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Summary-  

 

Zoledronate is a bisphosphonate given once yearly to treat osteoporosis. Older 

people taking bisphosphonates appear to have all around better survival, a large 

percentage of this improvement in survival appears to be mediated through non-

skeletal effects. For example, previous studies have shown improved survival from 

infection and cardiac arrythmia. Previous work from our research group has 

demonstrated that zoledronate works as a geroprotector in Mesenchymal Stem Cells 

and Drosophila. These studies demonstrated that ZOL’s ability to work as a 

geroprotector were mediated through the mTOR pathway, a major longevity 

pathway. Whether zoledronate can also promote healthy ageing in more advanced 

model organisms such as mice remains to be determined.  

 

During this project, AKT was used as a marker of mTOR inhibition in mouse tissues 

in order to determine an appropriate interval of administration of zoledronate in mice. 

Surprisingly, p-AKT inhibition was achieved at 3 days post-injection in the largest 

number of mouse tissues in response to zoledronate treatment. This suggested that 

a twice weekly treatment regimen of zoledronate treatment would be optimal to 

consistently inhibit mTOR signalling in mice. Following on from this, 12-month-old 

mice were administered zoledronate twice weekly until they reached 23 months of 

age. From 18 months of age, mice were assessed for muscular strength, frailty, 

survival, weight gain, metabolic function, neuromuscular and cognitive function. 

Zoledronate treatment was able to improve frailty in mice, but not the other 

parameters of mouse healthspan. Future experiments should examine the effects of 

mTOR markers in older mice. In addition, future experiments should compare the 

kinetics by which ZOL inhibits mTOR in mice and humans.   
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Chapter 1- Background 

 

1.1 Ageing related diseases and the ageing population- 

Ageing is associated with an increased incidence of diseases that can impact the 

quality of life of older people. There are many examples of such diseases: these can 

impact the neurological, cardiac and musculoskeletal systems of older people. In the 

musculoskeletal system, three common examples of these age-related diseases 

include sarcopenia, osteoporosis and osteoarthritis (Grote et al. 2019). Age is also 

associated with increased incidence of cancers, cardiovascular diseases and 

neurological diseases such as Alzheimer's (Driver et al. 2008; Hofman et al. 1991; 

Bhatnagar et al. 2015; White et al. 2014). In addition to this older people are at 

increased risk of developing and dying from infectious disease, as discussed 

extensively by others (Schneider et al. 1983; Yoshikawa 2000). This was particularly 

notable during the recent COVID pandemic, age was a major risk factor for severity 

and mortality of the disease (Ferguson et al. 2020; Chen et al. 2020).  

Having any one of these conditions would seriously effect quality of life, but older 

people often have multiple chronic health conditions at once. This is known as 

multimorbidity which currently affects over half of adults over the age of 65 in the UK 

(Barnett et al. 2012). This is projected to rise to 67% of the population of adults over 

the age of 65 by 2035 in the UK (Kingston et al. 2018). A major driving force of this is 

an increasingly ageing population in the western world. Projections indicate that by 

2041, 35% of adults in the UK will be of pension age (Leeson et al. 2013). Globally, 

the picture is similar. By 2041, the number of people over 65 is projected to rise from 

461 million in 2004 to 2 billion by 2041 (Clegg et al. 2013). In terms of age-related 

musculoskeletal diseases, 21% of persons over the age of 85 have sarcopenia 

(Dodds et al. 2017). Approximately, 17% of women and 9% of men who are aged 50 

or older are at risk of osteoarthritis (French et al. 2016). Furthermore, 10% of 

postmenopausal women and 8% of men over the age of 60 are at risk of developing 

osteoporosis (Tian et al. 2017). In order to reduce the incidence and severity of 

these diseases, it is necessary to better understand the cellular changes that occur 

with ageing that the diseases share.  
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1.2 The geroscience hypothesis- 

The geroscience hypothesis states that interventions targeting features of the biology 

of ageing can prevent the onset of multiple age-related diseases (Sierra and 

Kohanski 2021). This is because ageing is a major risk factor for multiple-age related 

diseases and the biological mechanisms of ageing are targetable. Therefore, 

decelerating the biological mechanisms of ageing reduces the risk of developing 

age-related diseases. Geroprotectors are a class of drug that act through 

decelerating the ageing process to promote healthy ageing of the overall organism. It 

is the hope of ageing research that by better understanding the biological processes 

of ageing that it may be possible to reduce the likelihood of developing these 

diseases (Figure 1.1). This should result in an increased healthspan, the period of 

life in which people are disease free. This in turn should improve the health, 

independence and psychological well-being of older people.  

There have been a variety of processes associated with cellular ageing identified in 

the literature that are believed to contribute to the ageing of cells. These are 

commonly referred to as the hallmarks of ageing (López-Otín et al. 2013). These 

include the accumulation of damage to the genome, mitochondrial dysfunction, 

altered nutrient sensing, altered intercellular signalling, epigenetic changes, loss of 

proteostasis, loss of stem cell function, loss of telomeres and cellular senescence 

(for overview see Figure 1.2). How each hallmark contributes to ageing shall be 

elaborated upon in the subsequent section.  

 

Figure 1.1 - How interventions targeting biological ageing processes can 

benefit older people. Created with bio-render. 
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1.3 The hallmarks of ageing-  

One example of a hallmark of ageing is that DNA damage increases with age. 

Accumulating levels of DNA damage have been observed in both mammalian cells 

and tissues with age (Jeyapalan et al. 2007; Sedelnikova et al. 2002; Wang et al. 

2009). The importance of DNA damage in the ageing process have been further 

illustrated in genetic studies in mice. Such studies have shown that mutated mice 

with deficient DNA repair proteins exhibit accelerated ageing syndromes (Murga et 

al. 2009; Vermeij et al. 2016; Yousefzadeh et al. 2020).   

Telomeres can be located on the end of chromosomes. These consist of repeated 

sequences of DNA (TTAGGG) and a t loop that protects the ends of the telomeres 

during DNA repair (Griffith et al. 1999). This t loop is in turn maintained by a complex 

of proteins known as the shelterin complex (De Lange 2005). The enzyme 

telomerase replenishes telomeres with additional TTAGGG repeats (Bodnar et al. 

1998), but telomerase is not expressed in most mammalian somatic cells. During cell 

divisions these slowly erode in length, eventually to the point in which a state of cell 

cycle arrest is achieved (Harley et al. 1990). This is known as replicative 

senescence. Telomere attrition has been observed in ageing tissues in mammals in 

certain specific tissues (Daniali et al. 2013; Nakamura et al. 2002; Smith et al. 2011). 

In addition, mice lacking telomerase exhibit a shorter lifespan (Rudolph et al. 1999; 

Armanios et al. 2009). These studies implicate the importance of telomeres 

shortening with ageing. 

Cellular senescence is a process by which cells enter a state of stable cell cycle 

arrest in response to a variety of different stressful stimuli (Hayflick and Moorhead 

1961; Harley et al. 1990; Chang et al. 1999; Toussaint et al. 2000; Serrano et al. 

1997; Van Nguyen et al. 2007; Bai et al. 2020). For example, this can be due to 

replicative senescence, in which telomere attrition results in a cessation of cellular 

division (Bodnar et al. 1990). Increased levels of senescent cells have been 

implicated in the development of a variety of ageing related diseases in mice such as 

sarcopenia, osteoporosis and cardiovascular disease (Xu et al. 2018; Farr et al. 

2017; Childs et al. 2016). Promisingly, selective clearance of these senescent cells 

has even been demonstrated to prevent certain age-related diseases in mice (Baker 

et al. 2011; Farr et al. 2017; Jeon et al. 2017; Roos et al. 2016; Xu et al. 2018). 
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Senescent cells exhibit altered secretomes, this is known as the senescence 

associated secretory phenotype (SASP). The SASP is made up of a combination of 

interleukins, cytokines and MMPs (matrix metalloproteases). Examples of 

components released by the SASP include TNF-α, IL-6 and IL-8 (Coppé et al. 2008; 

Acosta et al. 2008). This SASP is an important driver of cellular and tissue ageing. 

This is due to the process of paracrine senescence. Paracrine senescence is a 

process by which SASP components induce senescence in neighbouring cells 

(Acosta et al. 2013). One-way in which paracrine senescence is achieved is via 

CXCR2 signalling when SASP components bind to the surface of neighbouring cells 

(Acosta et al. 2008). In addition, paracrine senescence can also be induced via ROS 

release to neighbouring cells (Nelson et al. 2012).  

Another hallmark of ageing is that of dysfunctional proteostasis. Proteostasis is the 

processes by which cells maintain homeostasis of the proteome. Proteostasis is 

achieved through several different mechanisms. One of which is autophagy, this is a 

process by which organelles and proteins are degraded via the action of digestive 

enzymes in the lysosome. Autophagy has been implicated in the ageing process 

because of the impact of multiple autophagy inducers on increasing the lifespan of 

mice (Eisenberg et al. 2009; Harrison et al. 2009; O'Rourke et al. 2013; Mason et al. 

2018).  Another mechanism by which proteostasis is associated with ageing is 

through a loss of function of the proteasomal system. This was implicated in the 

ageing process in a study in which transgenic mice with lowered levels of 

proteasomal activity had diminished lifespans (Tomaru et al. 2012). Further evidence 

supporting this notion was found on a study on C. elegans. This study found that 

EGF treatment increased the lifespan of C. elegans that corresponded to increased 

proteasomal activity (Liu et al. 2011). Proteostasis is also maintained through the 

actions of chaperone proteins that prevent misfolding of proteins. Studies have 

shown that model organisms overexpressing chaperone proteins have increased 

lifespan (Morrow et al. 2004; Walker and Lithgow 2003). This suggests that 

chaperone proteins also have an important role to play in ageing. 

Another hallmark of ageing is that of mitochondrial dysfunction. In the 1970s, it was 

proposed that mitochondrial dysfunction creates free radicals such as reactive 

oxygen species (ROS) that drives ageing (Harman 1972). ROS are capable of 
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damaging DNA, proteins and accelerating telomere attrition (Cui et al. 2012; Von 

Zglinicki 2002). However, ROS also have a role to play in normal cell function (Finkel 

2011). The importance of mitochondrial dysfunction is also illustrated by studies on 

long lived organisms. These studies have shown that some longer-lived organisms 

have a greater resistance to oxidative stress and lower ROS production (Lambert et 

al. 2007; Ogburn et al. 2001; Ungvari et al. 2011). The importance of mitochondrial 

dysfunction was demonstrated more recently during a study on the mitophagy 

inducer Urolithin A (Ryu et al. 2016). Mitophagy is the process by which autophagy 

degrades mitochondria. This study was able to show that the drug treatment 

increased the lifespan of C. elegans, further implicating mitochondrial dysfunction in 

the ageing process.   

A feature of ageing is a decreased regenerative capacity of tissues. A driving factor 

for this is the decreased function of stem cells. Stem cells are a group of cells that 

are capable of self-renewal and differentiation into multiple different cell types. 

Ageing is associated with changes in the stem cell population, for example an 

altered differentiation into other cell types. A notable example of this is the ability of 

hemopoietic stem cells (HSCs) to produce lymphoid compared to myeloid cells with 

age (Pang et al. 2011). The importance of stem cell ageing was also illustrated in 

transplantation studies that have illustrated how transferring stem cells from young 

animals to aged mice increases their lifespan (Lavasani et al. 2012; Guderyon et al. 

2020). 

Ageing is associated with genomic damage, both of telomeric and non-telomeric 

regions. In addition to this there are epigenetic changes that occur within genomes 

that are observed in ageing. These include changes in DNA methylation, changes to 

histones, remodelling of heterochromatin and changes in transcription (Maleszewska 

et al. 2016; Smith-Vikos and Slack 2012; Tsurumi and Li 2012). Interventions 

targeting epigenetic mechanisms have been shown to increases the lifespan of 

model organisms, implicating their importance in the ageing process (Boulias et al. 

2012; Jin et al. 2011; Liu et al. 2013).   

Interventions targeting nutrient sensing pathways such as caloric restriction, have 

long been demonstrated to improve the lifespan of a diverse range of model 

organisms (McCay and Cromwell 1935; Klass 1977; Turturro et al. 1999; Colman et 
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al. 2014). In addition to this, the importance of specific nutrient sensing pathways 

has been implicated in longevity. An example of this is the insulin and IGF-1 

signalling pathway (IIS). This pathway has been implicated in increasing lifespan in 

mutation studies on IGF-R in Drosophila, C. elegans and mice (Kenyon et al. 1993; 

Tatar et al. 2001; Holzenberger et al. 2003). This pathway is also upstream of AKT/ 

mTOR signalling. The nutrient sensitive mTOR pathway also has a strong 

relationship to cellular ageing, which is discussed further in the next section.     

 

 

Figure 1.2 – The hallmarks of ageing. Adapted from “The Hallmarks of Ageing” 
(López-Otín et al. 2013). Created with Bio-Render. 

 

1.4 mTOR signalling and Ageing- 

The mTOR pathway has been linked to ageing due to roles in regulating multiple 

hallmarks of ageing such as regulating autophagy, repair of DNA damage and 

nutrient sensing. For one to understand how mTOR signalling works, it is first 

important to understand the roles of the two different mTOR protein complexes: 

mTORC1 and mTORC2. These two complexes differ in their composition as well as 

in their downstream targets and cellular functions. Both complexes contain similar 
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components: such as an mTOR complex and DEPTOR. However, both mTORC1 

and mTORC2 contain additional proteins that are unique to each complex. For 

example, RAPTOR (Regulatory Associated Protein of mTOR) is unique to mTORC1 

and RICTOR (Rapamycin Insensitive Companion of mTOR) is unique to mTORC2. 

There are many important markers of mTOR activation. One of which is the activity 

of the mTOR protein complex itself. This complex contains 2549 amino acids and 

has several different domains. One of which is the negative regulatory domain 

(NRD), which contains several phosphorylation sites that are required for mTOR 

activation: one of which is Ser2448 (Li et al. 2014). In addition to mTOR, there are 

downstream markers that can be assessed to measure levels of mTORC1 and 

mTORC2 signalling (see Figure 1.3 for overview of mTORC1 and mTORC2 

signalling).  

The mTORC1 complex is involved in regulating the cell cycle, autophagy and protein 

translation (Wang et al. 2001; Smith and Proud 2008; Rabanal-Ruiz et al. 2017). 

Activation of mTORC1 can be achieved by amino acids, glucose and growth factors 

(Dash et al. 2006; Iiboshi et al. 1999; Sengupta et al. 2010). The mTORC1 complex 

interacts with a variety of downstream proteins to regulate biological processes 

inside cells. In terms of mTORC1 signalling, P70S6K is one downstream protein of 

mTORC1 signalling (Bahrami et al. 2014). This protein in turn regulates ribosomal 

protein S6, this protein is involved in translation of proteins at ribosomes. On a 

similar note, mTORC1 signalling is also responsible for the activation of 4EPB1. This 

protein is also responsible for the regulation of protein translation (Qin and Zhang 

2016). In addition, 4EPB1 can regulate another feature of cellular ageing, that of the 

senescent associated secretory phenotype (Herranz et al. 2015; Laberge et al. 

2015). The importance of the senescence associated secretory phenotype is 

discussed further in section 1.3. Another example of a protein regulated by mTORC1 

signalling is ULK1 (inhibition of mTORC1 activates ULK1). This protein is 

responsible for the formation of the autophagosome (Chan et al. 2007; Kim et al. 

2011). Defective autophagy is another feature of cellular ageing that is regulated by 

mTOR signalling.  

Meanwhile, mTORC2 regulates cytoskeletal maintenance, glucose homeostasis and 

proliferation (Elstrom et al. 2004; Jacinto et al. 2004; Rosner et al. 2009). Similarly, it 
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is believed to be primary regulated upstream by growth factors (Fu and Hall 2020). 

Other upstream activators of mTORC2 signalling have yet to be definitively identified 

in the literature. A marker of downstream activation of mTORC2 would be the serine/ 

threonine kinase protein AKT (also known as protein Kinase B) (Sarbassov et al. 

2005; Hresko and Mueckler 2005). AKT is a serine/threonine protein kinase that 

regulates cell functions such as glucose metabolism, survival, cytoskeletal and 

proliferation. AKT in turn can regulate the activity of other proteins downstream such 

as FOXOs, GLUT4 and GSK3β (Cong et al. 1997; Manning and Toker 2017). It also 

appears that mTORC2 may also play a minor role in the regulation of autophagy 

(Arias et al. 2015). Other markers of mTORC2 signalling include the cell signalling 

proteins SGK1 and PKC (Alessi et al. 2009; Szwed et al. 2021).  

Interestingly, geroprotectors such as rapamycin work by inhibiting mTOR signalling. 

Rapamycin has been shown to increase the lifespan of a variety of model organisms 

such as in Drosophila and mice (Harrison et al. 2009; Miller et al. 2014; Strong et al. 

2020; Bjedov et al. 2010). In addition to this mTOR inhibitors such as rapamycin 

have been demonstrated to improve healthy ageing in model organisms such as 

mice in terms of improvement in healthspan parameters (Bitto et al. 2016; Ham et al. 

2020; Zhang et al. 2014). Due to the numerous ways in which the mTOR pathway 

interacts with the ageing process, developing drug therapies that exploit this pathway 

is vital to improving the healthspan of older people.   
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Figure 1.3 – Diagrammatic overview of mTORC1 and mTORC2 signalling. 
Created with Bio-Render. 

 

1.5 Zoledronate- 

Zoledronate (ZOL) is a nitrogen containing bisphosphonate (n-BP) used to treat 

osteoporosis. These nitrogen containing bisphosphonates are used to treat diseases 

of the bone by limiting the ability of osteoclasts to resorb bone (Alakangas et al. 

2002; Carano et al. 1990). This limitation of bone resorption in turn leads to reduced 

levels of marker of bone resorption, greater bone density and reduced risk of 

fracture. This has been illustrated during clinical trials, as has been extensively 

reviewed by others (Dhillon 2016; Zhang et al. 2012). Mechanistically: nitrogen 

containing bisphosphonates such as ZOL block the mevalonate pathway by 

inhibiting the farnesyl diphosphate synthase (FPPS) enzyme (Dunford et al. 2001). 

The mevalonate pathway is an important pathway responsible for the prenylation of 

proteins and to produce steroids (Goldstein and Brown 1990; Buhaescu and 

Izzedine 2007). In the context of reducing bone resorption, this inhibition of the 

mevalonate pathway is important as a loss of protein prenylation is detrimental to the 

formation and survival of osteoclasts (Coxon et al. 2000).  
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1.6 The development of bisphosphonates- 

Bisphosphonates (BPs) are analogues of inorganic pyrophosphates. The key 

difference in their chemical structure is that BPs have a P-C-P group instead of a P-

O-P group (see Figure 1.4). Initially, bisphosphonates were used as water softeners 

due to their affinity for calcium and their ability to prevent calcium carbonate 

precipitation (Russell 2011). However, their potential for medical use was first 

demonstrated during a search for new drugs that could influence bone formation and 

resorption. 

                    

Figure 1.4 - Chemical structure of bisphosphonates and pyrophosphates.   

 

In the 1960s, there was a search for compounds that could influence the calcification 

of bone. Initially, a pyrophosphate was found in the urine of patients that could inhibit 

the formation of the bone component hydroxyapatite in vitro (Fleisch et al. 1962). 

However, the authors also previously found that pyrophosphates were degraded by 

alkaline phosphatases (Fleisch and Newman 1961). Due to the presence of alkaline 

phosphatase in the bone, this would make pyrophosphates unsuitable as drug 

treatments for bone disorders. Due to these findings, an alternative was sought to 

these naturally occurring compounds that had similar chemical properties but would 

not be degraded by alkaline phosphatases.  
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Bisphosphonates were later trialled as an alternative to pyrophosphates due to their 

similar chemical structure (Figure 1.4). In 1969 bisphosphonates were found to be 

capable of limiting bone resorption in vitro (Fleisch et al. 1969). This was then later 

backed up by work in rats that indicated that bisphosphonates could reduce bone 

loss in rats that had immobilisation induced osteoporosis (Michael et al. 1971). This 

would form the foundation for future work for bisphosphonates as treatments for 

osteoporosis. Two such bisphosphonates were used in this study, these were called 

EDHP and Cl2MDP, these would be later known as clodronate and etidronate.  

Bisphosphates can be split roughly into two types: nitrogen and non-nitrogen 

containing bisphosphonates. Both classes of bisphosphonate treat diseases of the 

bone by inhabiting the action of osteoclasts to resorb bone. Although the two 

different types of bisphosphonate achieve this through very different mechanisms. 

The non-nitrogen containing bisphosphonates were the first class of 

bisphosphonates to be developed. Examples of these non-nitrogen containing 

bisphosphonates are the previously mentioned etidronate and clodronate. These 

function as ATP analogues. Mechanistically they reduce the action of osteoclasts by 

being converted into a cytotoxic analogue of ATP that induces apoptosis of 

osteoclasts (Frith et al. 2001; Lehenkari et al. 2002). Later, nitrogen containing 

bisphosphonates were developed. Examples of these include risedronate, 

pamidronate, alendronate, ibandronate and zoledronate. Nitrogen containing 

bisphosphonates have a slightly different mechanism of action. These work by 

inhibiting the actions of the FPPS enzyme that is a part of the mevalonate pathway 

(Dunford et al. 2001). The mevalonate pathway is responsible for the prenylation of 

proteins and formation of cholesterol. Protein prenylation is a post translation 

modification. This prenylation is necessary for the formation of proteins such as 

RAS, RAB and Coenzyme Q10 (Luckman et al. 1998; Goldstein and Brown 1990; 

Ghirlanda et al. 1993; Zhang and Casey 1996). For an overview of the mevalonate 

pathway, please see the figure below (Figure 1.5). 
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Figure 1.5 Overview of the mevalonate pathway. Adapted from Misra et al. 2016. 
Created with Bio-Render. 

 

1.7 The clinical development of Zoledronate- 

Zoledronate is a particularly potent inhibitor of FPPS compared to other 

bisphosphonates. During one study ZOL was found to have an IC50 value for FPPS 

that was more than 10 times lower than other clinically used bisphosphonates such 

as alendronate, pamidronate and risedronate (Dunford et al. 2001). 

Bisphosphonates tend to accumulate preferentially in the bone. This has been made 

apparent in studies that use radioactive labelling of bisphosphonates (Weiss et al. 

2008; Nikzad et al. 2013; Yousefnia et al. 2015). ZOL also has a higher affinity for 

hydroxyapatite (which is component of the bone) compared to other 

bisphosphonates (Nancollas et al. 2006). This is important for understanding why 

zoledronate acts on the bone, why it remains present in the bone for such a long 

period of time and why its clinical outcomes are so enduring (Dhilion 2016; Colón-

Emeric et al. 2010; Weiss et al. 2007). 
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During clinical trials, it became apparent that ZOL was capable of having beneficial 

effects on the bone for a considerable period of time after infusion. During one such 

trial it was discovered that giving ZOL yearly was just as effective as giving it every 

three months at improving bone mineral density and in lowering markers of bone 

resorption (Reid et al. 2002). Further information on the duration of ZOL’s 

effectiveness on improving bone mineral density was revealed more recently (Grey 

et al. 2017). In this trial on osteopenia, it was demonstrated that ZOL was effective at 

improving bone mineral density for up to 5 years and that this effect was dose 

dependent (increasing strength of effect from 1 mg to 5 mg).  

During the Health Outcomes and Reduced Incidence with Zoledronic acid Once 

Yearly Pivotal Fracture Trial (HORIZON) trial, postmenopausal women were given a 

single dose of 5 mg ZOL. The incidence of bone fractures was then assessed 

following the administration of the drug (Lyles et al. 2007). ZOL treatment was found 

to reduce bone fractures by 35%. Reducing the number of hip fractures is important 

for older people as hip fractures are linked to higher risk of death for older people 

and higher risk of subsequent fractures (Colón-Emeric et al. 2003; Richmond et al. 

2003). ZOL is also effective in reducing bone turnover markers and reducing the 

number of fractures in older women with osteopenia (Reid et al. 2018). 

After the success of these clinical trials, ZOL is now used for the treatment of 

osteoporosis. For treatment and prevention of osteoporosis, it is administered yearly 

via an infusion (Dhillon 2016). As mentioned earlier, this is due to the ability of ZOL 

treatment to increase bone density and lower fracture risk in osteoporosis patients 

(Black et al. 2007). In addition to this, ZOL has other medical applications in other 

bone related diseases. ZOL is also administered to prevent skeletal related events 

(SREs) in cancer patients (Kohno et al. 2005; Lipton et al. 2003; Rosen et al. 2004). 

These SREs occur when a cancer metastasises and spreads to the bone. ZOL is 

used to reduce the fracture risk, improve bone density and reduce pain during these 

SREs. ZOL is also given to reduce pain caused by these SREs (Kohno et al. 2005; 

Saad et al. 2004). Although, ZOL is administered more frequently to treat SREs than 

during osteoporosis treatment (every three to four weeks). Zoledronate is also used 

to treat other diseases that involve abnormal bone remodelling such as Paget’s 

disease (Reid et al. 2005; Ralston et al. 2019). Overall, the ZOL is currently used to 
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treat skeletal diseases, although emerging research suggests it may confer 

additional non-skeletal benefits to older people. 

 

1.8 Side effects of zoledronate treatment-  

Like with any other drug treatment, zoledronate has been known to demonstrate 

some side effects. Common examples of side effects of zoledronate treatment 

include fever, muscle pain and flu-like symptoms (Black et al. 2007; Lee et al. 2012). 

This is known as the acute phase response. Fortunately, these side effects are short 

in duration and typically last for around several days (Reid et al. 2010). There are 

also rarer side effects of zoledronate treatment that have been documented in the 

literature, a notable example of which is osteonecrosis of the jaw (ONJ). The 

incidence of this side effect is far less frequent ∼ 1< in 7000 (Grbic et al. 2008). This 

incidence is increased in the case of cancer treatment (∼8.4%), as ZOL is 

administered on a more regular basis (monthly) compared to osteoporosis (Kajizono 

et al. 2015). Fortunately, the incidence of ONJ can be greatly reduced through 

maintenance of a good standard of dental health (Vandone et al. 2011; Ripamonti et 

al. 2009). There have also been rare incidences of atypical femur fracture in 

response to prolonged use of bisphosphonates, including ZOL (Schleicher et al. 

2014; Meier et al. 2012; Edwards et al. 2012). Like with any other potential medical 

intervention, one must weigh these side effects against any potential benefits of the 

treatment. In the case of zoledronate the limited duration, preventability and low 

incidence of these side effects must be weighed against the many potential benefits 

outlined in this chapter.  

 

1.9 Evidence that bisphosphonates can improve survival and non-skeletal health in 

patients-  

Despite zoledronate’s notoriety as a drug for treating disorders of the bone, evidence 

in the literature has slowly emerged to indicate that zoledronate may confer non-

skeletal benefits to the health of older people (for overview see Figure 1.6). Many 

clinical studies have shown that bisphosphonate treatment can improve the overall 

survival of patients with diseases of the bone, as has been extensively reviewed by 
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others (Center et al. 2020). In addition to improving general survival, 

bisphosphonates may also confer increased resilience in older people following 

admission to intensive care. One such study looked at whether bisphosphonates 

changed the outcomes from admission to the intensive care unit (ICU) (Lee et al. 

2016). Over 7000 patients in Australia were included as a part of this study. The 

patients who took BPs were older than the control group (average age of 68 years 

old for BP vs 56 years old for non-BP group). Despite this, they had improved a 59% 

increased rate of in-hospital mortality following a visit to the ICU. Supporting this 

notion, anther nitrogen containing bisphosphonate has been found to have similar 

effect. For example, the nitrogen containing bisphosphonate pamidronate improved 

survival following a visit to a respiratory care unit (RCU) (Schulman et al. 2016). It 

was unclear in these studies as to whether this increased resilience was due to 

increased bone strength or other non-skeletal factors. 

A clue as to how ZOL confers an increase in survival in older people was found 

during analyses of the HORIZON trial. During initial analysis of this trial, overall risk 

of death was found to be reduced by 28% in patients given ZOL once yearly via an 

infusion (Lyles et al. 2007). Another analysis of the HORIZON trial found evidence 

that ZOL’s ability to confer a benefit to survival could be due to non-skeletal effects. 

A blinded retrospective analysis of the HORIZON study found that only 8% of the 

reduction in mortality was due to a reduction in fractures and that the other 92% of 

reduction in mortality was not (Colón-Emeric et al. 2010). This implied that ZOL was 

acting through other mechanisms to reduce mortality. This study also showed that 

older patients had a reduced risk of death from cardiac arrythmias and risk of death 

from infection. However, there was no changed in the incidence of either cardiac 

arrythmias or infection in this study. The implies ZOL is improving the resilience of 

older people to these diseases. This study was important for laying the groundwork 

for future investigations into how ZOL may confer non-skeletal benefits into 

promoting the survival of older people.   

Further work in the literature was able to support the notion that n-BPs can improve 

the immune function of older people. A more recent study found a weak association 

between reduced incidence of pneumonia infections and ZOL treatment in post-

menopausal women (p=0.09) (Reid et al. 2021). Another study on nitrogen 
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containing bisphosphonates demonstrated a similar effect. A study on a separate 

population of older patients taking nitrogen containing bisphosphates showed that 

they had a significantly reduced incidence and mortality from pneumonia (Sing et al. 

2020). Other recent studies have also examined the impact of BPs on COVID. One 

such study found that zoledronate treatment (but not other BPs) resulted in a 

decreased likelihood of incidence of COVID (Blanch-Rubio et al. 2020). A limitation 

to this study is that it only looked at incidence, not at survival or severity of the 

disease. These findings of that study were somewhat contradicted by a more recent 

study indicating that bisphosphonates have no effect on COVID survival, incidence 

or severity (Degli Esposti et al. 2021). However, this study looked at all 

bisphosphonates collectively and did not distinguish between individual 

bisphosphonates. The authors did acknowledge that it was impossible to rule out 

that ZOL could have had a different effect to the other BPs in a similar fashion to the 

2020 study. Unfortunately, they were unable to perform a similar analysis as there 

were insufficient numbers of ZOL patients in their study to analyse ZOL patients 

individually. In addition to the improvement in survival from pneumonia, analysis of 

the HORIZON trial indicated reduced death from cardiac arrhythmias (Colón-Emeric 

et al. 2010). Supporting this notion, some studies have shown reduced risk of 

cardiovascular events in older patients given bisphosphonates (Reid et al. 2020; 

Sing et al. 2018; Wolfe et al. 2013). However, this is contradicted by meta-analyses 

on bisphosphonates that show no change in the incidence of cardiac events and 

cardiac mortality (Kim et al. 2015; Kranenburg et al. 2016). One possible explanation 

for this is disparity is that there may be a beneficial effect of certain bisphosphonates 

such as ZOL on cardiac function, but not for all bisphosphonates. The exact extent to 

which any enhancement of immune and cardiac function by ZOL plays in promoting 

the survival of older people remains unknown. 

As well as improving immune function and cardiac function in older people, it is also 

possible that ZOL could reduce the incidence of other non-skeletal age-related 

diseases. As mentioned previously in section 1.4, ZOL can prevent the development 

of SREs in cancer. However, there is also evidence to suggest that ZOL treatment 

lowers the total rate of cancer incidence and risk of a fatal stroke in older women 

(Reid et al. 2020). Supporting this notion, some studies have indicated that 

postmenopausal women taking bisphosphonates had reduced incidences of 
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endometrial cancer and colon cancer (Pazianas et al. 2012; Newcomb et al. 2015). 

In addition, one trial showed that postmenopausal women taking ZOL had improved 

survival from breast cancer (Coleman et al. 2014). Contradicting this, other studies 

have found no effect of bisphosphonates in lowering incidence of breast cancer in 

postmenopausal women (Hue et al. 2014). One possible explanation for this is that 

ZOL’s improvement in survival, but not incidence of breast cancer could be due to 

increased bone strength and/ or reduced bone metastasises. Indeed, there is also 

evidence to suggest that BPs can reduce the incidence of skeletal metastasises 

during breast cancer (Kremer et al. 2014; Powles et al. 2006). Another study found 

that bisphosphonate prescription was associated with increased risk of 

gastrointestinal cancers (Green et al. 2010). The authors did acknowledge that the 

patients receiving bisphosphonates were slightly older than the control group, which 

may partially explain this outcome. Overall, there is some evidence to suggest that 

ZOL’s effects on improving survival in certain cancers, although this may be 

mediated partly by its effects on the skeleton.   

In addition to increased risk of cancer, ageing is also associated with increased risk 

of developing other diseases such as type 2 diabetes. There is some evidence from 

retrospective clinical studies to suggest that patients taking nitrogen containing 

bisphosphonates had a reduced risk of developing diabetes (Vestergaard 2011; 

Chan et al. 2015; Toulis et al. 2015). This adds to the body of evidence that suggests 

that ZOL may have beneficial non-skeletal effects on older people. There is also 

some evidence to indicate zoledronate may impact muscle function in patients. 

Recently, there was one study in China that indicated that zoledronate improved 

muscle mass in osteoporosis patients compared to untreated patients (Huang et al. 

2021). It is difficult to determine whether this was due to ZOL’s effect on bone or 

through another mechanism, but this study does offer an initial hint at zoledronate’s 

may improve muscle function. This study should be criticized for its small sample 

size and lack of variety in muscular parameters examined. Further studies are 

required to replicate this finding before drawing any definitive conclusions.  Another 

recent study contradicted these findings and claimed that older patients taking 

zoledronate had impaired muscle and memory function (Bahsi et al. 2020). A major 

limitation to this conclusion was that they did not have a control group of older 

patients that were not treated with zoledronate. It only looked at patients who had 
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taken zoledronate over the course of several years. It is therefore difficult to 

conclude if these changes in this study were as a result of the drug treatment or due 

to age-related changes. Contradicting the finding that ZOL lowers memory function 

in older patients, another study found that bisphosphonate treatment reduced the 

likelihood of developing dementia in people over the age of 50 (Chang et al. 2014). 

Overall, it currently remains unclear whether ZOL treatment can improve 

neurological function in older people.  

The effects of n-BPs on diseases of non-skeletal tissues are a little counterintuitive. 

Pharmacokinetically the bulk of zoledronate stays in the bone in animal models 

(Weiss et al. 2008; Nikzad et al. 2013; Yousefnia et al. 2015). The concentration of 

ZOL in the bone is over 10-1000 times higher in bone than other non-skeletal tissues 

(depending on tissue type). Evidence regarding zoledronate’s distribution in human 

tissues is lacking in the literature at present, which certainly does highlight a limit in 

our understanding as to zoledronate's presence in these tissues in patients. 

Collectively, the clinical studies cited in this chapter imply that zoledronate could be 

working in an extra-skeletal fashion to promote healthy ageing and survival of older 

people. Crucially it has also yet to be determined whether zoledronate promotes 

survival through its effects on the bone or on other tissue types. Although, there has 

been some emerging evidence in the last decade that indicates that zoledronate may 

be targeting mechanisms of ageing in cells that could explain these non-skeletal 

effects.  

 

Figure 1.6 - Mechanisms by which ZOL has been shown to improve survival in 
older patients. Created with Bio-Render. 
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1.10 Evidence supporting ZOL’s ability to act as a geroprotector- 

ZOL was first shown to be a geroprotector in a mesenchymal stem cell model in 

2016 (Misra et al. 2016). This was first indicated by a reduction in features of one 

hallmark of ageing: that of cellular senescence. Human Mesenchymal Stem Cells 

(hMSCs) treated with zoledronate took longer to reach a state of replicative 

senescence and retained their spindle shaped morphology for longer compared to 

PBS treated control cells. Furthermore, Zoledronate treatment resulted in a reduction 

in protein markers associated with senescence: p16 and p21. Both p16 and p21 are 

markers of senescence as they are cyclin dependent kinase (CDK) inhibitors 

(Chkhotua et al. 2003; McConnell et al. 1998; Stein et al. 1999). This means that one 

would expect to see more of these proteins when the cells have stopped dividing. 

The study then went on to look at another hallmark of ageing, that of increased DNA 

damage. Zoledronate was also able to reduce the amount of DNA damage in later 

passage hMSCs in terms of a reduction in the DNA damage marker γ-H2AX. This 

marker binds to sites of DNA damage and recruits DNA repair proteins (Fernandez-

Capetillo et al. 2002; Rogaku et al. 1998). ZOL’s also was able to demonstrate a 

reduction in DNA damage during a comet assay in late passage hMSCs, further 

supporting this conclusion.  

ZOL’s reduction of DNA damage was also intriguing in the context of cellular ageing 

due to the signalling mechanism by which it was achieved. It was found that various 

downstream markers of mTOR signalling were impacted by ZOL treatment by 

hMSCs, including FOXO3A. The authors were then able to implicate FOXO3A in 

ZOL’s reduction of DNA damage through gene silencing (siRNA) of FOXO3A. They 

were also able to offer a hint of zoledronate’s potential for combatting cellular ageing 

in vivo through a reduction in DNA damage on the bone marrow and cortical bone of 

irradiated mice. This study was important as it demonstrated that ZOL inhibited the 

mTOR pathway, which is central to many ageing processes (section 1.4). This work 

was also important because it demonstrated that ZOL was influencing features of 

cellular ageing and that ZOL increased DNA repair in mice. 

This work was later supported by a study that demonstrated how ZOL treatment 

increased longevity and the healthy ageing of Drosophila (Chen et al. 2021). 

Zoledronate treatment (in the drinking water) at both 1 µM and 10 µM was able to 
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improve the survival of both male and female wDah Drosophila when treatment 

began at mid-life (40 days). This was also the case for when zoledronate was given 

from birth for male flies, but not for female flies. Although, the effect of giving ZOL 

from birth in improving the survival of flies was quite small compared to when 

treatment began at mid-life. In terms of improving healthy ageing parameters in 

Drosophila, Zoledronate treatment beginning at 40 days of age was able to improve 

the climbing ability of flies at middle age (56 days old), but not at older age (when 

>63 days). Zoledronate treatment starting at birth or from mid-life was also able to 

improve another feature of Drosophila ageing, that of gut permeability. However, this 

only reached statistical significance when ZOL treatment started at birth.   

ZOL treatment was able to increase the survival of Drosophila treated with H202, an 

inducer of oxidative stress. The signalling molecule FOXO, was implicated in this 

increase in survival by ZOL through treatment of flies heterozygous for FOXO with 

ZOL and H202. Overall, this work on Drosophila was important in showing that 

zoledronate could improve the healthspan of a model organism. It was also 

important because Drosophila lack mineralized bone, the component that ZOL has 

affinity for in mammalian systems. Instead, they have chitin exoskeletons (Moussian 

et al. 2005). This implicated non-skeletal effects of ZOL on the improvement in 

lifespan and healthspan in this study. While certain hallmarks of ageing have been 

identified as being impacted by ZOL treatment in these studies, it is possible that 

other hallmarks of ageing could also be impacted. In subsequent sections of this 

chapter, the potential for ZOL to impact these hallmarks of ageing will be examined. 

 

1.11 Evidence that ZOL may impact the other hallmarks of ageing- 

1.11.1 Nutrient Sensing- 

Zoledronate has been demonstrated to inhibit multiple downstream markers of the 

mTOR pathway in hMSCs such as p-AKT, p-P70S6K and p-mTOR (Misra et al. 

2016). Zoledronate has also been demonstrated to inhibit markers of the mTOR 

pathway in other cell systems. In the breast cancer cell line MDA-MB-468 ZOL was 

capable of inhibiting the mTOR markers p-AKT and p-mTOR (Lan et al. 2013). 

Additional evidence has indicated that ZOL promotes the production of miRNAs 
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involved in regulating AKT and mTOR signalling in the MCF7 breast cancer cell line 

(Fanale et al. 2016). Zoledronate was also able to inhibit markers of the mTOR 

pathway in Osteosarcoma cells (Li and Li 2019). The nitrogen containing 

bisphosphonates alendronate and pamidronate were also able to inhibit the mTOR 

pathway in myeloma and breast cancer cells respectively (Tang et al. 2010; Tsubaki 

et al. 2015). These studies in cancer cell models should be criticized for their 

excessive/ non-physiological concentration used to observe this inhibition of the 

mTOR pathway, which was used in the range of 10-200 µM. However, collectively 

they do support the notion that ZOL can inhibit the mTOR pathway in multiple 

different cell types. Furthermore, Zoledronate treatment was also found to inhibit 

AKT signalling in Drosophila (Chen et al. 2021). Whether ZOL is also capable of 

inhibiting the mTOR pathway in more advanced animal models (such as in mice), 

remains to be determined. The mTOR pathway also interacts with other hallmarks of 

ageing (Figure 1.7), which are discussed further in later sections. 

Another way nitrogen containing BPs could impact ageing through nutrient sensing 

pathways is by lowering levels of circulating IGF-1. This has found to be the case 

with zoledronate in osteoporotic patients (Perifanis et al. 2007). This was also found 

to the case in response to the n-BP pamidronate in rats that had been treated with 

growth hormone (Kapitola et al. 2001). The mechanisms behind this decrease 

remain unclear. However, this suggests that ZOL could be having an impact on more 

than one nutrient sensitive ageing associated pathway. 

 

1.11.2 Genomic instability- 

Zoledronate has been demonstrated to reduce DNA damage through mTOR 

inhibition in hMSCs (Misra et al. 2016). ZOL was also found to upregulate the DNA 

repair protein ATM in hMSCs. Zoledronate also limited DNA damage following 

irradiation of mice in the same study. Furthermore, zoledronate treatment was able 

to reduce levels of DNA damage in Drosophila (Chen et al. 2021). In addition to this 

there is evidence that zoledronate can reduce levels of DNA damage in a cancer 

model. Skin cells derived from Neurofibromatosis patients were found to have 

reduced levels of DNA damage when treated with zoledronate (Combemale et al. 

2022).    
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However, there is some contradictory evidence in the literature to suggest that 

zoledronate can induce DNA damage in certain circumstances. Zoledronate 

treatment was sufficient to increase levels of the DNA damage marker y-H2AX in 

osteosarcoma cells and keratinocytes (Iguchi et al. 2007; Ohnuki et al. 2012). 

However, in both instances the cells were treated with 100 µM Zoledronate. This 

dose is rather a lot higher than that which would be reached physiologically and is 

sufficient to induce apoptosis in certain cell types (Iguchi et al. 2007; Lan et al. 

2013). Other than the previously mentioned mTOR-FOXO3-ATM induced DNA 

damage response (Misra et al. 2016), there could be other mechanisms by which 

ZOL could trigger a DNA repair response. Mice that had been genetically engineered 

to have lower levels of mTOR signalling exhibited increased expression of the DNA 

repair proteins MGMT and NDRG1 (Dominick et al. 2017). It is possible that ZOL 

could also increase the expression of these proteins also due to its inhibition of the 

mTOR pathway. Although, that has yet to be determined. 

1.11.3 Telomere attrition- 

Zoledronate’s impact on telomere attrition remains unclear. Studies on nitrogen 

containing BPs in prostate and cancer cells indicated that nitrogen containing BP 

treatment reduced telomerase expression (Dalle Carbonare et al. 2005; Valenti et al. 

2005). It was suggested by the authors that this might be a mechanism by which 

BPs reduce levels of cell viability in cancer cell lines. It is difficult to compare this in 

an ageing context as cancer cells express elevated levels of telomerase to begin 

with in order to maintain their continuing proliferation (Shay et al. 2001). Another 

study looked at telomere length in leukocytes in post-menopausal women who had 

been receiving nitrogen containing bisphosphonates (Kalyan et al. 2014). This study 

found that there was no difference in telomere length in response to zoledronate 

treatment. This supports the notion that a reduction in telomeres by n-BPs may be 

unique to cancer. Either way, it is also possible that the impact of zoledronate on the 

other hallmarks of ageing might outweigh any potential impact on telomerase 

expression. 
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1.11.4 Autophagy / Proteostasis- 

As mentioned previously zoledronate can inhibit the mTOR pathway. A notable 

example of a cytoprotective effect of mTOR inhibition is that of increased autophagy 

(Jung et al 2010; Dunlop et al. 2014; Arias et al. 2015). This can be through 

activation of ULK or through the activity of FOXOs. Due to zoledronate’s inhibition of 

the mTOR pathway, it is also possible that zoledronate could induce autophagy. 

Indeed, some evidence in the literature exists to suggest that zoledronate can induce 

autophagy in a couple of different cancer cell models (Ge et al. 2014; Lu et al. 2016). 

However, a major limitation to these studies again was that zoledronate was applied 

at excessive concentrations that would be unlikely to be reached in vivo (>10 µM). 

This induction in autophagy seen in these cell models could be due to cell death 

caused by a cytotoxic dose the drug was administered at (Denton and Kumar 2019; 

Iguchi et al. 2007). 

Another way in which ZOL could target proteostasis is through the proteasomal 

system. There is also some evidence to indicate that ZOL increases the production 

of miRNAs involved in ubiquitin mediated proteostasis in MCF-7 breast cancer cells 

(Fanale et al. 2016). Although, the effects of ZOL or other BPs on proteasomal 

activity have yet to be substantiated by other studies. An alternative mechanism by 

which zoledronate could improve proteostasis with age is by increasing levels of 

chaperone proteins that prevent protein aggregates. There are a couple of examples 

in the literature that suggests that n-BPs could induce increased expression of heat 

shock proteins, an example of chaperone proteins. One such study demonstrated 

how zoledronate could increase levels of the transcription factor HSF-1 in 

osteosarcoma cells (Lamoureux et al. 2014). This transcription factor is responsible 

for transcription of a variety of heat shock protein genes involved in protein folding. 

Similarly, a study on osteoblast like cells indicated that the nitrogen containing 

bisphosphonates risedronate and alendronate increased levels of heat shock protein 

90 expression (Romanello et al. 2006). It is possible that ZOL could also help 

alleviate cellular ageing through the prevention of protein aggregation. 
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1.11.5 Mitochondrial dysfunction- 

If ZOL can improve autophagy (as discussed in section 1.11.4), it could also aid in 

the clearance of defective mitochondria via mitophagy. In addition to this, 

zoledronate’s ability to influence FOXO3A could also improve mitochondrial 

dysfunction. Increased activity of FOXO3A was one of the markers of zoledronate 

treatment in hMSCs (Misra et al. 2016). Some studies have indicated that increased 

activation of FOXO3A can improve features of mitochondrial dysfunction (Kops et al. 

2002; Celestini et al. 2018).  

However, there is some evidence that nitrogen containing BPs could have a negative 

impact on mitochondrial function. Since the mevalonate pathway is responsible for 

the formation of prenylated proteins, it is also responsible for the production of 

prenylated proteins required for the mitochondrial respiratory chain such as 

Coenzyme Q10. A study found that n-BP receiving osteoporotic patients had 

reduced levels of coenzyme Q10 in their circulation (Kalyan et al. 2014). The work in 

this study should be criticised for the relatively low number of control patients (n=17). 

There are a variety of mechanisms by which zoledronate could be influencing the 

healthy ageing of mitochondria. It has also been suggested that mTOR inhibitors 

reduce DNA damage by lowering the levels of ROS by increasing expression of 

superoxide dismutase and other antioxidants (Kofman et al. 2012; Calap-Quintana et 

al. 2015). In addition to this, FOXO3A activation can also increase antioxidant 

activity (Kops et al. 2002). Given that ZOL inhibits mTOR and activates FOXO3A it is 

possible that is could also enhance the antioxidant activity of cells.  

1.11.6 Cellular Senescence- 

An indication that zoledronate was able to combat several features of cellular 

senescence was demonstrated in hMSCs (Misra et al. 2016). This was indicated by 

a reduction in features associated with cellular senescence present in late passage 

primary hMSCs. Cells treated with zoledronate took longer to reach a state of 

replicative senescence and retained their spindle shaped morphology for longer 

compared to PBS treated control cells. Zoledronate treatment resulted in a reduction 

in protein markers associated with cellular senescence: that of the cell cycle arrest 

proteins p16 and p21. Although, it is unclear whether this reduction in markers of 

senescence was due to prevention of a state of cellular senescence being reached 



   

 

Page | 38 

 

(senostatic) or selective cell death of senescent cells (senolytic). Although, judging 

by the senostatic effects of drugs that target similar pathways such as rapamycin 

(Laberge et al. 2015; Herranz et al. 2015), this would seem to be the more likely 

mechanism. Supporting this notion, an experiment conducted in Drosophila 

suggested that ZOL had a preventative effect on limiting cellular damage to promote 

survival (Chen et al. 2021). This was done by comparing the survival of Drosophila 

treated with H202 at 11 days of age; an agent that induces oxidative stress and 

reduces lifespan. Survival of flies was improved when ZOL was given prior to H202 

but not when given simultaneously with H202. This suggests that ZOL is having a 

preventative rather than a curative effect on cellular damage to promote longevity in 

Drosophila. Although a limitation to this argument is that it was unclear during this 

study whether a reduction in cellular senescence itself was a cause of the increased 

survival. Conversely, the n-BP pamidronate can induce senescence in oral 

keratinocytes. This was shown by increased levels of the cellular senescence 

markers p16 and senescence associated β-galactosidase (Kim et al. 2011). 

Although, this may be due to rare side effect of BPs specific to the mouth such as 

osteonecrosis of the jaw (ONJ). In addition, the drug was administered at a high, 

non-physiological concentration that may also explain these findings (50 µM). 

1.11.7 Intercellular communication- 

ZOL may also impact this hallmark of ageing. This is because DNA damage is a key 

driver of the SASP (Rodier et al. 2009). Since ZOL has already been shown to 

reduce DNA damage in hMSCs (Misra et al. 2016), it is also possible it could 

alleviate the SASP. The SASP can also be induced by mitochondrial dysfunction 

(Wiley et al. 2016). If zoledronate can impact mitochondrial dysfunction (section 

1.11.5), it could also alleviate the SASP through this mechanism. Another key driver 

of the SASP is that of NF-kB signalling (Chien et al. 2011). It has been demonstrated 

that zoledronate can lower levels of active NF-kB in cancer and myeloid cells 

(Schech et al. 2013; Wolf et al. 2006). In addition to this, drugs that target similar 

pathways to ZOL such as rapamycin have been shown to be capable of reducing the 

SASP (Laberge et al. 2015; Herranz et al. 2015). Given that ZOL can also inhibit 

mTOR markers (Misra et al. 2016), it is also possible that ZOL could have a similar 

effect on the SASP of older cells. ZOL’s impact on the release of inflammatory 

factors from immune cells may contradict this hypothesis. ZOL can induce an acute 
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phase response that typically lasts for less than 48 hours. This results in the release 

of pro-inflammatory cytokines from immune cells (Anastasilakis et al. 2012; Welton 

et al. 2013). This suggests that ZOL may also drive a pro-inflammatory environment 

in the short-term following administration due to the acute phase response. Whether 

the impact of the acute phase response would outweigh any long-term anti-

inflammatory impact on the SASP in the remains unknown. 

 

 

Figure 1.7 - The potential impact of ZOL’s inhibition of mTOR on features of 
the hallmarks of ageing. Created with Bio-Render.  

 

1.11.8 Stem Cell Dysfunction- 

Zoledronate can seemingly alleviate some features of stem cell dysfunction. In 

hMSCs, cells treated with zoledronate were able to proliferate for longer before 

reaching a state of replicative senescence (Misra et al. 2016). In addition to this 

zoledronate treated hMSCs had a higher number of clonogenic cells compared to 

control treated cells when assessed via CFU-F, CFU-O and CFU-A. These 

experiments indicated that zoledronate increased the ability of hMSCs in later 

passage cells to differentiate in vitro. These also had lower levels of the DNA 

damage marker γ-H2AX. This experiment suggested that ZOL treatment increased 
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the resistance of stem cells to DNA damage, another hallmark of ageing. This was 

further demonstrated in vivo through the irradiation of mice. Mesenchymal progenitor 

cells from irradiated mice had higher numbers of CFU-F cells compared to irradiated 

control mice. In addition, more recent work showed that ZOL treatment was able to 

prevent age related changes to intestinal stem cells in Drosophila (Chen et al. 2021). 

ZOL treated flies had lower numbers of intestinal stem cells compared to control flies 

at old age (60 days). However, other work in the literature has contradicted these 

findings. One such study indicated that zoledronate could reduce proliferation and 

induce apoptosis of hMSCs (Ebert et al. 2009). However, this work did use much 

higher concentrations of zoledronate of 25-50 µM. Again, it is unlikely that such a 

concentration would be reached physiologically.   

1.11.9 Epigenetic alterations-  

Another way in which ZOL could target a hallmark of ageing is via epigenetic 

changes. An example of an ageing intervention that targets epigenetic changes with 

age is that of HDAC inhibitors to reduce histone deacetylation. This has been used in 

mice to improve memory with age (Peleg et al. 2010). The n-BP ibandronate has 

been shown to be an effective HDAC inhibitor in cancer cell lines (Karlic et al. 2015). 

It is possible that other n-BPs such as ZOL could be used to improve the memory of 

older organisms through a similar mechanism. Another way in which ZOL maybe 

influencing epigenetic ageing of cells is through increasing levels of certain miRNAs 

that promote longevity (Fanale et al. 2016). In this study it was shown that ZOL can 

alter levels of miRNAs that regulate AKT and mTOR signalling in vitro in breast 

cancer cells. Whether this is also the case in an ageing context remains unclear.   

Another mechanism by which ZOL could be influencing epigenetic mechanism is by 

increasing levels of KDM6A. KDM6A demethylates H3k27me3. Knocking out 

KDM6A has a negative impact on the self-renewal of bone marrow cells from aged 

mice (Tian et al. 2021). In addition to this, overexpression of a KDM6A/B ortholog 

increased lifespan in C. elegans (Labbadia and Morimoto 2015). ZOL may have 

epigenetic effects on ageing through increasing levels of KDM6A and KDM6B. One 

study showed that zoledronate increased levels of KDM6A and KDM6B in 

macrophages (Yang et al. 2020). The exact mechanisms by which n-BP achieves 

these epigenetic changes in these prior studies currently remains unknown.  
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1.12 The pipeline for developing interventions that target hallmarks of ageing-  

During this chapter, it is hoped that the potential of ZOL to impact the hallmarks of 

ageing has been illustrated. The end goal of ageing interventions is to treat a root 

cause of ageing to improve the health of older people. This usually begins with 

experiments to identify compounds or other interventions that impact the hallmarks 

of ageing in the context of cultured cells. Once successfully identified, this then leads 

to these interventions being tested in model organisms. In model organisms such 

interventions tend to look at two distinct outcomes. One of which is an improvement 

in lifespan: how long an organism lives in response to an intervention. The other is 

an improvement in healthspan: how long an organism remains free of disease/ 

remains in good health. Usually this begins with an invertebrate model such as 

Drosophila or C. elegans. The next step is to test the intervention in a mammalian 

system such as in mice. Finally, such interventions can then start to be tested in 

patients during clinical trials.  

The efficacy of ZOL in improving the healthy ageing of cells and Drosophila has 

been demonstrated (Misra et al. 2016; Chen et al. 2020). The next step will be to 

assess with ZOL improves the healthy ageing of mice. A recently proposed pipeline 

for standardised testing of ageing interventions should be used to assess healthy 

ageing in mice (Bellantuono et al. 2020). This study focussed on determining 

whether zoledronate can improve the healthy ageing of mice using this pipeline for 

assessing healthy ageing. If successful, the hope of this research is that this 

intervention could then be tested in a clinical trial on patients to improve healthy 

ageing in the older population.  
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Hypotheses- 

1) Zoledronate can inhibit mTOR in mouse tissues.  

2) Zoledronate can improve the healthspan of mice. 

Objectives- 

1) To detect if ZOL is capable of inhibiting mTOR in mouse tissues and how 

regularly to give the drug by western blotting for p-AKT as a marker.  

2) To determine if ZOL improves the healthspan of mice by giving ZOL to older 

mice and assessing their healthspan parameters. 
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Chapter 2- Materials and Methods 

 

2.1 Mouse Experiments- 

Animal experiments were performed according to protocols outlined in the project 

licence (PCF1D350B) and personal licence granted by the home office. Female 

C57BL/6J mice were purchased from Charles River (Charles River, Wilmington, 

Massachusetts, USA). Mice were kept at 21 °C and on a 12-h:12-h light: dark cycle. 

C57BL/6J mice were used as this is the strain that was recommended by the toolbox 

on measuring mice healthspan paper (Bellantuono et al. 2020). C57BL/6J mice were 

chosen as the preferred strain of mouse in the toolbox paper because they have 

been widely used in previous studies on mouse healthspan. Using the same strain of 

mouse helps ensure that studies that use the toolbox are standardised and makes it 

easier to compare the effectiveness of ZOL with other healthspan interventions in the 

field. In addition to this, C57Bl/6J are widely available to order from vendors and their 

widespread use means that their housing, maintenance, age-related changes and 

health-related conditions are well understood.  

During the mouse experiments, mice were culled at the end of the experiment or if 

they reached a humane end point as set out in the project licence. These humane 

endpoints included rapid weight loss (>20%), widespread piloerection, dermatitis 

covering more than 10% of the body, abnormally hunched posture, loss of physical 

activity or appetite that cannot be reversed by mild veterinary intervention. Mice were 

examined throughout these experiments for signs of these of humane endpoints or 

for any other indication of ill health. Furthermore, mice were weighed twice weekly as 

part of the healthspan experiment (see Figure 4.3) and to ensure animal welfare. 

After the culling, mice underwent a post-mortem examination and had their tissues 

collected for further study. Any signs of tumours or other organ abnormalities were 

noted. Tissues were either flash frozen or stored in paraffin for future histological 

analysis. 
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2.2 Drug treatments- 

Zoledronate was prepared by dissolving zoledronate powder 1.45 mg/ml powder in 

Phosphate Buffered Saline (PBS) to create a 5 mM concentration solution. This 

solution was diluted further in PBS to create a 25 µg/ml solution for mouse 

intraperitoneal injections. During the time course experiments, 10-week-old 

C57BL/6J mice were injected intraperitoneally with 125 µg/ kg zoledronate (thanks to 

Hal Ebetino for providing Zoledronate powder) or with an equivalent amount of PBS. 

During the healthy ageing study, C57BL/6J mice were injected intraperitoneally with 

125 µg/ kg zoledronate or with an equivalent amount of PBS twice a week starting at 

12 months of age for the duration of the healthspan pipeline. 

For in vitro experiments, the 5 mM ZOL solution was further diluted in Dulbecco's 

Modified Eagle Medium (DMEM) media containing 10% Foetal Bovine Serum (FBS, 

Thermofisher, Waltham, Massachusetts, USA) to reach the required concentrations. 

As a control treatment, cells were given an equal amount of PBS. Clinical 

Zoledronate solution was ordered from the Northern General hospital pharmacy 

(Tillomed laboratories, Luton, UK). This stock solution was at 0.8 mg/ml and diluted 

further in media to reach the desired concentration.    

Farnesol (FOH) (MCL, Sigma, Burlington, Massachusetts, USA) and geranylgeraniol 

(GGOH) (Sigma) were diluted to 7.33 mg/ml and 9.58 mg/ml respectively in 100% 

ethanol. This resulted in the creation of 33mM FOH and GGOH solutions. These 

were then further diluted in the DMEM media to reach a concentration of 33 µM. This 

concentration was sufficient to reverse inhibition of the mevalonate pathway in a 

previous study (Misra et al. 2016). An equivalent amount of ethanol was used as a 

control for FOH and GGOH. Media was not replenished after drug treatment unless 

otherwise stated. 

2.3 Tissue collection- 

2.3.1 Culling and timing of tissue collections- 

During most of the time course experiments, mice were culled via cervical 

dislocation, were dissected and had their tissues flash frozen in liquid nitrogen for 

further analysis at the end of the experiment. However, if blood was collected from 

the mice a different culling method was used. In order to collect the mouse blood, 
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mice were culled via cardiac puncture under anaesthesia (5% isoflurane (Zoetis, 

Parsippany, New Jersey, USA) and 2 L/ minute oxygen). A 25g needle containing a 

small volume (approximately 100 µl) of heparin (Wockhardt, Mumbai, Maharashtra, 

India) was used to collect the blood.  

If mice were subjected to dietary manipulation prior to tissue collection, food was 

withdrawal food overnight for 16 hours followed by subsequent refeeding of each 

mouse for 45 minutes. For the time course experiments, tissues were collected at 

Day 1, Day 3, Day 7 or Day 24 post-injection. A time point of Day 3 was used as it 

took three days for p-AKT inhibition to be achieved by ZOL in a previous study on 

hMSCs in vitro (Misra et al. 2016). Time points of Day 7 and Day 24 post-injection 

were selected to see if ZOL maintained p-AKT inhibition in the longer term following 

a single dose of the drug. A time point of time Day 1 post-injection was also selected 

in case ZOL’s impact on p-AKT in mouse tissues was shorter in duration than that 

observed in hMSCs (Misra et al. 2016). There were three mice per group for the first 

set of time course experiments (Figures 3.2-3.7). This number was used as this 

group size was sufficient to inhibit p-AKT in hMSCs and Drosophila. During the next 

set of time course experiments a larger group size was used (n=6). This group size 

was decided using power calculations using the data from the previous ZOL time 

course experiments to work out the group size needed to reliably detect a significant 

change. Power calculations used a power of 80% and an alpha of 0.05. 

2.3.2 Bone marrow collection- 

Femurs were placed in DMEM media containing 10% FBS. These femurs were then 

cut at the end with a scalpel and placed in PCR tubes. These PCR tubes had the 

end cut off and were placed inside an eppendorf. The femurs were centrifuged at 

2012 g for 3 minutes to pellet the bone marrow. The flushed femur was then flash 

frozen for further analysis. This pellet was then resuspended in 100 ml of lysis buffer, 

incubated for 15 minutes and spun at 9477 g for 10 minutes to collect the protein 

lysate.  

2.3.3 Collection of Blood from mice- 

The mouse blood (approximately 0.5-1 ml) was drawn up and then placed in a 15 ml 

tube. Blood was diluted 1:4 in PBS. 5 ml of Ficoll (GE Healthcare, Chicago, Illinois, 

USA) was then added. These were then spun at 300 g for 30 minutes at RT with the 
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break switched off. The mononuclear layer was extracted with a pasteur pipette and 

diluted in 20 ml of PBS. This was then spun at 150 g for 10 minutes, the pellet was 

resuspended in 1 ml of PBS and transferred to an eppendorf tube. Cells were 

counted by diluting them 1:5 in 2% acetic acid (glacial acetic acid and distilled 

water). Cells were counted in a Fuchs Rosenthal Haemocytometer (VWR 

International, Radnor, Pennsylvania, USA). Cells were then spun at 735 g in a 

microcentrifuge, had their supernatant removed and then the pellet was flash frozen 

in LN. 

2.3.4 Choice of AKT as a biomarker in time course experiments- 

AKT was used as the primary marker for ZOL’s activity in mouse tissues. As mentioned 

earlier, AKT is a serine/threonine protein kinase. In terms of its cellular function, it 

regulates glucose metabolism, survival, cytoskeletal and proliferation. It is also 

important in the context of ageing as other AKT inhibitors can induce autophagy, thus 

alleviating a hallmark of ageing (Cheng et al. 2022). This study also demonstrated that 

AKT inhibition can increase the lifespan of Drosophila, further illustrating the 

importance of AKT signalling in ageing. AKT has also been shown to be a marker that 

is robustly inhibited by ZOL during previous studies on hMSCs and Drosophila (Misra 

et al. 2016; Chen et al. 2020). Some of the downstream signalling molecules of AKT 

signalling also have a role to play in cellular ageing. For example, the inhibition of AKT 

causes increased activation of FOXO transcription factors. These in turn can alleviate 

features of cellular ageing through activation of autophagy and through increased 

antioxidant production (Kops et al. 2002; Warr et al. 2013). Furthermore, interventions 

that increase activation of FOXOs have been shown to increase lifespan in model 

organisms (Chen et al. 2019; Demontis and Perrimon 2010; Lin et al. 1997). Another 

protein downstream of AKT signalling is GSK3β. This protein was implicated in the 

development of cellular senescence and the SASP in a recent study in which GSK3β 

was knocked out in podocytes (Fang et al. 2022). This resulted in a reduction in the 

SASP and cellular senescence in podocytes in vitro. Collectively, these studies 

suggest that downstream molecules of AKT signalling have an important role to play 

in cellular ageing.    
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2.4 Human Mesenchymal Stem Cells (hMSCs) culturing- 

2.4.1 Establishment of hMSCs lines- 

MSCs were obtained from bone marrow donors. These donors were young and 

healthy patients (2-15 years old) who were undergoing an osteotomy at Sheffield 

Children’s hospital. Criteria for exclusion as a donor included having a bone marrow 

abnormality, metabolic defect or cancer. Informed written parental consent was 

obtained in full compliance with local ethics committee requirements (NHS ethical 

approval #19/SW/0195). Initial culturing of hMSCs from bone marrow was performed 

by Caroline Fry and Zhengqi Chen. This was done by collecting bone marrow in 

DMEM media containing 10% FBS, 0.01% penicillin/streptomycin (Sigma) and 0.1% 

heparin. Bone marrow mononuclear cells (BMC) were collecting by centrifugation at 

800 g for 20 minutes in lymphocyte separation medium (1.077g/L, PAA Laboratories, 

Somerset, UK). The interphase layer was then collected and 18 ml of PBS was 

added for every 2 ml of BMCs. The cells were then centrifuged again at 800 g for 10 

minutes. Cells were resuspended in 2 ml of PBS and then counted with 5% acetic 

acid in a Fuchs Rosenthal Haemocytometer. Following this, another 18 ml of PBS 

was added and the cells were centrifuged again at 800 g for 5 minutes. The pellet 

was resuspended in DMEM media containing 10% FBS, plated at 8000 cells per cm² 

in a T25 flask (Thermofisher) and left in an incubator at 370C at 5% CO2. The media 

was replenished 24 hours later to remove non-adherent cells. Once cells reached 

90% confluency, they were replated as described in section 2.4.4.  

2.4.2 Defrosting hMSCs-  

Cryovials of hMSCs were stored at –2000C in liquid nitrogen. Cryovials of cells were 

initially defrosted in a water bath at 370C. The defrosted cells were then transferred 

into 10 ml of DMEM media (Gibco, Paisley, UK) containing 10% FBS. The cells were 

then centrifuged at 693 g for 5 minutes. After this, the pellet was resuspended in 

DMEM media (containing 10% FBS) and seeded into a T75 flask. The cells were 

then placed in an incubator at 370C, 5% CO2. After 24 hours since the cells had been 

defrosted, the media was replenished.  
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2.4.3 Maintenance of hMSC cultures- 

The cells were cultured in DMEM media containing 10% FBS. Cells were cultured in 

an incubator at 370C at 5% CO2. Flasks were replenished with fresh media twice 

weekly. Cells were examined regularly to check confluency.  

2.4.4 Cell passaging- 

Once cells reached 90% confluency, the cells were split and seeded into new flasks. 

Initially the media was removed and then the flask was washed with PBS. Following 

this, trypsin-EDTA (Thermofisher) containing 0.05 % Trypsin, 0.53 mM Ethylene-

diamine-tetra-acetic acid (EDTA) was added to the cells. The cells were then placed 

in the incubator for 3-4 minutes. Once the cells detached, the trypsin was inactivated 

through the addition of DMEM media containing 10% FBS. The cells were then 

subjected to centrifugation at 693 g for 5 minutes. Following this, the supernatant 

was removed and the pellet was gently resuspended in DMEM media containing 

10% FBS. A cell count was performed using trypan blue (Sigma) and a Fuchs 

Rosenthal Haemocytometer. 5000 cells per cm² were then seeded into a new T75 

flask (Thermofisher) or T25 flask. Newly seeded flasks were then placed in an 

incubator for further culturing 370C at 5% CO2.  

2.4.5 Freezing of cells-  

As described in 2.6.5, flasks had their media removed, were washed with PBS and 

trypsinized. After this, the cells were resuspended in a freezing mixture consisting of 

10% DMSO (Thermofisher) in FBS. The cells were then moved to a cryovial and 

placed in a freezer -800C. The next day, the cells were then transferred to liquid 

nitrogen for long term storage at –2000C in liquid nitrogen. 

2.5 Protein Extraction-  

2.5.1 Extraction of protein from bone marrow, brain, heart, intestine, kidney, flushed 

femur, pancreas, skeletal muscle, spleen and tibia mouse tissues- 

Following tissue dissection and flash freezing, extraction of the protein lysates from 

the mouse tissues was performed. To begin with, lysis buffer was prepared by fully 

defrosting mammalian cell lysis buffer (MCL) (Sigma). This buffer consists of 0.5% 

Sodium Dodecyl Sulphate, 750 mM Sodium Chloride, 2.5 % Deoxycholic acid 

sodium salt (DOC), 5% IGEPAL (Octylphenoxy poly(ethyleneoxy)ethanol) and Tris 
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buffer (5 mM EDTA, 250 mM Tris-HCl, pH 7.5). Phosphatase inhibitor (Sigma) was 

added to the MCL, this inhibitor cocktail contains Calyculin A, (–)-p-Bromolevamisole 

oxalate and Cantharidin. This was added at 1% of total volume of the MCL. Protease 

inhibitor was also added to the MCL. The protease inhibitor cocktail consists of 4-(2-

aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF) (104 mM), Aprotinin (80 

µM), and Bestatin (4 mM), E-64 (1.4 mM), Leupeptin (2 mM) and Pepstatin A (1.5 

mM). The protease inhibitor (Sigma) was added at 2% of total volume of the MCL.  

Collected tissues were placed on dry ice. They were placed on scales and weighed. 

This was done in order to determine the volume of lysis buffer required to add to 

successfully lyse the tissues (1 mg of tissue per 30 µl of lysis buffer). After weighing, 

tissues were kept on dry ice. A mortar and pestle were cooled by pouring liquid 

nitrogen onto them. The tissue was then placed into the cooled mortar and pestle. 

Then the tissue was crushed using the mortar and pestle. Once the tissue had 

reached the state of a fine powder it was transferred to a 50 ml falcon tube along 

with the liquid nitrogen. These tubes were then placed on ice. Once the liquid 

nitrogen had evaporated, lysis buffer was added according to the tissue weight. The 

samples were then sonicated for 10 seconds. This sonication was repeated another 

two times for 10 seconds for each sample. Following this, the samples were left to 

incubate for 15 minutes at 4°C on a shaker. Next, the samples were subjected to 

centrifugation at 9477 g for 10 minutes in a microcentrifuge. Lastly, the supernatant 

was then removed and stored in the freezer at –20°C. 

2.5.2 Protein extraction of blood cells- 

In the instance of the peripheral blood cells were collected as described in 2.3.3 and 

lysis buffer was prepared as described in section 2.5.1. In addition, it was also 

necessary to also add 0.025 Units/µL Benzonase Nuclease (Sigma) to remove DNA 

contamination at 0.1% of total volume of the lysis buffer. Sample buffer (see section 

2.7) was then added to the lysis buffer at a ratio of 1:4. This loading buffer was then 

added to the entire pellet. The samples were then boiled for five minutes at 970C and 

the samples were then ready for loading during subsequent western blot analysis. 

The rest of the steps of the western blotting protocol for p-AKT and total AKT were 

followed in the same fashion as outlined in section 2.7.1. 
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2.5.3 Protein extraction of cultured hMSCs- 

Cells were trypsinised as described in section 2.4.4. The pellet was then 

resuspended in PBS and a cell count performed. Following this the cells were 

centrifuged at 693 g for 3 minutes in a microcentrifuge. Following removal of the 

supernatant, the cell pellet was re-suspended in mammalian cell lysis buffer (also 

containing 1% Protease and 2% Phosphatase inhibitor). The volume of lysis buffer 

added corresponded to the number of cells (500 µl of buffer per 3 million cells). The 

cells were then placed on a shaker at 40C for 15 minutes to incubate. Then the 

lysate was subjected to centrifugation at 9477 g at 40C for 10 minutes in a 

microcentrifuge. The supernatant was then taken off and stored in a freezer at -200C 

for future use. 

2.6 Bicinchoninic acid (BCA) assay 

In order to quantify the concentration of protein present in the lysates a Bicinchoninic 

acid assay (BCA) was performed. This was required to load consistent amounts of 

protein (40 µg) for the western blot assay. To begin with a Bovine Serum Albumin 

(BSA) calibration curve was created from a series of BSA: Lysis buffer standards (0-

2000 µg/mL). These standards contained either 0 µg/mL, 250 µg/mL, 500 µg/mL, 

750 µg/mL, 1000 µg/mL, 1250 µg/mL, 1500 µg/mL or 2000 µg/mL BSA/ lysis buffer. 

10 µl of each protein standard was loaded in triplicate to a 96 well plate. Following 

this, protein samples of interest were diluted 1:10 in lysis buffer (5 µl protein sample 

and 45 µl lysis buffer) and 10 µl of each diluted protein sample was also loaded onto 

the 96 well plate in triplicate.  

Next, a 1:50 copper sulphate (Sigma)/ BCA was prepared. 200 µl of the copper 

sulphate/ BCA solution was then added to each sample in the 96 well plate for half 

an hour at room temperature (RT). Addition of the Copper Sulphate/ BCA solution 

resulted in a purple colour change in the presence of amino acid residues due to the 

reduction of Cu2+ ions to Cu+1. This colour changes were measured with a 

Spectramax M5e (Molecular devices, Wokingham, UK) plate reader to determine 

protein concentration. Readings were made at 560nm with Softmax pro 7 software 

(Molecular devices, San Jose, California, USA).   
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2.7 Western Blotting of hMSCs and mouse tissues- 

Running buffer was prepared containing 2.5 mM Tris, 19.2 mM glycine, 0.01% SDS 

(Bio-Rad, Hercules, California, USA). Sample buffer was prepared by diluting 

mercapthoethanol (Sigma) 1:10 in 4X laemmli buffer (Bio-Rad). The laemmli buffer 

consists of 1% Lithium Dodecyl Sulphate (LDS), 10% glycerol, 0.005% Bromophenol 

Blue and 62.5 mM Tris-HCl at pH 6.8. Tris Buffered Saline with Tween-20 (TBST) 

was prepared by adding 0.1% Tween-20 in Tris Buffered Saline (TBS) (160g NaCl, 

60g Tris Base, pH 7.5 HCl dissolved in deionised water).  

Following this, protein ladder (Precision Plus Protein™ All Blue Prestained Protein 

Standard, Bio-Rad, Hempstead, UK) and protein lysates were defrosted on ice. 

Once lysates had been defrosted, these were then added to the sample buffer (1:4 

Sample buffer: Protein lysate sample). These were then boiled for five minutes at 

970C. 40 µg of protein lysate and 5 µl of the protein ladder were then loaded onto a 

4–15% Criterion™ TGX™ Precast Midi Protein Gel (Bio-Rad). This was run for 1 

hour on ice at 180V in running buffer. Once the run had been completed, a transfer 

cassette was then assembled using Trans-Blot Turbo Midi 0.2 µm PVDF Transfer 

Pack (Bio-Rad). From bottom to top this transfer cassette consisted of one stack of 

filter paper, a 0.2 µm PVDF membrane, one gel and one additional transfer stack of 

filter paper. Semi dry transfer of the protein from the gel to the membrane was then 

performed using a turbo-blot transfer machine (Bio-Rad) at 2.5 A, 25 V for 7 minutes.  

Once the transfer had been completed, the membrane was placed in blocking 

solution for 1 hour at RT on a shaker. This blocking solution was either 5% BSA 

(Sigma) or 1-5% dry milk powder dissolved in TBST depending on the antibody (see 

Table 2.1). Following this, the membranes were incubated with primary antibody 

overnight at 4°C. For a full list of antibodies used during western blotting, please see 

Table 2.1. After the primary antibody incubation, the membranes were washed in 1X 

TBST for 5 minutes three times. The membrane was then incubated with secondary 

antibodies for 1 hour at RT. The membranes were then washed a further three times 

in 1X TBST (5 minutes per wash). Imaging of membranes was performed using the 

ChemiDoc MP imaging system (Bio-Rad) and Image Lab 6.0 software (Bio-Rad). 

Following this, western blot images were quantified in Image Lab 6.0 software.   
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Table 2.1- Table of blocking solutions and antibodies used during western blotting.  

Antibody Concentration 

in blocking 

solution 

Blocking 

Solution 

Antibody 

Incubation 

Time 

Company Product 

Number 

p-AKT 1: 1000 for 

tissues, 1:500 

for hMSCs 

5% BSA 

 

Overnight 

at 4°C 

 

Cell Signalling, 

Danvers, MA, 

USA. 

#4060 

Total AKT 1: 1000 5% BSA 

 

Overnight 

at 4°C 

 

Cell Signalling #9272 

p-P70S6K 1: 500 5% BSA 

 

Overnight 

at 4°C 

 

Cell Signalling #9205 

Total 

P70S6K 

1: 1000 5% BSA 

 

Overnight 

at 4°C 

 

Cell Signalling #9202 

p-S6 1: 2000 5% BSA 

 

Overnight 

at 4°C 

 

Cell Signalling #5364 

Total S6 1: 2000 5% BSA 

 

Overnight 

at 4°C 

 

Cell Signalling #2217 

p-mTOR 1: 500 5% BSA 

 

Overnight 

at 4°C 

 

Cell Signalling #2976 

Total 

mTOR 

1: 250 5% BSA 

 

Overnight 

at 4°C 

 

Cell Signalling #2983 

GAPDH 1: 2500 5% Dry 

Milk 

Powder 

1 hour at 

RT 

 

Cell Signalling 

 

#12004168 

Goat Anti-

Rabbit 

1: 2500 5% Dry 

Milk 

Powder 

 

1 hour at 

RT 

 

Cell Signalling 

 

#12004161 
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2.8 Assessment of mouse healthspan- 

2.8.1 Timing of assays and experimental design- 

For all healthspan assays, baseline health measurements were made at 10 months 

prior to the start of the intervention. Drug intervention with ZOL or PBS began at 12 

months of age. The next set of healthspan measurements to test the efficacy of the 

treatments were taken at 18 months for all assays. The final measurements were 

taken at 22 months for most assays (for frailty the final measurement occurred at 23 

months). Some assays had measurements taken between 18 and 22 months (see 

Figure 4.1 for further details on this). These assays were performed in 18–23-month-

old mice to see what the effects of the drug were in older mice. Some of the assays 

required a greater gap between them than others to minimise stress to the animals, 

for example the glucose tolerance test. The timings of these assays are based off a 

standardised toolbox for assessing the healthy ageing of mice (Bellantuono et al. 

2020).  

Cages of mice were randomly assigned PBS or ZOL treatment using a random 

number generator. A limitation to this approach is that the mice were assigned to the 

cages upon arrival by the animal house staff prior to this, so there was no way of 

telling if the assignment of individual mice to their cages was random. There were 19 

mice per treatment group at the start of the experiment, this was slightly lower than 

the recommended amount in the toolbox for assessing healthy ageing in mice paper 

(n=20 per group) (Bellantuono et al. 2020). This was due to the animal vendors 

having an insufficient supply of aged mice in the months leading up to the start of the 

experiment. The aim was to try and get as close to the recommended 20 mice per 

group as possible given the limited aged mouse availability. In the toolbox paper, 

power calculations were used using data from multiple healthspan studies/ 

interventions to work out how many mice would be required. This involved the use of 

power calculations with a power of 80% and an alpha of 0.05. The aim of these 

calculations was to work out how many mice were needed to detect significant 

changes across multiple different healthspan assays.  
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2.8.2 Open field-  

Individual mice were then placed in the novel object arena and their movements 

tracked with a Ethovision software (Noldus, Wageningen, Netherlands) and tracking 

camera (Basler, Ahrensburg, Germany). The mice were trained in the empty arena 

to habituate them to the arena and measure levels of stress prior to the novel object 

recognition test. The software measured the amount of time the mice spent in each 

part of the arena and how far they moved as measurements of stress. An average 

score for each of these open field parameters was then calculated for each treatment 

group for each time point for further analysis.  

2.8.3 Novel Object Recognition-  

The mice were individually placed in the novel object arena that contained two 

identical objects. They were left in the arena for 10 minutes each and Ethovision 

software measured their movement within the arena. Then 60 minutes after the 

baseline measurement was performed, the mouse was placed back in the arena and 

one novel object was introduced. The ethovision software recorded this mouse for a 

further 10 minutes with the novel object. This was used to measure short-term 

memory (STM) during the novel object recognition. As part of the long-term memory 

(LTM) test, the mice were re-introduced into the novel object arena the next day. 

They underwent a new session in the arena with another novel object (a different 

object to the short-term memory novel object) and one familiar object from the 

previous day.  

The ethovision XT software was then used to calculate how long the mouse spent 

exploring the novel object compared to the old object. A discrimination index was 

calculated which determines how long the mouse spends exploring the novel object 

vs the original object. A score of 0 means no preference for either object, a score of 

>0.2 indicates that the animal prefers to explore the novel object. The discrimination 

index (DI) was calculated as follows: 

Discrimination Index = (Exploration time novel object – Exploration time training 

object)/ (Exploration time novel object + Exploration time training object) 
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2.8.4 Grid Hanging- 

Mice were weighed at the start of this procedure. Mice were placed in the grid 

hanging apparatus and this was inverted so the mice were hanging upside down. 

The mice were then timed to measure how long it took for them to let go of the 

apparatus once inverted. If a mouse took longer than seven minutes, the 

measurement stopped and was recorded as seven minutes. This was repeated three 

times for each mouse on each time point (1 hour gap minimum between repeats). 

This was then used to calculate an average time to fall and an average time to fall for 

each treatment group for each time point.  

2.8.5 Rotarod- 

Mice were weighed at the start of the procedure. Mice were placed on the rotarod 

apparatus (Ugo Basile, Gemonio, Italy). The speed started at 4 rpm and was 

accelerated to 40 rpm. The time taken for the mouse to fall off the rotarod apparatus 

was measured and recorded. If the mouse took longer than 5 minutes, the mouse 

was taken off and labelled as 5 minutes. This was repeated three times and the 

average time taken to fall off was recorded. This was then used to calculate an 

average time to fall for each treatment group for each time point. 

2.8.6 Frailty Index -  

Mice were weighed at the start of the procedure. Mice were assessed for a variety of 

frailty phenotypes. There were 29 criteria in total (see Table 2.2 for full list). Mice can 

either score a 0, a 0.5 or a 1 for each criterion of the frailty index. A score of 0 for 

indicates the absence of that frailty phenotype. A score of 0.5 indicates that 

individual frailty criteria has been partially reached. A score of 1 indicates that the 

individual frailty criteria has been fully reached. These measurements were used to 

create an overall frailty score. An overall score was calculated by taking the sum of 

the frailty scores for all the different frailty criteria and dividing by the number of 

criteria in the frailty index (n=29). The higher the overall frailty score, the frailer the 

mouse.  
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Table 2.2 – List of criteria of the frailty index. Adapted from Whitehead et al. 2014.  

Category  

 

Name of 

Assay 

Description Severity guide 

Integument Alopecia Loss of fur. 0= no hair loss 

0.5= <25% hair loss 

1= >25% hair loss 

 Loss of fur 

colour 

Loss of black fur 

colour. Becomes 

grey or brown with 

age. 

0= Fully black fur colour 

0.5= Small patches of brown or 

grey 

1= Widespread grey/ brown fur 

across body 

 Dermatitis  Prescence of skin 

lesions.  

0= No dermatitis 

0.5= Singular focal dermatitis 

lesion 

1= Multiple or widespread lesions 

 Loss of 

Whiskers 

Reduced number 

of whiskers with 

age.  

0= Full whiskers 

0.5= Partial loss of whiskers 

1= Full loss of whiskers 

 Coat 

Condition 

Coat loses its 

sleek, shiny 

appearance and 

becomes more 

ruffled.  

0= Sleek, shiny coat 

0.5= Slightly ruffled coat 

1= Matted coat/ lack of grooming 

 

Physical / 

Musculoskeletal 

Tumours Increased 

incidence of 

tumours in older 

mice. 

0= No visible tumours 

0.5= One visible tumour <1 cm in 

size 

1= One tumour >1 cm or multiple 

small tumours 

 Distended 

abdomen 

Excess fluid 

beneath rib cage 

indicates that 

abdomen is 

distended. 

0= No distended abdomen 

0.5= Slight bulge below ribcage 

1= Clear bulge below ribcage  

 Kyphosis Curvature of the 

spine with age.  

0= No kyphosis 

0.5= Slight curvature of the spine 

1= Clear curvature of the spine 

 Tail Stiffening Tail loses flexibility 

with age. 

0= No tail stiffening 

0.5= Tail responsive, but does not 

curl 

1= Tail totally unresponsive 

 Gait 

Disorders 

Any hobbling or 

unusual 

movement.  

0= No gait disorders 

0.5= Abnormal gait 

1= Abnormal gait and impaired 

movement 
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 Tremor Increased 

likelihood of 

tremor and loss of 

climbing ability. 

0= No tremor 

0.5= Slight tremor 

1= Major tremor, loss of climbing 

ability 

 Body 

Condition 

Bone may become 

indetectable due 

to fat or too 

prominent with 

age. 

0= Bone not prominent, but can 

still be felt  

0.5= Bone slightly prominent or 

difficult to feel 

1= Bone not felt or bones clearly 

prominent 

Auditory Vestibular 

Disturbance 

When mouse is 

slowly lowered 

towards surface it 

may spin or twist.  

0= No disturbance  

0.5= Slight twist or spinning when 

lowered 

1= Severe twisting and spinning 

when lowered 

 Hearing Loss Loss of hearing 

with age.  

0= No hearing loss 

0.5= Partial response to auditory 

stimuli 

1= No response to auditory stimuli 

Ocular + Nasal Cataracts Increased 

likelihood of 

cataracts with age 

(opaque patch in 

eye).  

0= No cataracts 

0.5= Small white spot 

1= Fully opaque lens 

 Corneal 

Opacity 

Increased 

likelihood of 

corneal opacity 

with age. 

0= No corneal opacity 

0.5= Small amounts of white 

spots and clouding in cornea 

1= Widespread white spots and 

clouding in cornea 

 Eye 

discharge 

Increased chance 

of discharge or 

swelling of eyes 

with age.  

0= No ocular swelling or secretion 

0.5= Slight swelling or secretion 

1= Noticeable swelling or 

secretion 

 Micro-

phthalmia 

Sunken/ shrunken 

eyes with age. 

0= Eyes are normal size 

0.5= One or both eyes slightly 

smaller and/ or sunken  

1= One or both eyes very smaller 

and/ or sunken 

 Vision Loss Lower mouse 

gently to surface, 

test if it reaches 

out to surface with 

forelimbs. 

0= Reaches >8 cm from table 

surface 

0.5= Partial vison loss, reaches 2-

8 cm from table surface 

1= Reaches <2 cm away from 

table surface 

 Menace 

Reflex 

Whether a mouse 

responds to an 

object being 

0= Full menace reflex 

0.5= Responds some of the time 

to object 

1= No menace reflex 
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moved slowly 

towards its eye.  

 Nasal 

Discharge 

Increased 

discharge from the 

nose with age.  

0= No nasal discharge 

0.5= Small amount of nasal 

discharge 

1= Obvious discharge, both 

nostrils 

Digestive Malocclusions Examine for 

overgrown or 

uneven looking 

teeth. 

0= Normal looking teeth 

0.5= Teeth uneven 

1= Teeth overgrown and uneven 

 Rectal 

Prolapse 

Check to see if 

rectum is visible 

beneath tail. 

0= No rectal prolapse 

0.5= Small rectal prolapse visible 

1= Clearly visible rectal prolapse 

 Vaginal 

Prolapse 

Check to see if 

tissue is visible. 

0= No vaginal prolapse 

0.5= Small vaginal prolapse 

visible 

1= Clearly visible vaginal prolapse 

 Diarrhoea  Examine mice and 

cage for signs of 

diarrhoea. 

0= No diarrhoea visible 

0.5= Faeces or bedding near 

rectum 

1= Faeces, blood and bedding 

near rectum. Faecal smearing in 

cage 

Respiratory Breathing 

Rate 

Check mice for 

any change in 

breathing rate and 

depth.  

0= Breathing rate normal 

0.5= Small change in breathing 

rate and depth 

1= Obvious change in breathing 

rate, gasping 

Discomfort Grimace 

Scale 

Examine face for 

signs of discomfort 

e.g., cheek bulge. 

0= No signs of grimacing  

0.5= 1-2 signs of grimacing 

1= >3 signs of grimacing 

 Piloerection If hairs are sticking 

up and if so, in 

which parts of the 

body. 

0= No piloerection 

0.5= Piloerection at base of neck 

1= Widespread piloerection 

 Weight Compare weights 

to reference 

values from age 

and sex matched 

adults.  

0= Weight does not differ from 

reference value (RV) 

0.25= >1 Standard deviation from 

RV 

0.5= > 2 Standard deviation from 

RV 

0.75= > 3 Standard deviation from 

RV 

1= > 4 Standard deviation from 

RV 
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2.8.7 Glucose tolerance test - 

Food was removed overnight for 16 hours prior to the start of the assay. A glucose 

solution was prepared comprising of 30% Glucose (Sigma), 0.9% NaCl (Sigma) in 

distilled water. This solution was passed through a sterile filter (0.2 µm) prior to 

administration. Mice were weighed at the start of the assay. EMLA cream (Aspen, 

Umhlanga, South Africa) was applied to the tail of each mouse to minimise 

discomfort prior to blood sampling. A small nick using a scalpel was made on the 

mouse’s tail and a blood glucose reading was made using a AlphaTrak 2 Glucometer 

(Zoetis). This was done to create a baseline measurement prior to glucose injection.  

Mice were then injected with Glucose Solution (1 g/kg glucose). After the glucose 

had been injected, further blood glucose readings were made at different intervals 

post injection. These were made at 15, 30-, 45-, 60- and 120-minutes post injection. 

This was used to produce graphs of blood glucose over time for each mouse. This 

was then averaged for each treatment group for each time point. The area under the 

curve (AUC) was then calculated for each mouse’s blood glucose response over 

time. This was then used to calculate an average AUC for each treatment group for 

each time point to determine glucose tolerance. 

2.8.8 Insulin tolerance test - 

Food was removed for 3 hours prior to the start of the assay. An insulin solution was 

prepared comprising of Humuluin-R (Lilly, Indianapolis, Indiana, USA) and 0.9% 

NaCl in distilled water. This solution was passed through a sterile filter (0.2 µm) prior 

to administration. Mice were weighed at the start of the assay. EMLA cream (Aspen, 

Umhlanga, South Africa) was applied to the tail of each mouse to minimise 

discomfort prior to blood sampling. A small nick using a scalpel was made on the 

mouse’s tail and a blood glucose reading was made using a AlphaTrak 2 Glucometer 

(Zoetis). This was done to create a baseline measurement prior to glucose injection.  

Mice were then injected with Insulin Solution (0.75 U/kg insulin). After the insulin had 

been injected, further blood glucose readings were made at different intervals post 

injection. These were made at 15, 30-, 45-, 60- and 120-minutes post injection. This 

was used to produce graphs of blood glucose over time for each mouse and 

treatment group. The area under the curve (AUC) was then calculated for each 

mouse’s blood glucose response over time. This was then used to calculate an 
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average AUC for each treatment group for each time point to determine insulin 

sensitivity. 

2.9 Statistical Analysis- 

Data was input into GraphPad Prism 9.0 software. Data on graphs is displayed as 

the mean +/- the standard deviation. In the case of the frailty and grid hang data, 

data was analysed through a mixed effects model using R Studio Software (PBC, 

Boston, Massachusetts USA). This was only possible for assays containing more 

than 3 time points at ages greater than 10 months. Otherwise, statistical significance 

was determined by an unpaired T-test if there were two conditions or one-way 

ANOVA with Bonferroni’s post-hoc test if there were more than two conditions 

analysed. Differences between two proportions of a population was calculated with a 

two-proportion Z test. A statistical significance level of p< 0.05 was considered 

significant. 
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Chapter 3 - Investigating the activity of Zoledronate in mouse tissues.  

3.1 Introduction- 

ZOL has been shown previously in the literature to reduce several markers of mTOR 

signalling in vitro in hMSCs after three days of treatment. These markers included p-

mTOR, p-AKT and p-P70S6K (Misra et al. 2016). This study also showed how 

inhibition of this pathway by ZOL was reversed with the addition of FOH and GGOH. 

This implicated blockage of the mevalonate pathway by ZOL in its ability to inhibit 

mTOR signalling. In addition, treatment of MSCs with the PI3K inhibitor LY294002 

resulted in inhibition of p-AKT, translocation of FOXO3A into the nucleus and 

reduction in DNA damage in a similar fashion to ZOL. In comparison, rapamycin 

treatment did not achieve any of these during this study. This suggests that ZOL’s 

ability to act as a geroprotector is facilitated through inhibition of mTORC2 signalling. 

Therefore, measuring inhibition of the mTORC2 marker p-AKT is an important way of 

measuring ZOL’s activity. ZOL was also found to inhibit p-AKT in Drosophila in a 

later study (Chen et al. 2021). Similarly, this inhibition of mTOR was reversed with 

FOH and GGOH, again implicating the mevalonate pathway in the inhibition of 

mTOR by ZOL. Inhibition of mTOR markers by ZOL has also been observed in a 

couple of cancer cells in vitro such as in breast cancer and osteosarcoma cells (Li 

and Li 2019; Lan et al. 2013). Whether ZOL is also found to reduce any of these 

markers in vivo in mice is currently unknown and should be established prior to 

conducting further work assessing the healthy ageing of mice.    

In order to address the question as to whether zoledronate improves the healthy 

ageing of mice, one must first determine if ZOL is active in mice and in which mouse 

tissues it is active in. In addition to this it is important to determine how regularly ZOL 

is needed to be administered in order to inhibit mTOR signalling. P-AKT was 

selected as a marker for detecting zoledronate’s activity in mice in this study. This is 

due to the robustness of detecting inhibition of p-AKT as a marker of mTOR 

inhibition by ZOL in hMSCs and in Drosophila (Misra et al. 2016; Chen et al. 2021). 

In addition, a recent study has shown that an AKT specific inhibitor can promote the 

lifespan of Drosophila (Cheng et al. 2022). This further highlights the importance of 

AKT signalling in ageing. In order to determine the dosage interval of ZOL treatment, 

mice were injected with ZOL or PBS. Tissues were then collected at different time 
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points per group post injection and levels of p-AKT/ total AKT was then assessed via 

western blot.  

A dose of 125 µg/ kg ZOL was used because this dose has previously been 

sufficient to reduce DNA damage in response to irradiation in the bone of C57BL/6J 

mice (Misra et al. 2016). This dose was used during the remainder of these ZOL time 

course experiments. An IP injection of zoledronate was used to administer the drug. 

This is also because previous work on prevention of DNA damage following 

irradiation in the bone of mice in response to ZOL treatment used an IP injection to 

administer the drug (Misra et al. 2016). In addition to this, a study on macrophages 

compared the effects of IP vs SC and IV injection on protein prenylation on 

macrophages in mice. They found IP injection to be the most effective injection 

method for reducing protein prenylation by ZOL in macrophages (Ali et al. 2015). 

3.2 Effect of zoledronate on p-AKT in tissues of non-fasted mice-  

In order to test what impact zoledronate had on mTOR signalling in mouse tissues, 

10-week-old C57BL/6J mice were injected with 125 µg/ kg zoledronate or with an 

equivalent amount of PBS. Mouse tissues were collected at Day 1, 3, 7 or 24 post 

injection (see Figure 3.1). Tissues were flash frozen and then had their protein 

content extracted. These protein lysates were then subjected to western blot 

analysis of p-AKT and the housekeeper protein GAPDH. Treatment of mice with ZOL 

resulted in a significant reduction in p-AKT in the spleen at day 7 and muscle at day 

1 in ad libitum fed mice. However, there was no change in the other tissues (the 

brain or the heart) examined during this experiment (Figures 3.2-3.5). There was 

notable variation between mice in the same treatment group across multiple tissues 

and treatment intervals.  

 



   

 

Page | 63 

 

 

Figure 3.1 – Diagrammatic representation of ZOL time course experiment 
without fasting. Created with bio-render.com. 

       

 

Figure 3.2- Zoledronate reduces p-AKT expression at day 1 in skeletal muscle 
of non-fasted mice. 

A) Example Western blot of p-AKT and GAPDH expression of non-fasted mice in 
response to ZOL (muscle). B) Quantification of p-AKT/GAPDH in the muscle at Day 
1 and Day 3. C) Quantification of p-AKT/GAPDH in the muscle at Day 7 and Day 24. 
Data is shown as the mean +/- the standard deviation. Data were analysed through 
one way ANOVA and Tukey’s multiple comparison post-hoc test. PBS = Control 
Mice, ZOL = Zoledronate treated mice (n=3 per treatment group).   
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Figure 3.3- Zoledronate does not change p-AKT expression in the heart of non-
fasted mice.  

A) Example Western blot of p-AKT and GAPDH expression in the heart of non-fasted 
mice. B) Quantification of p-AKT/GAPDH in the heart at Day 1 and Day 3. C) 
Quantification of p-AKT/GAPDH in the heart at Day 7 and Day 24. Data is shown as 
the mean +/- the standard deviation. Data were analysed through one way ANOVA 
and Tukey’s multiple comparison post-hoc test. PBS = Control Mice, ZOL = 
Zoledronate treated mice (n=3 per treatment group). 
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Figure 3.4- Zoledronate reduces p-AKT expression at day 7 in response to ZOL 
in the spleen of non-fasted mice.   

A) Example Western blot of p-AKT and GAPDH expression in the spleen of non-
fasted mice. B) Quantification of p-AKT/GAPDH expression in the spleen at Day 1 
and Day 3. C) Quantification of p-AKT/GAPDH in the spleen at Day 7 and Day 24. 
Data is shown as the mean +/- the standard deviation. Data were analysed through 
one way ANOVA and Tukey’s multiple comparison post-hoc test. PBS = Control 
Mice, ZOL = Zoledronate treated mice (n=3 per treatment group).   
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Figure 3.5- Zoledronate does not change in p-AKT expression in the brain of 
non-fasted mice at the time points examined. 

A) Example Western blot of p-AKT and GAPDH expression in the brain of non-fasted 
mice. B) Quantification of p-AKT/GAPDH in the brain at Day 1 and Day 3. C) 
Quantification of p-AKT/GAPDH in the brain at Day 7 and Day 24. Data is shown as 
the mean +/- the standard deviation. Data were analysed through one way ANOVA 
and Tukey’s multiple comparison post-hoc test. PBS = Control Mice, ZOL = 
Zoledronate treated mice (n=3 per treatment group). 
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3.3 Effect of overnight fasting on AKT signalling in the muscle-  

Due to the difficulty in detecting changes in p-AKT in the prior experiment, it was 

decided that further optimisation of the experimental design was required. Due to the 

nutrient sensitivity of p-AKT signalling (Sharma et al. 2012), it is possible that the ad 

libitum feeding regimen could create inconsistent feeding times prior to tissue 

collection that could be contributing to the variation in responses to ZOL. Other work 

in the literature has indicated that withdrawal of food for 16 hours followed by 45 

minutes of refeeding prior to sacrifice is a more suitable method for measuring 

changes of mTOR markers in mice (Baar et al. 2016; Lamming et al. 2012). This 

approach allows for mice to feed at a consistent time prior to sacrifice. It was decided 

that this optimisation of mouse feeding times prior to tissue collection would be 

compared to ad libitum feeding prior to tissue collection. The aim of this experiment 

was to determine if this standardised feeding approach would lead to reduced 

variability in p-AKT and allow for more easily detectable changes in p-AKT in 

response to ZOL.   

During this experiment, 10-week-old mice were treated with 125 µg/ kg zoledronate 

or with an equivalent amount of PBS. Mice from both treatment groups were then 

split into two further groups: ad libitum fed and fasted-refed mice from the optimised 

feeding regiment. Fasted-refed mice had food withdrawn overnight for 16 hours prior 

to tissue collection, they were then refed for 45 minutes prior to tissue collection. 

Skeletal muscle tissue was collected at Day 1 or Day 3 post injection. For overview 

of experiment, see Figure 3.6. There were no significant changes in p-AKT at Day 1 

for either fasted or non-fasted mice (Figure 3.7), contradicting the findings of the 

previous experiment (Figure 3.2). This experiment revealed a significant reduction in 

p-AKT at day 3 in response to zoledronate compared to PBS in the fasted mice, 

which was not observable in the non-fasted mice (Figure 3.7). This reduction was not 

observed during the previous experiment in which mice were fed ad libitum (Figure 

3.2). This experiment also revealed a tendency for mice with standardised feeding to 

have higher overall levels of p-AKT in the control mice compared to the ad libitum 

fed mice. Having a higher level of p-AKT to begin with should make changes easier 

to detect. This fasting-refeeding optimisation approach would be used in future 

experiments due to the higher levels of p-AKT seen in fasted-refed mice and the 
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work in the literature that showed its robustness for measuring changes in mTOR 

markers (Baar et al. 2016; Lamming et al. 2012). 

 

Figure 3.6 – Diagrammatic representation of the standardised feeding 

experiment. Created with Bio-Render.  

 

 

 

 

 

 



   

 

Page | 69 

 

 

  

Figure 3.7- Fasting of mice allows for detection of previously undetected 
changes in p-AKT in skeletal muscle in response to ZOL.  

A) Day 1 Western blot of p-AKT and GAPDH for both fasted and non-fasted mice. B) 
Day 3 Western blot of p-AKT and GAPDH for both fasted and non-fasted mice. C) 
Quantification of p-AKT/GAPDH for Day 1. D) Quantification of p-AKT/GAPDH for 
Day 3. Data is shown as the mean +/- the standard deviation. Data were analysed 
through one way ANOVA and Bonferroni’s multiple comparison post-hoc test. PBS = 
Control Mice, ZOL = Zoledronate treated mice (n=6 per treatment group). 
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3.4 Zoledronate time course experiment when feeding is standardised-  

 

It was decided to repeat the time course experiment from 3.2, but this time using the 

standardised feeding regimen from section 3.3 to detect changes in p-AKT. Blotting 

of total AKT was also performed to create a ratio of p-AKT/ total AKT to further 

reduce any variation caused by differing levels of total AKT between mice. This may 

have contributed to the inability to consistently detect changes in p-AKT in the 

skeletal muscle at Day 1 in ad libitum mice (Figures 3.2 and 3.7). In addition to this, 

a greater number of mice was used per group (6 mice per group) to increase the 

statistical power and to therefore improve the ability to detect changes in p-AKT. 

During this time course experiment, 10-week-old mice were again treated with 125 

µg/ kg zoledronate or with an equivalent amount of PBS. Mice were again fasted 

overnight for 16 hours on the day before sacrifice and then refed for 45 minutes prior 

to collection of tissues. Mice had their tissues collection at Day 1, 3, 7 or 24 post 

injection. See timeline figure for a visual representation of the experiment (Figure 

3.8). A greater variety of tissues were examined in this experiment such as the brain, 

gut, heart, kidney, pancreas, spleen, skeletal muscle, tibia, flushed femur and bone 

marrow. Bone marrow was also flushed from mouse femurs to compare which 

compartment of the bone was exhibiting the greatest change in response to ZOL 

treatment. Upon analysis, it was confirmed there was a drop in the ratio of p-AKT/ 

Total AKT in the kidney, pancreas, skeletal muscle, spleen, and tibia at day 3 post-

injection (Figures 3.9, 3.12, 3.16, 3.17 and 3.18). There was a significant drop in the 

ratio of p-AKT/ Total AKT in the heart at day 7 post injection (Figure 3.14). There 

was also a significant increase in the ratio of p-AKT/ Total AKT in the kidney post-

injection at day 7 (Figure 3.16). There was a significant decrease in the ratio of p-

AKT/ total AKT in the brain at Day 24 post injection (Figure 3.13). 

In order to verify these findings, this experiment was repeated using the same 

number of mice, injection dose and feeding regimen (Figures 3.9-3.18). This time 

tissues were collected at day 3 and day 7 post injection. This was done as these 

time points had the greatest numbers of significant results during the previous 

experiment. Upon repeating this experiment, there was a significant drop in p-AKT/ 

Total AKT in the kidney, spleen, skeletal muscle, tibia as was observed during the 
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previous experiment (Figures 3.9, 3.12, 3.16 and 3.18). There was no significant 

reduction in p-AKT/ total AKT in the pancreas during the second experiment, unlike 

during the first experiment (Figure 3.17). On a similar note, there was a significant 

drop in p-AKT/ Total AKT in the heart after 7 days (Figure 3.14). As previously, this 

there was a significant increase in the ratio of p-AKT/ total AKT in the second 

experiment in the kidney (Figure 3.16). This experiment was mostly able to 

reproduce the findings of the first experiment. Overall, the greatest number of tissues 

showed a decrease in p-AKT was at Day 3 post injection. 

Figure 3.8 – Diagrammatic representation of fasting-refeeding ZOL time course 

experiments. Created with bio-render.com. 
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Figure 3.9- Zoledronate reduces p-AKT expression at Day 3 post injection in 
the tibia.  

Western blotting assessing the expression of p-AKT/ Total AKT in the tibia at Day 1, 
Day 3, Day 7 and Day 24 post injection. A) Example Western Blot of tibia tissue for 
GAPDH, p-AKT and Total AKT expression in experiment 1. B) Example Western Blot 
of tibia for GAPDH, p-AKT and Total AKT expression in experiment 2. C) Fasting 
time course tissue experiment 1 quantifications (Day 1, Day 3, Day 7 and Day 24 
Post injection). D) Fasting time course experiment 2 (Day 3 and Day 7). Data is 
shown as the mean +/- the standard deviation. Data were analysed through an 
unpaired T-Test. PBS = Control Mice, ZOL = Zoledronate treated mice (n=6 per 
treatment group). 
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Figure 3.10- Zoledronate has no impact on p-AKT in bone marrow at the time 
points examined. 

Western blotting assessing the expression of p-AKT/ Total AKT in the bone marrow 
at Day 1, Day 3, Day 7 and Day 24 post injection. A) Example Western Blot of bone 
marrow tissue for GAPDH, p-AKT and Total AKT expression in experiment 1. B) 
Example Western Blot of bone marrow tissue for GAPDH, p-AKT and Total AKT 
expression in experiment 2. C) Fasting time course experiment 1 quantifications 
(Day 1, Day 3, Day 7 and Day 24 Post injection). D) Fasting time course experiment 
2 quantifications (Day 3 and Day 7). Data is shown as the mean +/- the standard 
deviation. Data were analysed through an unpaired T-Test. PBS = Control Mice, ZOL 
= Zoledronate treated mice (n=6 per treatment group). 
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Figure 3.11- Zoledronate does not reduce p-AKT expression at Day 3 post 
injection in the flushed femur.  

Western blotting assessing the expression of p-AKT/ Total AKT in the flushed femur 
Day 1, Day 3, Day 7 and Day 24 post injection. A) Example Western Blot of flushed 
femur tissue for GAPDH, p-AKT and Total AKT expression in experiment 1. B) 
Example Western Blot of flushed femur tissue for GAPDH, p-AKT and Total AKT 
expression in experiment 2. C) Fasting time course experiment 1 quantifications 
(Day 1, Day 3, Day 7 and Day 24 Post injection). D) Fasting time course experiment 
2 quantifications (Day 3 and Day 7). Data is shown as the mean +/- the standard 
deviation. Data were analysed through an unpaired T-Test. PBS = Control Mice, ZOL 
= Zoledronate treated mice (n=6 per treatment group). 
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Figure 3.12- Zoledronate reduces the expression of p-AKT in skeletal muscle 3 
days post injection. 

Western blotting assessing the expression of p-AKT/ Total AKT in the muscle Day 1, 
Day 3, Day 7 and Day 24 post injection. A) Example Western Blot of muscle tissue 
for GAPDH, p-AKT and Total AKT expression in experiment 1. B) Example Western 
Blot of muscle tissue for GAPDH, p-AKT and Total AKT expression in experiment 2. 
C) Fasting time course experiment 1 quantifications (Day 1, Day 3, Day 7 and Day 
24 Post injection). D) Fasting time course experiment 2 (Day 3 and Day 7). Data is 
shown as the mean +/- the standard deviation. Data were analysed through an 
unpaired T-Test. PBS = Control Mice, ZOL = Zoledronate treated mice (n=6 per 
treatment group). 
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Figure 3.13- Zoledronate reduces the expression of p-AKT in the brain 24 days 
post injection.  

Western blotting assessing the expression of p-AKT/ Total AKT in the brain Day 1, 
Day 3, Day 7 and Day 24 post injection. A) Example Western Blot of brain tissue for 
GAPDH, p-AKT and Total AKT expression in experiment 1. B) Example Western Blot 
of brain tissue for GAPDH, p-AKT and Total AKT expression in experiment 2. C) 
Fasting time course experiment 1 quantifications (Day 1, Day 3, Day 7 and Day 24 
Post injection). D) Fasting time course experiment 2 quantifications (Day 3 and Day 
7). Data is shown as the mean +/- the standard deviation. Data were analysed 
through an unpaired T-Test. PBS = Control Mice, ZOL = Zoledronate treated mice 
(n=6 per treatment group). 
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Figure 3.14- Zoledronate reduces the expression of p-AKT in heart 7 days post 
injection. 

Western blotting assessing the expression of p-AKT/ Total AKT in the heart Day 1, 
Day 3, Day 7 and Day 24 post injection. A) Example Western Blot of heart tissue for 
GAPDH, p-AKT and Total AKT expression in experiment 1. B) Example Western Blot 
of heart tissue for GAPDH, p-AKT and Total AKT expression in experiment 2. C) 
Fasting time course experiment 1 quantifications (Day 1, Day 3, Day 7 and Day 24 
Post injection). D) Fasting time course experiment 2 quantification (Day 3 and Day 
7). Data is shown as the mean +/- the standard deviation. Data were analysed 
through an unpaired T-Test. PBS = Control Mice, ZOL = Zoledronate treated mice 
(n=6 per treatment group). 
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Figure 3.15- Zoledronate has no impact on the expression of p-AKT in the 
intestine at the time points examined.  

Western blotting assessing the expression of p-AKT/ Total AKT in the intestine Day 
1, Day 3, Day 7 and Day 24 post injection. A) Example Western Blot of intestine 
tissue for GAPDH, p-AKT and Total AKT expression in experiment 1. B) Example 
Western Blot of intestine tissue for GAPDH, p-AKT and Total AKT expression in 
experiment 2. C) Fasting time course experiment 1 quantifications (Day 1, Day 3, 
Day 7 and Day 24 Post injection). D) Fasting time course experiment 2 
quantifications (Day 3 and Day 7). Data is shown as the mean +/- the standard 
deviation. Data were analysed through an unpaired T-Test. PBS = Control Mice, ZOL 
= Zoledronate treated mice (n=6 per treatment group). 
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Figure 3.16- Zoledronate increases the expression of p-AKT at Day 7 and 
reduces the expression of p-AKT in the kidney at 3 days post injection. 

Western blotting assessing the expression of p-AKT/ Total AKT in the kidney Day 1, 
Day 3, Day 7 and Day 24 post injection. A) Example Western Blot of kidney tissue 
for GAPDH, p-AKT and Total AKT expression in experiment 1. B) Example Western 
Blot of kidney tissue for GAPDH, p-AKT and Total AKT expression in experiment 2. 
C) Fasting time course experiment 1 quantification (Day 1, Day 3, Day 7 and Day 24 
Post injection). D) Fasting time course experiment 2 quantification (Day 3 and Day 
7). Data is shown as the mean +/- the standard deviation. Data were analysed 
through an unpaired T-Test. PBS = Control Mice, ZOL = Zoledronate treated mice 
(n=6 per treatment group). 
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Figure 3.17- Zoledronate decreases the expression of p-AKT at Day 3 post-
injection in the pancreas. 

Western blotting assessing the expression of p-AKT/ Total AKT in the pancreas Day 
1, Day 3, Day 7 and Day 24 post injection. A) Example Western Blot of pancreas 
tissue for GAPDH, p-AKT and Total AKT expression in experiment 1. B) Example 
Western Blot of pancreas tissue for GAPDH, p-AKT and Total AKT expression in 
experiment 2. C) Fasting time course experiment 1 quantifications (Day 1, Day 3, 
Day 7 and Day 24 Post injection). D) Fasting time course experiment 2 
quantifications (Day 3 and Day 7). Data were analysed through an unpaired T-Test. 
PBS = Control Mice, ZOL = Zoledronate treated mice (n=6 per treatment group). 
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Figure 3.18- Zoledronate decreases the expression of p-AKT at Day 3 post-
injection in the spleen.  

Western blotting assessing the expression of p-AKT/ Total AKT in the spleen Day 1, 
Day 3, Day 7 and Day 24 post injection. A) Example Western Blot of spleen tissue 
for GAPDH, p-AKT and Total AKT expression in experiment 1. B) Example Western 
Blot of spleen tissue for GAPDH, p-AKT and Total AKT expression in experiment 2. 
C) Fasting time course experiment 1 quantifications (Day 1, Day 3, Day 7 and Day 
24 Post injection). D) Fasting time course experiment 2 quantifications (Day 3 and 
Day 7). Data is shown as the mean +/- the standard deviation. Data were analysed 
through an unpaired T-Test. PBS = Control Mice, ZOL = Zoledronate treated mice 
(n=6 per treatment group). 
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3.5 Optimisation of peripheral blood cell western blot- 

In order to determine whether zoledronate was active in blood cells, it was first 

necessary to optimise the western blotting protocol for this tissue type. This was due 

to the small number of blood cells available from each mouse and the requirement of 

a different method of protein extraction used to obtain lysates from the blood. This 

involved directly adding the lysis buffer to the cell pellet prior to loading (see section 

2.5.2). Initial attempts to blot peripheral blood cells from mice were largely 

unsuccessful, as signal for both total AKT and GAPDH was extremely weak (Figure 

3.19A). In addition to this there were notable smears on the blot, this suggested 

possible DNA contamination. Cell counts during the peripheral blood cell extraction 

indicated that there were around 100,000 blood cells extracted per mouse. This was 

in part due to the low volume of blood that it was possible to extract using the cardiac 

puncture method described in section 2.3.1. So initially, optimisation focussed on 

whether there were sufficient cells loaded to detect the markers of interest. To test 

this varying numbers of hMSCs (from 32,500, 65,000, 125,000, 250,000 and 

500,000 hMSCs) were loaded onto a western blot for total AKT and GAPDH. All 

numbers of hMSCs (32,500-500,000) were sufficient to generate a signal for GAPDH 

and total AKT (Figure 3.19B). This suggested that 100,000 cells would be sufficient 

to generate a signal for total AKT and GAPDH.  

One of the issues identified in the first blot of the peripheral blood cells was that of 

visible DNA contamination (Figure 3.19A). In order to resolve this, a DNase was 

applied 1:10,000 to the lysis buffer (following the manufacturer’s instructions) to 

reduce the DNA contamination. The peripheral blood cell protein extracts were split 

in two to blot for p-AKT and total AKT. This was deemed as an appropriate risk to 

take as the previous figure (Figure 3.19B) indicated that a cell number of 32,500 

hMSCs was sufficient to produce a measurable signal for both total AKT and 

GAPDH. Adding the DNase to the peripheral blood cell protein lysates resulted in 

blots that had acceptable signal strength for p-AKT, total AKT and GAPDH (Figure 

3.19C). It also greatly reduced the amount of DNA contamination visible on the blot. 

Doubling the concentration of DNase did not improve the signal strength nor did it 

reduce the levels of DNA contamination any further (Figure 3.19D).  
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Figure 3.19 – Optimisation of blood western blot.  
 
A) WB of blood for total AKT. B) WB of different numbers of hMSCs to ensure cell 
number was sufficient. C) Western blot of p-AKT and total AKT blood with DNase. D) 
Western blot of p-AKT and total AKT in the blood with 2X DNase. 
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3.6 Zoledronate’s impact on peripheral blood cells – 

During experiment 2 of the fasting time course experiment, peripheral blood cells 

were collected as described in section 2.5 from 10-week-old mice. Protein extraction 

was performed using the optimised peripheral blood cell protein extraction protocol 

(as used in Figure 3.19C). These cells were blotted for p-AKT, total AKT and 

GAPDH as per the other cell types. This experiment was only performed for Day 3 

and Day 7 during the second experiment. This was due to the need to optimise the 

blood extraction protocol and because of the technical challenges with collecting 

peripheral blood cells from mice. Analysis of the western blot data indicated that 

there was no change in the ratio of p-AKT/ total AKT at either Day 3 or Day 7 (Figure 

3.20). 

 

 

Figure 3.20- Zoledronate treatment does not impact p-AKT expression at the 
time points examined in extracted peripheral blood cells.  

Western blotting of p-AKT/ Total AKT ratio after Day 3 and Day 7. A) Example 
Western Blot of GAPDH, p-AKT and Total AKT expression in the peripheral blood 
cells. B) Fasting time course peripheral blood cells quantification (Day 3 and Day 7 
post injection). Data is shown as the mean +/- the standard deviation. Data were 
analysed through an unpaired T-Test. PBS = Control Mice, ZOL = Zoledronate 
treated mice (n=6 per treatment group). 
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3.7 Discussion- 

Previous studies have shown that zoledronate can inhibit p-AKT in hMSCs and 

Drosophila (Misra et al. 2016; Chen et al. 2021). The work conducted in this chapter 

has built upon this prior work and has shown that that zoledronate can inhibit AKT 

signalling pathway in mouse tissues. Time course experiments on fasted mice found 

that zoledronate can inhibit the AKT pathway in mouse tissues in the muscle, tibia, 

kidney, pancreas, spleen, heart and brain in fasted-refed mice (Figures 3.9, 3.12, 

3.13, 3.14, 3.16, 3.17 and 3.18). This work was also able to establish a treatment 

regimen of ZOL treatment that inhibits p-AKT in the highest number of mouse 

tissues: that of Day 3 post injection. Treatment of mice at this interval shall be 

conducted for healthspan work conducted later in this investigation. Repeating the 

experiment at Days 3 and 7 was able to mostly reproduce the results from the first 

experiment. These short-term effects on p-AKT are surprising given the long-term 

effects seen in terms of improved patient survival following a yearly infusion (Colón-

Emeric et al. 2010). One explanation for this disparity could be due to mice having 

quicker rates of bone turnover than humans (Dresner Pollak et al. 1996; Melton et al. 

1997; Shahnazari et al. 2012; Wishart et al. 1995). If ZOL gets released from the 

bone more quickly in mice and is deposited sooner in non-skeletal tissues, then this 

may partially explain why the effect on p-AKT is shorter in duration. This may 

become less of an issue in older mice, as the bone turnover rate decreases with age 

in mice (Shahnazari et al. 2012). Another explanation for the disparity could be that 

the downstream gero-protective effects of mTOR inhibition could be more long 

lasting than the initial inhibition of p-AKT. This is supported by a recent study that 

demonstrated that a short-term treatment of rapamycin early in life was capable of 

increasing lifespan in mice and Drosophila long after cessation of treatment (Aiello et 

al. 2022).   

ZOL’s activity in the bone at Day 3 (Figure 3.9) is unsurprising given that n-BPs 

preferentially accumulate in the bone. Previous studies on radioactively labelled ZOL 

indicate that it is present in the bone of dogs, mice and rats for at least a week 

(Weiss et al. 2008; Yousefnia et al. 2015; Nikzad et al. 2013). In addition to this, 

nitrogen containing bisphosphonates are retained in the bone of mice for over a 

month (Mönkkönen et al. 1990; Masarachia et al. 1996). This suggests that despite 

ZOL’s presence in the bone, there is only a short-term effect on the p-AKT signalling 
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pathway. Another possibility is that negative feedback mechanisms could temporarily 

restore levels of these mTOR markers. This is supported by recent work in the 

literature that showed a transient return to baseline of p-P70S6K after initial inhibition 

by deprivation of arginine or leucine Mouse Embryonic Fibroblasts (MEFs) (Buel et 

al. 2022).  

Another possibility is that this is a tissue specific response to treatment with an 

mTOR inhibitor. Supporting this notion, previous work on inhibition of mTOR markers 

in mouse tissues found tissue specific variation in responses to rapamycin (Arriola 

Apelo et al. 2016). p-AKT and p-S6 were only inhibited in skeletal muscle when 

given daily, not when given every five days in mouse skeletal muscle. Interestingly, 

adipose tissue behaved differently to skeletal muscle. There was no change in p-

AKT with either treatment interval, but p-S6 was reduced at both treatment intervals 

(Arriola Apelo et al. 2016). This study supports the idea that mTOR inhibition by drug 

treatment varies from tissue to tissue regardless of how regularly the drug is 

administered. This could explain why some of the tissues didn’t respond to ZOL in 

terms of changes to p-AKT and why there is no long-term inhibition of p-AKT in the 

bone. It’s also worth considering that there is a great deal of variation in the 

expression of levels of mTOR markers including AKT between different mouse 

tissues (Baar et al. 2016). This may impact the ability to detect changes in mTOR 

markers in some mouse tissues.  

The work conducted in this chapter was important for emphasising that ZOL is also 

active in non-skeletal as well as skeletal mouse tissues. This is consistent with some 

of the studies conducted previously in the literature. As mentioned previously, ZOL 

treatment has been shown to reduce mortality from cardiac arrythmias and 

pneumonia (Colón-Emeric et al. 2010). This led to speculation that ZOL was also 

active in promoting survival through non skeletal effects. Previous work in the 

literature has also indicated that zoledronate is present in non-skeletal tissues in 

mammalian systems such as dogs, rats and mice (Weiss et al. 2008; Nikzad et al. 

2013; Yousefnia et al. 2015). Although these analyses have indicated that the gap in 

concentration of the drug is 10-1000 lower than that found in the bone (depending on 

the tissue). Despite this major gap in concentration, p-AKT was inhibited in some 

non-skeletal tissues during the study conducted in this chapter. These included the 
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skeletal muscle, kidney, heart, pancreas, spleen and brain. Therefore, it may be 

possible to hypothesise that ZOL is capable of inhibiting p-AKT at low 

concentrations.  

An explanation for the effect of zoledronate in the muscle (Figure 3.12) could be due 

to its proximity to the bone. ZOL’s activity on p-AKT in muscle tissue may also 

explain why a recent study indicated that ZOL can improve muscle function in 

osteoporotic patients (Huang et al. 2021). If this inhibition of p-AKT in the muscle 

could be achieved continuously, then it may have very promising implications for 

improving healthy muscular ageing. The finding that ZOL can inhibit p-AKT in the 

brain of mice (Figure 3.13) is also interesting as it may mean that ZOL could improve 

the neurological function of older mice. It is also interesting in the context of previous 

work in the literature had indicated that the concentration of ZOL in the brain is 

extremely low (Weiss et al. 2008; Yousefnia et al. 2015). Despite this, one study has 

shown that bisphosphonate treatment has been shown to reduce the likelihood of 

developing dementia in people over the age of 50 (Chang et al. 2014). Therefore, it 

is possible that ZOL is active at low concentrations in the brain and that this is still 

sufficient to promote healthy neurological ageing.  

ZOL was able to inhibit p-AKT in the pancreas during the first experiment, although 

during the second experiment there was no significant change (Figure 3.17). Given 

the importance of the pancreas for the synthesis of insulin, this may mean that ZOL 

could confer metabolic benefits to older people. This may relate to previous findings 

in the literature that n-BPs lower the incidence of type 2 diabetes in post-menopausal 

women (Vestergaard 2011; Chan et al. 2015; Toulis et al. 2015). Similarly, ZOL 

demonstrated an ability to inhibit p-AKT in the spleen (Figure 3.18). ZOL’s activity in 

the spleen may relate to previous findings that showed that ZOL can improve 

survival and reduce incidence of certain infectious diseases in patients (Colón-

Emeric et al. 2010; Reid et al. 2021; Blanch-Rubio et al. 2020). Again, the 

concentration of ZOL in the pancreas and spleen are much lower than in the skeletal 

system in mice, rats and dogs (Weiss et al. 2008; Yousefnia et al. 2015). Despite 

this, the drug remains active on p-AKT in these tissues in mice.  

ZOL’s inactivity in terms of p-AKT activity in the blood is somewhat surprising (Figure 

3.20). Previous work in the literature has indicated that ZOL is present in the blood 
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during the first week following treatment in mammals including mice (Weiss et al. 

2008; Chen et al. 2007; Nikzad et al. 2013). One explanation for the lack of p-AKT 

change is that peripheral blood cells may not respond to the drug the same way as 

other tissues. ZOL might be present in the blood, but not be active on p-AKT 

signalling. Another possibility is that the effect on p-AKT is too small to be detected 

with 6 mice and a larger population of mice would be required to detect any changes. 

Since zoledronate accumulates in the bone, it could be impacting the formation of 

specific cell types in the blood which are then carried around the rest of the body. 

Another line of thought is that ZOL could be carried around the body in a subset of 

cells found in the blood such as macrophages. A couple of studies have indicated 

that n-BPs are internalised by macrophages in a similar fashion to osteoclasts 

(Thompson et al. 2006; Junankar et al. 2015; Ali et al. 2015). One of these studies 

indicated that macrophages facilitated the transport of n-BPs to tumours (Junankar 

et al. 2015). In addition to this, one paper in mice indicated that ZOL treatment 

increased the amount of unprenylated protein in macrophages, suggesting that the 

drug is active in macrophages (Munoz et al. 2021). Despite this, macrophages have 

yet to be demonstrated to be depositing these n-BPs in non-cancerous tissues. 

The kidney contains one of the highest concentrations of ZOL outside of the skeleton 

in mammalian studies during the first week of treatment (Weiss et al. 2008; Nikzad et 

al. 2013; Yousefnia et al. 2015). This is because approximately 40% of a ZOL 

infusion is excreted mostly through urination within 24 hours (Chen et al. 2002; 

Weiss et al. 2007) and needs to pass through the kidney. In addition to this kidney 

cells have been shown to respond to the ZOL in terms of inhibition of the mevalonate 

pathway through reduced FPPS activity in vitro (Lühe et al. 2008). Therefore, it is 

unsurprising that the drug is active reducing p-AKT at Day 3 post injection in the 

kidney. However, what was more surprising was that there was a consistent increase 

in p-AKT in response to zoledronate in the kidney at Day 7 post injection (Figure 

3.16). This is different to the other tissues, in which the only significant changes 

showed a decrease in p-AKT/ Total AKT. Again, one possibility is that the result is 

due to a tissue specific response.  

Of note, there was also some diversity in how quickly these tissues responded to 

zoledronate. One exception to this is the kidney (as mentioned above). Another 
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exception to this appears to be in the heart (Figure 3.14).  Previous work has 

indicated that ZOL reduces mortality from cardiac arrythmias, suggesting ZOL has 

an impact on the heart (Colón-Emeric et al. 2010). The work in this chapter provides 

additional evidence that ZOL is active in the heart. As to why ZOL takes longer to 

become active in the heart remains unclear as there is ample evidence in the 

literature to suggest ZOL is present in the heart for at least a week in mice (Nikzad et 

al. 2013; Yousefnia et al. 2015).  

Whether the short duration of ZOL’s on p-AKT in mouse tissues is due to clearance 

of the drug or whether it is due to ZOL only being able to inhibit p-AKT for three days 

at a time when given repeatedly remains unknown. It is also interesting to compare 

the duration of ZOL’s ability to inhibit markers in mouse tissues to rapamycin. After 

injection of rapamycin, it can induce inhibition of a different downstream mTOR 

marker (p-S6) for up to 5 Days in mouse tissues (Arriola Apelo et al. 2016; Rensing 

et al. 2015). This is slightly longer in duration than ZOL’s ability to inhibit p-AKT in 

mouse tissues. This may imply that ZOL is a less potent inhibitor of mTOR than 

rapamycin in mice, although it would be necessary to measure levels of p-S6 in 

response to ZOL in mouse tissues to substantiate this. 

There were a couple of major limitations to this study. One such limitation was that 

only p-AKT was examined as a marker of ZOL’s activity. Other markers of mTOR 

activity such as p-P70S6K and p-mTOR have been shown to be inhibited in hMSCs 

by ZOL (Misra et al. 2016). In addition to this, inhibition of the mevalonate pathway 

by ZOL was not directly assessed in mouse tissues this time around. A previous 

study on hMSCs demonstrated that zoledronate was active in inhibiting the 

mevalonate pathway by measuring levels of unprenylated RAP1A (Misra et al. 

2016). Unfortunately, it was not possible to use this antibody to measure levels of 

protein prenylation/ mevalonate pathway inhibition in this study on mouse tissues as 

production of the antibody had been discontinued (Rap 1A, sc-1482, Santa Cruz). 

No new antibody was available for measuring protein prenylation. A limitation to this 

approach of using unprenylated RAP1A to measure mevalonate pathway inhibition is 

that there are several hundred different proteins that are prenylated and this 

approach only measures changes to one (Sebti 2005).  
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Another limitation of this work is that zoledronate’s activity was assessed in young 

mice rather than in old mice. This is important as the ZOL healthspan study shall be 

conducted on older mice. This could be important as levels of mTOR markers 

change with age in mouse tissues (Baar et al. 2016). This may affect which tissues 

exhibit mTOR markers inhibition by ZOL. A further flaw with this work was that there 

were the large gaps between Days 3, 7 and 24. Previous work in the literature has 

shown that a transient return to baseline and activation of mTOR markers can occur 

in MEFs following mTOR inhibition by deprivation of arginine and leucine (Buel et al. 

2022). This was followed by a subsequent return of inhibition of the mTOR markers 

p-AKT and p-P70S6K. In order to ensure there are no further reductions in mTOR 

markers at later time points, it may be advisable to look at other time points such as 

Day 5, 10 and 14. While further work is still needed to build on these findings to 

better understand mTOR inhibition by ZOL in mouse tissues, it has been possible to 

determine that ZOL is active on p-AKT in mouse tissues. In addition, a ZOL 

treatment interval has also been determined to best inhibit p-AKT in the greatest 

number of mouse tissues.  
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Chapter 4- The effect of Zoledronate on the healthspan of mice 

 

4.1 Introduction-  

Previous work has indicated that ZOL can improve features of ageing in hMSCs 

(Misra et al. 2016). This included a reduction in markers of senescence, younger 

looking cell morphology, reduced levels of DNA damage and an increased time to 

reach replicative senescence. A further study was able to indicate that ZOL could 

increase the lifespan of Drosophila (Chen et al. 2021). In addition to this, this study 

also found that ZOL was able to improve features of healthspan in Drosophila. This 

was demonstrated through increased climbing ability and improved intestinal 

function. Given that ZOL improves features of healthy ageing in cells and flies, it is 

now pertinent to ask whether ZOL can improve the healthy ageing of mice. 

In the above-mentioned studies, there was a decrease in p-AKT in response to ZOL 

in hMSCs and Drosophila. Other work in the literature has indicated that the AKT 

inhibitor GSK690693 was capable of increasing lifespan and intestinal function with 

age in Drosophila (Cheng et al. 2022). Given the importance of p-AKT inhibition in 

improving in improving features of ageing in flies, it is also possible that p-AKT 

inhibition could confer benefits to the healthy ageing and survival of more advanced 

model organisms such as in mice. During the previous chapter, a dosage interval of 

injecting ZOL twice weekly was determined to be sufficient in inhibiting p-AKT in a 

variety of tissues (Figures 3.8-3.20). Since zoledronate inhibits p-AKT signalling in 

mice, it is possible to hypothesis that zoledronate treatment at this treatment interval 

could improve the healthy ageing of mice. In addition to this, ZOL can inhibit other 

markers associated with mTOR signalling as p-P70S6K and p-mTOR in hMSCs 

(Misra et al. 2016). Given that mTOR inhibitors such as rapamycin can improve the 

lifespan and healthspan of mice (Harrison et al. 2009; Bitto et al. 2016), it also is 

possible that ZOL could confer similar benefits to ageing mice. In order to determine 

if this is the case, a protocol agreed upon by a panel of international experts to 

measure mouse healthspan was used (Bellantuono et al. 2020). These included 

looking at novel object recognition, rotarod, grid hanging, glucose tolerance, insulin 

tolerance and frailty index.  
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4.2 Design of mouse healthspan experiment- 

The mice in this chapter were first tested for a baseline level of health prior to the 

start of the intervention. This was done by performing all the healthspan assays at 10 

months of age, prior to the intervention starting at 12 months (middle age). Taking 

these measurements at 10 months first was important for assessing changes that 

occur in healthy compared to aged mice during these assays. In addition, there is 

evidence to suggest that starting the ZOL intervention during middle age is important 

for maximising the benefits of the drug treatment. During a prior study, starting ZOL 

treatment in female Drosophila in middle age had a greater impact in terms of 

lifespan increase than if treatment began at birth (Chen et al. 2021). In addition to 

this, retrospective studies on post-menopausal women taking ZOL (treatment 

starting at middle-age) demonstrated that they had reduced mortality from cardiac 

arrhythmias and pneumonia (Colón‐Emeric et al. 2010). Together these studies 

suggest that starting ZOL treatment at middle age in female organisms should confer 

maximal benefits to survival and healthspan. Due to this, treatment of female mice 

with ZOL began at middle age during this mouse healthspan study.  

The zoledronate treatment regimen began when the mice were 12 months of age 

and continued throughout the rest of the study. Mice were injected twice a week with 

125 µg/kg of zoledronate or with an equivalent volume of PBS, as during the 

previous chapter on p-AKT activity in mouse tissues (Figures 3.2-3.20). The next set 

of healthspan measurements were taken 6 months after the treatment regimen 

began, when the mice reached old age at 18 months (see Figure 4.1 for overview of 

experiment). Frailty index and grid hanging tests were performed monthly from 18 

months of age until the end of the experiment. Rotarod was performed at months 

10,18, 20 and 22. The remaining assays were performed once at 18 and once at 22 

months. This pipeline for the timings of these assays is consistent with a toolbox 

developed for assessing the healthy ageing of mice (Bellantuono et al. 2020). 
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Figure 4.1- A schematic representation of the experimental plan to test the 
effects of Zoledronate on the healthspan of mice. Detailing months in which 
assays are performed and information on drug treatment. 
 

 

4.3 ZOL has no effect on weight gain of older mice- 

Mice were weighed twice weekly as part of their injection regimen as part of this 

experiment. The average weights of the two treatment groups were recorded and the 

average weight over time was plotted below (Figure 4.2A). There was no significant 

difference between the average weights of the two treatments at any of the major 

time points in which healthy ageing assays were conducted (Figure 4.2B). From this 

analysis, ZOL appears to make no difference to weight gain with age.  

 

 



   

 

Page | 94 

 

 

 

Figure 4.2–- Zoledronate has no effect on weight gain of older mice. 
 
A) Average weight over time for PBS and ZOL mice over time. B) PBS vs ZOL 
weights by month. Data in B) is shown as the mean +/- the standard deviation. 
Significance assessed by an unpaired one-way ANOVA with Bonferroni’s post-hoc 
test. PBS = Control Mice, ZOL = Zoledronate treated mice (n=15-19 per treatment 
group, depending on mouse survival). 
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4.4 ZOL treatment delays the onset of frailty in mice- 

In order to determine if mouse frailty is improved in response to zoledronate, a frailty 

index was used to assess levels of mouse frailty. This consists of a series of frailty 

criteria such as loss of fur colour, kyphosis and hearing loss. For the full list of the 29 

mouse frailty criteria assessed, please see Table 2.2. Together the sum of these 29 

measurements were used to create a frailty score by dividing by the total number of 

measurements. Mice were tested at 10 months of age (baseline), 18 months, 19 

months, 20 months, 21 months, 22 months and 23 months. Both PBS and ZOL mice 

had a significantly higher frailty score with age (Figure 4.3). Crucially, Zoledronate 

treatment was able to significantly lower the frailty score overall compared to PBS 

mice. 

 

Figure 4.3- ZOL treatment delays the onset of frailty in mice. 
 
A) A graph from a mixed effects model of frailty index scores with age for PBS and 
ZOL mice. B) Statistical analysis output of linear mixed effect model. Data analysed 
through a linear mixed effects using R, taking into consideration changes with age 
relative to baseline and overall differences between treatments. PBS = Control Mice, 
ZOL = Zoledronate treated mice (n=14-19 per treatment group, depending on mouse 
survival). 
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4.5 ZOL does not impact muscular function with age-  

In order to examine muscular function with age in response to ZOL, a grid hanging 

test was performed. Mice were tested at the ages of 10 months (baseline), 18 

months, 19 months, 20 months, 21 months and 22 months. Mice were placed on the 

grid hanging apparatus and the apparatus was inverted. The time in when it took the 

mice to fall was measured. There was no significant change in how long it took for 

mice to fall with age during the grid hanging test (Figure 4.4). Overall, there was also 

no effect of ZOL treatment on performance during the grid hang test. 

 

Figure 4.4- ZOL treatment does not impact muscular function with age.  
 
A) A graph from a linear mixed effects model of grid hanging scores with age for 
PBS and ZOL mice. B) Statistical analysis output of mixed effect model from R 
indicating changes with age and treatment. Data analysed through a linear mixed 
effects model using R, taking into consideration changes with age relative to 
baseline and overall differences between treatments. PBS = Control Mice, ZOL = 
Zoledronate treated mice (n=14-19 per treatment group, depending on mouse 
survival). 
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4.6 ZOL treatment does not significantly change neuromuscular function by 22 

months- 

Rotarod was performed in order to assess neuromuscular function with age in 

response to ZOL treatment. The time taken for the mice to fall off the mice apparatus 

was measured as a way of measuring neuromuscular function. This assay was 

performed at 10 months of age (baseline), 18 months, 20 months and 22 months. 

There was a significant reduction in how long the mice spent one the rotarod with 

age in the PBS mice at 20 months compared to baseline (Figure 4.5).  However, this 

did not reach statistical significance at the other two time points examined (18 and 

22 months). Furthermore, there was no significant change in the ZOL mice’s time to 

fall off the rotarod compared to baseline at any time point. There was no significant 

effect of ZOL on performance on the rotarod test by 22 months (p=0.071). 

 

Figure 4.5- ZOL treatment does not significantly change neuromuscular 
function by 22 months. 
 
Graph of Rotarod Assay Latency to fall by month and treatment. Data Analysed 
through one-way ANOVA and Bonferroni's post hoc test. PBS = Control Mice, ZOL = 
Zoledronate treated mice (n=15-19 per treatment group, depending on mouse 
survival). 
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4.7 ZOL treatment does not impact glucose tolerance- 

Mice had their metabolic function examined by performing a glucose tolerance test 

(GTT). Mice were fasted overnight, injected with glucose and had their blood glucose 

levels assessed over the course of two hours. This created a series of blood glucose 

curves which was used to calculate the area under the curve (AUC) for each time 

point of the assay for both treatment groups. Mice were tested at the ages of 10 

months of age (baseline), 18 months and 22 months. There was a significant 

reduction in the AUC of the mice for both treatment groups with age compared to 

baseline for both treatment groups (Figure 4.6B). This suggests that the mice 

became more sensitive to glucose with age. There was no change in the AUC when 

comparing PBS and ZOL mice at any time point, suggesting that ZOL treatment had 

no impact on glucose sensitivity.  

4.8 ZOL treatment increases insulin resistance at 18 months- 

Mice had their metabolic function examined by performing an insulin tolerance test 

(ITT). This assay is performed in a similar fashion to that of the GTT test. Mice were 

fasted for three hours prior to the start of the assay and had their blood glucose 

measured at different points after injection with insulin. Mice were tested at the ages 

of 10 months of age (baseline), 18 months and 22 months. There was a significant 

reduction in the AUC when comparing 18-month PBS mice to baseline (Figure 4.7B). 

However, there was no change with age in the 22-month-old PBS mice. This 

suggests that insulin sensitivity does change temporarily with age in C57BL/6J mice. 

ZOL treated mice had a significantly higher AUC at 18 months, compared to PBS 

mice. However, there was no difference between PBS and ZOL mice at 22 months. 

This suggests that ZOL increases insulin resistance temporarily in older mice.  
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Figure 4.6- ZOL treatment does not impact glucose tolerance.  
 
A) GTT Graphs of blood glucose data for all mice. B) Area Under the Curve of GTT 
assay for all mice during the different months of the assay. Data were analysed 
through one-way ANOVA and Bonferroni's post-hoc test. PBS = Control Mice, ZOL = 
Zoledronate treated mice (n=15-19 per treatment group, depending on mouse 
survival). 
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Figure 4.7- ZOL treatment increases insulin resistance at 18 months. 
 
A) ITT Graphs for the all the mice B) AUC of ITT assay for all mice treatments and 
months. Data is shown as the mean +/- the standard deviation of the AUC. Data 
were analysed through one way ANOVA with Bonferroni’s multiple comparison post-
hoc test. PBS = Control Mice, ZOL = Zoledronate treated mice (n=15-19 per 
treatment group, depending on mouse survival). 
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4.9 ZOL has no effect on performance in the open field test- 

Prior to assessment of neurological function by novel object recognition, levels of 

mouse stress were assessed via the open field (OF) test. The willingness of the 

mouse to move and its overall ability to move can also affect the outcome of this test. 

In order to determine stress levels, the mice were placed in an empty novel object 

arena. Various stress parameters were then measured such as time spent in the 

corner of the arena and total distance moved. Mice were tested at the ages of 10 

months of age (baseline), 18 months and 22 months. ZOL treated mice spent longer 

in corners of the open field arena with age (Figure 4.8A). However, the PBS mice did 

not spend significantly longer in corners with age (p=0.079). There was no difference 

between PBS and ZOL mice in terms of time spent in corners at 18 months of age. 

There was a significant increase in vision loss with age at 18 months and 22 months 

compared to baseline for both treatment groups (Figure 4.8B). There was also no 

significant difference between PBS and ZOL mice for either time point in terms of 

vision loss. There was no difference with age in the total distance moved during the 

open field test for either treatment condition (Figure 4.8C). ZOL treatment also made 

no difference to distance moved during the open field test. Overall, ZOL treatment 

did not have much impact on performance during the open field test. 
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Figure 4.8- ZOL treatment does not impact stress during the open field test.  
 
A) Percentage time spent in corners by month for PBS and ZOL mice. B) Vision loss 
scores during frailty assay at 18 and 22 months. C) Distanced moved during OF test. 
Data is shown as the mean +/- the standard deviation. Data were analysed through 
one way ANOVA with Bonferroni's multiple comparison post-hoc test. PBS = Control 
Mice, ZOL = Zoledronate treated mice (n=17-19 per treatment group, depending on 
mouse survival). 
 

 

 

 



   

 

Page | 103 

 

4.10 ZOL treatment does not impact to cognitive function- 

In order to determine cognitive ability of the mice with age is influenced by ZOL 

treatment, novel object recognition was performed. This involves placing two 

identical objects in an arena and then replacing one of the identical objects with a 

new distinct object. Whether the mice prefer the new object is then used to calculate 

a discrimination index. This was either done an hour later (short-term memory) or a 

day later (long-term memory) after training. Mice were tested at baseline (10 months) 

and at 18 months of age. One ZOL mouse was fully blind at 18 months (Figure 4.8B) 

and was excluded from further novel object recognition analysis. Blindness was 

tested using the vision loss test from the frailty index (Table 2.2). This involved 

slowly lowering the mice towards the table surface and recording at what distance 

the mouse reached out to the surface of the table.  

There was no significant change with age when comparing 18 months and baseline 

PBS mice for the short-term memory (STM) test’s discrimination index (Figure 4.9A). 

There was no significant difference when comparing the discrimination index of the 

PBS and ZOL mice at 18 months of age during the STM test. There was no 

significant difference in the discrimination index with age for either for the PBS or 

ZOL mice in the long-term memory (LTM) test (Figure 4.9B). In addition to this there 

was no significant difference in the discrimination index of the mice when comparing 

the PBS or the ZOL mice at 18 months. It was not possible to repeat this experiment 

at 22 months as originally planned, as almost all the mice were entirely blind by 22 

months (Figure 4.8B). Overall, ZOL treatment does not impact cognition during the 

NOR test in older mice.  

 

 

 

 



   

 

Page | 104 

 

 

Figure 4.9- ZOL treatment does not impact cognitive function.  
 
A) Discrimination index of the short-term memory test during novel object recognition 
test for all mice by month and treatment. B) Discrimination index of the long-term 
memory test during novel object recognition test for all mice by month and treatment. 
Data is shown as the mean +/- the standard deviation. Data were analysed through 
one way ANOVA with Bonferroni’s multiple comparison post-hoc test. PBS = Control 
Mice, ZOL = Zoledronate treated mice (n=17-19 per treatment group, depending on 
mouse survival). 
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4.11 ZOL does not significantly change mortality in older mice- 

Throughout the duration of the experiment, mice were monitored for signs of severe 

illness that would constitute grounds for euthanasia under our project licence. For a 

list of these humane endpoints, please see section 2.3.1. When this point was 

reached the mice were culled, a post-mortem examination was performed, and 

tissues were then collected for analysis in future investigations. During the post-

mortem examination, mice were examined for any abnormalities in the appearance 

of their organs or visible tumours. There was no significant change in survival in 

response to ZOL treatment (p=0.094) (Figure 4.10A). There was no significant 

difference in terms of the proportion of mice that had a tumour present during the 

post-mortem examinations between the PBS and ZOL groups of mice (Figure 

4.10B).  

 

Figure 4.10- ZOL does not significantly change mortality in older mice. 
 
A) Humane end point curve. B) Observable tumour incidence during post-mortem 
examination. 19 mice per treatment group were given PBS or ZOL. PBS = Control 
Mice, ZOL = Zoledronate treated mice. When a humane end point was reached date 
of survival was noted. Difference between two humane end point curves assessed 
via Log-rank (Mantel–Cox) test. Tumour incidence significance determined with a 
two-proportion Z test. 
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4.12 Discussion-  

ZOL treated mice scored lower overall on the frailty index, suggesting that ZOL 

lowers frailty in older mice (Figure 4.3). This study was the first to demonstrate that 

an mTOR inhibitor can reduce frailty in older mice. There was a steady increase in 

the frailty index for both treatment groups by month, which only began to level off at 

23 months in the PBS mice. This monthly increase in the frailty index in control 

C57BL/6J mice after 18 months is consistent with previous studies (Keller et al. 

2019; Rockwood et al. 2017; Richardson et al. 2021). The work conducted in this 

study was able to verify that the mouse frailty index is an effective means of 

assessing changes with age in mice. 

The inability of ZOL to improve features of muscular ageing during the grid hanging 

assay is surprising (Figures 4.4), given ZOL’s activity in the muscle on p-AKT 

signalling in mice (Figure 3.12). This is also surprising given how ZOL, can improve 

the muscle function of mice in other contexts. For example, ZOL treatment was able 

to improve the muscle function of mice given chemotherapy in terms of grip strength 

and whole muscle contractility (Hain et al. 2020). ZOL was also able to improve the 

ability of Drosophila to climb with age (Chen et al. 2021). In addition to this, evidence 

in the literature suggests that ZOL can have a small effect on improving muscle 

mass in osteoporosis following a yearly infusion (Huang et al. 2021). Despite this, 

ZOL has no overall effect on performance during the grid hanging test (Figure 4.4). 

There was no significant change in performance in the grid hang assay for either of 

the treatment groups with age. This contradicts the findings of previous studies in the 

literature that indicate that grid hanging performance is lower in older C57BL/6J mice 

compared to young C57BL/6J mice (Shang et al. 2020; Ahn et al. 2017). The inability 

to detect changes in the grid hanging test might be because the changes with age 

that occur in this assay by 22 months are too small to detect in female mice. Drugs 

such as rapamycin that target similar pathways to ZOL have been shown to improve 

time to fall on the grid hanging test at 30 months of age compared to vehicle treated 

mice (Ham et al. 2020). This may suggest that later time points are required to detect 

changes in response to drug interventions involving the mTOR pathway in terms of 

grid hanging time.  
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ZOL did not significantly improve performance on the rotarod test by 22 months 

(p=0.071) (Figure 4.5). An explanation as to why ZOL did not improve rotarod 

significantly is that the mice’s performance had not deteriorated sufficiently by 22 

months compared to 18 months (as during the grid hanging test). Another 

explanation for this lack of change with age could be because of the gender of the 

mice. A previous study has shown that performance on the rotarod test deteriorates 

significantly with age in male C57BL/6J mice, but not in female C57BL/6J mice 

(Fischer et al. 2016). However, this change was only detectable after 28 months of 

age. This suggests that repeating this experiment in male mice and assessing them 

at 28 months may be optimal for ensuring the mice’s performance on the rotarod has 

deteriorated sufficiently. Ensuring that the performance on the rotarod has 

deteriorated sufficiently with age may make it easier to measure the impact of any 

geroprotector intervention (such as ZOL) has on rotarod in future studies. Previous 

studies in the literature have shown that the mTOR inhibitors rapamycin and 

everolimus can improve the ability of mice to perform on the rotarod (Bitto et al. 

2016; Zhang et al. 2013). However, in both studies this effect was seen after 24 

months of age. In addition, treatment began later during the mice’s lifespan in both 

these studies (18-21 months). So, it is difficult to make a direct comparison to this 

investigation. Although taken together, these studies support the notion that mTOR 

inhibition may have a positive effect on rotarod/ neuromuscular ability with age in 

mice.  

During the GTT assay, mice showed increased glucose sensitivity with age (Figure 

4.6). This was demonstrated by a significant decrease in the AUC for both the older 

ZOL and the older PBS mice when compared to baseline. While this may seem 

counterintuitive, there is some precedent in the literature for this. Studies on GTT in 

mice have shown a decrease in the AUC/ increase in glucose sensitivity with age 

(Leiter et al. 1988; Oh et al. 2016; Marmentini et al. 2021). Mechanistically this is 

believed to be caused by reduced insulin clearance in the liver of mice at older age 

(Marmentini et al. 2021). The consequence of this is that glucose is believed to be 

cleared more quickly from the blood with age in mice. ZOL treatment made no 

difference to glucose sensitivity compared to PBS treated mice during the GTT 

assay at any of the time points examined. Previous work on other mTOR inhibitors 

such as rapamycin has shown that daily administration of rapamycin reduces 
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glucose tolerance in mice (Arriola Apelo et al. 2012; Lamming et al. 2013). A 

potential reason for the difference in response between ZOL and rapamycin maybe 

due to ZOL being administered less frequently than rapamycin. This is supported by 

the observation that weekly administration of rapamycin does not impact glucose 

tolerance (Arriola Apelo et al. 2016). ZOL’s inability to influence glucose metabolism 

is surprising given its activity in the pancreas (Figure 3.17). In addition to this, some 

studies have suggested that patients taking n-BPs have a reduced risk of developing 

diabetes (Vestergaard 2011; Chan et al. 2015; Toulis et al. 2015). This makes ZOL’s 

lack of an effect on GTT even more surprising. Overall, ZOL’s inability to influence 

glucose sensitivity is surprising given the effect other drugs targeting similar 

pathways have on glucose homeostasis.  

During the ITT, there was a significant reduction in the AUC under the curve for the 

PBS mice compared to the baseline (Figure 4.7). However, by 22 months there was 

no change in the AUC compared to baseline. This suggests that insulin sensitivity 

improves in a transient fashion with age. Alternatively, the change with age was too 

small to be consistently detected at older age. This seems more likely, as previous 

studies in the literature found no significant change with age in insulin sensitivity in 

mice (Ehrhardt et al. 2019; Lamming et al. 2013; Marmentini et al. 2021). There was 

a significant increase in the AUC when comparing 18-month-old ZOL and PBS mice. 

However, at 22 months there was no change when comparing ZOL and the PBS 

mice. This suggests that ZOL treatment increases insulin resistance at 18 months, 

but this is only temporary. Drugs targeting similar pathways have also been shown to 

induce insulin resistance when given daily to mice (Lamming et al. 2012; Arriola 

Apelo et al. 2016). A flaw with these studies is that these studies were conducted on 

young mice (2 months old), so it is unknown what long term effect rapamycin has on 

insulin resistance on older mice. One reason for the transient nature of this induction 

of insulin resistance might be the differing levels of expression of mTOR markers in 

mouse tissues with age in older mice (Baar et al. 2015). This could be important as 

insulin resistance by rapamycin is dependent on mTORC2 inhibition (Deblon et al. 

2012; Lamming et al. 2012). While inhibition of p-AKT in younger mice by ZOL has 

been established (Figures 3.2-3.20), it is currently unknown what extent this 

inhibition is maintained in older mice. It is possible that if levels of mTOR markers 

change with age, that this could affect the ability of mTOR inhibitors to inhibit 
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mTORC2 and induce insulin resistance. This might explain why the induction of 

insulin resistance was seen at 18 months and not 22 months. Overall, the 

healthspan experiment provided further evidence that mTORC2 inhibition may have 

a role to play in the induction of insulin resistance in mice. However, there was little 

metabolic change overall in response to ZOL treatment (across both GTT and ITT).  

During the open field test, there was no significant change in how long mice spent in 

the corners of the novel object recognition arena with age in the PBS mice at 18 

months compared to baseline (Figure 4.8A). However, there was a significant 

increase in how long the ZOL mice spent in corners of the novel object recognition 

arena with age.  Previous studies in the literature have indicated that old mice spend 

longer in corners with age during the open field test (Benice et al. 2006; Shoji and 

Miyakawa 2019). This would indicate the ZOL mice became more stressed with age 

during this assay. Alternatively, this could also have been influenced by any changes 

to the mouse’s physical ability to move or willingness to move. Another explanation 

for this increase in time spent in corners might have been due to the increase in 

partial blindness in the mice at 18 months (Figure 4.8B). This blindness score 

originated from the frailty index. At 18 months most of the mice had no vision loss 

during the frailty index, but some of the mice experienced partial vision loss (a vision 

loss score of 0.5). These mice could still see but were short sighted. This might 

explain why mice prefer to stay in corners at 18 months of with age. ZOL treatment 

made no difference when compared to PBS treatment in terms of time spent in 

corners at 18 months. Similarly, rapamycin also has no effect on time spent in 

corners during the open field test in younger mice (Cleary et al. 2008; Cambiaghi et 

al. 2013). This suggests that mTOR inhibition makes no difference to performance 

during the open field test. One ZOL mouse had total vision loss/ a vision loss score 

of 1 at 18 months (Figure 4.8B). This blind mouse was excluded from the novel 

object recognition analysis as a result. By 22 months almost all the mice were fully 

blind, so it was not possible to perform either the OF or NOR assay at this time point, 

as would have been consistent with originally proposed pipeline (Bellantuono et al. 

2020).  

There was no change in distanced moved during the open field test with age when 

comparing 18- month-old mice to baseline (Figure 4.8C). This suggests that ageing 
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makes no difference to the stress of the mice in terms of distance moved during the 

open field test. This contradicts the findings of previous studies that have shown a 

reduction in distance moved during the open field test with age in mice (Benice et al. 

2006; Shoji and Miyakawa 2019). A possible explanation for this could have been 

due to differences in levels of physical fitness in the cohorts of mice. This could have 

been due to differences in mouse housing or food pellet composition during our 

study. There was also no significant change when comparing PBS and ZOL mice at 

18 months in terms of distance moved. This is also consistent with previous work on 

mTOR inhibitors such as rapamycin that show no effect on distance moved during 

the open field test (Cleary et al. 2008; Cambiaghi et al. 2013).  

In terms of neurological function, there was no significant change with age in the 

STM test (Figure 4.9A). This agrees with previous findings in the literature that show 

that STM does not change with age in mice (Wimmer et al. 2012; Fahlström and 

Ulfhake 2011). There was also no significant difference when comparing PBS and 

ZOL mice during the STM test at 18 months. There was no change in LTM with age 

for either the PBS or ZOL mice (Figure 4.9B). This contradicts previous studies that 

have shown that LTM decreases with age during NOR (Wimmer et al. 2012; 

Fahlström and Ulfhake 2011). An explanation for this disparity could be that the older 

mice in these studies in the literature were older than 20 months (Wimmer et al. 

2012; Fahlström and Ulfhake 2011). The authors did not mention if a vision loss test 

was performed on these older mice, so it is unclear if this could have impacted their 

results. Therefore, a limitation to the NOR conducted in this chapter is that the mice 

were only examined at one time point following treatment (18 months old) for the 

neurological tests. This was due to almost all the mice becoming fully blind by the 

originally proposed final time point for NOR (22 months) (Figure 4.8B). Repeating the 

experiment, but performing NOR monthly on mice that are not fully blind from 18-21 

months be optimal for measuring any changes in response to drug treatment. This 

may increase the chances of detecting a change in response to ZOL treatment if this 

experiment was to be repeated. ZOL’s inability to impact cognitive function is 

surprising given that a previous study that showed that ZOL treatment lowered the 

risk of people over the age of 50 from developing dementia (Chang et al. 2014). It is 

also surprising given the impact of ZOL on p-AKT in the brain (Figure 3.13). 

Currently, there is a lack of research on the effects of other mTOR inhibitors such as 
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rapamycin on NOR in mice. Overall, ZOL treatment made no different to cognitive 

function during the NOR test.  

There was no impact on ZOL on mouse weight gain compared to PBS mice (Figure 

4.2). This is surprising as drugs that target similar pathways such as rapamycin have 

been shown in studies to have a modest effect on decreasing weight with age in 

older female mice (Bitto et al. 2016; Miller et al. 2014; Strong et al. 2020). The mice 

steadily gained weight throughout their lives, but this began to level off at around 20 

months. This is consistent with weight gain in ageing female C57BL/6J mice found in 

the literature (Fisher et al. 2016; Fahlström and Ulfhake 2011; Turturro et al. 1999).  

ZOL did not significantly alter the likelihood of a mouse getting seriously ill and 

reaching a humane endpoint (p=0.094) (Figure 4.10A). This inability to detect a 

significant change may be due to limitations in how long the experiment was 

conducted for. It may have been possible to detect a statistically significant 

improvement in survival in mice if they had been kept to an older age. Previous 

studies on ZOL have indicated that it may have a beneficial impact on survival in 

model organisms and in clinical studies. A notable example of this would be how 

ZOL treatment improved the survival of Drosophila (Chen et al. 2021). This is also 

consistent with previous findings in the literature on patients. For example, older 

institutionalised patients taking bisphosphonates were found to have 27% reduced 

risk of death overall (Sambrook et al. 2010). Another study demonstrated that ZOL 

can improve the survival of older patients who had a fractured hip, independent of 

further fracture reduction (Colón-Emeric et al. 2010). The 73.7% survival of the 23-

month-old PBS mice by the end of the experiment was roughly consistent with 

previous studies in the literature on female C57BL/6J mice survival with age (Rowlatt 

et al. 1976; Turturro et al. 1999).  

Interestingly, only one ZOL mouse reached a humane endpoint. Given the very small 

number of total mice who reached a humane endpoint in this study (n=6), it is difficult 

to draw too many conclusions from this. It would be very interesting to test how long 

this effect on survival is maintained for by keeping the mice alive for longer. It is 

difficult to determine whether any potential changes in survival in response to ZOL 

are due to increased bone strength, improved immune function (see section 1.9) or 
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inhibition of mTOR (or a combination of the three). The exact mechanisms by which 

ZOL confers a benefit to survival in mammals remain unknown.  

The inability of ZOL to significantly lower the incidence of tumours during the post-

mortem examination was surprising (Figure 4.10B). Especially given how, a 

retrospective study on patients found that ZOL reduces the incidence of cancer in 

older female patients (Reid et al. 2020). Once again, it is possible that the mice were 

not kept alive long enough for a change to be measured. Another possibility was that 

some tumours may not have been visible during the post-mortem examination. 

Future histological studies on the tissues collected during this experiment may be 

more able to more accurately detect any difference in tumour incidence between the 

two groups of mice. This tumour incidence was roughly equal to that of previous 

studies on aged female C57BL/6J control mice culled at 22-24 months (Rowlatt et al. 

1976; Nakamura et al. 1992). 

A flaw with this study is that only female mice were examined for changes in healthy 

ageing. Female mice were selected for this study because of the benefits to survival 

in response to ZOL treatment starting at middle age in female Drosophila and in 

patients (Chen et al. 2021; Colón‐Emeric et al. 2010). This could be an issue as 

there were differences in survival between Drosophila receiving ZOL treatment 

(Chen et al. 2021). Female Drosophila had a slightly stronger improvement in 

lifespan in response to ZOL treatment starting at mid-life than male Drosophila 

(Chen et al. 2021). There are also gender differences in how mice respond to other 

mTOR inhibitors such as rapamycin in terms of lifespan increase (Harrison et al. 

2009; Miller et al. 2014; Strong et al. 2020). Female mice responded more positively 

to rapamycin in terms of percentage increase in survival during these studies. Lastly, 

genetic knockouts of mTORC2 had a detrimental effect on the lifespan of male but 

not female mice (Lamming et al. 2014). Overall, these studies suggest that ZOL may 

have a different effect on the lifespan of male mice.  

A limitation to this investigation was that it was not possible to determine if p-AKT 

was inhibited in the mouse tissues by the end of the healthspan experiment. This 

would have provided some evidence that a marker of mTOR signalling was inhibited 

by the end of the experiment in mouse tissues. It is also possible that different doses 

or treatment intervals of ZOL may confer more beneficial effects on healthspan. 
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There is some in vitro evidence that supports the notion that repeated doses of 

zoledronate at lower doses may be more beneficial in inhibiting mTOR. One paper 

on osteoblasts indicated that treating cells with zoledronate twice weekly for two 

weeks resulted in a reduction in p-S6/ total S6 when at 1 nM and increased the ratio 

of p-S6/ total S6 when at 1 µM (Gao et al. 2018). This suggests that lower doses of 

ZOL may be beneficial for inhibiting mTORC1 when given repeatedly. However, it is 

important to better understand the mechanisms by which ZOL inhibits the mTOR 

pathway (both mTORC1 and mTORC2) at different concentrations, before 

recommending any future healthspan studies using different doses of ZOL in mice.  

There is evidence collected during this investigation to support the notion that 3 Days 

post injection is the best time interval for inhibiting p-AKT (Figures 3.2-3.30). 

However, it is currently unknown whether this inhibition was maintained in response 

to multiple injections over the course of the healthspan experiment. From a 

mechanistic standpoint the FPPS enzyme should remain consistently inhibited since 

p-AKT inhibition is due to mevalonate pathway inhibition (Misra et al. 2016). 

However, given that p-AKT increases in the kidney at Day 7 post injection (Figure 

3.16), it is possible that there may be a feedback mechanism that increases p-AKT. 

It would be advisable to eliminate the possibility of repeated doses of ZOL activating 

rather than inhibiting mTOR markers. This will be addressed in future experiments in 

a later chapter.  

Overall, this chapter was able to determine that ZOL can modestly improve some 

features of healthy ageing in mice by 23 months of age. However, this was limited by 

the fact that the mice had to be culled by 23 months and couldn't be assessed at 

later age. An example of this would have been mouse survival (Figure 4.10A), as this 

did not significantly change in response to ZOL (p=0.094). This may also have 

influenced rotarod, which also did not significantly change by the end of the 

experiment (p=0.071) (Figure 4.5). Unfortunately, it was not possible to complete the 

healthspan pipeline up until 24 months as recommended by others (Bellantuono et 

al. 2020) due to time restrictions for the completion of this degree. Going back to the 

in vitro model that first demonstrated that ZOL could act as a geroprotector (Misra et 

al. 2016) may offer some additional insights into the outcome of this healthspan 

experiment.  
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Chapter 5 - Effect of zoledronate on mTOR pathway in hMSCs in vitro. 

 

5.1 Introduction- 

Given the modest impact of ZOL treatment on healthspan in chapter 4, it was 

decided to examine the mechanisms by which ZOL can inhibit mTOR in a bit more 

detail. ZOL’s inability to substantially improve healthspan in mice could have been 

due to preferential inhibition of mTORC2 compared to mTORC1. Given the 

importance of inhibiting mTORC1 signalling in promoting longevity (Selman et al. 

2009; Zhang et al. 2017), it was important to look at ZOL’s impact on mTORC1 

signalling more thoroughly. Another possibility was that prolonged exposure to an 

mTOR inhibitor such as ZOL may have different effects on mTOR markers 

compared to a short-term exposure. Some studies have shown that prolonged 

mTOR inhibition by stimuli such as deprivation of specific amino acids can trigger 

feedback mechanisms through long term hyperactivation of mTOR markers following 

initial inhibition (Buel et al. 2022; Moloughney et al. 2016). In order to start to answer 

some of these questions, it was decided to return to the in vitro model that first 

demonstrated that ZOL could work as a geroprotector (hMSCs). 

As described in a previous section (Section 1.10), mTOR signalling is split into two 

signalling complexes: mTORC1 and mTORC2. Both complexes contain similar 

components: such as an mTOR complex and DEPTOR. However, both mTORC1 

and mTORC2 contain additional proteins that are unique to each complex such as 

RICTOR (Rapamycin Insensitive Companion of mTOR) and RAPTOR (Regulatory 

Associated Protein of mTOR). There are many important markers of mTOR 

activation. One of which is the activity of the mTOR protein complex itself. This 

complex contains 2549 amino acids and has several different domains. One of which 

is the negative regulatory domain (NRD), which contains several phosphorylation 

sites that are required for mTOR activation: one of which is Ser2448 (Li et al. 2014). 

In addition to mTOR, there are downstream markers that can be assessed to 

measure levels of mTORC1 and mTORC2 signalling. One example of such a 

downstream marker is that of AKT. AKT is a serine/threonine protein kinase that 

regulates cell functions such as glucose metabolism, survival, cytoskeletal and 

proliferation. AKT is activated by phosphorylation at Ser473 by mTORC2 (Sarbassov 
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et al. 2005). P70S6K is an enzyme responsible for activation of ribosomal protein S6 

and is a marker of mTORC1 activation. This is because mTORC1 phosphorylates 

P70S6K at Thr389, which is part of P70S6K’s linker domain (Bahrami et al. 2014). 

Ribosomal protein S6 is activated by P70S6K and is involved in translation of 

proteins at ribosomes.  

Firstly, the work in this chapter sought to verify that ZOL can inhibit markers of 

mTOR signalling. Secondly, the experiments conducted during this chapter sought to 

reveal insights into the mechanisms of ZOL’s inhibition of mTOR. This included 

improving gaps in our understanding of how long mTOR inhibition is achieved by 

ZOL in hMSCs. This is important given the short duration of p-AKT inhibition 

observed in mouse tissues in a previous chapter (Figures 3.2-3.20). This raises the 

question as to whether this effect is unique to mice or can also be seen in hMSCs. It 

is also currently unknown at what range of concentrations mTOR inhibition by ZOL is 

achieved. This is important for understanding the mouse tissue results in chapter 3. 

Radioactive labelling studies of ZOL study on mice, dogs and rats has uncovered a 

similar disparity in concentration of the drug between skeletal and non-skeletal 

mouse tissues (Weiss et al. 2008; Nikzad et al. 2013; Yousefnia et al. 2015). 

Previous studies have indicated that other nitrogen containing bisphosphonates are 

found at relatively low concentrations in mice in non-skeletal mouse tissues 

(Mönkkönen et al. 1990; Masarachia et al. 1996). Despite this, ZOL can achieve 

inhibition of p-AKT in these non-skeletal tissues. During the ZOL healthspan 

experiment in mice, the drug was given repeatedly, as opposed to once during the 

ZOL tissue time course experiments in chapter 3. Therefore, it is also important to 

begin to better understand whether repeated doses of ZOL treatment are capable of 

inhibiting mTOR markers.  
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5.2 Donor gender has no effect on ZOL's ability to inhibit p-AKT at 1 µM- 

During the ZOL time course and healthspan experiments, female mice were treated 

with ZOL. In addition to this, analysis of the improvement of non-skeletal survival by 

ZOL focussed on post-menopausal women (Colón-Emeric et al. 2010). Furthermore, 

ZOL treatment beginning at midlife has a greater impact on Drosophila lifespan 

extension that on male Drosophila (Chen et al. 2021).  During the experiments 

conducted in this chapter, hMSCs were grown from donors of different genders. To 

determine if donor gender was having any effect on ZOL’s ability to inhibit p-AKT, a 

comparison by donor gender in the reduction in p-AKT was performed. These were 

all from cells treated at 1 µM for three days across the different experiments 

conducted in this chapter. Upon completion of the analysis, the average reduction in 

p-AKT per donor in response to 1 µM for three days was unaffected by donor gender 

(Figure 5.1). 

 

 

Figure 5.1- Donor gender has no effect on ZOL's ability to inhibit p-AKT at 1 
µM.  

A) Quantification of reduction in p-AKT/ Total AKT ratio by gender. Data is shown as 
the mean +/- the standard deviation. Data were analysed through an unpaired T-test. 
PBS = Control hMSCs, ZOL = Zoledronate treated hMSCs (n=3-6 per treatment 
group). 
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5.3 Zoledronate can reduce p-AKT signalling when frozen and so can ZOL that is 

used clinically in patients- 

The ZOL solution used in these experiments was originally in powder form and was 

of a different formulation to the ZOL that is used clinically. Consequently, it was 

prudent to ensure that both formulations of ZOL were effective at inhibiting p-AKT. In 

addition, ZOL was prepared fresh from powder during the in vitro experiments. In 

comparison, a large bulk solution of ZOL was prepared from the powder and was 

frozen in aliquots to ensure reproducibility between injections during the healthspan 

experiment. This experiment also sought to verify that freezing the ZOL solution did 

not impact p-AKT inhibition in the hMSC model prior to the start of the injection 

regimen in the healthspan experiment.  

Cells were either treated with zoledronate at 1 µM freshly prepared from powder, 1 

µM frozen ZOL solution that had been prepared from powder or 1 µM ZOL solution 

used clinically in patients. All three zoledronate treatments showed reduced p-AKT/ 

Total AKT compared to the PBS control (Figure 5.2). There was no significant 

difference between ZOL treatments in terms of the reduction in the p-AKT/ total AKT 

ratio compared to the control. This indicates that the ZOL solution used in patients 

and the bulk frozen solution can inhibit p-AKT.  

During the mouse healthspan experiment (chapter 4), the bulk frozen ZOL solution 

was used throughout for injections. Towards the end of the healthspan experiment, 

spare aliquots of this ZOL solution were used to treat hMSCs from for three days at 1 

µM. This was done when the mice were 20 months old (10 months after the solution 

was formulated). This was to check that 10 months of freezing had not impaired the 

ability of the bulk ZOL solution to inhibit p-AKT. This experiment was able to 

demonstrate that the ZOL solution used throughout the healthspan experiment was 

still effective at inhibiting p-AKT in hMSCs after 10 months of freezing (Figure 5.3). 
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Figure 5.2- Zoledronate can reduce p-AKT signalling when frozen and so can 
ZOL that is used clinically in patients.  

A) Example western blot for the expression of p-AKT, total AKT and GAPDH. B) 
Quantification of p-AKT/ Total AKT ratio. Data is shown as the mean +/- the standard 
deviation. Data were analysed through one way ANOVA and Tukey's multiple 
comparison post-hoc test. PBS = Control hMSCs, ZOL = Zoledronate treated hMSCs 
(n=3 per treatment group). 

 

 

Figure 5.3- Zoledronate solution used in healthspan experiment can inhibit p-
AKT in hMSCs 10 months after freezing of solution. 

A) Example western blot of p-AKT, total AKT and GAPDH expression. B) 
Quantification of p-AKT/ Total AKT ratio. Data is shown as the mean +/- the standard 
deviation. Data were analysed through an unpaired T-test. PBS = Control hMSCs, 
ZOL = Zoledronate treated hMSCs (n=3 per treatment group). 
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5.4 Zoledronate can inhibit p-AKT in human Mesenchymal Stem Cells (hMSCs) at a 

broad variety of concentrations- 

ZOL can inhibit p-AKT in a broad variety of non-skeletal mouse tissues (Figures 3.2-

3.20). This was surprising as previous work in the literature on radioactively labelled 

ZOL indicated that ZOL is present in non-skeletal mammalian tissues at 

concentrations 10-1000 times lower than the bone (Weiss et al. 2008; Yousefnia et 

al. 2015; Nikzad et al. 2013). In hMSCs, ZOL was able to inhibit mTOR signalling at 

1 µM ZOL after 72 hours (Misra et al. 2016). However, the impact of other 

concentrations of ZOL on p-AKT markers was not examined. This could be important 

as a previous study demonstrated that ZOL can activate the mTOR marker p-S6 at 

high concentrations of ZOL and inhibit it at 1 nM in osteoblasts (Gao et al. 2018). In 

order to examine this, hMSCs were treated with varying concentrations of ZOL (1 

pM- 10 µM) for 72 hours. As a control cell were treated with an equivalent volume of 

PBS. The inhibition of p-AKT/ total AKT was maintained in response to zoledronate 

compared to PBS at all concentrations examined (Figure 5.4). There was no 

significant difference in p-AKT inhibition between doses of ZOL run on the same blot. 
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Figure 5.4- Zoledronate can inhibit p-AKT in human Mesenchymal Stem Cells 
(hMSCs) at a broad variety of concentrations.  

A) Example western blot of p-AKT, Total AKT and GAPDH expression in response to 
ZOL at 1-10 µM concentration. B) Quantification of p-AKT/ Total AKT ratio at µM 
concentration. C) Example blot of p-AKT/ Total AKT expression in response to ZOL 
at 100-1 nM concentration. D) Quantification of p-AKT/ Total AKT ratio at nM 
concentration. E) Example blot of p-AKT/ Total AKT expression in response to ZOL 
at 100pM-pM concentration. F) Quantification of p-AKT/ Total AKT ratio at pM 
concentration. Data is shown as the mean +/- the standard deviation. Data were 
analysed through one-way ANOVA and Tukey's multiple comparison post-hoc test. 
PBS = Control hMSCs, ZOL = Zoledronate treated hMSCs (n=3 per treatment 
group). 
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5.5 Inhibition of p-AKT by ZOL is mediated by the mevalonate pathway-  

A previous study was able to demonstrate that the mevalonate pathway was 

involved in the inhibition of p-AKT by ZOL at 1 µM in hMSCs (Misra et al. 2016). This 

was done by treating cells with downstream products of the mevalonate pathway: 

FOH and GGOH in addition to ZOL. During this previous study, treating hMSCs with 

FOH and GGOH reversed the inhibition of p-AKT by ZOL. This implicated the 

mevalonate pathway in ZOL’s inhibition of p-AKT. In order to verify this finding, this 

experiment would be repeated in hMSCs. In addition to this, cells would be treated 

with 1 µM or 1 nM ZOL, to determine if the mevalonate pathway was responsible for 

the inhibition of p-AKT at both concentrations.   

There was a significant drop in the ratio of p-AKT/ Total AKT in response to 

zoledronate at both 1 µM and 1 nM concentrations (Figure 5.5). Crucially the addition 

of the downstream metabolites (FOH and GGOH) in combination with zoledronate 

treatment reversed this inhibition of p-AKT. Treatment of cells with ethanol and ZOL 

at these two concentrations failed to reverse the inhibition. Since ethanol was used 

to dissolve the FOH and GGOH, this would implicate the mevalonate pathway in the 

inhibition of p-AKT signalling at both 1 µM and 1 nM concentrations.  
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Figure 5.5- Inhibition of p-AKT by ZOL is mediated by the mevalonate pathway. 

A) Example western blot of the expression of p-AKT, total AKT and GAPDH. B) 
Quantification of p-AKT/ Total AKT ratio. Data is shown as the mean +/- the standard 
deviation. Data were analysed through one way ANOVA and Bonferroni multiple 
comparison post-hoc test. PBS = Control hMSCs, ZOL = Zoledronate treated hMSCs 
(n=3 per treatment group). 
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5.6 Zoledronate lowers levels of mTOR markers at concentrations of 1 µM-1 pM-  

During a previous experiment, ZOL treatment was able to inhibit the downstream 

mTORC2 marker p-AKT at concentrations as low as 1 pM (Figure 5.4). A previous 

study had found that 1 µM ZOL reduces levels of the following mTOR markers in 

hMSCs after 72 hours: p-P70S6K (Thr421/Ser424), p-AKT (Ser473) and p-mTOR 

(Ser2448) (Misra et al. 2016). It was unclear if ZOL had a similar effect on other 

markers of overall mTOR and mTORC1 activity at lower concentrations. To this end, 

hMSCs were again treated with varying concentrations of ZOL for 72 hours and 

several markers of mTOR activity were assessed. This time the following mTOR 

markers were examined via western blot: p-AKT, p-P70S6K and p-S6 and p-mTOR. 

In addition, the total amount of each of these markers was assessed: total AKT, total 

P70S6K, total S6 and total mTOR. The markers p-S6 and p-P70S6K are markers of 

mTORC1 activity. Meanwhile, p-mTOR corresponds to overall levels of mTOR 

signalling that are reduced by zoledronate. Inhibition of p-AKT was again examined 

to verify the findings from the previous experiment.  

Inhibition of p-AKT signalling was again observed at concentrations of 1 µM, 1 nM 

and 1 pM ZOL (Figure 5.6B), verifying the findings of the previous experiment. 

Inhibition of p-mTOR was also achieved at concentrations 1 µM, 1 nM and 1 pM ZOL 

in hMSCs (Figure 5.6C). There was a significant reduction in the phosphorylation of 

p-P70S6K at 1 nM, but not at the other concentrations examined (Figure 5.6D). 

Similarly there was a significant reduction in the phosphorylation of p-S6 at 1 µM and 

1 nM, but no significant change in response to 1 pM ZOL (Figure 5.6E). This inability 

to reach significance at certain concentrations of ZOL might be attributed to the 

larger variation observed in the reduction of p-S6 and p-P70S6K. 
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Figure 5.6- Zoledronate lowers levels of mTOR markers at concentrations of 1 
µM-1 pM. 

A) Example western blots of the expression of p-mTOR, total mTOR, p-P70S6K, 
total P70S6K, p-AKT, total AKT, p-S6 total S6 and GAPDH. B) Quantification of p-
AKT/ Total AKT ratio. C) Quantification of p-mTOR/ Total mTOR ratio. D) 
Quantification of p-P70S6K/ Total P70S6K ratio. E) Quantification of p-S6/ Total S6 
ratio. Data is shown as the mean +/- the standard deviation. Data were analysed 
through one way ANOVA and Tukey's multiple comparison post-hoc test. PBS = 
Control hMSCs, ZOL = Zoledronate treated hMSCs (n=3 per treatment group).   
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5.7 Washing off zoledronate results in a short duration of inhibition of markers of 

mTOR signalling- 

During the time course experiments in mice, the effect of ZOL on p-AKT inhibition 

was short in duration following a single injection and was absent by day Day 7 in 

most tissues (Figures 3.2-3.20). In order to determine if ZOL treated hMSCs 

exhibited a similar duration of mTOR inhibition, hMSCs were treated with ZOL for 

three days at 1 µM as previously discussed in this chapter. Afterwards, cells were 

rinsed twice with PBS and had fresh medium applied to them (without ZOL). These 

were then cultured for either 1, 3, 5 or 7 days after the washing off and then western 

blotting of the same mTOR markers as in Figure 5.6 was performed. An additional 

treatment condition of three days of ZOL treatment and no washing off was also 

collected. For an overview of the experiment, please see Figure 5.7. 

When cells were treated with 1 µM ZOL for three days and no washing off was 

attempted, there was a reduction in p-AKT (Figure 5.8B). There was also a 

significant reduction in p-mTOR and p-S6 prior to washing off (Figure 5.8C and 

Figure 5.8E). There was no significant reduction in p-P70S6K prior to washing off the 

drug (Figure 5.8D). There was a significant reduction in p-AKT in response to ZOL 

after 1 Day of washing off the drug and a significant increase in p-AKT at Day 7 after 

washing off the drug (Figure 5.8B). However, there was no other change in p-AKT at 

the other time points. Similarly, there was a significant reduction in p-mTOR in 

response to ZOL after 1 Day of washing off the drug and a significant increase in p-

mTOR at Day 7 after washing off the drug (Figure 5.8C). Again, there was no 

change in p-mTOR at the other time points examined. There was no significant 

change in p-P70S6K after washing off ZOL at any of the time points examined 

(Figure 5.8D). There was an increase in p-S6 in response to ZOL after washing off at 

Day 5, but there was no other significant change at the other time points examined 

(Figure 5.8E).  
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Figure 5.7 - Diagrammatic representation of washing off ZOL experiment. 
Created with Bio-Render.com. 
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Figure 5.8- Washing off zoledronate results in a short duration of inhibition of 
markers of mTOR signalling.   

A) Example western blots of the expression of p-mTOR, total mTOR, p-P70S6K, 
total P70S6K, p-AKT, total AKT, p-S6, total S6 and GAPDH. B) Quantification of p-
AKT/ Total AKT ratio. C) Quantification of p-mTOR/ Total mTOR ratio. D) 
Quantification of p-P70S6K/ Total P70S6K ratio. E) Quantification of p-S6/ Total S6 
ratio. Data is shown as the mean +/- the standard deviation. Data were analysed 
through one way ANOVA and Bonferroni's multiple comparison post-hoc test. PBS = 
Control hMSCs, ZOL = Zoledronate treated hMSCs (n=3 per treatment group). 
NWO= No Wash Off, D1= Day 1, D3 = Day 3, D5 = Day 5 and D7 = Day 7. 
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5.8 Repeated doses of ZOL have differing effects on various markers of mTOR 

inhibition- 

In order to determine if the effects of ZOL on inhibiting markers of mTOR markers 

was maintained when given repeatedly, hMSCs were given a fresh dose of 1 µM 

ZOL every three days for 12 days. Protein extraction was performed on cells treated 

for 3, 6, 9 or 12 days with ZOL or PBS (see Figure 5.9 for overview). Since mice 

were given ZOL twice weekly as part of the healthspan experiment, it was important 

to gain some insight into what impact repeated doses of ZOL had on the mTOR 

markers. Repeated doses of ZOL were sufficient to reduce the p-AKT at all time 

points examined: after Day 3, 6, 9 and 12 of ZOL treatment (Figure 5.10B). Similarly, 

the p-mTOR was also reduced by repeated doses of ZOL at Day 3, 6, 9 and 12 

(Figure 5.10C). Meanwhile, p-P70S6K was reduced at Day 3 but was unchanged at 

the other time points (Figure 5.10D). Similarly, p-S6 was reduced at Day 3 but was 

unchanged at the other time points (Figure 5.10E).  

 

 

Figure 5.9 - Diagrammatic representation of repeated ZOL dose experiment. 
Created with Bio-Render.com. 
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Figure 5.10- Repeated doses of ZOL having differing effects on various 
markers of mTOR inhibition.  

A) Example western blots of the expression of p-mTOR, total mTOR, p-P70S6K, 
total P70S6K, p-AKT, total AKT, p-S6, total S6 and GAPDH. B) Quantification of p-
AKT/ Total AKT ratio. C) Quantification of p-mTOR/ Total mTOR ratio. D) 
Quantification of p-P70S6K/ Total P70S6K ratio. E) Quantification of p-S6/ Total S6 
ratio. Data is shown as the mean +/- the standard deviation. Data were analysed 
through one way ANOVA and Bonferroni's multiple comparison post-hoc test. PBS = 
Control hMSCs, ZOL = Zoledronate treated hMSCs (n=3 per treatment group). D3 = 
Day 3, D6 = Day 6, D9= Day 9 and D12 = Day 12. 
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5.9 Discussion-  

Given the modest effects of ZOL treatment on mouse healthspan in the previous 

chapter, the work conducted in this chapter sought to shed further light on the 

mechanisms of mTOR inhibition by ZOL. Firstly, this involved checking that the ZOL 

solution used during the healthspan experiment was capable of inhibiting p-AKT in 

hMSCs. Indeed, prior to the injection regimen and 10 months after freezing, the ZOL 

solution was still capable of inhibiting the p-AKT pathway in hMSCs (Figure 5.2). 

This suggests that the ZOL solution throughout the healthspan experiment should 

have been capable of inhibiting p-AKT in the mice. Western blotting of the mouse 

tissues collected at the end of the experiment will be necessary to verify this though. 

This experiment was also able to demonstrate that the ZOL used in patients clinically 

has a similar inhibitory effect at 1 µM on p-AKT signalling as the solution derived 

from the ZOL in powder form (Figure 5.2).  This supports the notion that the ZOL 

given to patients should have a similar effect on p-AKT to the ZOL powder that was 

used during these experiments. 

ZOL inhibited p-AKT at a broad variety of different concentrations in hMSCs in this 

study (Figure 5.4). A connection could be drawn between this consistent drop in p-

AKT/ Total AKT in cells and the effects zoledronate has on non-skeletal tissues (see 

Figures 3.2-3.19). Studies in mammalian systems (mice, rats and dogs) in the 

literature have indicated that radioactively labelled zoledronate is present in these 

tissues at far lower concentrations than in the bone (Weiss et al. 2008; Nikzad et al. 

2013; Yousefnia et al. 2015). The concentration of ZOL in these tissues was found to 

be 10-1000 times lower depending on tissue type. Interestingly, there is still some 

activity in some of these tissues in response to ZOL in terms of p-AKT reduction (for 

example in the heart). The effects of ZOL on p-AKT signalling at low concentrations 

may explain why it ZOL is capable of inhibiting p-AKT in these non-skeletal tissues. 

This study was also able to verify the previous finding in the literature that ZOL 

treatment at 1 µM was due to the mevalonate pathway in hMSCs (Figure 5.5) (Misra 

et al. 2016). Crucially, it was also able to demonstrate that the inhibition of ZOL at a 

lower concentration of 1 nM was also dependent on the mevalonate pathway. There 

is some evidence in the literature that indicates that ZOL can inhibit the FPPS 

enzyme at nM concentrations, which supports these findings (Dunford et al. 2001; Ali 
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et al. 2015). However, the reduction at picomolar concentrations is particularly 

surprising given the lack of evidence in the literature to support its activity on FPPS 

at these levels. Although, if ZOL can have a physiological effect at pM 

concentrations it may explain why some of the effects of ZOL are so long lasting 

following a yearly infusion of the drug. For example, the slow release of ZOL from 

the bone following a yearly infusion could lead to the drug being deposited in other 

tissues at these lower concentrations. This may also explain improvements in 

survival from cardiac arrythmias and infections seen in clinical studies which are 

indicative of a non-skeletal effect following a yearly administration of (Sing et al. 

2020; Colón-Emeric et al. 2010). If this resulted in repeated doses of the drug being 

delivered to non-skeletal tissues, this may explain the discrepancies between the 

short duration of p-AKT inhibition in mouse tissues following a single dose (Figure 

3.2-3.20) and the long-term impact on survival in patients. Although this is somewhat 

contradicted by the lack of inhibition at Day 24 post injection in the time course 

experiments (Figures 3.2-3.20). One explanation for this could be the drug could be 

swiftly cleared from non-skeletal tissues following deposition of the drug caused by 

release from the bone. This would be consistent with the short duration of mTOR 

inhibition when a single dose of ZOL is washed off from hMSCs (Figure 5.8). 

The experiment on four different markers of mTOR signalling (Figure 5.6) was able 

to demonstrate that ZOL was capable of inhibiting p-AKT at concentrations of 1 µM, 

1 nM and 1 pM. It was also able to demonstrate that p-mTOR was also inhibited at 

concentrations of 1 µM, 1 nM and 1 pM. This suggests that overall levels of p-mTOR 

and mTORC2 signalling are inhibited by ZOL at a broad variety of concentrations of 

1 µM, 1 nM and 1 pM. However, the mTORC1 activity markers showed a weaker 

response. Inhibition of p-S6 was significantly reduced at concentrations of 1 µM and 

1 nM.  Meanwhile, significant inhibition of p-P70S6K was only achieved at doses of 1 

nM ZOL. There was no significant inhibition of p-P70S6K at the other concentrations 

of ZOL examined. Interestingly there was a significant drop in p-P70S6K after three 

days of ZOL 1 µM treatment during the repeated ZOL dose experiment (Figure 5.10). 

Therefore, this experiment was somewhat able to verify previous findings that ZOL 

can inhibit p-P70S6K at doses of 1 µM when given for three days to hMSCs (Misra et 

al. 2016). However, this effect was not quite as consistent as had been previously 

reported.  
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One possible explanation for this is that ZOL’s effect on p-P70S6K is too weak to be 

reliably detected with three MSC donors per experiment. Differences in how hMSCs 

from individual donors respond to ZOL may explain why this did not reach 

significance in this experiment. In future, it may be advisable to use more than three 

donors to detect p-P70S6K inhibition at 1 µM by ZOL in hMSCs. Another factor that 

could have impacted the drug’s ability to inhibit p-P70S6K in hMSCs is the time of 

day in which the drug was administered. An example of this is the sensitivity of the 

mTORC1 marker p-S6 to circadian rhythms in culture in cultured cancer cells (Zhang 

et al. 2018). The inability to reliably detect changes in p-P70S6K could also be due 

to the density at which the cells were seeded or collected. The phosphorylation of 

P70S6K is lowered by increased cell density (Trajkovic et al. 2019; Leontiva et al. 

2014). If the cells had been seeded or collected at a higher density in this study than 

previously, this may explain the lack of inhibition of p-P70S6K at 1 µM (Misra et al. 

2016). Differences in these factors might explain why it was more difficult to detect 

inhibition in mTORC1 markers in response to ZOL.  

There also appeared to be a difference in how mTORC1 markers responded to ZOL 

during the subsequent experiment. For example, there appeared to be a difference 

in the way in which the mTORC1 markers responded to zoledronate compared to p-

AKT and p-mTOR in the washing off experiment (Figure 5.8). Inhibition of the mTOR 

markers p-P70S6K and p-S6 lasted only for the first few days and inhibition was no 

longer present after washing off. In contrast, inhibition of p-AKT and p-mTOR lasted 

for slightly longer during this experiment (up to Day 1 after washing off). This implies 

the effect of ZOL on p-AKT and p-mTOR might be slightly more potent than that of 

on mTORC1 markers. On a similar note, repeated doses of ZOL given every three 

days consistently inhibit p-AKT and p-mTOR for up to 12 days of treatment (Figure 

5.10). Meanwhile, both p-S6 and p-P70S6K were only inhibited at Day 3 of 

treatment. This suggests that again mTORC1 markers are impacted differently to p-

AKT and p-mTOR by ZOL. Inhibition of mTORC1 by ZOL would appear to be more 

temporary. This contrasts with rapamycin that can maintain inhibition of p-S6 for up 

to 7 Days in mouse brains following administration of the drug (Rensing et al. 2015). 

On a related note, mice fed rapamycin continuously throughout their lives had 

reduced levels of p-S6 in their visceral fat pads when harvested at 750-880 days of 

age (Harrison et al. 2009). Similarly, daily administration of rapamycin inhibits p-S6 
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in skeletal muscle and adipose tissue (Arriola Apelo et al. 2016). During these 

studies, continuous treatment of mice with rapamycin resulted in inhibition of p-S6. 

This contradicts with what is seen in hMSCs when treated continuously with ZOL 

every three days (Figure 5.10). This supports the idea that ZOL and rapamycin have 

a different mechanism in how they achieve mTORC1 inhibition.  

Another possibility is that a lower doses of ZOL may have a different effect on 

mTORC1 inhibition when given repeatedly. A study on osteoblasts found that there 

was an increase in p-S6 when ZOL was given every three days at 1 µM (Gao et al. 

2018). Rather interestingly, the same study on osteoblasts showed a significant 

decrease in the ratio of p-S6 at 1 nM and 1 pM ZOL when given every three days for 

two weeks (Gao et al. 2018). This suggests that inhibition of mTORC1 could be 

achieved in response to repeated doses of low concentration ZOL. Further 

experiments on hMSCs at lower doses of twice weekly ZOL are required to validate 

this theory. This work in this chapter somewhat contradicted that study as 1 µM ZOL 

given every three days to hMSCs for 12 days did not change levels of p-S6 (Figure 

5.10). Alternatively, the repeated ZOL experiment in hMSCs in this chapter may 

have been underpowered to detect any significant changes in p-S6. Radioactive 

labelling of ZOL indicates a 10-1000-fold higher concentration of ZOL between 

skeletal and non-skeletal tissues in rats and dogs (Weiss et al. 2008). Given this, it is 

possible that many of the non-skeletal mouse tissues might fall closer to the 1 nM 

range of ZOL concentrations. This may mean that mTORC1 was inhibited in some of 

the mouse tissues in the healthspan experiment, but not others. Blotting of the 

mouse tissues from the healthspan experiment for the different mTOR markers (p-

AKT, p-mTOR, p-S6 and p-P70S6K) would provide further evidence to support this 

theory.  

The preferential inhibition of mTORC2 compared to mTORC1 could be important for 

understanding the outcome of the healthspan experiment. Potent inhibition of 

mTORC2 has been linked to negative features of healthspan in mice. For example, 

increased insulin resistance in mice (Lamming et al. 2012; Arriola Apelo et al. 2016). 

In addition, knocking out of RICTOR in mouse tissues such as the liver and 

hypothalamus has been linked to reduced lifespan (Lamming et al. 2014; Chellappa 

et al. 2019). On the other hand, mice heterozygous for AKT and RNA-i of AKT1 in C. 
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elegans increases lifespan (Nojima et al. 2013). In addition, the AKT inhibitor 

GSK690693 was capable of increasing lifespan and intestinal function with age in 

Drosophila (Cheng et al. 2022). Overall, the impact of loss of mTORC2 signalling on 

lifespan is currently unclear in the literature. In comparison, genetic interventions that 

lower mTORC1 signalling result in increased lifespan in mice (Selman et al. 2009; 

Zhang et al. 2017). Similarly, another study found an association between lower 

mTORC1 expression and longevity in different mammalian species (Mota-Martorell 

et al. 2020). Therefore, it may be better to maximise mTORC1 inhibition by ZOL in 

order to confer the greatest benefits to mouse survival and healthspan.  

An interesting observation was the activation of mTOR markers between days 5-7 of 

the washing off ZOL experiment in hMSCs (Figure 5.8). This occurred at either Day 

5 (for p-P70S6K and p-S6) or Day 7 (for p-AKT and p-mTOR). A connection could be 

made between this result and the increase in p-AKT observed during the ZOL time 

course experiment in kidney tissue (Figure 3.16). It is possible that similar 

mechanisms are at work. This could be due to the high levels of ZOL (around 30%-

40% of total dose) that are removed via the kidney within 24 hours (Weiss et al. 

2008). This may mimic the washing off experiment in the kidney tissue. One possible 

mechanism that could explain these results is by having a deeper look into the 

mechanisms by which ZOL may be inhibiting mTOR. ZOL blocks the mevalonate 

pathway by inhibiting the FPPS enzyme. The mevalonate pathway is required for the 

prenylation of GTPases such as RAS (Luckman et al. 1998). These are in turn 

needed for PI3K signalling, which is upstream of mTOR.  

A recent study found that mTOR inhibition by deprivation with arginine or leucine in 

vitro resulted in a feedback mechanism by which both p-AKT and p-P70S6K are both 

activated in several cell types (Buel et al. 2022). They also found that knocking out of 

Rag-GTPase A/B produced a similar effect to arginine and leucine deprivation in 

stimulating mTOR activation. Therefore, hyperactivation of p-AKT and p-P70S6K by 

ZOL could be due to the influence of a loss of Rag-GTPases. Currently, there is no 

evidence in the literature to indicate that ZOL or BP treatment results in a reduction 

in Rag-GTPases. However, prenylation by the mevalonate pathway is required to 

produce other GTPases such as RAS (Luckman et al. 1998). This paper may also 

offer some explanation as to why the reactivation of mTOR doesn’t occur sooner. 
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Further experiments conducted during that paper showed that application of an PI3K 

or AKT inhibitor prevented hyperactivation of p-AKT and p-P70S6K in response to 

leucine or arginine deprivation (Buel et al. 2022). Therefore, a single dose of ZOL 

may inhibit mTOR markers for a short period for around 3-4 days, consistent with the 

washing off experiment (Figure 5.8). Short term or repeated doses of ZOL may 

inhibit mTOR through a reduction in PI3K/AKT signalling due to reduced production 

of prenylated GTPases such as RAS. However, after 3-4 days of treatment this 

reduction in RAS may slowly start to revert to baseline. Following this, AKT inhibition 

could be lost. This in turn could trigger hyperactivation of mTOR markers due to a 

loss of Rag-GTPases by ZOL. Therefore, repeated doses of ZOL could prevent the 

hyperactivation of mTOR markers through continuous AKT inhibition. Although a 

major limitation to this proposed model is that this inhibition followed by inhibition/ 

reactivation in the literature occurs over the course of 6 hours, while in ZOL this 

occurs over the course of days. Nonetheless, there may well be unexpected 

feedback mechanisms that may explain the inhibition and hyperactivation of mTOR 

markers over time in response to ZOL.  

During this investigation, it was not possible to verify that ZOL was blocking protein 

prenylation in hMSCs. This was achieved previously by blotting for unprenylated 

RAP1A (Misra et al. 2016). Unfortunately, this is because production of the 

unprenylated RAP1A antibody had been discontinued (Rap 1A, sc-1482, Santa 

Cruz). During this investigation, there was no suitable alternative antibody available 

on the market for measuring changes of protein prenylation. Inhibition of the 

mevalonate pathway was implied by the reversal of p-AKT inhibition by ZOL in 

response to FOH and GGOH supplementation (Figure 5.5). Although, it would have 

been preferable to have been able to more directly measure inhibition of the 

mevalonate pathway. Another limitation to this investigation was the small number of 

mTOR markers examined in hMSCs. Other markers of mTOR signalling that could 

be examined include 4E-BP1, ULK1, SGK and PKC (Alessi et al. 2009; Szwed et al. 

2021). In conclusion this chapter has further shed light on how ZOL’s ability to 

influence mTOR signalling, but there is still much that we do not understand about 

ZOL’s inhibition of mTOR markers 
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Chapter 6 - General Discussion 

 

During this study, ZOL was able to exhibit a modest effect on the mouse frailty in 

older mice (Figure 4.2). The remaining healthspan assays showed no significant 

change in response to ZOL treatment. There are many potential reasons as to why 

ZOL had such a small effect on healthy ageing. One such reason may be due to the 

premature termination of the experiment. Originally, the intention was to keep the 

mice to 24 months of age and to perform the final set of assays at this month. This is 

consistent with the healthy ageing pipeline for mice (Bellantuono et al. 2020). Future 

work should repeat this healthy ageing experiment, but the mice should be kept alive 

for longer. It may even be advisable to keep the mice for longer than 24 months. 

Previous work has shown that mice need to be 30 months old to measure changes 

in grid hanging caused by the mTOR inhibitor rapamycin (Ham et al. 2020). This may 

also be particularly useful for measuring how ZOL changes the survival of older 

mice, as during the last two months there was a notable increase in mortality in the 

PBS mice (Figure 4.10). Repeating the experiment and keeping the mice alive for 

longer may allow for detection of changes in survival in the ZOL treated mice. This 

may have also benefitted the rotarod test, which also did not reach significance by 

the final time point of the experiment (p=0.071) (Figure 4.4). 

It may also be advisable to modify the experimental design in terms of when to 

perform certain assays during the mice’s lifespan. An example of this would be NOR, 

which was not possible to perform at later time points as originally planned due to 

the blindness of the mice (Figure 4.8B). In a future iteration of the healthspan 

experiment, it may be advisable to perform this assay monthly from 18 months until 

the mice reach blindness. On the other hand, it is also possible that ZOL’s effect on 

healthy ageing is very weak and requires a larger population of mice in order to 

detect changes in these assays. If that is the case then, this healthy ageing 

experiment is probably not worth repeating as other interventions more convincingly 

improve the healthy ageing of mice (Bitto et al. 2016; Martin-Montalvo et al. 2013). 

However, the effects of ZOL on healthspan later than 22 months should be 

examined before definitively arriving at this conclusion. In addition, both male and 

female mice should be tested during subsequent experiments. This is due to gender 
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differences in response to mTOR inhibitors with age, for example in terms of lifespan 

increase (Harrison et al. 2009; Miller et al. 2014; Strong et al. 2020). On a similar 

note, male mice undergo a more rapid deterioration in performance on the rotarod 

assay (Fischer et al. 2016). In order to determine if gender has any impact in ZOL’s 

ability to confer benefits to mouse healthspan, the experiment could be repeated in 

both male and female mice. Such an experiment would allow for a more extensive 

assessment of whether ZOL can improve the healthy ageing of mice. 

It may be possible to modify the frequency and/ or dose of ZOL to confer stronger 

effects on healthspan. In in order to understand why this maybe the case, it is 

necessary to examine ZOL’s inhibition of markers of mTORC1 and mTORC2. ZOL 

appears to preferentially inhibit mTORC2 compared to mTORC1 when given 

repeatedly in hMSCs (Figure 5.10). There was a significant inhibition of p-AKT and 

p-mTOR signalling after repeated doses of ZOL every three days for 12 days in 

hMSCs. However, there was no significant change in p-P70S6K and p-S6 after the 

same time period. This suggests that mTORC1 inhibition is only transient in 

response to ZOL. This contradicts a previous study in the literature on osteoblasts, 

that showed that ZOL given every three days to osteoblasts increases the ratio p-S6/ 

total S6 after 14 days (Gao et al. 2018). Interestingly, the authors found that p-S6 

was inhibited when given repeatedly at 1 nM and 1 pM for the same amount of time. 

In order to prevent reactivation of mTORC1, it might be better to administer ZOL at 

lower doses to confer a more consistent inhibition of mTORC1 to maximise the 

healthy ageing benefit. The repeated ZOL dose experiment in hMSCs should first be 

repeated, but with lower concentrations of the drug (1 nM and 1 pM) to see if a 

consistent p-S6 and p-P70S6K inhibition can be maintained.  

Western blotting of p-S6 and p-P70S6K in the mouse tissues collected at the end of 

healthspan experiment should also shed some light on whether a lower dose may be 

warranted to continuously inhibit mTORC1 in a similar fashion as seen by others 

(Gao et al. 2018). This is because ZOL is found at concentrations 10-1000 times 

lower in non-skeletal tissues compared to in bone tissue (Weiss et al. 2008; Nikzad 

et al. 2013; Yousefnia et al. 2015). This may lead to mTORC1 being inhibited more 

effectively in certain tissues compared to others. Further iterations of the time course 

experiment on mTOR markers in response to lower concentrations of ZOL could 
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provide further evidence to support the use of a lower dose of ZOL to inhibit 

mTORC1. Another mouse healthspan experiment could then be performed using the 

original (125 µg/kg) and lower doses of ZOL to compare the different approaches.  

There is some evidence in the literature to support the notion that a lower dose of 

ZOL is still effective in improving bone mineral density. ZOL is usually given to 

patients as a 5 mg infusion yearly to treat osteoporosis (Dhillon 2016). However, 

other studies in the literature have indicated that a lower dose of 1 mg is equally 

effective in improve bone mineral density at 12 months after infusion (Reid et al. 

2002; Grey et al. 2017). Interestingly, one of the studies also found that a 0.25 mg 

infusion of ZOL given four times a year was equally as effective as a yearly infusion 

of 5 mg ZOL in improving bone mineral density in the lumbar spine and femoral neck 

(Reid et al. 2002). This implies that repeated doses of lower dose ZOL may still have 

a beneficial effect on the bone. However, the exact dose strength at which this effect 

is lost at lower doses is unknown and could be explored in future clinical trials. Many 

of the most common side effects of ZOL treatment are short term (Reid et al. 2010). 

This could be an issue if ZOL had to be given continuously to inhibit mTOR. Whether 

lower doses of ZOL can make these side effects less prevalent/ uncomfortable is 

currently unknown and could be explored in future clinical trials.  

On a related note, it is currently unknown whether a less frequent ZOL injection to 

mice could give a similar healthspan improvement. ZOL can confer a beneficial 

effect on survival independent on fracture risk when given yearly to patients (Colón-

Emeric et al. 2010). However, due to differences in bone turnover in mice and 

humans, it is unlikely that a yearly dose of ZOL would be as beneficial (Dresner 

Pollak et al. 1996; Melton et al. 1997; Shahnazari et al. 2012; Wishart et al. 1995). 

However, a monthly dose of ZOL is still capable of improving bone mineral density in 

C57BL/6J mice (Aref et al. 2016). Therefore, it would be interesting to see if similar 

benefits to the frailty index and survival could be seen with a less frequent dose of 

ZOL (e.g., with a monthly dose of ZOL). This may also allow for some distinction as 

to whether the frailty benefits seen in this study are due to p-AKT/ mTOR inhibition or 

whether there may other mechanisms involved such as improved bone strength or 

immune cell activation. 
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Another issue with the ZOL treatment during the mouse healthy ageing study might 

be that mTORC2 was inhibited too strongly. Chronic loss of mTORC2 has been 

linked to detrimental effects on mouse ageing. An example of this would be 

increased insulin resistance in mice (Lamming et al. 2012; Arriola Apelo et al. 2016). 

This is consistent with the increase in insulin resistance during chapter 4 seen at 18 

months (Figure 4.7). Although this may not be a long-term issue for the healthspan 

of older mice as there was no longer any insulin resistance by 22 months. The 

importance of mTORC2 signalling has been further illustrated by knocking out the 

mTORC2 component RICTOR in certain tissues. This has been shown to adversely 

affect the lifespan of mice. For example, knocking out RICTOR in the hypothalamus 

reduces the lifespan of mice (Chellappa et al. 2019). Similarly, knocking out RICTOR 

in the liver of male, but not female mice resulted in a reduced lifespan (Lamming et 

al. 2014). On the other hand, the AKT inhibitor GSK690693 was capable of 

increasing lifespan and intestinal function with age in Drosophila (Cheng et al. 2022). 

In addition, mice heterozygous for AKT have increased lifespan (Nojima et al. 2013). 

During the same study RNA-i of AKT1 increased the lifespan of C. elegans. These 

studies suggest collectively that overly potent interference with AKT signalling can 

have detrimental effects on mouse ageing, but a partial inhibition of AKT signalling 

may have beneficial effects. On a similar note, intermittent administration of 

rapamycin avoids induction of insulin resistance (every 3-5 days), compared to daily 

doses of the drug in mice (Lamming et al. 2012; Arriola Apelo et al. 2016). In order to 

avoid inducing insulin resistance and any other detrimental effects of chronic 

mTORC2 inhibition in future studies, it may be advisable to administer ZOL less 

frequently in future healthspan experiments. 

ZOL was found to have no significant effect on the mortality of mice at the time 

points examined (p=0.094) (Figure 4.10A). This contradicts a previous study on ZOL 

that found that ZOL treatment significantly improved the survival of Drosophila (Chen 

et al. 2021). ZOL is usually given as a yearly infusion to osteoporosis patients 

(Dhillon 2016). Despite this the effects of ZOL on survival are long lasting and are 

mainly facilitated through non-skeletal mechanisms (Colón-Emeric et al. 2010). 

While the effects of ZOL on improving survival in model organisms and patients are 

well documented, the exact mechanisms behind this improvement remain poorly 

understood. 
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One such mechanism by which this increase in survival could be achieved is through 

inhibition of the mTOR pathway, as discussed earlier. This study focussed on the 

activity of ZOL on a downstream marker of mTOR signalling as the basis for drug 

administration (Figures 3.2-3.20). During this investigation, it was determined that 

ZOL treatment is capable of inhibiting p-AKT at Day 3 post injection in the following 

mouse tissues: skeletal muscle, tibia, kidney, pancreas and spleen. In addition to 

this, ZOL’s duration of action on p-AKT in mouse tissues was mirrored in hMSCs 

during the washing off experiment (Figure 5.8). These experiments suggest that 

inhibition of p-AKT is short in duration if a single dose of the drug is given. However, 

repeated doses of ZOL were able to inhibit p-AKT for 12 days when given every 3 

days in hMSCs (Figure 5.10). This suggests that repeated doses of ZOL are required 

to inhibit p-AKT continuously. However, it is currently unknown for certain whether 

this is also the case for mouse tissues. It is also unknown whether this effect on p-

AKT lasts for longer than 12 days. This question is particularly pertinent given that 

ZOL treatment during the healthspan experiment lasted for 11 months. In order to 

determine if ZOL is active after this time period, western blotting for p-AKT of the 

mouse tissues collected at the end of the mouse healthspan experiment should be 

performed. This should tell us whether p-AKT inhibition was active when ZOL is 

given for 11 months. It will also let us know whether ZOL is active on p-AKT in the 

tissues of older mice in a similar fashion to the younger mice in the time course 

experiments. It would be reassuring to know that p-AKT inhibition is achieved by 

ZOL in the tissues of older mice and that this effect is maintained after 11 months of 

treatment.  

Another question that should be addressed in future work is whether ZOL is also 

capable of inhibiting other mTOR markers in mouse tissues (apart from p-AKT). 

During the experiments on hMSCs, ZOL was shown to be capable of inhibiting p-

P70S6K, p-mTOR and p-S6 in addition to p-AKT (Figures 5.6). It should also be 

determined whether ZOL can inhibit these markers in mouse tissues during the 

healthspan experiment and in any future ZOL time course experiments. Western 

blotting for p-mTOR, p-S6 and p-P70S6K of the mouse tissues collected at the end 

of the mouse healthspan experiment should also be performed to examine this 

question. Given the lack of effect on repeated doses of ZOL on mTORC1 markers 

(Figure 5.10), it would be interesting to see if a similar effect could also be observed 
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in mouse tissues as well. If this was found to be the case, it would suggest that the 

effect on frailty and survival in mice (Figure 4.3 and 4.10) was not dependent on 

reduced mTORC1 signalling.  

Another possibility that could be examined is that while ZOL only temporarily inhibits 

mTOR markers in response to a single dose, the downstream effects on the 

hallmarks of ageing such as DNA repair may be more long lasting. While it is 

currently known that ZOL can limit DNA damage in irradiated hMSCs (Misra et al. 

2016), it is unknown how long this effect lasts for when the drug is removed. It may 

be advisable to repeat the ZOL washing off experiment, but this time do it on 

irradiated hMSCs and to stain cells for γH2AX to count DNA damage foci. If repair of 

DNA damage could be maintained for a long period of time in culture after removal of 

the drug, it may support less frequent doses of the drug for future healthy ageing 

studies in mice. It would also be interesting to see if the lower doses of ZOL are also 

capable of enhancing a similar DNA repair response in hMSCs to that of 1 µM ZOL. 

To this end, cells could be cultured in the presence or absence of 1 µM, 1nM or 1 pM 

ZOL. The cells could again be irradiated, stained for γH2AX and DNA damage foci 

could then be counted. This may also support the idea that lower doses of ZOL are 

equally effective in promoting ZOL’s action as a geroprotector. This may then 

support further experiments in mouse tissues to see if a lower dose can inhibit 

mTORC1 and mTORC2 markers in mouse tissues more effectively. This in turn 

could lead to a recommendation of using this lower dose of ZOL in a repeat of the 

healthspan experiment in chapter 4, with the intent of maximising the healthspan 

outcome through more effective mTORC1 and mTORC2 inhibition.  

Future work could also seek to shed further mechanistic light onto how ZOL can 

activate mTOR markers in certain circumstances. This may relate to work in the 

literature that showed a similar activation of mTOR markers in response to amino 

specific amino acid deprivation (Buel et al. 2022). Mechanistically, the authors of the 

paper on mTOR activation suspected that the activation was due to a loss of Rag-

GTPases (Buel et al. 2022). Knocking out Rag A and Rag B produced a similar 

effect on activation of AKT and P70S6K compared to long term amino acid 

deprivation during that study. Given that ZOL is reduces the prenylation of other 

GTPases such as RAS, it is possible that a single dose of ZOL transiently activates 
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mTOR markers in the long term due to a reduction in the prenylation of Rag-

GTPases. Continuous application of an AKT specific inhibitor prevented the 

reactivation of mTOR markers in the study on the mTOR marker activation found in 

the literature (Buel et al. 2022). This may explain why there was no significant 

activation of the mTOR markers in the repeated ZOL dose experiment (Figure 5.10) 

due to the consistent inhibition of p-AKT. In order to determine if this is the case, 

western blotting of Rag A and Rag B using a protein prenylation assay (Ali et al. 

2015) could be performed in ZOL treated hMSCs to see if there is a loss of Rag 

prenylation. A repeat of the ZOL washing off experiment in hMSCs could be 

performed (Figure 5.8). Except, this time Rag A and Rag B could be knocked out as 

a separate condition. If there was no further reactivation of mTOR markers at days 5-

7 with ZOL is RagA/B knockout cells, then this would implicate loss of Rag-GTPases 

in mTOR activation by ZOL.   

It is already known that zoledronate can lower the amount of DNA damage present 

in later passage hMSCs and reduce markers of cellular senescence (Misra et al. 

2016). However, it is currently unknown whether ZOL has any other effects on any of 

the other hallmarks of ageing (Figure 1.2). This is highly plausible given the central 

importance of mTOR signalling in regulating multiple hallmarks of ageing (section 

1.4). This could be important as if a single dose of ZOL impacts hallmarks of ageing 

for longer periods of time longer than mTOR inhibition (Figure 5.8), this may support 

the idea that less frequent doses of the drug may deliver more optimal outcomes for 

survival and healthspan. In order to determine this, it is first necessary to identify 

hallmarks of ageing that are most likely to be impacted by ZOL treatment.  

One such way in which zoledronate’s inhibition of mTOR signalling could improve 

the healthy ageing of cells is through activation of autophagy. Indeed, some 

evidence in the literature supports the notion that this is the case. For example, ZOL 

induced autophagy in vitro in human umbilical vein endothelial cells and in 

carcinoma cells (Ge et al. 2014; Lu et al. 2016). However, it is currently unknown 

whether ZOL can induce autophagy in an ageing context. This could be examined by 

western blotting for proteins involved in autophagy such as LC3 in response to ZOL 

in hMSCs. Further experiments could look at autophagic flux (the degradative ability 

of autophagy) using a lysosomal fusion inhibitor such as bafilomycin A1.  
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If zoledronate improves autophagy in cells in an ageing context it may also be 

possible that ZOL could improve the mitochondrial function of cells by enhancing 

mitophagy. In order to assess this, one could co-stain for the autophagosome protein 

LC3 and a mitochondrial dye such as MitoTracker™ (Dolman et al. 2013). ZOL may 

impact mitochondrial dysfunction through other mechanisms such as increased 

translocation of FOXO3A into the nucleus (Misra et al. 2016). This process of 

increased FOXO3A activation has been shown in prior studies to improve features of 

mitochondrial function in several cell systems (Kops et al. 2002; Celestini et al. 

2018). Levels of mitochondrial dysfunction could be assessed using the mitochondria 

specific ROS dye Mitosox™, to measure if ZOL treatment alters levels of superoxide 

generated in later passage hMSCs. Similarly, mitochondrial membrane potential 

could be assessed using microscopy and Rhodamine 123 dye. This should be 

assessed due to the drop in mitochondrial membrane potential seen in senescent 

cells (Cavazzoni et al. 1999; Passos et al. 2007). 

Another way in which ZOL could improve the healthy ageing of cells by inhibiting 

mTOR is through reduced expression of SASP factors. Given that mTOR inhibitors 

have been shown to be senostatic by reducing the amount of SASP factors released 

by cells (Laberge et al. 2015; Herranz et al. 2015), this seems a distinctly possible 

mechanism by which ZOL could reduce the number of senescent cells present in 

culture. In order to determine if ZOL has effects on the SASP, a series of 

experiments could be performed. This could begin by looking at signalling pathways 

associated with the SASP such as NF-kB. This is important as NF-kB is a regulator 

of the SASP (Chien et al. 2011). For example, western blotting of the NF-kB 

component p-RelA from the nuclear fraction of protein lysates could be performed. 

This could then be used to compare the effects of ZOL treatment on p-RelA in late 

passage or irradiated hMSCs. It is also possible ZOL could alleviate the SASP 

through a reduction in DNA damage, as increased levels of DNA damage are also 

capable of inducing the SASP (Rodier et al. 2009). In order to determine levels of 

SASP components, hMSCs could be cultured in the presence or absence of ZOL 

until late passage. They could then be subjected to q-PCR to examine levels of MSC 

specific SASP components such as IL-6, IL-8 and MCP-1 (Gnani et al. 2019; Di et al. 

2014). Overall, there are many potential cellular mechanisms by which ZOL could 

influence ageing that have yet to be sufficiently explored.  
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Chapter 7 - Conclusions 

 

Previous studies have shown that ZOL can inhibit the downstream mTORC2 marker 

p-AKT in hMSCs and Drosophila (Misra et al. 2016; Chen et al. 2021). This study is 

the first to demonstrate that ZOL can inhibiting p-AKT as a marker of mTORC2 in a 

variety of mouse tissues during the first chapter of this thesis (Figures 3.2-3.20). The 

most common time point post injection that was found to inhibit p-AKT was found to 

be occurring at 3 Days post injection in the muscle, tibia, kidney, pancreas and 

spleen in mice. The effect of ZOL on p-AKT in non-skeletal mouse tissues was 

surprising given how previous studies had shown that these tissues retain ZOL at a 

far low concentration than in the bone (Weiss et al. 2008; Nikzad et al. 2013; 

Yousefnia et al. 2015). An inhibition of p-AKT was also found in the heart at Day 7 

post injection and an activation of p-AKT was seen at Day 7 post injection in the 

kidney. An inhibition at Day 24 post injection was achieved in the brain. The short 

duration of the p-AKT inhibition was also surprising, given how ZOL administered to 

patients yearly has been shown to improve survival through non-skeletal effects 

(Colón-Emeric et al. 2010). 

Zoledronate treatment had a very limited impact on improving the healthspan of mice 

at the time points examined. Most notably, there was a significant improvement in 

frailty score overall when mice were treated with ZOL compared to PBS mice (Figure 

4.3). Furthermore, ZOL treatment did not significantly improve survival (p=0.09) 

(Figure 4.10A). Given the effects of ZOL on the survival of patients and Drosophila 

(Chen et al. 2021; Colón-Emeric et al. 2010), it is possible that a change in survival 

could have been detected if the mice had been kept alive for longer. The rotarod test 

may also have benefitted from keeping the mice alive for longer as this test had not 

yielded a significant change in response to ZOL treatment by 22 months (p=0.071) 

(Figure 4.4).  

This study was also able to build on the initial insights into how ZOL inhibits mTOR in 

hMSCs. Firstly, it was able to verify previous findings that ZOL can inhibit a variety of 

mTOR markers in hMSCs such as p-AKT, p-mTOR and p-P70S6K in agreement 

with previous work (Figure 5.6) (Misra et al. 2016). Further to this, the study was able 

to show that ZOL can inhibit these mTOR markers at much lower concentrations of 
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ZOL than was previously believed to be possible. This may explain the effects of 

ZOL on p-AKT in mouse skeletal tissues in the first chapter of this thesis. This study 

has also been able to demonstrate that repeated dosage of ZOL is required to inhibit 

mTORC2 consistently in hMSCs. Treatment of hMSCs with a single dose of ZOL, 

followed by clearance of the drug from the cell media indicated that the drug was 

only active for 24 hours after washing off the drug (Figure 5.8). Meanwhile, repeated 

dosage of the drug every three days was able to continuously inhibit p-mTOR and p-

AKT signalling (Figure 5.10). This was not found to be case for p-S6 and p-P70S6K. 

In combination these results suggest that prolonged mTORC2 inhibition by ZOL is 

best achieved by repeated doses of the drug. It also suggests that ZOL may inhibit 

mTORC2 preferentially compared to mTORC1 when given repeatedly. Overall, this 

study showed that ZOL was active on a mTOR marker in mice and allowed for a 

greater understanding of how mTOR inhibition is achieved in vitro by ZOL. While 

ZOL may not have conferred much benefit to the healthy ageing of mice, it is the 

belief of this researcher that better understanding of the biology of ageing will help 

older people to live more comfortable and independent lives.  
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Appendices- 

Certificate of competition of the online SYSMIC statistics and programming course. 

This was completed during COVID lockdowns in which laboratory facilities were 

inaccessible (March 2020-July 2020).  

 

 

 

 

 

 

 

 

There’s this emperor and he asks this shepherd’s boy: “How many seconds in eternity?” The 

shepherd’s boy says: “There’s this mountain of pure diamond. It takes an hour to climb it, 

and an hour to go around it. Every hundred years, a little bird comes and sharpens its beak 

on the diamond mountain. And when the entire mountain is chiselled away, the first second 

of eternity will have passed!” You must think that’s a hell of a long time. Personally? I think 

that’s a hell of a bird. 


