Zol has been associated with a lower mortality rate in osteoporotic patients. The survival benefit is beyond that expected from preventing fractures and independent from attenuating bone density decrease  (Lyles et al., 2007; Bolland et al., 2010; Colón-Emeric et al., 2010; Lee et al., 2016). This suggests other mechanisms contribute to this extension of lifespan. The resilience of patients with critical illnesses has also been found to increase when they were treated with Zol before ICU admission (Lee et al., 2016). Survival benefit has also been shown in progeria mice with extension in lifespan and recovery of ageing phenotypes. However, this effect is only observed with a combined treatment of statins and Zol (Varela et al., 2008). 
In Chapter 3, it is shown that Zol acts through the mevalonate pathway and affects the phosphorylation of AKT downstream of the mTOR pathway in Drosophila in vivo. Both the mevalonate pathway and the mTOR pathway have been implicated in lifespan extension in Drosophila (Spindler et al., 2012). Inhibiting prenylation (mevalonate pathway) has been shown to improve cardiac health and lifespan in Drosophila (Spindler et al., 2012). While more importantly, both pharmacological and genetic inhibition of mTOR pathway has resulted in lifespan extension in multiple model organisms including flies, C.elegans, yeast, and mice (Vellai et al., 2003; Kapahi et al., 2004; Kaeberlein et al., 2005; Powers et al., 2006; Chen et al., 2009; Anisimov et al., 2010, 2011).
Previous research on the relationship between Zol and survival was either done ex vivo or used a combination of Zol and other drugs in patients. It was not clear whether the benefits were related directly with the extension of lifespan or via the improvement in the pathological conditions of patients. Therefore, the aim of this project was to investigate the in vivo action of Zol in both wild-type Drosophila (wDah) and FPPS mutants (described in Table 2.1 and section 4.5). As shown in previous studies, Zol inhibits FPPS in the mammalian system. 
In addition to lifespan, the more important aspect related to ageing is healthspan. Due to advances in medical treatment, life expectancy is increasing. However, in reality, added years of life often means added years living with disease (Vogeli et al., 2007; Hung et al., 2011; Marengoni et al., 2011). This study therefore also investigates whether the healthspan of Drosophila could be increased by treatment with Zol. This was done through use of behavioural assays like the climbing assay, RING assay, smurf assay, and midgut stem cell analysis described in section 2.2.7, 2.2.8, 2.2.10 and 2.2.14. The Su(H)-lacZ; esg-Gal4,UAS-GFP/CyO flies used for midgut analysis are described in section 1.5.4. 
In the design of the experiments, 3 different feeding regimes were selected, all using either 1 or 10μM Zol. The dose was selected as 1μM Zol was sufficient to generate a significant decrease in AKT phosphorylation (Fig 3.10) and 100μM Zol was clearly toxic as shown by preliminary experiments conducted by Dr Martin Zeidler. Other than continuous feeding of Zol, flies were also fed with Zol intermittently (during the first week of every month). With constant administration of Zol, the mTOR pathway will be suppressed continuously. Since the mTOR pathway not only affects ageing but also plays an essential role in cell growth, proliferation, and differentiation, chronic inhibition of the pathway may cause adverse effects in organisms (Laplante and Sabatini, 2012; Wong, 2013). Hence, an intermittent feeding experiment was designed to test periodic inhibition of the mTOR pathway. Zol, in clinical use, is given to patients in the later stage of their lives, so the last feeding regime was designed to start mTOR inhibition in Drosophila from 40 days old, a ‘late to middle age’ representing similar timepoint to when patients might start on Zol.
Based on previous findings that inhibiting mTOR pathway will affect the lifespan of animals, it is hypothesised that Zol will extend the lifespan of Drosophila.


The aim of this chapter was to assess whether pharmacological treatment of Drosophila with Zoledronate enhances their lifespan and healthspan. The aim would be realised by examining:
· The effect of Zol on survivorship of flies, using the following 3 feeding regimes: all-life feeding where flies were exposed to Zol-containing food throughout their lives, intermittent feeding where flies were exposed to Zol first week of every months and midlife-feeding where flies were only exposed to Zol starting from 40 days old
· The effect of FPPS mutation on lifespan of flies compared to wild-type wDah flies
· The effect on climbing ability of flies when fed with Zol using 2 feeding regimes: all-life feeding and midlife-feeding
· The effect of Zol on midgut epithelial protection in female Drosophila using 2 feeding regimes: all-life feeding and midlife-feeding



[bookmark: _Toc43908699]5.2 Establishment of lifecourse assay 
The lifecourse assay involves gassing flies with CO2 for a short period of time to immobilise them at the beginning of their lives, which may affect the lifespan of flies if not done carefully. To validate the technique used in this project, a trial experiment was done using Rap treatment, previously shown to extend the lifespan of female Drosophila (Bjedov et al., 2010). 100 wDah flies per treatment were sorted 4 days post-eclosion into males and females and were kept on food containing either control (EtOH) or 200μM Rap-containing food throughout their lives. The number of deaths were scored every other day. A significant increase in lifespan was observed in the Rap-treated group compared with the vehicle-treated female flies (Fig 5.1). Median lifespan increased by 9.09% in the Rap-treated group, which was similar to what has been reported in the literature. However, no maximum lifespan extension was observed, unlike previously published (Bjedov et al., 2010).
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[bookmark: _Toc43908798]Figure 5.1 Rapamycin extends lifespan of wDah females.
Percentage survival of female wDah flies fed with food in presence or absence of 200 μM rapamycin (Rap) throughout their lives. Arrow pointing to time of life when rapamycin were first exposed to flies (4-day old). Data were analysed using Prism 7 by Log-rank (Mantel-Cox) test ***p<0.001

[bookmark: _Toc43908700]
5.3 Life-long administration of Zol showed increase in male lifespan at low dose
In Chapter 3, It was shown that 1 week of continuous feeding with both 1 or 10μM Zol significantly reduced level of pAKT/Tub level in Drosophila (Fig 3.9 & 3.11); hence, all subsequent experiments were done by feeding flies with either 1 or 10 μM Zol. All lifecourse assays were performed in triplicates with 100 flies per condition per replicate.
Flies were fed with 1μM or 10μM Zol in their food from 4 days old till the day of death (100 flies/condition; n=3; Fig 5.2). The overall survival of males fed with 1μM Zol was significantly increased compared with the vehicle-treated control group, with an increase of 7.54±1.03% in median lifespan. Males fed with 10μM Zol showed an adverse effect on lifespan. The median lifespan of males decreased by 2.66±2.43% when fed with food containing 10μM Zol and in 1 of the 3 repeats, it significantly reduced percentage survival of flies compare with the control group (Fig 5.2 B). No maximum lifespan difference was observed in males treated with or without Zol.
With no significant difference in overall survival, females fed with food containing 1μM Zol experienced a decrease in median lifespan by 3.41±0.92% compared with the control group and no difference in maximum lifespan. Females fed with food containing 10μM Zol experienced a significant decrease in overall survival compared with controls with a 9.24±4.24% decrease in median lifespan and an 8.13±1.02% decrease in maximum lifespan (Fig 5.2 D-F).
When data from 3 replications was combined, 1μM Zol treatment significantly increased survivorship of males while 10μM Zol significantly decreased their survival compared to PBS treated controls (Fig 5.2 G). In females, no significant change was detected in overall survival comparing 1μM Zol-treated flies to PBS control. However, 10μM Zol treatment throughout lives of female flies significantly reduced their survivorship (Fig 5.2 H). This was also indicated in the mean, median lifespan as well as oldest 10% range of the females (Fig 5.2 I).
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[bookmark: _Toc43908799]Figure 5.2 Drosophila Percentage survival when treated with 1 or 10 μM Zol throughout their lives.
 (A-C) Percentage survival of male wDah flies fed with food in presence or absence of Zol (1 or 10 μM) throughout their lives. (D-F) Percentage survival of female wDah flies fed with food in presence or absence of Zol (1 or 10 μM) throughout their lives. (G-I) Combined data analysis, for both males females, all data from the three replicates were combined, plotted and analysed in Prism. Mean, median, range and oldest 10% range all expressed in Days. Data were analysed using Prism 7 by Log-rank (Mantel-Cox) test *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001


[bookmark: _Toc43908701]5.4 Intermittent administration of Zol did not extend lifespan of flies
It was shown in chapter 3 (Fig 3.11), that judging by the pAKT level, the effect of Zol started to appear after flies were fed for 7 days on Zol-containing food. This effect then took at least 7 days of feeding on vehicle (PBS) food to wear off. Hence, the interval-feeding experiment was designed in which flies were fed with 1μM or 10μM Zol containing food only the first week of every month. This meant the mTOR pathway should be suppressed periodically, allowing development and ageing to happen simultaneously. The result showed no significant difference between flies treated with or without Zol intermittently, in both male and female flies (100 flies per condition; n=3; Fig 5.3). Combined data also showed no significant difference in mean, median, maximum lifespan as well as ranges of life expectancy of either males or females treated with Zol intermittently compared to that of control.
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[bookmark: _Toc43908800]Figure 5.3 Drosophila Percentage survival when treated with 1 or 10 μM Zol intermittently.
 (A-C) Percentage survival of male wDah flies fed with food in presence or absence of Zol (1 or 10 μM) first week of every month. (D-F) Percentage survival of female wDah flies fed with food in presence or absence of Zol (1 or 10 μM) first week of every month. (G-I) Combined data analysis, for both males females, all data from the three replicates were combined, plotted and analysed in Prism. Mean, median, range and oldest 10% range all expressed in Days. Data were analysed using Prism 7 by Log-rank (Mantel-Cox) test *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001


[bookmark: _Toc43908702]5.5 Flies fed with Zol from midlife showed a significant increase in lifespan 
To determine whether Zol extended lifespan when it was given from midlife, Zol was fed to flies starting from 40 days of age.
The survival analysis showed a significant increase in overall survival of females fed with food containing 1μM and 10μM Zol from midlife (100 flies per condition; n=3, Fig 5.4 D-F), and the increase in male survival reached statistical significance in 2 out of 3 repeats (Fig 5.4 A&C). Compared to vehicle control, with 1μM Zol treatment, the average median lifespans were extended by 1.79±0.10% in males and 11.53±2.10% in females, maximum lifespans were extended by 8.47±5.12% in males and 4.32±0.49% in females. With 10μM Zol treatment, the average median lifespans were extended by 4.67±1.03% in males and 16.51±4.94% in females, maximum lifespans were extended by 8.47±5.12% in males and 5.15±0.96% in females compared to vehicle controls. The combined data showed that overall survival of both males and females significantly increased when treated with Zol at either 1μM or 10μM compared to that of controls (Fig 5.4 G-H).
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[bookmark: _Toc43908801]Figure 5.4 Drosophila Percentage survival when treated with 1 or 10 μM Zol at late stage of their lives.
 (A-C) Percentage survival of male wDah flies fed with food in presence or absence of Zol (1 or 10 μM) from 40 days old.  (D-F) Percentage survival of female wDah flies fed with food in presence or absence of Zol (1 or 10 μM) from 40 days old. Red arrows indicate when flies were transferred on Zol containing food.  . (G-I) Combined data analysis, for both males females, all data from the three replicates were combined, plotted and analysed in Prism. Mean, median, range and oldest 10% range all expressed in Days. Data were analysed using Prism 7 by Log-rank (Mantel-Cox) test *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001



[bookmark: _Toc43908703]5.6 Male FPPS mutant (heterozygote) flies showed significant increase in lifespan compared with wDah 
Zol acts through the mevalonate pathway by blocking FPPS, so tests were done to establish whether FPPS mutant flies would have a longer life expectancy than wild-type wDah flies. In this study, two heterozygote FPPS mutants were used for the lifecourse experiment (Fppsk06103/+ and Fppsk03514/+) to investigate whether these mutants would have a longer life expectancy than wild-type wDah. FPPS mutants were outcrossed with wDah for at least 7 times before conducting this experiment, ensuring that the genetic backgrounds were equivalent for the different mutants. Compared with wDah wild-type control, both mutant strains showed a significant increase in overall survival in males and females (100 flies each condition; n=3; Fig 5.5). Median and maximum lifespan of Fppsk06103/+ males increased by 2.54±0.89% and 5.09±1.26% respectively compared with wDah control males.  Median and maximum lifespan of Fppsk03514/+males increased by 4.57±1.52% and 3.36±2.58% respectively compared with wDah control males. Median and maximum lifespan of Fppsk06103/+ females increased by 6.91±0.96% and 7.90±2.61% respectively compared with wDah control females.  Median and maximum lifespan of Fppsk03514/+ females increased by 7.41±1.58% and 7.10±1.28% respectively compared with wDah control females. The combined data of both sexes showed survivorship of heterozygote Fpps mutants are extended significantly compared to wDah control (Fig 5.5 G-H).
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[bookmark: _Toc43908802]Figure 5.5 Percentage survival of FPPS heterozygote mutant flies.
 (A-C) Percentage survival of male heterozygote FPPS mutant flies and wDah fed with standard Drosophila food. (D-F) Percentage survival of female heterozygote FPPS mutant flies and wDah fed with standard Drosophila food. (G-H) Combined data analysis, for both males and females, all data from the three replicates were combined, plotted and analysed in Prism. Data were analysed using Prism 7 by Log-rank (Mantel-Cox) test *p<0.05, ***p<0.001, ****p<0.0001


[bookmark: _Toc43908704]5.7 Climbing ability of aged male flies is significantly increased with Zol administration from midlife, assessed using countercurrent apparatus
One way to measure the health level of Drosophila is to assess the flies’ ability to climb upwards against gravity. The climbing ability of flies was assessed using two different methods. Firstly, the Drosophila climbing assay protocol was followed using the countercurrent apparatus described in section 2.2.7. 
Fig 5.6 A shows the climbing ability of male wDah flies fed on food with 0, 1 or 10μM Zol throughout their lives. Comparisons of the number of flies climbing certain number of tubes were made across age (7-day, 43-day, and 70-day old) and a significant decrease in the flies’ climbing ability in general was observed (‘0μM Zol 7-day old vs. 0μM Zol 42-day old’ and ‘0μM Zol 7-day old vs. 0μM Zol 70-day old’) as Drosophila age. The percentage of flies climbing over 4 or 5 tubes drastically decreased while the percentage of flies crossing 0 or 1 tube increased with age. By comparing the number of flies crossing certain number of tubes in Zol treated groups to non-treated groups, no difference was observed in climbing ability when they reached 42 or 70-day old (‘0μM Zol 42-day old Vs. 1 or 10μM Zol 42-day old’ and ‘0μM Zol 70-day old Vs. 1 or 10μM Zol 70-day old’). Graphical representation was done using percentage of flies crossing the barrier 0,1,2,3,4, and 5 times (Fig 5.6 A).
Employing the feeding regime used to assess the lifespan of flies, groups of male wDah flies were intermittently treated with 1 or 10μM Zol first week of every month. From the analysis, it showed that with age, there was a decrease in the flies’ climbing ability in general. However, male flies did not show an increase in climbing ability when they reached 42 or 70 days old when they were fed with Zol intermittently (Fig 5.6 B).
Groups of male wDah flies were also fed with Zol containing food from 40-day onwards. The analysis showed a significant increase in the climbing ability of 63 and 70-day old male flies fed with Zol from middle age (especially at 10μM concentration), with higher proportion of flies able to climb more tubes. However, by the 77-day time point, no difference between the Zol-fed and vehicle-fed groups could be detected. (Fig 5.6 C).
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[bookmark: _Toc43908803]Figure 5.6 Climbing ability of flies with life-long Zol treatment.
(A) Number of times and percentage of male flies crossed the bottom-top tube barrier when fed with or without 1/10μM Zol throughout their lives (B) Number of times and percentage of flies crossed the bottom-top tube barrier when fed with or without 1/10μM Zol in the first week of every month (C) Number of times and percentage of flies crossed the bottom-top tube barrier when fed with or without 1/10μM Zol from 40 days old onwards (20 flies per condition per repeat, 3 repeats performed for each time point). Data were analysed using Prism 7 by ordinary one-way ANOVA ***p<0.001, ****p<0.0001
[bookmark: _Toc43908705]5.8 Flies treated with Zol throughout their lives showed a delay in impairment in climbing ability using the Rapid Iterative Negative Geotaxis (RING) assay
One drawback of the climbing assay used in the previous section is that flies have to climb at least the length of the bottom tube in order to be scored, any effects less than this distance are not scored. As females climb much less than males, the assay is not useful to assess the climbing ability of aged females. Hence, in this section, the RING assay is used (described in section 2.2.8). This assay gives flies 15 seconds to climb up a scaled tube, at the end of 15 seconds, a picture is taken and the height at which each fly is located is recorded. This is helpful as no minimum distance needs to be achieved before a score can be given to a fly.
Both male and female wDah flies were treated with or without Zol throughout their lives. The RING assay was performed on flies at ages ranging from 42 to 70 days old. These time points were chosen with 42-day as middle age for flies and 63 and 70-day equivalent to ‘old-age’ and ‘geriatric’ stages in human. 
For data analysis, flies were grouped into 3 categories as an indication of their climbing ability: low climbers – flies who climbed less than 3cm within 15 seconds, medium climbers – flies who climbed more than 3cm but less than 10cm in 15 seconds, and high climbers – flies who travelled up for more than 10cm in 15 seconds. The percentage of flies in each category were then analysed. Data showed that the percentage of flies climbing over 3cm (medium and high climbers, Fig 5.7 A&B) or over 10cm (high climbers, Fig 5.7 C&D) within 15 seconds reduced as flies aged from 42 days to 70-days old. By the 70-day time point, very few flies climbed more than 3cm in 15 seconds. This general reduction in climbing ability was seen in both males and females regardless which treatment group they were in. When either male or female flies were treated with 1 or 10μM Zol through their lives, increase in the percentage of ‘high climbers’ was observed compared with vehicle controls (0μM Zol treated flies) at 42 and 63 days (Fig 5.7 C&D). The 63-day time point for males and 42-day time point for females reached statistical significance.
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[bookmark: _Toc43908804]Figure 5.7 Fraction of flies in the high and medium climbers range, flies treated with or without Zol throughout their lives.
 (A) Percentage of male flies climbed above 3cm (medium and high climbers) within 15 seconds. (B) Percentage of female flies climbed above 3cm (medium and high climbers) within 15 seconds. (C) Percentage of male flies climbed above 10cm (high climbers) within 15 seconds. (D) Percentage of female flies climbed above 10cm (high climbers) within 15 seconds. 
(0/1/10μM = 0/1/10μM Zol treated). Each experiment was repeated 3 times with 20 flies per condition per repeat. Data were analysed using Prism 7 by ordinary one-way ANOVA *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001





[bookmark: _Toc43908706]5.9 Flies treated with Zol from midlife showed delay of loss in climbing ability using the Rapid iterative negative geotaxis (RING) assay
In this experiment, flies were fed with 0, 1 or 10μM Zol containing food starting from 40 days onwards. The RING assay was performed at 56, 63, and 70-days, to assess the climbing ability of middle-aged and older flies. 
At 56 and 63-days old, a trend to increase in the percentage of both males and females in the ‘medium + high climbers’ (>3cm) and ‘high climber’ (>10cm) group was observed when comparing Zol-treated to non-treated flies (Fig 5.8). For male flies treated with Zol from midlife, a significant increase in climbing ability was observed at the 56-days (Fig 5.8 A&C). For 56 and 63-day old females, the percentage of flies that climbed over 10cm in 15 seconds (high climbers) significantly increased when treated with Zol (Fig 5.8 D).
When flies reached 70 days of age, almost no flies could climb 3cm within 15 seconds and no beneficial effect of Zol could be observed at this point (Fig 5.8). 
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[bookmark: _Toc43908805]Figure 5.8 Percentage of high and medium climber flies treated with or without Zol from middle age (40-day onwards).
(A) Percentage of male flies that climbed above 3cm within 15 seconds. (B) Percentage of female flies that climbed above 3cm within 15 seconds. (C) Percentage of male flies that climbed above 10cm within 15 seconds. (D) Percentage of female flies that climbed above 10cm within 15 seconds.
 (0/1/10μM = 0/1/10μM Zol treated). Each experiment was repeated 3 times with 20 flies per condition per repeat. Data were analysed using Prism 7 by ordinary one-way ANOVA *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001



[bookmark: _Toc43908707]5.10 Lifelong treatment of Zol reduces epithelial dysplasia in Drosophila 
To test whether the health of the Drosophila intestine could be preserved by Zol as the flies age, experiments were undertaken using Su(H)-lacZ; esg-Gal4,UAS-GFP/CyO female flies described in the Table 2.1. Female flies were treated with or without 1 or 10μM Zol throughout their lives and were sacrificed at 42 and 63-days old. Previous publications describing the age-associated differences in the intestine from Su(H)-lacZ; esg-Gal4,UAS-GFP/CyO flies are explained in section 1.5.4. As there is sex differences in the ageing pathology of Drosophila midgut and male guts does not show epithelial dysplasia (Regan et al., 2016), only female flies were studied in this section.
Compared with 7-day old young females, the number of GFP+ cells (normalised to total cell number – DAPI) significantly increased in the guts of aged flies (42 and 63-day old) (Fig 5.9 A-C and Fig 5.10 A). These GFP+ cells were expressing escargot, a marker for intestinal stem cells (ISCs), progenitor cells (EBs), and mis-differentiated mature cells (ECs) (as described in section 1.5.4). These changes are interpreted as deterioration in intestinal health as ageing occurs in Drosophila. The increase in GFP+ cells was reduced when flies were treated with 1μM Zol throughout their lives, with a significant decrease in the proportion of GFP+ cells observed at the 63-day old time point (Fig 5.10 A). When progenitor cells differentiate into ECs, their nuclear size grow as EC are polyploid cells while ISC and EB are haploid. However, unlike properly differentiated cells, the mis-differentiation ECs still express the esg gene. Given the difference in nuclear size of small ISCs and differentiated polyploid ECs, the average nuclear size of GFP+ cells also showed an increasing trend as flies aged. This meant more miss-differentiated ECs were present in aged Drosophila intestine. This increase was also significantly reduced at the 42-day time point when flies were treated with 10μM Zol (Fig 5.10 B).
The number of PH3+ cells increased significantly during ageing, when comparing the 7-day time point when there was no PH3+ cells to an average of 7 PH3+ cells per posterior midgut at the 63-day time point (Fig 5.10 B). The number of PH3+ cell indicate level of proliferation in Drosophila midgut (described in section 1.5.4). This increase in proliferation with age was significantly reduced when flies were treated with Zol (63-day timepoint, Fig 5.8 C).
In the smurf assay, the appearance of ‘Smurfs’ is an indication of age-related intestinal barrier dysfunction as described in section 1.5.4 and it has been described that the percentage of ‘Smurfs’ increases as Drosophila age (Rera, Clark and Walker, 2012). Results showed an increase in the percentage of females turning into ‘Smurfs’ as Drosophila aged, and there was a decrease in this percentage when flies were treated with Zol. This decrease was significant at the 63-day old timepoint, when comparing flies treated with 10μM Zol to controls (0μM Zol) (Fig 5.10 D). 
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[bookmark: _Toc43908806]Figure 5.9 Intestinal dysplasia worsened as female Drosophila aged.
Representative examples of Esg (green, representing intestinal stem cells and progenitor cells), PH3 (red, representing proliferating intestinal stem cells) and DAPI (blue, nuclear staining) staining of female Su(H)-lacZ; esg-Gal4,UAS-GFP/CyO intestines at (A) 7 days old (B) 42 days old and (C) 63 days old, viewed at 40x magnification under Nikon spinning disk confocal microscope. White arrows point to at PH3 sites. 
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[bookmark: _Toc43908807]Figure 5.10 Intestinal dysplasia worsened as female Drosophila (Su(H)-lacZ; esg-Gal4,UAS-GFP/CyO strain) aged and whole-life treatment with Zol alleviated some of the decline.
 (A) Quantification of %GFP+ cells (normalised to DAPI) in intestine of females treated with or without 1 or 10 μM of Zol. (B) Average nuclear size of GFP+ cells in flies’ intestine, flies treated with or without 1 or 10 μM of Zol. (C) Quantification of PH3+ cell in Drosophila gut, flies treated with or 1 or without 10 μM of Zol. (D) Percentage of flies became ‘smurf’ or stayed as ‘non-smurf’ in the smurf assay, flies treated with or without 1 and 10 μM of Zol (n>65 per condition per time point). At least 7 midguts were assessed per condition per time point, 3 field of views from each gut were imaged, and data were analysed using Prism 7 by ordinary one-way ANOVA *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001


[bookmark: _Toc43908708]5.11 Late-stage administration of Zol reduces epithelial dysplasia in Drosophila
I then repeated the intestinal assays in the flies treated with Zol from 40-day old. Similar to that identified in the previous section, the number of GFP+ cells (normalised to DAPI) and PH3+ cells (described in section 1.5.4) increased significantly with age when comparing 7-day old flies with 56 or 63-day old (Fig 5.11 A-C and Fig 5.12 A&B). The number of GFP+ cells was significantly reduced at the 56-day old time point when flies were treated with Zol compared with controls, while no difference could be observed at 63-days old (Fig 5.12 A). Numbers of PH3+ cells, however, were significantly lower in Zol-treated flies compared with controls at both 56 and 63-day time points (Fig 5.12 B).
The average size of GFP+ nuclei increased as age progressed and size was significantly smaller in groups treated with 10μM Zol at both 56 and 63-day time points (Fig 5.12 C). The percentage of flies that turned into ‘Smurfs’ increased with age and a decreasing trend could be observed at the 63-day time point in the flies treated with Zol compared with controls, but this did not reach statistical significance (Fig 5.12 D). 
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[bookmark: _Toc43908808]Figure 5.11 Intestinal dysplasia worsened as female Drosophila aged.
Representative examples of Esg (green, representing intestinal stem cells and progenitor cells), PH3 (red, representing proliferating intestinal stem cells) and DAPI (blue, nuclear staining) staining of female Su(H)-lacZ; esg-Gal4,UAS-GFP/CyO intestines at (A) 7 days old (B) 56 days old and (C) 63 days old, viewed at 40x magnification under Nikon spinning disk confocal microscope. White arrows point to at PH3 sites
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[bookmark: _Toc43908809]Figure 5.12 Intestinal dysplasia worsened as female Drosophila (Su(H)-lacZ; esg-Gal4,UAS-GFP/CyO strain) aged and late-stage treatment with Zol alleviated some of the decline.
 (A) Quantification of %GFP+ cells (normalised to DAPI) in intestine of females treated with or without 1 or 10 μM of Zol. (B) Quantification of PH3+ in Drosophila gut, flies treated with or without 1 or 10 μM of Zol. (C) Average nuclear size of GFP+ cells in flies’ intestine, flies treated with or without 1 or 10 μM of Zol. (D) Percentage of flies became ‘smurf’ or stayed as ‘non-smurf’ in the smurf assay, flies treated with or without 1 or 10 μM of Zol (n>65 per condition per timepoint). At least 7 midguts were assessed per condition per time point, 3 field of view were imaged per gut, and data were analysed using Prism 7 by ordinary one-way ANOVA *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001



[bookmark: _Toc43908709]5.12 Discussion
In this chapter, the ability of Zol to extend the lifespan of flies and delay the occurrence of signs of ageing was investigated. First, the technique used in the lifespan assay had to be validated. Prior to this project, Dr Martin Zeidler had performed trial lifespan assays in which flies were treated with 1, 10, and 100μM Zol throughout their lives. Two issues arose from this trial, one was that continuous feeding of 100μM Zol reduced life expectancy of flies and secondly, flies started to die from day 1 of the experiment and seemed to live shorter than expected (max lifespan less than 60 days). In the literature, survival curves of flies usually plateau for at least 20 days, before death starts to occur (Kumar, Mohan and Sharma, 2005; Min and Tatar, 2006; Bjedov et al., 2010; Linford et al., 2013). Upon further investigation, it became apparent that the method of performing the lifecourse assay would affect the results. In the trial experiment, continuous use of 100μM Zol was likely to have generated toxicity, causing lifespan reduction. In addition, studies have shown that anaesthetising very young adult flies with CO2 for long periods of time caused CO2 poisoning. CO2 has the ability to modulate fly lifespan and behaviours, especially in newly eclosed flies, resulting in premature death and shorter life expectancy in general (Barron, 2000; Poon et al., 2010). Hence, before performing any lifespan assays using Zol, we first replicated published experiments by treating flies with 200μM Rap. The results showed a clear extension of median lifespan in flies similar to the published data (Bjedov et al., 2010).
Continuous 10μM Zol administration in female flies seemed to have a detrimental effect on lifespan, while this striking decrease in lifespan was not present in males. Female flies usually ingest more food than males due to the energy needed for egg production (Wong et al., 2009; Okamoto et al., 2013; Testa, Ghosh and Shingleton, 2013). As Zol was given to flies through feeding, different amounts of food ingestion would cause variability in the amount of drug taken by males and females. As a result, we hypothesised that females may have consumed more Zol than males, which in high concentrations causes toxicity in flies. The other possibility is sex differences in response to Zol. Drosophila intestine is known to be a sexually dimorphic organ, and it plays a central role in the break-down of food and absorption of nutrients. Female guts have a much higher ISC proliferation rate than males and do accumulate more intestinal barrier dysfunction than male intestine at older ages (Lemaitre and Miguel-Aliaga, 2013; Reiff et al., 2015; Regan et al., 2016). Hence, together with a possible difference in quantity of drug taken up by the flies through eating, the process and biological route of uptake could vary in speed and site between males and females. Other lifespan interventions such as Rap and dietary restrictions, also showed differences in effects between male and female Drosophila (Bjedov et al., 2010; Regan et al., 2016).
Even though no beneficial effect was seen in lifespan of female flies treated with Zol throughout their lifespan, I did identify health benefits. Climbing ability assessed using the RING assay showed that at later stage of Drosophila’s life (42 and 63-day olds), both males and females treated with Zol had better negative geotactic ability than the control group. The decline of negative geotactic ability with age relies on two aspects of ageing - neuronal and muscular degeneration. With neuronal degeneration, flies would lose sense of direction and muscle co-ordination. Hence, instead of following their innate response of climbing vertically upwards, flies would walk around the vessel they are enclosed in or even climb vertically downwards. As shown in previous research, the climbing ability of flies with a mutation linked to amyotrophic lateral sclerosis (ALS) is much worse than that of non-mutant flies (Baldwin et al., 2016). Skeletal muscular ageing would also potentially affect the flies’ climbing ability. Metabolism and organisation of muscle fibres has been found to be similar in Drosophila and mammals, but the muscles undergo more pronounced age-related deterioration. Age-related functional decline in leg and jump muscles would cause defects in walking, climbing, and jumping (Grotewiel et al., 2005; Taylor, 2006; Piccirillo et al., 2014). Hence, improvement in negative geotactic ability would possibly mean attenuating decline in neuronal or muscular function (or both) when flies are treated with Zol. Whole brain immunostaining can be used to determine the dopaminergic (DA) neuron counts in flies. Dopaminergic (DA) neurons are among the most vulnerable populations in the ageing human brain. In most neurodegenerative diseases, loss of DA neurons is accelerated, often results in locomotor functional decline. (Barone and Bohmann, 2013) This assay could be used to investigate whether neuronal loss could be attenuated through Zol treatment in flies. Drosophila muscles can be dissected and stained for Sod2 (mitochondria) and poly-ubiquitin (protein aggregates) to investigate muscular ageing in Drosophila. Decreases in the numbers and functionality of lysosomes causes accumulation of poly-ubiquitin protein aggregates in aged Drosophila flight muscles. Mitochondria are homogenously distributed along F-actin in young flies, while they are usually enlarged or absent from certain areas of the fibre in aged Drosophila (Demontis and Perrimon, 2010; Demontis et al., 2013). This method therefore could be used to identify the possible beneficial effect of Zol on ageing Drosophila muscles. These experiments could be done to determine whether Zol improves neuronal or muscular functions.
Further experiments such as the Drosophila adult olfactory shock assay could be used to test whether flies could remember which odour is associated with an electric shock upon training (Malik and Hodge, 2014). This assay could be used to determine whether Zol treatment improves memory in flies at older age. 
The intestine, serving as a barrier as well as a digestive organ, is impacted by environmental, inflammatory, and dietary conditions (Jasper, 2015). The animal’s intestine experiences both structural and functional decline during ageing. It has been established that intestine is an important organ which could promote longevity. The integrity of Drosophila midgut promotes infection resistance and reduction in aged gut hyperplasia prevent tumour formation.  (Biteau, Hochmuth and Jasper, 2008; N. H. Choi et al., 2008; Park, Kim and Yoo, 2009; Biteau et al., 2010; Hochmuth et al., 2011; Rera et al., 2011; Rera, Clark and Walker, 2012) Intestinal analysis showed a beneficial effect of lifetime Zol treatment in females. Expression of the ISC marker Esg and cell proliferation marker PH3 was significantly reduced in aged gut (63-day old time point) from the Zol-treated group compared with controls, indicating reduced hyperplasia in aged guts. Intestinal analysis was only performed in female flies due to the sex difference in pathology of ageing Drosophila gut. Regan et al. has provided evidence that males, as old as 64 days, had their intestinal epithelial structure well maintained. Similar to young guts, their aged midgut retained regular spacing of ECs with few ISCs and far fewer PH3+ cells compared to females (Regan et al., 2016). In the ‘smurf’ assay, males never produced ‘smurf’ flies, even at 80 days old. While in females, disruption of epithelium started between 2-3 weeks of age. With hyperplasia on the basal side of the epithelium, basal-edge cells are pulled away because of tumour formation or apoptosis, leading to wound-healing characteristics. Eventually these wounds become so big that epithelium can no longer heal properly, creating large scars and holes (Regan et al., 2016). Together with reduced level of Esg and PH3, there was significantly fewer ‘smurf’ females in the 63-day old cohort treated with 10μM Zol compared with controls. This showed that even though there was decline with age, flies treated with Zol had gut lining that was much better maintained.
This observation of an improvement in healthspan with no apparent benefit in lifespan is quite interesting. Usually drug treatments which ameliorate health conditions of aged animals or cells are accompanied by an extension in lifespan (Morselli et al., 2009; Martin-Montalvo et al., 2013). A recent study however, has shown that nicotinamide supplementation improves healthspan of mice without extending their lifespan. Metabolite profiling of the liver showed improvement in glucose homeostasis in mice mediated by nicotinamide (Sarah J Mitchell et al., 2018). In addition, intermittent use of metformin, a biguanide used to treat Type II diabetes, showed health benefits in old male mice in the absence of lifespan extension (Alfaras et al., 2017). Significant reduction in body weight was observed early on in the treatment without food consumption or energy expenditure change. Metformin treatment also led to reduction in steatosis and injury in the liver (Alfaras et al., 2017). Hence, the improvement shown in the health profile of aged female Drosophila when treated with Zol, without lifespan extension, is not completely exclusive. This could be a beneficial property for a potential anti-ageing drug as increasing healthspan would be more valuable than extending years of life living with multimorbidity.
Both male and female flies fed with Zol from middle age (40 days onwards) showed improvement in lifespan as well as healthspan, with RING assay showing improvement in climbing ability in both males and females. Female midgut condition significantly improved as demonstrated by the number and size of Esg(GFP)+ and PH3+ cells expression. Lifespan extension in flies fed with Zol from 40 days onwards was more pronounced than those fed with Zol throughout their lives, especially in female flies. The survival curve of the female flies fed with Zol from 40 days onwards showed a high resemblance to the mortality rate curve generated in the HORIZON Recurrent Fracture Trial (Lyles et al., 2007). Directly after feeding, survival of female flies was similar between Zol-treated and non-treated groups. It was only after 15 days of Zol feeding that the mortality rate in the Zol-treated group became significantly lower than the non-treated group. In the HORIZON Recurrent Fracture Trial, for the initial 12 months after the first dose of Zol, no difference in survival was observed between Zol or placebo-treated osteoporotic patients. Only after 14-16 months was a significant reduction in mortality observed in the group of patients treated with Zol compared to the control group (Lyles et al., 2007). This high resemblance between Drosophila and patient survival after Zol treatment from the late stage of life suggests that the beneficial effect of this drug must be beyond ameliorating osteoporosis in patients. The RING assayed showed Zol had a beneficial effect in flies at middle and older ages (40-63 days old) but not at extreme old age (70-day old). By 70 days old, no flies could climb more than 3cm in 15 seconds, irrespective of treatment. Therefore, the data suggest that clinically, Zol could be administered at middle age but individuals might need to be fit enough to respond.
Chapter 5. Effect of Zol on Drosophila lifespan and healthspan

In summary, this chapter shows the beneficial effect Zol has on both lifespan and healthspan of Drosophila.
CHAPTER 6. [bookmark: _Toc43908710]GENERAL DISCUSSION AND CONCLUSION


Healthy ageing has become of one the key concepts in the research field of ageing. It has been defined by the World Health Organization as “the process of developing and maintaining the functional ability that enables wellbeing in older age” (World Health Organization, 2015). Functional ability includes a person’s capability to move, to meet their basic needs, to communicate and maintain relationships, and to learn and make decisions. Many ageing studies have shown that by using genetic approaches, dietary, and pharmacological interventions, lifespan and healthspan could be extended in organisms ranging from single-celled budding yeast to rats and dogs (Fontana and Partridge, 2015). Of all the potential methods for extending lifespan and possibly healthspan, there are advantages of pharmacological interventions in humans compared to lifestyle changes such as diet and exercise. Pharmacological interventions may have advantages in situations where those changes are hard to implement. The work presented in this thesis, highlights one of these potential pharmacological interventions, zoledronate (Zol), a nitrogen containing bisphosphonate. Evidence from experiments in this thesis support the hypothesis that ‘Zoledronate extends lifespan of Drosophila and present healthier phenotypes in aged individuals’.
It was previously demonstrated in vitro that Zol inhibits both the TORC1 and TORC2 complexes in the mTOR signalling pathway through the mevalonate pathway by inhibiting FPPS (Juhi et al., 2015). In line with the data from the in vitro study, data in Chapter 3 shows Zol’s mechanism of action in Drosophila in vivo. Zol is able to reduce the phosphorylation of AKT, a key component in the mTOR signalling pathway associated with lifespan extension, in a dose- and treatment-time-dependent manner. Chapter 4 showed adult flies pre-treated with Zol presented better resistance towards oxidative stress inducer H2O2. This enhanced oxidative stress resistance seen when pre-treating flies with Zol was abrogated in dFOXO mutants, suggesting that AKT-FOXO signalling, downstream of Zol’s effect in the TORC2 complex, may have a central role in survival and stress resistance. Data also showed larvae pre-treated with Zol experienced lower levels of DNA mutation upon irradiation. This is in agreement with the previous study showing Zol requires mechanism through FOXO3a to reduce accumulation of DNA damage and levels of senescent markers (p16 and p21) caused by ageing or irradiation (Juhi et al., 2015). Unlike the single FOXO gene in Drosophila (dFOXO), human FOXO encodes for four different proteins, with FOXO3a being associated with longevity (Donlon et al., 2012; Lee et al., 2013). In both Drosophila and mammalian systems, FOXO has been shown to regulate several hallmarks of ageing including changes in mitochondrial function, DNA damage and senescence (Tran et al., 2002; W. Bin Tsai et al., 2008; De Keizer et al., 2010; Jensen et al., 2017). Upon DNA damage, mammalian FOXO3a is retained in the nucleus, functioning at cell cycle checkpoint and promoting phosphorylation of ATM in order to trigger DNA repair mechanism (Tran et al., 2002; W. Bin Tsai et al., 2008; Fluteau et al., 2015). In addition, expression of FOXO3a has also been associated with inhibition of nuclear-encoded genes with mitochondrial function (Ferber et al., 2012). Since the respiratory complexes located in the mitochondrial membrane produces most of the intrinsic ROS, the changes in mitochondrial function through FOXO3a may directly influence levels of ROS production (van Hameren et al., 2019). These findings indicate that FOXO3a affects organismal lifespan through regulations the stress resistance of cells by inducing DNA repair and reducing intrinsic ROS production. Further work is required in order to understand detailed mechanisms and molecular pathways Zol modulates via FOXO.

[bookmark: _Toc43787074]Chapter 5 showed lifespan and healthspan extension in flies upon Zol administration, for both males and females. Table 6.1 below summarised how lifespan and healthspan of flies were affected when fed with 1 and 10μM Zol through different feeding regimes. From the table, we can identify that effect of Zol on wild-type flies varied depending on feeding regime, dosing and sex of flies. The sex dysmorphism in this instance may be due to higher level of food intake by females compared to males. Egg production in female flies requires higher level of nutrient input than that required by males, resulting in higher levels of food consumption (Camus et al., 2018). This presumably, also increased amount of Zol uptake by females. FPPS mutant flies, on the other hand, showed similar lifespan extension in both sexes (Fig 5.5). In these flies the action of FPPS is disrupted independent from drug uptake, indicating that the effect of mevalonate pathway inhibition on lifespan is unlikely to be sexually dimorphic.
[bookmark: _Toc43908817]Table 6.1 Effects of Zol on lifespan and healthspan of Drosophila.
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Other than difference in lifespan extension, it was demonstrated that improved health indicators (such as improvement in climbing ability and reduction of epithelial dysplasia) occurred at higher doses of Zol (usually 10μM) which seems to have reduced absolute lifespan and overall survival. This shows that Zol treatment is able to increase healthspan independently from absolute lifespan. Other studies have also shown that healthspan and lifespan are not necessarily correlated (Fischer et al., 2016). Another example of geroprotector, nicotinamide, has also shown to increase healthspan by improving glucose metabolism in obese mice, reduce oxidative stress and inflammation, whilst it does not extend lifespan in mice (Sarah J. Mitchell et al., 2018). This disconnection between healthspan and lifespan can be particularly compelling for translational use of these geroprotectors. As age-related diseases (short healthspan rather than short lifespan) are contributors to morbidity and poor health and responsible for significant healthcare costs. 
Though the current beneficial effects of Zol on lifespan and healthspan appear to be limited, it should be noted that some of these effects are observed in patients receiving a single yearly dose of treatment. As summarised in table 1.3, Zol treated subjects were less likely to die from arrhythmias and pneumonia than placebo-treated subjects (Colon-Emeric et al., 2010). It may have a beneficial effect on preventing cardiovascular events and pneumonia (Colon-Emeric et al., 2010).  Also, fewer patients treated with Zol had extreme difficulties in mobility, self-care and usual activities (Adachi et al., 2011). In addition, patients admitted to hospital for intensive care for a condition non-related to osteoporosis showed reduced mortality rates if they were previously treated with Zol compared to controls (Lee et al., 2016). Numbers of emergency admissions of older patients in hospital rose by 18% between 2010/2011 and 2014/2015 and patients over the age of 65 are now accounting for 62% of total bed days spent in hospitals in the UK (NAO, 2016). The ability to respond to adverse events is reduced in older people who are more frail and have multimorbidity. They are often more susceptible to loss of independence following major incidents, so these incidents usually result in significant amount of health and social care costs (Liotta et al., 2019). The possibility to reduce length of hospital stay and improve resilience in older people could have huge financial and societal benefits.
In conclusion, this project showed beneficial effect of Zol on lifespan and healthspan of flies through inhibition of FPPS in vivo. This is in line with the beneficial effect seen in patients treated with single yearly dose of Zol. Further investigation in mammalian models are required, on a tissue specific level, to understand the specific FOXO-related mechanisms that are responsible for the survival and health benefits.

Future Work
In this project, reduction of pAKT level was observed in FPPS mutant flies, showing that inhibiting the mevalonate pathway in flies leads to the inhibition of one key molecule on the mTOR pathway in Drosophila similarly to what has been shown in the mammalian system. These results throw light on how Zol’s mechanism of action is conserved from in vitro to a whole organism in vivo. Other than the potential role of Zol in enhancing DNA repair though AKT-FOXO-ATM signalling, the activation of FOXO by Zol may suggest other possible anti-ageing pathways Zol could be involved in. FOXO has been reported as a pro-longevity factor through protein homeostasis maintenance (Webb and Brunet, 2014). It has been found to induce autophagy and mitophagy in muscles, neurons, and even in hematopoietic stem cells (HSC) (Webb and Brunet, 2014). Autophagy is an intracellular degradation process in 3 different types: chaperone-mediated autophagy, microautophagy, and macroautophagy. They function by delivering intracellular contents to the lysosome for degradation (Devenish, Mijaljica and Rosado, 2011). Out of the 3 types of autophagy, macroautophagy (hereafter referred to as autophagy) acts as a protective response to stress conditions such as starvation and nutrient deprivation (Webb and Brunet, 2014). It involves formation of a double-membrane structure called an autophagosome, which encapsulates material for degradation. The products of degradation are then reused for cellular functioning. It has been shown that reduced levels of autophagy are associated with ageing and age-related degenerative diseases. For example, depletion of BEC-1 (C.elegans Beclin1, a gene involved in autophagy induction) in C.elegans shortened lifespan of wild-type worms and suppressed the long-lived phenotype in daf-2 mutants (Melendez et al., 2003). Enhanced expression of Atg8a (autophagy-related protein 8a) in aged Drosophila brain significantly extended adult lifespan and promoted H2O2-induced oxidative stress resistance (Simonsen et al., 2008). In affected brain regions of patients with AD, a decline in Beclin1 has been reported; and heterozygous Beclin1 deletion in mice decreased neural autophagy, resulted in neurodegeneration (Pickford et al., 2008). Mice lacking Atg7 (autophagy-related protein 7)  especially in the central nervous system showed reduced coordinated movements and abnormal limb-clasping reflexes and died within 28 week of birth (Komatsu et al., 2006). Similarly, mice deficient for Atg5 (autophagy-related protein 5) specifically in neural cells progressively develop motor function deficits, accompanied by cytoplasmic inclusion bodies accumulation in neurons (Hara et al., 2006). Expression levels of several important autophagy genes involved in various stages of this process have been shown to be induced by FOXO including Beclin1, Atg7 and Atg5 in neurons, which are related to early deaths and neural degeneration (Webb and Brunet, 2014). Other than differentiated cells, FOXO has also been shown to promote autophagy in HSCs. Using GFP-LC3 transgenic mice (LC3 being a key autophagy gene involved in fusion of autophagosomes to lysosome), it was found that level of autophagy in FOXO3a-deficient HSCs were significantly reduced relative to controls (Tanida, Ueno and Kominami, 2008; Warr et al., 2013). The study also showed the importance of autophagy in old HSCs in order to maintain their energy levels and promote survival of the HSC pool (Warr et al., 2013). These results showing the reduced level of autophagy associated with ageing and the role of FOXO in the promotion of autophagy gives another possible explanation to Zol’s effect in extending lifespan and healthspan. Further studies could be conducted to investigate effect of Zol on FOXO-mediated autophagy promotion and whether that could elevate health level of ageing organisms.

As Drosophila does not have bones, this study highlights the non-skeletal effects of Zol on lifespan and healthspan in a disease-free organism. In order to understand whether the beneficial effect of Zol to lifespan and healthspan in Drosophila could be translated to the mammalian system, further studies in mice should be conducted. Many behavioural tests in mice are available to use which have been shown to change with age (Fahlstrom, Yu and Ulfhake, 2011; Shoji et al., 2016). The grip strength test could be used to test for skeletal muscle function, the Morris water maze test for spatial learning and memory, object recognition for long-term or short-term memories, the click box test or startle response test for auditory functions, the intraperitoneal glucose tolerance test (IPGTT) for glucose tolerance, echocardiogram for heart function, the rotarod test for motor functions and open field analysis for locomotor activity levels, anxiety and animals’ willingness to explore (Morris, 1984; Ennaceur and Delacour, 1988; Hamm et al., 1994; Hardisty-Hughes, Parker and Brown, 2010; Takeshita et al., 2017; Denenberg, 2018). These behavioural tests will become powerful tools in analysing which aspect of age-related decline could potentially be ameliorated by administrating Zol in mice. Different administration regimes of Zol should be conducted in mice as well, in order to understand potential timings and dosing of the drug if it was used as an anti-ageing reagent clinically.

In a wider context, the beneficial effect of Zol on Drosophila’s oxidative stress resistance could mean a clinical application of the drug in oxidative-damage induced diseases. As described in section 1.2.1 the accumulation of excess ROS creates oxidative stress. This can cause destruction in the cell membranes, proteins, lipids, and DNA as well as senescing cells, leading to many age-related diseases such as neurodegenerative diseases, cardiovascular diseases, and age-related development of cancer (Willcox, Ash and Catignani, 2004; Genestra, 2007; Halliwell, 2007; Pacher, Beckman and Liaudet, 2007). For example, hippocampal tissue of normal ageing patients and patients with neuropathological markers of Alzheimer’s disease (AD) showed high levels of oxidative damages, indicated by 8-OHdG and H2AX (Silva et al., 2014). At the same time, patients diagnosed with dementia showed reduced level of DNA repair markers such as PTEN, BRCA1, and p53, compared with normal ageing individuals and patients with neuropathological markers of AD but with no evidence of cognitive impairment (Silva et al., 2014). This suggests that even with the setting of pathological AD, preservation of cognitive functions may be associated with preserved DNA repair mechanisms.  With the direct role of Zol in DNA repair (Juhi et al., 2015), Zol may potentially be used in prevention of dementia. It has been shown in literature that persistent DNA damage response could induce premature senescence and that elimination of senescence in mice could extend lifespan and delay onset of multiple diseases such as cataracts and sarcopenia (section 1.2.2) (Baker et al., 2011, 2016; Baker, Weaver and VanDeursen, 2013; Minieri et al., 2015). A recent study also showed p16INK4A-positive senescent astrocytes and microglia would accumulate in brains of tauopathy mouse model MAPTP301SPS19, a model of tau-dependent neurodegenerative disease. However, clearance of these cells using INK-ATTAC transgenic mice prevented formation of tau and degeneration of neurons, this then preserved cognitive function of mice (Bussian et al., 2018). By reducing DNA damage and potentially ameliorating senescence, Zol could be used in preventing several age-related pathologies at the same time.

With data from chapter 4 showing larvae pre-treated with Zol experienced lower levels of DNA mutation upon irradiation, it shows the potential of pre-treating patients with Zol before radiotherapy to prevent accumulation of DNA damage. Radiation therapy destroys cancer by depositing high-energy radiation on the cancer, aiming to deliver optimal dose to the tumour volume while sparing the normal tissues (Connell and Hellman, 2009; Baskar et al., 2014). However, radiation does come with severe side effects as loss of cancer cells is accompanied by loss of healthy functional cells. The impaired cell division or immediate cell death is caused by either direct energy absorption from incident radiation or release of free radicals caused by interaction of radiation and cellular water (Bismar and Sinicrope, 2002). These free radicals could then target cellular DNA. Part of these affected cells are self-renewing stem cells which are crucial for tissue homeostasis and healthy lifespan of individuals. In several stem-cell types such as hematopoietic stem cells, neural stem cells and melanocyte stem cells, the AKT-FOXO signalling has been shown to be crucial for proliferation and survival (Miyamoto et al., 2008; Inomata et al., 2009; Paik et al., 2009; Renault et al., 2009). Zol’s effect in enhancing DNA repair through AKT-FOXO3a-pATM signalling shown in vitro means that it could potentially be used in combination with radiotherapy to alleviate some of the side effects (Juhi et al., 2015). For example, radiation therapy commonly administered to the abdomen and pelvis of patients has been found to cause gastrointestinal system complications (Stacey and Green, 2014). The most vulnerable cells to the DNA damage caused by radiation are the rapidly replicating ones, so the continuously replicating intestinal mucosa are particularly prone to radiation damage (Theis et al., 2010). Radiation-induced gastrointestinal mucositis has been associated with damage to and death of stem cells within intestinal crypts, impairing normal regeneration and production of differentiated intestinal epithelial cells. This eventually leads to loss of mucosal integrity and radiation enteritis (Macnaughton, 2001; Bismar and Sinicrope, 2002). By preventing DNA damage and preserving the stem-cell functions, these side effects could be alleviated.
Having proposed the potential use of Zol in combination with radiotherapy for cancer patients, the exact DNA repair pathway(s) enhanced by Zol should be further investigated. ATM phosphorylation is crucial in initiating several different DNA repair mechanisms such as non-homologous end-joining (NHEJ) or homologous recombination (NR) (Shiloh and Ziv, 2013; Blackford and Jackson, 2017). Whether Zol promotes the choice of using error-free HR or error prone NHEJ downstream of ATM or whether there are other repair mechanisms involved is a key question to be addressed – particularly as the error-prone repair mechanism may preserve mutations and contribute to tumour formation (Lodish H, Berk A, Zipursky SL, 2000). Repair reporter constructs designed to yield measurements in relative usage of different DNA repair mechanisms including NHEJ and NR in Drosophila, mammalian system and yeast could be used in order to do this (Wu, Wu and Haber, 1997; Neale et al., 2002; Preston, Flores and Engels, 2006; Weinstock, Nakanishi, et al., 2006; Weinstock, Richardson, et al., 2006; Johnson-Schlitz, Flores and Engels, 2007).
Whilst the goal is to help survival of healthy functioning cells around the tumour tissue, there is the danger that Zol could protect cancer cells from radiation therapy when used in combination with radiotherapy. It is therefore important to test whether Zol protect from radiation induced damage in cancer cells. This could be achieved by culturing cancer cell lines with Zol, to determine whether cells are being protected upon irradiation. This could also be investigated in vivo by irradiating mice harbouring tumours. Measurements of tumour size pre- and post-irradiation could be used as a readout as to whether Zol protects cancer cells.

In conclusion, this thesis has shown a protective effect of Zol over naturally ageing, disease-free, wild-type Drosophila, extending their lifespan and healthspan. This needs to be further investigated for its possible translation in the mammalian system using mice or rats. This work effectively demonstrated the repurposing potential of an FDA-approved drug with relatively safe clinical profiles. Thus, the novel effect of Zol shown in vivo can be readily exploited in potential therapeutic opportunities.

Chapter 6. General Discussion and Conclusion
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