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Abstract 

 

Research related to Alzheimer's Disease (AD) remains a focal point in neurodegeneration 

studies. This is due to the severity of AD and the clear necessity for non-palliative treatment 

approaches, as underscored by the high prevalence of the disease. The combined formation of 

extracellular senile plaques and neurofibrillary tangles (NFTs) plays a crucial role in the 

development of the cognitive and behavioural symptoms observed in individuals with AD. 

Despite extensive research efforts, discovering a definitive cure for the disease remains a 

challenge. Therefore, it is imperative to explore new perspectives and identify the upstream 

molecular mechanisms that contribute to the onset of the disease. Metabolic disorders are 

widely recognized as a significant risk factor for AD. Specifically, the metabolic syndrome, 

Type 2 Diabetes Mellitus (T2DM), is connected to neurodegeneration by promoting the 

accumulation of neurotoxins, inducing neuronal stress, affecting synaptic communication, and 

leading to brain atrophy. Individuals with T2DM have an increased risk of developing 

dementia, with hyperglycaemia exacerbating the impact of AD by causing mitochondrial 

dysfunction and oxidative stress through reactive oxygen species (ROS) formation, which are 

also present in AD. Additionally, patients with T2DM exhibit shorter telomeres linked to cell 

death, which is an associated risk factor for developing AD. These key pathways involved in 

connecting T2DM and AD were explored in the current study to enhance the understanding of 

the early events that precede AD. Glucose uptake was measured and observed to decrease over 

time as a potentially protective response of the cell. Subsequently, mitochondrial activity, 

assessed using the Alamar blue assay, was found to be heightened as an initial protective 

mechanism of Aβ42. This was later overwhelmed by the elevated ROS detected through a Total 

ROS assay kit, induced by the hyperglycaemic state of T2DM. In turn causing the amount of 

Aβ42 to become toxic and leading to a decline in mitochondrial DNA (mtDNA) over time as 

measured through qPCR. Additionally, the increases in ROS induced by hyperglycaemia 

resulted in oxidative damage to telomeres. Simultaneously, Aβ42 physically hinders telomere-

telomerase binding, leading to reduced telomerase activity and consequently, shorter telomeres. 

Furthermore, this study reveals, for the first time, that the novel glucose-lowering drug (GLD) 

caused an increase in Aβ42 production in the T2DM cell model, whilst effectively decreasing 

ROS production over a 24-hour period compared to the untreated cell model. The rise in Aβ42 

levels caused by GLD could potentially be working to prevent the increase in hyperglycaemia-

induced ROS through its metal chelating antioxidant properties by scavenging ROS, in the 



 12 

presence of oxidative stress associated with T2DM. These findings are indicative of an 

appealing function of GLD by reducing ROS and thereby impeding the progression towards 

AD. Hence making GLD an attractive therapeutic option for the treatment and/or prevention 

of AD. 
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1. Introduction 

 

1.1 Alzheimer’s disease 

 

Alzheimer's disease (AD) is a detrimental neurological and neurodegenerative disease that is a 

prevalent cause of dementia amongst the elderly. While there are a few palliative therapeutic 

treatments available for AD, there is currently no known cure for the condition 

(Madhusudhanan et al., 2020). The World Alzheimer Report, 2019, confirmed that over 55 

million individuals were diagnosed with some form of dementia, with approximately 10 million 

new cases reported annually (WHO, 2021). Dementia is additionally ranked as the seventh 

leading cause of death and the economic burden has amounted to 1.3 trillion US dollars 

globally as of 2019 (WHO, 2021). It was reported that approximately 187 000 people older 

than 60 years of age were living with AD in South Africa. However, it was further established 

that due to limited published prevalence data, this statistic was an underestimation (de Jager et 

al., 2017). Nonetheless, these stats are alarming since AD can encompass irreversible 

neurodegeneration, brain damage as well as reduced brain size (FIg. 1) which ultimately results 

is death (Madhusudhanan et al., 2020). 

 

 

 

Figure 1: The differences between a healthy and Alzheimer's disease brain. 

The image shows a comparison between a healthy human brain (left) and an Alzheimer's disease brain 

(right). Herein, the AD brain appears smaller in size as a result of brain atrophy. (Adapted from Kidd, 

2008)    
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The symptoms of the neurodegenerative disease vary depending on the stage of the disease. 

AD can be categorized into presymptomatic, mild, and dementia based on the level of cognitive 

impairment. The primary and frequently observed symptom at the initial preclinical stage is 

episodic short-term memory loss (Kumar et al., 2018). Following this memory impairment, 

individuals may experience difficulties in problem-solving and executive functioning. These 

challenges can lead to difficulties with multitasking and abstract thinking (Kumar et al., 2018). 

Thereafter, language disorders and visuospatial skill impairment may occur. Whilst 

neuropsychiatric symptoms are common in the mid to late stages. Late in the disease, 

individuals may experience difficulty performing learned motor tasks as well as extrapyramidal 

motor signs, followed by primitive reflexes and complete dependence on caregivers (Kumar et 

al., 2018). Understanding the mechanisms behind AD is of utmost importance. Despite 

extensive efforts, finding a cure for the disease has proven to be unsuccessful thus far. 

Therefore, it is necessary to approach the problem from new perspectives (Korczyn, 2012). It 

is unlikely that targeting downstream clinical manifestations and pathology alone can cure or 

prevent the progression of AD. Epidemiological studies have identified both genetic and 

environmental factors that can be targeted as a concerted effort to combat AD upstream of the 

disease (Korczyn, 2012).  

 

1.2 Pathology of Alzheimer’s disease 

 

AD can be classified into two forms, namely, late-onset AD occurring in individuals aged 65 

years or older and early-onset AD affecting individuals younger than 65. Moreover, AD can be 

categorized as either familial or sporadic. Familial cases involve the inheritance of mutations, 

are primarily early-onset AD and affect less than 5% of the AD population (Piaceri et al., 2013). 

These cases are characterized by autosomal mutations inherited in genes expressing proteins 

associated with beta-amyloid (Aβ) aggregates, namely, amyloid precursor protein (APP), 

presenilin-1 (PSEN1), or presenilin-2 (PSEN2) (Piaceri et al., 2013). Mutations in the APP 

gene can lead to an increase or alteration in the production of Aβ, as these mutations often 

occur near the cleavage site of α-secretase or γ-secretase (Fig. 2). Whereas most mutations in 

the genes encoding PSEN1 or PSEN2, which encode the major component of γ-secretase 

responsible for the sequential proteolytic cleavage of APP, lead to an increased production of 

toxic Aβ fragments (Piaceri et al., 2013).  
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The majority (over 95%) of AD cases are classified as sporadic. This form of the disease is 

considered to be multi-factorial, with both genetic predisposition and environmental factors 

contributing to its development and progression. Researchers suggest that environmental risk 

factors may play a role during the pre-clinical phase of the disease, occurring decades before 

the onset of clinical dementia (Chakrabarti et al., 2015). One such environmental risk factor is 

metabolic risk factors, which are being studied to understand their biological implications in 

the pathogenesis of the disease and potential therapeutic strategies. This area of research holds 

great promise for the future development of treatment strategies for AD, as identifying clear 

metabolic risk factors for AD would provide an opportunity to intervene and slow down the 

progression of the disease (Chakrabarti et al., 2015). 

 

1.2.1 Hallmarks of Alzheimer’s disease: extracellular senile plaques 

 

There are two fundamental hallmarks of AD, the first neuropathological marker being the 

extracellular senile plaques formed by the hydrophobic peptide, Aβ (Madhusudhanan et al., 

2020). These plaques are more abundantly composed of the Aβ42 isoform, due to its 

characteristics of being both insoluble and having a higher fibrillization rate. Additionally, in 

line with being neurotoxic, these Aβ oligomers can elicit synaptic and neuron loss (Serrano-

Pozo et al., 2011). Under physiological conditions, the transmembrane glycoprotein APP 

follows the non-amyloidogenic pathway (Fig. 2). Herein APP initially targeted by α-secretase, 

resulting in the generation of soluble α-APP fragment (also known as sAPPα) and the C-

terminal fragment α, CTFα (also known as CTF 83). Subsequently, CTF 83 is cleaved by γ-

secretase, leading to the production of non-toxic P3 and AICD50 fragments (Madhusudhanan 

et al., 2020). Normally, APP forms an essential part of brain synapses, whilst Aβ is involved in 

neuronal survival and growth (Madhusudhanan et al., 2020). Conversely, under pathological 

conditions, genetic, epigenetic, environmental and age-related factors promote a metabolic 

shift favouring proteolytic amyloidogenic cleavage of APP (Fig. 2). Wherein APP cleaved 

sequentially, initially by -secretase, which removes the N-terminus sAPPβ fragment (Caetano 

et al., 2013). Thereafter, cleavage at the C-terminus by -secretase produces the 4.2 kDa and 

40 or 42 amino acid Aβ peptide, which is then exported into the extracellular space (Caetano 

et al., 2013 and Madhusudhanan et al., 2020). In AD imbalanced manufacturing or breakdown 

of the protein can lead Aβ to build up and polymerise into synaptotoxic soluble intermediate 
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oligomers, or the more predominant plaque constituent, β-sheet pleated amyloid fibrils (mostly 

Aβ42) (Madhusudhanan et al., 2020 and Serrano-Pozo et al., 2011). 

 

Figure 2: Schematic diagram displaying the non-amyloidogenic and amyloidogenic 

processing of APP. 

During the non-amyloidogenic pathway (left) APP is cleaved sequentially, initially by alpha-secretase, 

which removes the N-terminus sAPPα ectodomain fragment, producing CTF 83. Thereafter, cleavage 

at the C-terminus by gamma-secretase, removes the intracellular C-terminal fragment (AICD50) 

producing the P3 peptide, which is then exported into the extracellular space. Alternatively, during the 

amyloidogenic pathway (right) APP is cleaved sequentially, initially by beta-secretase, which removes 

the N-terminus sAPPβ ectodomain fragment. Thereafter, cleavage at the C-terminus by gamma-

secretase, removes the AICD50 fragment producing the Aβ peptide, which is then exported into the 

extracellular space. 

 

1.2.2 Hallmarks of Alzheimer’s disease: intraneuronal neurofibrillary tangles 

 

The other hallmark of Alzheimer’s disease is the intraneuronal neurofibrillary tangle (NFT) 

formation (Serrano-Pozo et al., 2011). This is owed to misfolding and subsequent aggregating, 

of the microtubule binding protein, Tau, after hyperphosphorylation (Avila, 2006 and 

Madhusudhanan et al., 2020). The binding of Tau to microtubules is regulated by its 

phosphorylation at various sites. In pathological situations the kinases, cyclin-dependent 

kinase-5 (CDK-5), glycogen synthase kinase-3β (GSK-3β), and mitogen-activated protein 

kinases (MAPKs) play a role in the excessive phosphorylation of Tau. This causes Tau protein 

to detach from microtubules and leads to the formation of NFTs (Zhang et al., 2021). These 
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NFTs result in elevated cytoskeletal proteins, disturbances in axonal transport, neuronal death, 

decreased connections between neurons and neuronal degeneration. Progressively, these 

plaques and NFTs lead to the cognitive and behavioural impairments of AD. Contrastingly, 

under regulated physiological conditions, Tau protein functions to support the neuronal 

cytoskeleton. Whereas, in the case of AD Tau protein aggregates and bypasses autophagy 

resulting in progressive protein accumulation (Madhusudhanan et al., 2020). In turn, allowing 

for Tau deposits which have been reported to bring about cellular oxidative stress and 

mitochondrial reactive oxygen species (ROS) production, which further activates programmed 

cell death signals ultimately killing neuronal cells (Madhusudhanan et al., 2020). Furthermore, 

without the regeneration of these cells, as in the case of mature neurons, these events decrease 

connections between neurons affecting memory retention and lead to dementia 

(Madhusudhanan et al., 2020).  

 

Additionally, the severity of NFT-AD pathology is measured by the six Braak stages of disease 

propagation, which can be differentiated based on the location of tangle-bearing neurons and 

the extent of changes (Braak and Braak, 1991). Stages I and II, which are clinically silent, 

exhibit limited NFTs in the transentorhinal and entorhinal cortex and are typically linked to 

normal cognitive profiles. Limbic stages III and IV mark the onset of AD, with involvement of 

limbic regions like the hippocampus (Braak and Braak, 1991). Stages V and VI in the Braak 

classification represent fully developed AD, characterized by the highest number and spread of 

NFTs and often associated with severe cognitive and functional decline (Braak and Braak, 

1991; Malek-Ahmadi et al., 2020). Aβ furthermore enhances Tau hyperphosphorylation by 

facilitating the activation of CDK-5 and GSK-3β. Tau is phosphorylated by CDK-5 resulting 

in conformational changes that makes other sites more easily recognized and accessible to 

GSK-3β for subsequent phosphorylation (Singh et al., 1995; Zheng et al., 2002). GSK-3β is 

closely associated with Aβ, plays a significant role in the phosphorylation of Tau, and 

exacerbates Tau-associated neurotoxicity (Zhang et al., 2021). Aβ aggregation enhances GSK-

3β and CDK-5 activity, leading to the hyperphosphorylation of Tau. This, in turn, causes Tau 

to dissociate from microtubules, elevating the binding affinity among Tau monomers. 

Consequently, neurotoxic Tau oligomers are formed, increasing the propensity to form NFTs 

and contributing to neurofibrillary degeneration (Shafiei et al., 2017; Zhang et al., 2021). 

 

Aβ also triggers the cleavage of Tau by caspase-3, resulting in a truncated Tau lacking its C-

terminal which assembles more rapidly into filaments than full-length Tau (Gamblin et al., 
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2003). Additionally, Aβ activates calpain-1 in hippocampal neurons, leading to the generation 

of Tau fragments. Cleaved Tau self-aggregates and misfolds, forming soluble oligomers which 

act as seeds to induce the misfolding of Tau. These neurotoxic Tau oligomers can be 

disseminated between neurons leading to neuroinflammation (Zhang et al., 2021). Although 

A accumulation and Tau hyperphosphorylation have been described in AD, the upstream 

events leading to these markers are not fully understood. Therefore, by uncovering the 

upstream molecular mechanisms involving these hallmark proteins eventually leading to AD 

new drug targets can be brought to light, which can pave the way for novel and effective 

therapeutic tools to prevent, manage or treat the disease.  

 

1.3 Pathological pathways implicated in Alzheimer's disease 

 

1.3.1 Oxidative stress 

 

Mitochondrial damage and oxidative stress have been implicated in the early pathogenesis of 

neurodegenerative diseases (Guo et al., 2013). Oxidative stress is marked by the excessive 

production of ROS such as superoxide anion, hydrogen peroxide, and the hydroxyl radical 

(Nita and Grzybowski, 2016). The mitochondrial electron transport chain (ETC) utilizes a 

hydrogen atom from the oxidation of organic acids with atomic oxygen to produce water. 

Normally, approximately 1-5 % of oxygen is converted to ROS, indicating that the majority of 

intracellular ROS production is attributed to mitochondria (Wei et al., 2001). Mitochondrial 

ROS production are primarily generated at two locations within the ETC, specifically at 

complex I and complex III. Consequently, free radical attacks occur directly within the 

mitochondrial respiratory chain (Selivanov et al., 2011). Excessive production of ROS can lead 

to mitochondrial damage, such as mitochondrial DNA (mtDNA) mutations and damage, 

impairment of the mitochondrial respiratory chain, disruption of mitochondrial membrane 

permeability, and disturbances in Ca2+ balance (Guo et al., 2013). 

 

Herein, ROS can damage proteins involved in the respiratory chain by inducing oxidative 

modifications, such as protein carbonylation through the addition of carbonyl groups to amino 

acid side chains (Andrés Jua et al., 2021; Guo et al., 2013). This oxidative damage disrupts the 

structural integrity of the respiratory chain proteins cytochrome c oxidase, NADH 

dehydrogenase, and Adenosine triphosphate (ATP) synthase. Ultimately, this process 
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contributes to the loss of their biological activity leading to the impairment of mitochondrial 

energy production (Andrés Jua et al., 2021; Guo et al., 2013). These, hydroxyl radicals have 

the ability to directly damage DNA bases, hence making mtDNA especially vulnerable to 

oxidative stress-related ROS attacks (Guo et al., 2013). The continued damage to mtDNA 

eventually results in mutations in the mitochondrial genome, leading to additional 

mitochondrial dysfunction that initiates and exacerbates diseases. Normally, calcium ion fluxes 

are effectively regulated across the plasma membrane and within intracellular compartments 

(Guo et al., 2013). Excessive generation of ROS can directly damage Ca2+-regulating proteins, 

leading to increased levels of Ca2+, that disrupt the Ca2+ balance. The resulting increase in 

calcium cation levels can disrupt mitochondrial potential, leading to the generation of 

superoxide ion radicals, creating a harmful cycle. When mitochondria are exposed to an excess 

of these ions, they undergo mitochondrial permeability transition, leading to swelling and 

rupture of the outer mitochondrial membrane (Ross, 2012). Furthermore, ROS generated in the 

mitochondria enhance Ca2+ uptake and increase membrane permeability, triggering the release 

of cytochrome c and initiating apoptosis (Ross, 2012). Therefore, prolonged high levels of 

intracellular Ca2+ can lead to cell death and contribute to neuronal degeneration.  

 

Furthermore, ROS produced by mitochondria are transported to the cytoplasm, where they 

trigger β-secretase activation and aid in the cleavage of APP. This process results in increased 

levels of Aβ protein and protein deposition, which may lead to neuronal dysfunction, initiating 

neurodegeneration and ultimately culminating in AD. Aβ can interact with mitochondria, 

resulting in additional mitochondrial dysfunction by binding to alcohol dehydrogenase and 

hindering cytochrome c oxidase function. This leads to a decrease in ATP production, 

ultimately resulting in cell death due to insufficient ATP levels. Hence, it is evident that 

dysfunction in mitochondria together with oxidative stress plays a role in neuronal damage and 

neurodegeneration in AD. 

 

1.3.2 Mitochondrial dysfunction 

 

Mitochondria play a crucial role in energy metabolism and significantly influence neuronal 

function and survival (Jiang et al., 2018). It is hypothesized that mitochondrial dysfunction in 

AD, characterized by mitochondrial fragmentation resulting from an imbalance in fission and 

fusion processes, contributing to neurodegenerative alterations in hippocampal and cortical 
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neurons (Jiang et al., 2018). Briefly, mitochondrial fusion is coordinated by the mitofusin 

proteins MFN1 and MFN2 joining two mitochondria together. While mitochondrial fission 

separates a single organelle two or more independent structures (Scott and Youle, 2010). 

Excessive fission results in a decrease in mtDNA copy number, leading to decreased expression 

of crucial oxidative phosphorylation proteins that play a role in fuelling cell signalling and 

neuronal activity processes such as postsynaptic currents, synaptic action potentials and 

neurotransmitter release, ultimately causing mitochondrial dysfunction (Bergman and Ben-

Shachar, 2016; Jiang et al., 2018).  

 

Control of microglial activation has been linked to neuronal mitochondria, where 

neuroinflammation is correlated with mitochondrial dysfunction via the outer mitochondrial 

membrane GTP-binding neuronal protein MFN2, which plays a role in mitochondrial fusion 

and function (Harland et al., 2020). Normally, neuronal MFN2 suppresses microglial 

activation, prevents mitochondrial fragmentation in neurons and upregulates the neuronal 

expression of the microglial inhibitor CX3CL1. Interestingly, MFN2 is reduced in patients with 

AD leading to potent pro-inflammatory cytokine release and neuroinflammation (Harland et 

al., 2020). Hence it is evident that mitochondrial dysfunction through decreased mtDNA copy 

number and neuroinflammation results in substantial neurodegeneration in the hippocampus 

and cortex. Furthermore, mitochondrial dysfunction inevitably leads to elevated oxidative 

stress which may further damage mitochondrial ultrastructure worsen mitochondrial 

dysfunction (Jiang et al., 2018). 

 

1.3.3 Neuroinflammation 

 

Microglia are the main immune effector cells in the central nervous system (CNS) and play a 

critical role in neuroinflammatory responses in AD, thereby making neuroinflammation 

another attractive research area. In their inactive state, microglial cells continuously monitor 

their surroundings without affecting neurons (Xie et al., 2022). However, in the presence of 

inflammatory stimuli microglia are activated, their morphology and functions change, leading 

them to migrate to injury sites where they trigger an innate immune response (Schwabenland 

et al., 2021). Prolonged microglia activation can inhibit adult neurogenesis and lead to the 

release of neurotoxic agents like ROS and the pro-inflammatory cytokine Tumour necrosis 

factor (TNF) through the p38/MAPK signalling pathway, causing neuronal cell damage and 
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death (Bachstetter et al., 2011; Heppner et al., 2015; Xie et al., 2022). These neuronal immune 

cells express pattern recognition cell surface receptors (PRRs), which recognize misfolded 

proteins like Aβ and initiate an immune response.  

 

Aβ accumulation is influenced by the balance between its production and clearance, involving 

several pathways. These include phagocytosis and macropinocytosis by microglia, which is the 

regulated form of endocytosis that mediates the uptake of soluble Aβ, as well as Aβ degradation 

by Aβ-degrading enzymes like, insulin-degrading enzyme (IDE) (Hardy and Selkoe, 2002; 

Rabinovici, 2021; Xie et al., 2022). Furthermore, aging studies in mice show that microglial 

cells exhibit reduced expression of Aβ-degrading enzymes, while their capacity to produce pro-

inflammatory cytokines remains intact. The systemic inflammatory cytokine TNF indirectly 

affects Aβ pathology by regulating immune cell trafficking and glial responses in the brain (Xie 

et al., 2022). Herein, prolonged exposure to immune-stimulating lipopolysaccharide (LPS) 

impairs microglial phagocytosis of Aβ, leading to increased Aβ deposition in AD mice models 

(Holmes, 2013; Xie et al., 2021). Therefore, it is clear that neuronal inflammation contributes 

to the nondegenerative pathology of AD through persistent microglial activation, leading to the 

accumulation of Aβ in the brain.  

 

1.4 Type 2 Diabetes Mellitus and its link to Alzheimer's disease 

 

The previously described A and Tau pathologies are downstream symptoms of AD. To prevent 

or slow down the progression of the disease, it is necessary to address the upstream aetiology 

(Korczyn, 2012). In this regard, researchers have identified metabolic disorders as one of the 

risk factors associated with AD (Nguyen., 2020). Wherein the metabolic syndrome, Diabetes 

Mellitus is linked to neurodegeneration through the accumulation of neurotoxins, neuronal 

stress, synaptic communication, and brain atrophy (Correia et al., 2012). Type 2 Diabetes 

Mellitus (T2DM) can be characterized by chronic hyperglycaemia, which is a state of 

dysregulated glucose metabolism, causing increased blood glucose levels (Barbagallo and 

Dominguez, 2014). By itself hyperglycaemia poses as a risk factor for both cognitive decline 

as well as dementia (Barbagallo and Dominguez, 2014). This is owed to persistent 

hyperglycaemia often leading to damage or disabling of biological systems by various 

mechanisms, in turn promoting neurodegeneration (Goyal and Jialal, 2020). Moreover, it is 

thought that insulin resistance, characterized by the diminished biologic response of hepatic 
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tissues with insulin receptors to insulin stimulation, impairs glucose disposal resulting in 

hyperglycaemia. It is believed that the insulin resistance precedes and contributes to the 

development T2DM by up to 15 years (Freeman et al., 2023). 

 

Similar to AD, the incidence of T2DM has also been described to increase with age, with over 

536 million people diagnosed with diabetes globally in 2021 (CDC, 2014; Kukull et al., 2002; 

Sun et al., 2021). This global burden is expected to rise to 783.2 million by the year 2045 (Sun 

et al., 2021). Whilst the estimated global health expenditures amounted to 966 billion USD in 

2021 and are expected to reach to 1.054 trillion USD by the year 2045 (Sun et al., 2021). This 

is significant with respect to identifying upstream AD molecular pathways, as clinical studies 

correlate T2DM with the neurodegenerative disease, suggesting a physiopathological link 

(Barbagallo and Dominguez, 2014). Wherein, individuals suffering with diabetes possess a 

65% greater risk of developing AD and T2DM patients displayed a greater risk of developing 

dementia, in addition to having an increased incidence rate for cognitive dysfunction 

(Arvanitakis et al., 2004; Barbagallo and Dominguez, 2014).  

 

1.4.1 The pathology of Type 2 Diabetes Mellitus and its link to Alzheimer's disease 

 

However, how the metabolic disorder leads to the neurodegenerative disease is not fully 

understood. Although, some of the links that have been shown include oxidative stress, 

inflammation, advanced glycation end products (AGE), as well as autophagic dysfunction (Fig. 

3) (Chatterjee and Mudher, 2018). In this regard, a common mechanism of glucose toxicity in 

T2DM involves oxidative stress caused by ROS formation and reduced ROS removal systems. 

In turn, leading to mitochondrial damage and dysfunction, which triggers apoptotic signals and 

initiates neuronal cell death (Butterfield et al., 2014; Chatterjee and Mudher, 2018). Similarly, 

glucose toxicity can lead to inflammation and activation of the immune system, resulting in the 

brain immune cells, microglia, upregulating the proinflammatory cytokine, TNFα (Chang et 

al., 2017; Chatterjee and Mudher, 2018). TNFα promotes the amyloidogenic cleaving of APP 

into A, by enhancing the expression of β- and γ-secretases, as well as hindering the removal 

of A by microglia dysfunction, wherein microglia A-binding receptors and A-degradation 

enzymes are downregulated (Hickman et al., 2008; Liao et al., 2004; Ren et al., 2021; 

Yamamoto et al., 2007).  
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Additionally, the oxidative stress caused by the dysregulated metabolism of glucose in T2DM 

activates glycation reactions. This promotes glycation through the production and 

accumulation of AGE products which are linked with the cognitive decline in AD (Li et al., 

2013). Wherein elevations in AGE products within the T2DM brain have been associated with 

impaired Aβ42 removal and promote its aggregation (Moreira et al., 2003). These AGE 

products additionally increase the expression of their receptors or RAGE in AD brains causing 

subsequent pro-inflammatory cytokine activation, further escalating cognitive decline and 

memory impairment through vascular complications (Choi et al., 2014; Liu et al., 2009; Solito 

and Sastre, 2012; Srikanth et al., 2011). Post-translational O-GlcNAcylation in the brain acts 

as a neuroprotective mechanism by counteracting Aβ neuronal toxicity. This is achieved by 

reducing the formation of Aβ through the inhibition of γ-secretase activity (Hanover and Wang, 

2013). The hyperglycaemic conditions of T2DM elevate O-GlcNAcylation, however, the 

reduction of γ-secretase activity is offset by the accumulation of neurotoxic AGE products 

promoting neurodegeneration (Hanover and Wang, 2013). Hence, considering that T2DM can 

initiate and coincide with AD pathogenesis through multiple mechanisms, it becomes apparent 

that investigating the pathways connecting T2DM to upstream AD could be advantageous in 

discovering new biomarkers. 

 

 

Figure 3: Diagram illustrating the pathological pathways connecting Type 2 Diabetes Mellitus 

and Alzheimer's Disease. 

Pathways linking T2DM and AD include oxidative stress, inflammation, advanced glycation end 

products (AGE), as well as autophagic dysfunction. Glucose toxicity in T2DM leads to oxidative stress 

through ROS formation and reduced ROS removal systems, causing mitochondrial damage and 
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dysfunction, ultimately triggering apoptotic signals and neuronal cell death. Additionally, glucose 

toxicity can induce inflammation and activate the immune system, leading to microglia upregulating 

the proinflammatory cytokine TNFα. TNFα promotes the amyloidogenic cleaving of APP into Aβ by 

enhancing the expression of β- and γ-secretases, while hindering Aβ removal by microglia dysfunction. 

This results in downregulation of microglia Aβ-binding receptors and Aβ-degradation enzymes. 

Together these pathways contribute to neurodegeneration and AD pathology. 

 

1.5 Mitochondrial function and the link between Alzheimer's disease and Type 2 Diabetes 

Mellitus 

 

One pathway linking the diseases in early pathogenesis is through increased ROS promoting 

oxidative damage (Fig. 4) (Sharma et al., 2021). Mitochondria generate ATP through oxidative 

phosphorylation, which is subsequently used for cellular functions including, neurotransmitter 

production and synaptic plasticity (Pagani and Eckert, 2011). Hence, mitochondrial number is 

high in neurons and synapses. Neurons are additionally dependent on mitochondrial function 

for energy production, as neurons have a limited capacity to perform glycolysis. However, 

mitochondria are the major producers of ROS leading them to being a potential centre of ROS 

toxicity. Accordingly, with age, mitochondria accumulate oxidative damage and subsequently 

cause the formation of free radicals such as ROS, as a result of electrons leaking during ATP 

production (Pagani and Eckert, 2011). Moreover, the hyperglycaemic environment 

characteristic of T2DM triggers the activation of the ETC and glycation within the 

mitochondria, leading to the generation of ROS as a by-product, initiating a cascade effect. 

Here ROS promotes the expression of both β- and γ-secretases as well as their activity, in turn 

exacerbating Aβ production (Pagani and Eckert, 2011; Payne and Chinnery, 2015; Macdonald 

et al., 2018). These Aβ oligomers then translocate into mitochondria and impair mitochondrial 

function further promoting ROS, which can activate kinases such as GSK-3β that 

hyperphosphorylate Tau, leading to NFT formation, synaptic dysfunction, apoptosis and 

ultimately Alzheimer’s disease (Agrawal and Jha, 2020). 
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Figure 4: Figure illustrating the connection between Type 2 Diabetes Mellitus and Alzheimer's 

Disease pathology through mitochondrial dysfunction.  

The T2DM-hyperglycaemic environment activates the ETC and glycation in mitochondria, resulting in 

ROS production. ROS triggers the expression and activity of β- and γ-secretases, increasing Aβ 

production. Aβ oligomers move to mitochondria, impairing function and generating more ROS. This 

cycle can activate kinases like GSK-3β, leading to Tau hyperphosphorylation, NFT formation, synaptic 

dysfunction, apoptosis, and ultimately Alzheimer's disease. 

 

1.6 The significance of telomere biology in Alzheimer's disease and Type 2 Diabetes Mellitus 

 

1.6.1 Telomere biology 

 

As previously mentioned, there are numerous factors that contribute to neurotoxicity and 

subsequently, AD, these include oxidative stress, mitochondrial dysfunction and 

hyperglycaemia (Gendron and Petrucelli, 2009; Fani et al., 2020). In addition to this, previous 

studies have found that telomere length, could also be a contributing risk factor towards AD 

(Fani et al., 2020). Telomeres are found at the ends of chromosomes and are made up of double 

stranded DNA (dsDNA) repeats and proteins. In humans these dsDNA sequences are ~10-

15kbp TTAGGG repeats (Allshire et al., 1989). Telomeres serve a protective function by 

working to stabilize chromosomes, prevent chromosome end shortening and subsequent loss 

of genomic DNA (gDNA). The progressive shortening of chromosome ends occurs with each 

successive round of cellular division, resulting in the erosion of gDNA as a natural process of 
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ageing, as a result shorter telomeres are more frequent in the elderly (Shammas, 2011). Normal 

somatic cells may divide until they reach the “Hayflick limit”. This limit describes the capacity 

of a cell to divide, which is predisposed by telomere length, and is a consequence of shortened 

telomeres (Shay and Wright, 2011). Wherein, a substantial number of cells with shortened 

telomeres enter replicative senescence, a state in which metabolically active cells are unable to 

replicate further, resulting in the permanent loss of the cell's proliferative capacity and inducing 

growth arrest (Campisi and Di Fagagna, 2007; Hayflick and Moorhead, 1961; Lu et al., 2013; 

Shay and Wright, 2011). Telomeres are elongated by the enzyme, telomerase, which is 

comprised of two essential subunits, namely, the human telomerase RNA component (hTERC) 

which acts as an RNA template for the human telomerase reverse transcriptase component 

(hTERT). Wherein, hTERT acts as the catalytic subunit and adds telomeric repeats to the 

telomere ends, through a controlled process of telomeric synthesis (Glasspool et al., 2005). 

 

1.6.2 Telomere biology in Alzheimer’s disease 

 

Telomerase, through its reverse transcription activity, elongates telomeres to counteract the 

attrition of chromosome ends. This process helps safeguard chromosome ends from DNA 

damage and degradation, thereby preventing the accumulation of shortened telomeres that can 

result in telomere dysfunction (Harley et al., 1990; Lee and Pellegrini, 2022). Most neurons do 

not exhibit telomerase activity. In the brain telomerase activity is primarily observed in neural 

stem cells located in specific regions like the hippocampal dentate gyrus (Lee et al., 2012). The 

hippocampus plays a crucial role in spatial cognition and is implicated in neurodegenerative 

disorders like AD (Miwa et al., 2016). The regulation of telomere length involves a 

combination of telomerase-dependent elongation and telomere trimming events (Fani et al., 

2020). Imbalanced telomere length has been associated with an increased risk of amnestic mild 

cognitive impairment (Fani et al., 2020). Specifically, increased risk of AD has been associated 

with both overly elongated telomeres, which accumulate DNA damage, and significantly 

shortened telomeres which have been linked to cell death (Fani et al., 2020). When telomeres 

become shortened, they trigger molecular mechanisms associated with DNA damage 

responses, which can contribute to cellular senescence or apoptosis. As a result, shortened 

telomeres are recognized as one of the key indicators of aging, as they are associated with 

various aging-related characteristics including a decline in regenerative capacity (López-Otín 

et al., 2023). Notably, telomere shortening has been strongly associated with risk of AD. A 
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study done on leukocytes proposed that with a single kilobase pair reduction in telomere length, 

the probability of developing AD was exacerbated by 21% (Honig et al., 2012).  

 

There is evidence suggesting that Aβ can inhibit telomerase activity, by the physical binding of 

Aβ oligomers to the telomeric TERT-TERC complex. This obstruction by Aβ could explain the 

shortened telomeres associated with AD (Wang et al., 2015). While there is more understanding 

about the potential connection between shorter telomeres and an increased risk of AD, less is 

known about the biological relationship between longer telomere length and the disease (Fani 

et al., 2020). The hypothesis suggests that longer telomeres could be associated with the 

presence of extracellular plaques. This association may occur from the resulting decrease in 

intracellular Aβ levels, due to the increase in extracellular Aβ transport for plaque formation. 

Thereby reducing intracellular Aβ-mediated telomerase inhibition, consequently leading to 

longer telomeres (LaFerla et al., 2007; Mahoney et al., 2019; Wang et al., 2015). Additionally, 

telomeres that are excessively elongated can become fragile and prone to accumulating DNA 

damage (Fani et al., 2020). Further investigation is needed to establish the exact biological 

connection between excessively elongated telomeres and the heightened risk of developing 

AD. 

 

1.6.3 Telomere biology in Type 2 Diabetes Mellitus 

 

These findings link back to T2DM, where studies have found that individuals suffering from 

diabetes, display shorter telomeres. Thereby, suggesting that the disease could potentially cause 

telomere shortening, possibly by altering telomerase activity (Garcia-Martin et al., 2018). In 

conjunction with this and as previously stated, individuals suffering with T2DM display 

increased levels of cellular glucose (hyperglycaemia), which mediates the dysfunction and 

destruction of pancreatic beta cells through cellular injury, and reduces sensitivity to insulin 

(Zhao et al., 2013). In turn, the hyperglycaemic conditions induce ROS through glucose 

toxicity, further promoting oxidative stress (Kaneto et al., 2010). This can be detrimental, since 

telomeres are Guanine (G) rich, making them prone to oxidative stress, leading to DNA 

damage, decreased telomerase activity and subsequent telomere shorting (Lu et al., 2013; Singh 

et al., 2019; Zhao et al., 2013). Consequently, this telomere shortening as a result of 

hyperglycaemia could be increasing the potential risk for AD development (Honig et al., 2012; 
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Kaneto et al., 2010). Therefore, validating the further investigation of upstream AD using 

T2DM as a causative starting point. 

 

1.7 Glucose Lowering Drug (GLD) and its relevance to Alzheimer's disease 

 

On account of the previously proposed links between the neurological and metabolic disorder, 

the effects of a novel glucose lowering drug (hereafter referred to as GLD due to IP protection) 

were investigated. GLD is undergoing trials in T2DM pathophysiology and is said to reduce 

oxidative stress through the reduction of hepatic glucose production, as well as by causing 

increased glucose uptake in muscles (Fouqueray et al., 2014). Results from an animal study 

demonstrated that GLD protects mitochondrial function from oxidative stress, which 

normalized both insulin sensitivity and glucose tolerance (Vial et al., 2015). Moreover, the drug 

was found to protect against high glucose induced apoptosis of β-cells (Fouqueray et al., 2014). 

GLD was investigated in the human dermal microvascular endothelial (HMEC-1) cell line with 

respect to hyperglycaemia-induced cell death. During the study it was found that the drug 

prevents cell death using the mitochondrial inner membrane Ca2+ sensitive channel, 

permeability transition pore (PTP) (Detaille et al., 2016). GLD prevents PTP from opening by 

increasing the required amount Ca2+ needed to allow the opening of PTP. This in turn prevents 

the release of proapoptotic mitochondrial proteins such as cytochrome c. Which would 

otherwise promote cell death once entering the cytosol. By the drug keeping the channel closed, 

ATP synthesis and mitochondrial respiration is not halted, thus not causing increased ROS 

production (Detaille et al., 2016). The proposed mechanism reported is that GLD decreases the 

production of ROS caused by the generation of superoxide at the respiratory chain’s reversible 

proton pump, complex I, which gets converted into hydrogen peroxide by the enzyme 

superoxide dismutase. GLD promotes reverse electron flux through the proton pump and thus 

reduces ROS production (Detaille et al., 2016). Therefore, GLD could potentially be used to 

address the increase in ROS associated with the hyperglycaemic conditions of T2DM leading 

to decreased precursor-AD pathologies and in turn potentially be used as a therapeutic for AD. 
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1.8 Rationale of the study 

 

Given the severity of AD and the clear necessity for non-palliative treatment approaches, as 

underscored by the high prevalence and economic burden of the diseases, research related to 

AD remains a focal point in neurodegeneration studies. It has been established that the 

accumulation of Aβ leads to the formation of extracellular senile plaques, causing synaptic and 

neuron loss. It is also understood that hyperphosphorylation of Tau leads to the creation of 

NFTs, which can reduce connections between neurons and initiate neuronal degeneration. 

Collectively, these hallmarks contribute to the severe cognitive and behavioural symptoms 

observed in individuals with AD. Despite extensive efforts, finding a cure for the disease 

remains elusive. Therefore, it is necessary to approach the problem from new perspectives and 

identify the upstream molecular mechanisms leading up to the disease. It is well known that 

metabolic disorders are one of the risk factors associated with AD. Wherein the metabolic 

syndrome, T2DM is linked to neurodegeneration through the accumulation of neurotoxins, 

neuronal stress, synaptic communication, and brain atrophy. It has additionally been 

established that patients suffering from T2DM, possess a greater risk of obtaining dementia, 

whilst hyperglycaemia can exacerbate the effects of AD. Herein, some of key the pathways 

implicated in linking the diseases include cellular and oxidative stress, mitochondrial 

dysfunction as well as alterations in telomere biology. Despite significant research in these 

areas, many aspects remain unclear. By further exploring the link between T2DM and AD, we 

are able to better understand the upstream events that lead up to AD. This will aid in uncovering 

novel biomarkers and drug targets, in order to design efficacious therapeutic tools to diagnose, 

prevent, manage or treat the disease. 

 

1.9 Scope of the study 

 

To investigate the pathways involved in a hyperglycaemic AD state, an in vitro cell culture 

model was developed. The Human Embryonic Kidney (HEK) 293 cell line was grown and used 

to establish disease models via treatments with Aβ42 and glucose. To gain a comprehensive 

understanding of the mechanisms linking T2DM to AD, various aspects along this pathway 

were explored. The HEK293 cells were treated with various concentrations of Aβ42 and 

glucose during a time study, while the effects of the hyperglycaemic-Aβ42 environment on cell 

proliferation and morphology were investigated using light microscopy. Mitochondrial 
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function was assessed by measuring mitochondrial activity with the Alamar blue assay and 

mtDNA content with qPCR, while glucose uptake was determined through glucose assays. 

ROS levels were measured to investigate oxidative stress induced by the treatments, and 

ELISAs were used to assess the impacts of high glucose on the AD-related protein, Aβ42. 

Finally, considering that T2DM can contribute to telomere shortening, which is a risk factor 

for AD, telomerase activity and telomere length was measured using qPCR. 

 

2. Aims and objectives 

 

2.1 Main aim 

 

Identifying how Type 2 Diabetes Mellitus leads to early Alzheimer’s Disease and investigating 

the effects of a novel glucose lowering drug. 

 

2.2 Specific objectives 

 

1. Create a hyperglycaemic AD cell model, by treating with glucose and Aβ42.  

 

2. Assess the morphology and mitochondrial activity of the treated cells to determine the ideal 

hyperglycaemic AD cell model. 

 

3. Assess Aβ42 protein concentrations of the treated cells using Aβ42 ELISAs. 

 

4. Investigate the mitochondrial function and oxidative stress, through measuring 

mitochondrial DNA content and ROS. 

 

5. Assess telomere biology of the hyperglycaemic AD model using the qPCR TRAP Assay to 

measure telomerase activity and qPCR to measure telomere length. 
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3. Methods 

 

3.1 Cell culture 

 

Several culture systems have been developed to study the underlying mechanisms of 

neurodegenerative diseases. The immortalized Human Embryonic Kidney (HEK) 293 

(ATCC® CRL-1573™) cell line is well-established cellular model for Alzheimer’s disease and 

was therefore used in the present study (Mo et al., 2020). The cells were grown in 5 mM glucose 

DMEM media, supplemented with 10 % Foetal Bovine Serum (FBS) and 1 % 

Penicillin/Streptomycin (Pen/Strep) as the antibiotic (Liste-Calleja et al., 2015). The FBS 

supplement provided the cells with essential nutrients, whilst the antibiotics prevented bacterial 

contamination. During culturing, to maintain an optimal and constant pH, as well as mimic in 

vivo conditions, the cells were grown in an environment that sustains the CO2/HCO3
− buffering 

system and were therefore cultured in a humidified incubator at 5 % CO2, 37 °C (Liste-Calleja 

et al., 2015). The aforementioned steps provided the optimal conditions to ensure maximum 

cell growth, which was monitored using an inverted light microscope, until the cells reached 

the required confluency, upon which the cells were either sub-cultured or harvested (Ruparel 

et al., 2012). The cells were washed with 1x phosphate buffered saline (PBS) to rinse off the 

excess media and cell debris, followed by incubation with 1x trypsin-EDTA for 5 minutes to 

detach the cells (Ruparel et al., 2012). Thereafter, culture medium was added to inactivate the 

trypsin-EDTA, when the cells had detached. For sub-culturing, new media was added to the 

flasks, after the excess cells had been detached and removed. Alternatively, after the cells were 

harvested, counted, and seeded, flasks or plates containing the seeded cells were either treated 

or used as controls in subsequent experiments. Additionally, any surplus cells were 

cryopreserved at -80 °C in cryogenic tubes. These cells were collected by centrifugation at 519 

x g for 2 minutes, followed by resuspension in 1 ml of a solution consisting of 10 % dimethyl 

sulfoxide (DMSO) and 90 % culture media. 

 

3.2 Treatments  

 

Due to the previously reported link between T2DM and AD, a hyperglycaemic AD cell model 

was created by culturing HEK293 cells in low glucose media and followed by treatments with 

various combinations of glucose, Aβ42 and a glucose lowering drug (GLD). For the 2-, 5- and 
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10-day studies, cells were seeded at a density of 1x104 cells per well in 96-well and 48-well 

and 6-well plates, respectively to provide ample space for cell growth and prevent contact 

inhibition. Notably, for assays that required DNA or protein extractions the cells were seeded 

at a density of 1x106 cells per well in 6-well plates to ensure sufficient sample collection. Post 

seeding the cells were allowed to attach overnight, after which the cells were then washed with 

1 x PBS and subjected to various singular and co- treatments with glucose, Aβ42, GLD for a 

duration of up to 10 days. Additionally, on days 2, 5, and 7, the cells were washed with 1 x PBS 

and re-treated with their respective treatments.  

 

3.2.1 Glucose 

Hyperglycaemia was found to coincide with elevated levels of Aβ and leads to modifications 

of Tau (Kim et al., 2013; Yang et al., 2013). In this regard, a cell model mimicking a 

hyperglycaemic state was created using a 25 mM high glucose treatment (Chen et al., 2018), a 

35 mM higher glucose treatment (Mayfield, 1998; Meng et al., 2014; Russell et al., 2002) and 

a 5 mM low glucose control group (Chen et al., 2018). To create these treatments culture media 

was supplemented with a sterile D-(+)-Glucose solution (BioXtra, Sigma-Aldrich, United 

Kingdom). Notably, increasing the glucose concentration above 35 mM was previously found 

to induce hyperglycaemic stress, ROS, and cell injury, which could lead to cell death (Russell 

et al., 2002). Hence, to avoid killing the cells before subsequent experiments, the highest 

glucose concentration treatment did not surpass 35 mM. Additionally, a time study was 

included to investigate the effects of the glucose over a prolonged period of time. Herein, the 

time periods; 2, 5 and 10 days were used.  

   

3.2.2 Amyloid Beta 42 

 

Aβ peptides are known to reduce mitochondrial functions, increase ROS production, and 

induce both cytotoxicity and apoptosis (Chen and Petranovic, 2015). Aβ oligomers can bind 

directly to the telomere-TERC structure, inhibiting telomerase from elongating telomeric 

DNA. Consequently, treatment with Aβ42 was anticipated to reduce telomerase activity (Wang 

et al., 2015). In order to investigate the early events that take place during AD progression, 

cells were treated with non-lethal concentrations of Aβ42, namely, 200 nM and 400 nM Aβ42 

(Danysz and Parsons, 2012; Gilson et al., 2015; Teich and Arancio, 2012). Herein, the 

lyophilized Aβ42 peptide (abcam, USA) was reconstituted in sterilized DMSO following the 
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manufacturer's guidelines to achieve a concentration of 1 mg/mL. Prior to cell treatment, the 1 

mg/mL Aβ42 stock was diluted to 400 nM and 200 nM in culture media. To address potential 

effects of the organic low toxicity solvent, a vehicle control was included with 1.8 % and 0.09 

% DMSO for the 400 nM Aβ42 and 200 nM treatments, respectively. Given the cytotoxic 

potential of DMSO at higher concentrations or prolonged exposure, efforts were made to 

minimize the DMSO concentration for longer incubation periods (Lynch et al., 2021). Herein, 

the lyophilized Aβ42 peptide (abcam, USA) was reconstituted in sterilized DMSO to achieve 

a concentration of 2 mg/mL, which was further diluted to 1 mg/mL with the addition of sterile 

PBS. Prior to cell treatment, the 1 mg/mL Aβ42 stock was diluted to 400 nM Aβ42 in culture 

media, with a 0.09 % DMSO / 0.09 % PBS vehicle control being included. In a final attempt 

to mitigate the effects of DMSO and to ensure that the solvent does not influence the effects of 

the drug GLD being tested, the lyophilized Aβ42 peptide (Sigma-Aldrich, USA) was 

reconstituted in a 50 mM Tris-HCL buffer at pH 9 to achieve a concentration of 1 mg/mL. The 

solution was then incubated at 37 °C for 24 hours and subsequently diluted in culture media to 

the required concentration prior to treating the cells. Any remaining solution was stored at -20 

°C. Additionally, a time study was conducted for the following time periods; 2, 5 and 10 days. 

 

3.2.3 Glucose Lowering Drug (GLD) 

 

There are numerous factors that contribute to neurotoxicity and subsequently, AD which are 

additionally associated with T2DM, these include hyperglycaemia, oxidative stress, 

mitochondrial dysfunction, and telomere shortening. Due to these suggested connections 

between the neurological and metabolic disorder, the effects of the novel drug GLD were 

explored. The Glucose Lowering Drug (GLD) (Sigma-Aldrich, Missouri, USA) is a drug 

undergoing trials in T2DM pathophysiology. GLD is said to reduce oxidative stress through 

the reduction of hepatic glucose production, as well as by causing increased glucose uptake in 

muscles (Fouqueray et al., 2014). Results from an animal study demonstrated that GLD 

protects mitochondrial function from oxidative stress, which in turn normalized glucose 

tolerance (Vial et al., 2015). Additionally, it was proposed that GLD prevents the production 

of ROS through reverse electron flux without inhibiting either complex I or forward electron 

flux (Detaille et al., 2016). Therefore, the drug was included to investigate the effects of GLD 

in hyperglycaemia in addition to the effects on the progression of AD. In this study a 48 hour, 

100 M GLD treatment was included, wherein, dehydrated GLD (Sigma-Aldrich, Missouri, 
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USA) was reconstituted in a dH2O under sterile conditions to reach a concentration of 2 mg/mL. 

The resulting solution was then further diluted to 100 μM GLD in culture media for cell 

treatment, with any remaining solution being stored at 2-8 °C. 

 

3.3  Alamar Blue Assay 

 

The Alamar Blue Assay was used to investigate the effects of the hyperglycaemic AD 

conditions on mitochondrial activity. The assay is based on the principle that viable cells with 

functional mitochondrial can reduce blue resazurin into red fluorescent resorufin which can be 

quantified as an indicator of cell viability. The assay was performed using alamarBlue® reagent 

(Invitrogen, Thermo Fisher, USA) as per the manufactures protocol. Herein, the cells were 

seeded at a density of 1x104 cells per well in either a 96, 48 and 24 -well plates for the respective 

2, 5 and 10 day incubation periods. Each plate included three biological repeats per group. 

These consisted of experimental treatment groups, positive (dead cell) controls using 8 mM of 

the apoptotic inducer, Protocatechuic acid (PCA), and no cell controls. After cells were seeded 

into each of the wells, they were left to attach for 24 hours. This was followed by treatments 

with either 5 mM (untreated group), 25 mM or 35 mM glucose, and/ or 200 nM or 400 nM 

Aβ42 and left to incubate for 2, 5 or 10 days. Additionally, re-treatments and washes were 

completed as per method 3.2. Notably, for the 2 day experiment each plate included three 

biological repeats per treatment group along with 4 technical repeats per biological repeat. Post 

incubation, the media was gently removed as to not disturb the cells, thereafter 90 L of media 

and 10 L of alamarBlue® reagent (Invitrogen, Thermo Fisher, USA) were added per well and 

left to incubate at 37 ºC for 4 hours.  

 

However, following the longer 5 and 10 day incubation periods, the media was aspirated, and 

the cells were detached using a 5-minute incubation with 1x trypsin-EDTA. Subsequently, once 

the cells had detached culture medium was added to neutralize the trypsin-EDTA. The cells 

were then pelleted at 519 x g for 10 minutes, and the excess media was decanted. The cell pellet 

was resuspended in culture medium first and then mixed with alamarBlue® reagent 

(Invitrogen, Thermo Fisher, USA) in a 9:1 ratio. Thereafter, 100 μL of the cell mixture was 

gently pipetted up and down to achieve a homogeneous consistency of the cell solution before 

transferring to a 96-well plate, ensuring an even distribution of cells for division into 4 technical 

repeats per biological repeat. The variation in plate sizes was intended to accommodate the 
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extended incubation periods, providing ample space for cell growth and reducing contact 

inhibition. This adjustment also aimed to standardize volumes and minimize large differences 

in error bars among individual treatment groups within each biological replicate. Additionally, 

the decision to split each biological repeat into technical repeats after harvesting, rather than 

before treatments, was made to optimize treatment usage and lower costs associated with 

treatments and the alamarBlue® reagent. However, since cell counts were not conducted to 

standardize the cell amounts harvested across the different time periods, the data was displayed 

on separate graphs for trend comparisons. 

 

Lastly, after the 4 hour incubation period with the alamarBlue® reagent (Invitrogen, Thermo 

Fisher, USA) the resulting fluorescence was measured at an excitation/ emission wavelength 

of 560/ 590 nm using the VICTOR® Nivo™ Multimode Plate Reader (Avantor®, PerkinElmer, 

USA). Absorbance values of the controls, untreated and treated samples were recorded and 

compared where, the average absorbance value of the biological repeats for each sample were 

calculated. The average absorbance of the no cell control was then subtracted from all other 

samples. A higher absorbance value was directly related with increased mitochondrial activity. 

 

3.4 Glucose measurements 

 

To measure and compare the glucose uptake of the various T2DM-AD cell models, a glucose 

concentration and time study was completed, where glucose uptake of the cells was 

investigated using the CONTOUR®PLUS ONE blood glucose monitoring system. The study 

involved measuring the amount of glucose present in the media at different time intervals over 

a 10-day period. Glucose uptake measurements were taken on days 0, 1, 2, 5, 7, and 10. During 

each measurement, the sample media was gently mixed by pipetting and 2 μL of media was 

loaded onto a test strip for measurement using the device. These measurements were performed 

in triplicates to ensure accuracy. To normalize the data, a standard curve was created. This 

involved preparing a series of dilutions using the cell culture media supplemented with glucose, 

with concentrations ranging from 0 mM to 30 mM. The glucose monitoring device was used 

to measure absorbance values of these dilutions, and a standard curve was plotted based on 

these measurements which allowed for the quantification of glucose concentrations in the 

samples. By normalizing the data using the standard curve, the glucose uptake over time was 
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represented in a line graph to provide insights into the glucose uptake patterns of the various 

conditions. 

 

3.5 Total Reactive Oxygen Species (ROS) Assay 

 

A mechanism of glucose toxicity in T2DM involves oxidative stress caused by ROS formation 

and reduced ROS removal systems. Hence, the Total Reactive Oxygen Species (ROS) Assay 

Kit 520 nm (Invitrogen, Thermo Fisher, USA) was used to assess how ROS levels were affected 

by the hyperglycaemic conditions of T2DM, the upstream conditions of AD as well as the 

glucose modulating drug GLD. Cells were seeded in triplicates at a density of 1x105 cells per 

well in a 96-well plate and allowed to attach overnight, after which the cells were then washed 

with PBS and subjected to various singular and co- treatments with 25 mM glucose, 400 nM 

A42 and 100 M GLD, with 5 mM glucose and 250 mM H2O2 respectively used as the 

untreated low glucose and positive control groups. The assay was conducted following the 

manufacturer's guidelines. In summary, the protocol involved incubating the cells with the 1X 

ROS Assay stain (Invitrogen, Thermo Fisher, USA), notably, this was done concurrently with 

the various treatments. This was achieved by adding 2 μL of the 500X ROS Assay Stain stock 

solution (Invitrogen, Thermo Fisher, USA) for every 1 mL of cells. Thereafter the cells were 

left to incubate for 30 minutes, 2, 3 and 24 hours at 30 C with 5 % CO2. The stain functions 

as a sensor for free radicals by reacting with the ROS produced, resulting in the generation of 

fluorescence. This fluorescence occurs when molecules emit light at a specific wavelength 

upon being exposed to light of a shorter wavelength (Hibbs, 2004). Using the VICTOR® 

Nivo™ Multimode Plate Reader (Avantor®, PerkinElmer, USA), the ROS levels were 

measured by measuring Fluorescence at an excitation/ emission wavelength of 495/ 520 nm. 

The signal measured is directly proportional to the ROS present in the solution.  

 

3.6 Aβ42 Enzyme-linked immunosorbent assay (ELISA) 

 

To assess the AD related Aβ42 protein concentrations of the treated cells the Human Aβ1-42 

(Amyloid Beta 1-42) enzyme-linked immunosorbent assay (ELISA) kit (Elabscience, Wuhan, 

China) was used. The assay operates on the principle of specific antibody-antigen interactions, 

allowing for the detection and quantification of antigens. Whilst the sensitivity of the assay is 

enhanced by utilizing enzyme-labelled antibodies. Herein, 1x106 cells were seeded per well in 
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6-well plates, left to attach over overnight. Thereafter the cells were washed with 1 x PBS and 

treated for 48 hours with individual treatments of 5 mM glucose (untreated control group), 25 

mM glucose, 100 μM GLD (Sigma-Aldrich, Missouri, USA), and a combination treatment of 

25 mM glucose and 100 μM GLD.  

 

3.6.1 Protein Extraction for ELISA 

 

Prior to conducting the ELISA, the cells were prepared through a series of steps. Firstly, the 

media containing the cells was collected and centrifuged at 1000 xg for 20 minutes at 2-8 °C. 

The resulting supernatant was then utilized for measuring Aβ42 shedding. The remaining cells 

were washed with cooled 1 x PBS and detached from the plate using 500 μL of 1 x trypsin-

EDTA for 5 minutes, followed by 500 μL culture media to inactivate the trypsin. The cell 

suspension was collected and centrifuged at 1000 xg for 5 minutes. The resulting medium was 

discarded, and the cells were washed three times with cooled PBS. The cells were made into 

1x106 cells/ 150 μL PBS aliquots and sonicated on ice 3 times at 35 Hz for 10 seconds. 

Following sonication, the samples were centrifuged at 1500 xg for 10 minutes at 2-8 °C. The 

resulting supernatant was used for measuring internalized Aβ42. 

 

3.6.2 ELISA 

 

To perform the assay, 100 μL of standard or sample was added to the wells. The assay was 

conducted with 3 biological sample repeats and 2 technical repeats. The plate was then 

incubated for 90 minutes at 37°C. After discarding the liquid, 100 μL of Biotinylated Detection 

Ab working solution was added to each well, followed by a 60-minute incubation at 37 °C. The 

plate was washed three times, and then 100 μL of Avidin-Horseradish Peroxidase (HRP) 

conjugate working solution was added. The plate was incubated for 30 minutes at 37 °C until 

a blue colour change was observed. After 5 wash steps to remove any unbound antibody, 90 

μL of Substrate Reagent (Elabscience, Wuhan, China) was added and incubated for 15 minutes 

at 37 °C. The enzyme-substrate reaction was stopped by adding 50 μL of Stop Solution 

(Elabscience, Wuhan, China), resulting in a yellow colour change. Then using the VICTOR® 

Nivo™ Multimode Plate Reader (Avantor®, PerkinElmer, USA), the optical density or intensity 

of the colour change of the solution was measured at a wavelength of 450 nm (Alhajj and 

Farhana, 2021). To analyse the absorbance data, a standard curve was plotted for the protein. 

From the plotted values, the equation of the graph and subsequent coefficient of determination 



 39 

was calculated to determine the level of variation. Finally, the concentration of Aβ42 in the 

optimized cell model was calculated using the standard curve equation (Alhajj and Farhana, 

2021). 

 

3.7 DNA extraction 

 

Cellular DNA was extracted prior to the quantification of mitochondrial DNA and 

measurements of telomere length using qPCR. Herein, 1x106 cells were seeded per well in 6-

well plates, left to attach over overnight. Thereafter the cells were washed with PBS and treated 

for up to 10 days with individual treatments of 5 mM glucose (untreated group), 25 mM 

glucose, 400 nM Aβ42 and combination treatments of 5 mM glucose - 400 nM Aβ42 and 25 

mM glucose - 400 nM Aβ42. These cells were washed with 1 x PBS and retreated with their 

respective treatments on days 2, 5 and 7. Additionally, the cells were either harvested on day 2 

or 10. The DNA extraction was completed using the Genomic DNA Isolation Reagent Kit 

(PureDireX, BIO-HELIX, Taiwan), whilst working in sterile conditions and on ice. As per the 

manufactures guidelines, the cells were centrifuged at 6000 xg for 1 minute. The resulting 

supernatant was discarded and 50 µl of the 0.1-5 % Edetic Acid buffer (PureDireX, BIO-

HELIX, Taiwan) was added. For cellular lysis, 300 µl of the 0.5-2% Sodium Dodecyl Sulphate 

buffer (PureDireX, BIO-HELIX, Taiwan) was added, followed by a vortex step. The 

resuspended cells were incubated for 10 minutes at 60 °C where the centrifuge tubes were 

inverted every 3 minutes to facilitate cell lysis. To ensure the isolation of high-quality gDNA 

without RNA and protein contamination, an additional step of RNA and protein degradation 

was incorporated. Herein, 5 µl of 10 mg/ml RNase A and 10 µl of 5 mg/ml Proteinase K were 

sequentially added and incubated for 5 minutes each at room temperature. 

 

For protein removal 400 µl of the 5-10 % Guanidine Hydrochloride Buffer (PureDireX, BIO-

HELIX, Taiwan) was added to break apart the hydrogen bonds between amino acid residues. 

To avoid searing the DNA and ensure thorough mixing, the lysate was carefully pipetted in a 

slow and controlled manner before being transferred to a new centrifuge tube. This was 

followed by centrifugation for 1 minute at 12000 xg to pellet out the protein. The resulting 

supernatant was transferred to a column placed in a collection tube for DNA binding. The 

samples were centrifuged for 1 minute at 14000 xg, the flow-through was discarded, 400 µl of 

wash buffer (PureDireX, BIO-HELIX, Taiwan) was added and the sample was centrifuged for 
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1 minute at 14000 xg. Once again, the flow-through was discarded and 600 µl of an ethanol 

based wash buffer (PureDireX, BIO-HELIX, Taiwan) was added. The sample was centrifuged 

for 1 minute at 14000 xg, the flow-through was discarded and the sample was centrifuged again 

for 2 minutes at 14000 xg for excess buffer removal before DNA elution. The columns were 

transferred to new centrifuge tubes and 75 µl of slightly cooled 65 °C elution buffer was added 

(PureDireX, BIO-HELIX, Taiwan) directly on to the matrix, avoiding the sides of the column 

to minimize contamination. The samples were incubated for 3 minutes at 60 °C, followed by a 

final centrifugation step of 14000 xg for 2 minutes to elute the purified DNA. Afterwards, the 

NanoDrop® ND-1000 (Thermo Scientific) was utilized to quantify the DNA in each sample. 

Each sample was then made up into 50 ng/ L 50 L aliquots and the DNA was resolved on a 

1 % agarose gel (Supplementary Fig. 12) to confirm the integrity of the extracted DNA. Finally, 

the samples were stored at -20 C for the subsequent experimentation. 

 

3.8 Agarose Gel Electrophoresis 

 

To evaluate genomic integrity, the DNA samples were resolved on a 1 % agarose gel (Table 1) 

which was run in 1 X TBE buffer (Table 2). Herein, samples were prepared on ice under sterile 

conditions. Subsequently, 10 L of DNA sample was combined with 2 L of Orange DNA 

Loading Dye (6 X) (Fermentas, Thermo Fisher Scientific). After which, 3 L of a O’GeneRuler 

1 kb DNA Ladder (Fermentas, Thermo Fisher Scientific) (MWM) of known fragment lengths 

was loaded into the first well of the agarose gel, followed by 5 μL of the prepared sample in 

each subsequent well. The gel was then run at 70 V for 1.5 hours to separate the DNA fragments 

based on size. Lastly, the resolved gel (Supplementary Fig. 10) was visualized under UV light 

using the ChemiDoc™ Imaging System (Bio-Rad, California, USA). 

 

Table 1: 1 % Agarose gel recipe 

 

Reagent Amount 

Electron agarose (DNA grade) 0.5 g 

1 X TBE buffer 50 mL 

EZ-Vision blue light DNA dye 3 L 
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Table 2: 10 X TBE buffer pH 8.3 

 

Reagent Amount 

Tris 108 g 

Boric Acid 55 g 

0.5 M EDTA 40 mL 

dH2O Up to 1 L 

 

3.9 Mitochondrial DNA content analysis by qPCR 

 

Mitochondrial dysfunction has been previously described as a one of the facets linking T2DM 

and AD (Agrawal and Jha, 2020). To investigate the mitochondrial function of the 

hyperglycaemic AD cell models, mtDNA content was measured post treatment. DNA was 

extracted as per method 3.7. Following this, the optimal annealing temperature for the mtDNA 

and genomic DNA primers targeting mitochondrial DNA and a reference gDNA region (Table 

6), respectively, were investigated using PCR. For this, various annealing temperatures were 

tested using a temperature gradient. Herein, PCR was performed using a BioRad T100™ 

Thermal Cycler (Bio- Rad, California, USA). The PCR reaction mix consisted of (Table 3) 6.25 

μL OneTaq® Quick-Load (New England Biolabs), 0.5 μL of each primer, 1.25 μL PCR water 

and 4 μL of sample/ control for a final volume of 12.5 μL. The PCR temperature cycling used 

consisted of an initial denaturing step at 95 °C for 3 minutes, followed by 34 cycles of 

denaturing at 95 °C for 30 seconds, annealing using a temperature gradient from 62 °C to 55 

°C for 30 seconds and extension at 72 °C for 30 seconds.  

 

The resulting PCR products were resolved on a 1 % agarose gel (Supplementary Fig. 13). The 

optimal temperature was indicated by the presence of a thick distinct band in the lane 

corresponding to an annealing temperature of 60 C (Supplementary Fig. 9.2) Thereafter qPCR 

was performed, for accuracy purposes, qPCR of both the mtDNA and the reference gene was 

conducted on the same plate. The qPCR reaction was prepared as per Table 4 and consisted of 

5 μL SYBR green master mix (Bioline, London, UK), 0.5 μM of each primer, 3 μL PCR water 

and 1 μL of sample/ control for a final volume of 10 μL. The samples were pipetted into 

separate wells of a MicroAmp™ Optical 96-Well Reaction Plate (Thermo Fisher Scientific). 

Additionally, for each primer set a no template control (NTC) was included. Thereafter, the 
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QuantStudio™ 5 Real-Time PCR System (Thermo Fisher Scientific) was used. Herein, the 

thermal cycling parameters included an initial denaturation step at 95 °C for 3 minutes, 

followed by another 40 cycles of denaturation at 95 °C for 10 second, after which an annealing 

and extension step was completed at 60 °C for 30 seconds. Additionally, to ensure that a single 

product was amplified a melt curve (supplementary Fig. 12) was included with the qPCR run. 

Lastly, the Ct value for each sample was obtained using the HID Real-Time PCR Analysis 

Software v1.3. The data was then analysed using the 2-ΔΔCT method for relative quantification 

and to find the difference in fold change between samples.   

 

Table 3: PCR master mix 

Reagent Volume per well (μL)  

OneTaq® Quick-Load (New England Biolabs) 6.25 

Forward Primer (10 μM) 0.5 

Reverse Primer (10 μM) 0.5 

PCR dH2O 1.25 

Sample/ control 4 

Total 12.5 

 

Table 4: qPCR master mix 

Reagent Volume per well (μL)  

Sensi-FastTM SYBR green master mix (Bioline, 

London, UK) 

5 

Forward Primer (10 μM) 0.5 

Reverse Primer (10 μM) 0.5 

PCR dH2O 3 

Sample/ control 1 

Total 10 

 

3.10 Determination of telomerase activity by the qPCR TRAP assay 

 

The Telomeric Repeat Amplification Protocol (TRAP) using the QuantStudio™ 5 Real-Time 

PCR System (Thermo Fisher Scientific) was used to measure telomerase activity. Additionally, 

any subsequent changes in activity in the optimized hyperglycaemic AD model, was confirmed 
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by measuring relative changes in telomere length using qPCR. Herein, 1x106 cells were seeded 

per well in 6-well plates and allowed to attach overnight. The cells were then washed with 1 X 

PBS and subjected to different treatments for a duration of up to 10 days. The treatments 

included: 5 mM glucose (untreated group), 25 mM glucose (T2DM group), 400 nM Aβ42 (AD 

group), and combinations of 25 mM glucose with 400 nM Aβ42 (T2DM-AD group). On days 

2, 5, and 7, the cells were washed with 1 X PBS and re-treated with their respective treatments.  

 

3.10.1 Non-denaturing protein Extraction 

 

Prior to conducting the TRAP assay, a non-denaturing protein extraction technique was 

employed to extract cellular telomerase while ensuring the preservation of its enzymatic 

functionality. The procedure involved harvesting and pelleting the treated cells through 

centrifugation at 519 x g for 10 minutes. The resulting supernatant was discarded, and the cells 

were washed once with 200 μL of 1 X PBS. The cells were then pelleted through centrifugation 

at 519 x g for 10 minutes, and the supernatant was removed. The cell pellets were then 

resuspended in non-denaturing 3-[(3-Cholamidopropyl)dimethylammonio]-1-

propanesulfonate (CHAPS) lysis buffer (200L)  (Merck Millipore, Massachusetts, USA), and 

left to incubate for 30 minutes on ice. The lysis buffer was used to facilitate the extraction of 

proteins from the cells, while the low temperature during the incubation prevented protein 

degradation and the loss of enzymatic activity (Letsolo et al., 2020).   

 

To separate and pellet the cell debris, all samples were centrifuged at 4 °C for 20 minutes at 

12000 xg. After which, 10 μL of the supernatant containing cellular protein was transferred to 

sterile centrifuge tubes, whilst the remaining portion was aliquoted and snap frozen, to prevent 

the loss of telomerase activity. Subsequently, the 10 L aliquots were used to quantify the 

protein in each sample with the NanoDrop® ND-1000 (Thermo Scientific). The readings 

obtained were averaged and the protein concentration of each sample was adjusted to 500 

ng/μL using nuclease-free water, to prepare two 50 μL aliquots. One of the aliquots was snap 

frozen, while the other underwent heat treatment to deactivate telomerase (95°C for 20 minutes 

on a heating block), serving as a negative control. Lastly, all samples were snap frozen again 

and stored at -80°C until further use.    
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3.10.2 Modified telomere repeat amplification protocol (TRAP) based telomerase activity 

assay 

 

Quantitative PCR (qPCR) can be used to measure telomerase activity, by employing a double 

enzyme system, namely, a HotStart Taq DNA polymerase and extracted non-denatured 

telomerase. During the extension step of the assay, telomerase extends a non-telomeric 

oligonucleotide, namely the telomerase substrate. Subsequently, amplification of the extension 

products is carried out through a PCR reaction, using sequence specific primers, these include 

a downstream (reverse) ACX primer which Taq DNA polymerase extends, and an upstream 

(forward) TS primer (Mender and Shay, 2015). The resulting fluorescent signal produced, is 

directly proportional to the quantity of telomeric repeats added (telomerase activity). 

 

The qPCR Master mix (SYBR green master mix, 10 M Forward Primer, 10 M Reverse 

Primer, 25 mM EGTA and Nuclease Free Water) was prepared as per the Table 5 and the protein 

samples were added into a 96-well plate. In addition to samples, various controls were 

included; 1 heat treated control per sample, nuclease free water, NTC and CHAPS buffer. 

Thereafter, using the QuantStudio™ 5 Real-Time PCR System (Thermo Fisher Scientific), 

telomerase activity was detected. The first thermal cycle was a pre-incubation process and 

comprised of a single cycle, at 37 ˚C for 30 minutes (to mimic in vivo conditions) to allow 

telomerase to extend the telomerase substrate and 95 ˚C for 2 minutes to inactivate telomerase 

(Mender and Shay, 2015). This was followed by an amplification process, consisting of 45 

cycles at 95 ̊ C, 59 ̊ C and 45 ̊ C for 30 seconds, 1 minute and 10 seconds, respectively (Mender 

and Shay, 2015; Butler, 2011). The data was then analysed by subtracting the Cq value of each 

sample from its respective heat-treated control and converting it to a percentage with respect 

to the untreated sample which was set to 100%.  
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Table 5: qPCR TRAP master mix 

Reagent Volume per well (μL)  

Sensi-FastTM SYBR green master mix (Bioline, 

London, UK)  

6.5 

10 μM Forward Primer  0.5 

10 μM Reverse Primer  0.5 

25 mM EGTA 0.5 

Nuclease free water 2.5 

Sample/ control 2 

Total 12.5 

 

3.11 Telomere length determination by qPCR 

 

To confirm subsequent changes in telomerase activity and to investigate the impact of the 

various treatments on telomere length, the relative mean telomere length was measured using 

qPCR. The qPCR reaction was prepared as per Table 2 and consisted of 5 μL SYBR green 

master mix (Bioline, London, UK), 0.5 μM of each primer, 3 μL PCR water and 1 μL of 500 

ng/μL sample/ control for a final volume of 10 μL. The samples were pipetted into separate 

wells a 96-well plate. Additionally, 3 biological repeats were included per treatment group, 

along with a positive DNA control from a cell line previously confirmed to amplify producing 

multiple copies of the targeted telomeric DNA sequence, as well as a negative control 

containing no template. Additionally, the reference gene included in this reaction and used for 

normalising the results was the acidic ribosomal phosphoprotein human gene (36B4) due to its 

stable single copy number (Ashby et al., 2023). Thereafter, the QuantStudio™ 5 Real-Time 

PCR System (Thermo Fisher Scientific) was used with the following parameters: a 

denaturation step and subsequent amplification cycles: 95 °C for 10 min followed by 95 °C, 58 

°C and 72 °C for 10 seconds, 10 seconds and 60 seconds, respectively. The data was analysed 

using the following equation, 
2CT (Telomere length)

2CT(Reference gene length)
 to calculate the average telomere 

length.   
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3.12 Statistical Analysis 

 

All collected data was analysed using Microsoft Excel version 16.70 (Microsoft Corporation). 

Additionally, for statistically reliable and trustworthy data, a minimum of 3 biological repeats 

were used in each experiment. Additionally, the two-tailed Student’s t-test was conducted, 

using a confidence interval of 95%. Here, values in the range of, p<0.05, were considered 

significant, values in the ranges of; p<0,01 and p<0,00, was concluded as highly significant, 

and values outside these ranges were considered non-significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 47 

4. Results 

 

Due to the previously reported links between T2DM and AD, a hyperglycaemic AD cell model 

was created by culturing HEK293 cells in low glucose media, followed by treatments with 

various combinations of glucose, Aβ42 and a glucose lowering drug (GLD). Thereafter, a series 

of experiments were performed investigating the various facets linking the diseases to highlight 

potential risk factors connecting T2DM to AD. These included; investigating the influence of 

hyperglycaemia on cellular stress, mitochondrial activity and subsequently mtDNA content, 

glucose uptake, ROS production, as well as the production of the AD hallmark protein Aβ42 

and telomerase activity along with the resulting effect on telomere length.  

 

4.1 Hyperglycaemic-AD conditions caused cellular stress 

 

Previous studies show that high glucose concentrations can induce hyperglycaemic stress, ROS 

and cell injury, which could lead to cell death (Russell et al., 2002; Yu et al., 2008). Hence, 

post treatment an inverted light microscope was used to monitor the morphology of the treated 

cells as shown in Figure 5. Cells were treated with 25 mM or 35 mM glucose media alone or 

with either 200 nM or 400 nM Aβ42 for two, five and ten days to mimic hyperglycaemic AD 

conditions.  
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Figure 5: The effects of hyperglycaemic Alzheimer’s disease conditions on HEK293 cell 

morphology after two, five and ten days.  

Images displaying the effects hyperglycaemic Alzheimer’s disease conditions on HEK293 cell 

morphology after two (1A-H), five (2A-F) and ten (3A-F) days. As the concentration of glucose 

increased the confluency of the cells decreased. Post treatment with Aβ42 cells appeared rounded as 

indicated by the white circles. The higher glucose-Aβ co-treated cells displayed some cell debris, 

indicated by the black circles. Additionally, as the incubation periods increased, an increase in both cell 

confluency and cell shrinking was observed.   

 

Upon microscopy analysis (Fig. 5) it was determined that as the concentration of glucose 

increased from 5 mM up to 35 mM, the cells exhibited heightened indications of cellular stress 

and a significant decrease in cell confluency. As a result, the 35 mM treatment was omitted 

from the 10-day incubation period. Furthermore, exposure to Aβ triggered cellular stress, with 

this effect being magnified in the glucose-Aβ co-treatment groups as the cells presented with 

rounded shape, cell shrinking and increased cellular debris. Following this observation, the 

impact of high glucose and Aβ on mitochondrial function was examined to assess the role of 

these treatments in AD. 

 

4.2 Hyperglycaemic-AD conditions may lead to mitochondrial dysfunction over time 

 

Mitochondrial dysfunction is key facet linking T2DM and AD. In literature it has been shown 

that the hyperglycaemic conditions resulting from the metabolic disorder leads to ROS 

production, thus exacerbating Aβ production, after which Aβ translocates into mitochondria 

and impairs mitochondrial function further promoting ROS (Macdonald et al., 2018; Pagani 

and Eckert, 2011; Payne and Chinnery, 2015). This cascade activates kinases causing Tau 

hyperphosphorylation ultimately leading to Alzheimer’s disease (Agrawal and Jha, 2020). To 

investigate the implications of these diseases on the mitochondria, mitochondrial activity was 

measured using the Alamar Blue Assay and mtDNA content was measured using qPCR.  

 

4.2.1 Hyperglycaemic-AD conditions increased mitochondrial activity over 10 days 

 

The Alamar Blue Assay was used to investigate the effects of the hyperglycaemic AD 

conditions on mitochondrial activity. Cells were treated with 25 mM or 35 mM glucose media 

alone or with 200 nM or 400 nM Aβ for two, five and ten days. A microplate reader was used 
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to measure fluorescence using an excitation wavelength of 560 nm and emission wavelength 

590 nm. The results of the Alamar blue assay were recorded in Figure 6. 
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Figure 6: The effects of hyperglycaemic Alzheimer’s disease conditions on HEK293 

mitochondrial activity after two, five and ten days.  

An Alamar Blue assay was conducted on the HEK293 cell line. Here, 8 mM PCA, 0.09 % DMSO, 1.8 

% DMSO, 0.09 % PBS/ 0.09 % DMSO and 5 mM glucose were respectively used as the positive cell 

death control, vehicle control and as the untreated low glucose control group. The cells were treated 

with 25 mM or 35 mM glucose and 200 nM or 400 nM Aβ42 for two (A), five (B) or ten (C) days. 

Increased mitochondrial activity is observed post treatment in the hyperglycaemic (11 %, 21 %, 141 %) 

and hyperglycaemic -AD (36 %, 21 %, 137 %) groups after two, five and ten days respectively. All 

treated samples where then compared to the untreated 5 mM control group, using student’s t test at a 

confidence interval of 95 % (where *p<0.05, **p<0.01, ***p<0.001 and p>0.05 was considered non-

significant (NS)). Additionally, standard deviation (SD) is represented by the error bars. 

 

4.2.2 Hyperglycaemic-AD conditions decreases mitochondrial DNA content after ten 

days 

 

To investigate the link between the diseases with respect to mtDNA content, total cellular DNA 

was extracted. The integrity of the DNA was assessed using agarose gel electrophoresis. The 

DNA was then quantified, followed by qPCR, using primers (Table 6) specific for mtDNA and 

genomic DNA to measure the mtDNA content of the cell post treatment. Statistical analysis 

was completed as per method 3.12 and resulting data is presented as a bar graph below in Figure 

7.   

 

 

 

 



 52 

 

Figure 7. Hyperglycaemic and Alzheimer’s induced conditions decreases total mitochondrial 

DNA content in HEK293 cells over ten days.  

Using qPCR, the mtDNA content in HEK293 cells after two days was found have a subsequent non-

significant  0.07,  0.03,  0.12 and  0.64-fold decrease when treated with 25 mM glucose, 400 nM 

A42, 25 mM glucose and 400 nM A42 co-currently and 0.09 % DMSO/ PBS (vehicle control) 

respectively. The mtDNA content in HEK293 cells after ten days was found have a subsequent non-

significant  1.81,  1.88,  1.90 and  1.95-fold decrease when treated with 25 mM glucose, 400 nM 

A42, 25 mM glucose and 400 nM A42 co-currently and 0.09 % DMSO/ PBS respectively. For sample 

normalization the ch11: 2170993 – 2171170 nuclear DNA region was amplified. The data presented is 

a representative of the mean taken across three biological replicates with two technical repeats each.  

All treated samples were compared to their untreated control groups, using the student’s t test at a 

confidence interval of 95 % (where *p<0.05, **p<0.01, ***p<0.0001 and p>0.05 was non-significant 

(NS)). Additionally, standard deviation (SD) is represented by the error bars.  

 

Following 2, 5, and 10 days of treatment with 25 mM glucose (T2DM group) and 25 mM 

glucose with 400 nM Aβ42 (T2DM-AD group), there was a respective 11 and 36 %, 21 and 21 

%, and 141 and 137 % increase in mitochondrial activity observed (Fig. 6). Concurrently, the 

T2DM, AD and T2DM-AD groups displayed a respective 6, 2, 13 % and 88, 92, 92 % decrease 

in mtDNA after 2 and 10 days of treatment in comparison to the untreated 5 mM glucose control 

group (Fig. 7). The T2DM-AD groups displayed a respective 7 and 36 % decrease in mtDNA 

after 2 and 10 days of treatment in comparison to the 25 mM glucose – T2DM group (Fig. 7). 

These results indicate that both high glucose and Aβ, whether administered together or 

separately, enhance mitochondrial activity, and diminish mtDNA levels in HEK293 cells over 

time. Furthermore, these effects were more pronounced in the 10-day treatment groups 
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compared to the 2-day treatment groups (Fig. 6 – 7). The treatment groups receiving 35 mM 

glucose and 35 mM glucose with 200 nM Aβ42 exhibited a 6 and 10 % decrease in 

mitochondrial activity (Fig. 6). After comparing the various treatment groups, the 35 mM 

glucose groups presented with a reduction in mitochondrial activity (Fig. 6) together with the 

substantial cellular stress and decreased cell confluency (Fig. 5: 1C and 1F) over a 48-hour 

period. Consequently, this treatment group was excluded from all subsequent experiments, and 

25 mM glucose was selected as the high glucose concentration for all future experiments.  

 

Upon treatment with 5 mM glucose with 200 nM Aβ42, as well as 25 mM glucose with 200 

nM Aβ42 for 2 and 5 days, an increase of 2 and 11 %, and a decrease of 15 % and an increase 

of 11 % in mitochondrial activity (Fig. 6) were found in these lower Aβ42 treatment groups. 

Following 2 and 10 days of treatment with 5 mM glucose with 400 nM Aβ42 (AD group), a 

respective increase of 3 and 95 % in mitochondrial activity was observed, with a 12 % decrease 

in activity seen after 5 days. Additionally, the 25 mM glucose with 200 nM Aβ42 treatment 

group resulted in a 6 % increase and 8 % decrease in mitochondrial activity (Fig. 6) after 2 and 

5 days of treatment in comparison to the T2DM group. Whilst the 25 mM glucose with 400 

nM Aβ42 (T2DM-AD) treatment group resulted in a 12 % increase, 0 and 1 % decrease in 

mitochondrial activity (Fig. 6) after 2, 5 and 10 days of treatment in comparison to the T2DM 

group. Following the comparison of different treatment groups, it was observed that the 200 

nM Aβ42 groups showed minor variances in mitochondrial activity (Fig. 6) and cell 

morphology (Fig. 5: 1D – F and 2E – F). In contrast, the 400 nM Aβ42 group exhibited more 

substantial differences in mitochondrial activity (Fig. 6) and cell morphology (Fig. 5: 1D – F 

and 2E – F) when compared to the untreated 5 mM glucose group. Consequently, the 200 nM 

Aβ42 treatment was excluded due to its closer resemblance to the 5 mM group, while the 400 

nM Aβ42 treatment was selected to represent the AD model for all subsequent experiments. 

Given that mitochondria play a crucial role in supplying cellular energy through oxidative 

phosphorylation, a key aspect of cellular respiration involved in converting glucose into ATP, 

the uptake of cellular glucose was subsequently assessed to delve deeper into the effects of 

high glucose and Aβ over time. 
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4.3 Constant hyperglycaemia resulted in decreased glucose uptake 

 

The dysregulated metabolism of glucose in T2DM has previously been linked to AD. Whereby 

dysregulated glucose metabolism was found to hinder Aβ42 removal in the brain and promote 

Aβ aggregation (Moreira et al., 2003). Hence the glucose uptake of the various hyperglycaemic 

AD cell models were investigated using the CONTOUR®PLUS ONE blood glucose 

monitoring system. All data was normalized using a standard curve and the results are displayed 

in Figure 8. 

 

 

 

Figure 8. The effects of hyperglycaemic Alzheimer’s disease conditions on glucose uptake in 

HEK293 cells after two, five and ten days.  

The CONTOUR®PLUS ONE blood glucose monitoring system was used to measure the amount of 

glucose uptake after ten days. Here, 1.8 % DMSO and 5 mM glucose were respectively used as the 

vehicle control and as the untreated low glucose control groups. The hyperglycaemic group (orange 

graph) and hyperglycaemic-AD group (yellow graph) showed a gradual rise in glucose uptake until day 

five, followed by a decrease until day seven, and then an increase in glucose uptake until day 10. The 

AD group without hyperglycaemia (grey graph) exhibited a slight increase in glucose uptake until day 

two, followed by a subtle decrease until day seven, and then an increase in glucose uptake until day 10.  

The other treatment groups maintained a consistent level of glucose uptake throughout the 10-day 

period. The data presented is a representative of the mean taken across three biological replicates with 

two technical repeats each.  All treated samples were compared to their untreated control groups, using 

the student’s t test at a confidence. Standard deviation (SD) is represented by the error bars.  

 

Upon analysis of the glucose uptake measurements (Fig. 8), the hyperglycaemic and AD 

treatments  were found to influence and potentially reduce glucose uptake over time. This is 

evident from the graphs showing that the disease groups exhibit trends in glucose uptake that 
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deviate from that of the untreated control group. Herein, the hyperglycaemic and 

hyperglycaemic-AD groups displayed a progressive increase in glucose uptake up to day five, 

followed by a decline until day seven, and then a subsequent rise in glucose uptake until day 

ten. In contrast, the other treatment groups showed minimal fluctuations in glucose uptake over 

the 10-day duration. However, the AD group exhibited a minor increase in glucose uptake until 

day two, followed by a modest decrease until day seven, and then a slight increase in glucose 

uptake until day 10.  Notably, these variations were subtle, as evidenced by the flattened slopes.  

 

4.4 Individual hyperglycaemic and Alzheimer’s disease induced conditions increased ROS 

production over 24 hours whilst GLD prevented ROS spikes in the T2DM-AD cell model 

 

As previously mentioned T2DM leads to the neurodegenerative disease through oxidative 

stress (Chatterjee and Mudher, 2018). A common mechanism of glucose toxicity in T2DM 

involves, oxidative stress caused by ROS formation and reduced ROS removal systems 

(Butterfield et al., 2014; Chatterjee and Mudher, 2018). Hence, the Total ROS Assay Kit 520 

nm (Invitrogen, Thermo Fisher, USA) was used to assess how ROS levels are affected by the 

hyperglycaemic conditions of T2DM and GLD upstream of AD. Differences in ROS levels are 

presented below in Figure 9.  
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Figure 9: Hyperglycaemic and Alzheimer’s induced conditions increases ROS whilst GLD 

decreases spikes in ROS in a T2DM-AD HEK293 cell model.  

A ROS assay was conducted on the HEK293 cell line to measure ROS levels within the media post 

treatment. Here, 5 mM glucose and 250 mM H2O2 were respectively used as the untreated low glucose 

and positive ROS control groups, whilst the experimental treatment groups included singular and co-

treatments with 25 mM glucose, 400 nM A42 and 100 M GLD for up to 24 hours. There was an 

increase in ROS levels after singular treatments with 25 mM glucose and 400 nM A42 and 100 M 

GLD, whilst the co-treatment groups with the drug (T2DM-AD-GLD) decreased ROS production. The 

data presented is a representative of the mean taken across three biological replicates. All treated 

samples where then compared to their respective untreated 5 mM glucose control groups, using the 

student’s t test at a confidence interval of 95 % (where *p<0.05, **p<0.01, ***p<0.001 and p>0.05 was 

considered non -significant (NS)). Additionally, standard deviation (SD) is represented by the error bars. 

 

Upon investigating ROS levels (Fig. 9), a spike is ROS was observed as early as 30 minutes 

after exposure to the various treatments. These ROS levels continued to gradually increase over 

time with a respective 25, 39, 14, 6, 27 and 6 % increase in ROS levels within the T2DM, AD, 

T2DM-AD, GLD, T2DM-GLD, AD-GLD groups in comparison to the untreated 5 mM glucose 

control group after 24 hours. Whilst the T2DM-AD-GLD group presented with a 14 % decrease 

in ROS production, suggesting that the drug decreased ROS levels in the double disease cell 
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model but not the single disease cell models. In comparison to the 25 mM glucose (T2DM 

group) treatment, the various T2DM-AD, T2DM-GLD and T2DM-AD-GLD groups displayed 

a respective 8 % decrease, 3 % increase and 32 % decrease in ROS after 24 hours. Thus, 

demonstrating that the T2DM and AD conditions elevated ROS production in comparison to 

the normal control group and that GLD decreases ROS in the double disease cell model in 

comparison to the normal and T2DM group. In literature it is illustrated that ROS promotes β- 

and γ-secretase expression and activity, exacerbating Aβ production (Macdonald et al., 2018; 

Pagani and Eckert, 2011; Payne and Chinnery, 2015). These Aβ oligomers then translocate into 

the mitochondria and further impair mitochondrial function promoting additional ROS 

generation, which can activate kinases that hyperphosphorylate Tau, leading NFT formation, 

synaptic dysfunction, apoptosis and ultimately Alzheimer’s disease (Agrawal and Jha, 2020). 

Hence, following obtaining these ROS data, Aβ42 levels were investigated.  

 

4.5 GLD increases internalised Aβ42 and Aβ42 shedding under hyperglycaemic conditions 

compared to the T2DM cell model 

 

To assess differences in the AD related protein concentrations of the treated cells, Aβ42 ELISA 

was used. Statistical analysis was completed as per method 3.12 and the data is represented as 

a bar graph below (Figure 10).   
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Figure 10: GLD alters internalised Aβ42 levels and Aβ42 shedding.  

A42 ELISA was conducted on the HEK293 cell line to measure A42 levels within the cell and A42 

shedding present within the media after two days. Here 5 mM glucose was used as the untreated low 

glucose control group. Post treatment with 25 mM glucose, 100 M GLD and 25 mM glucose with 100 

M GLD, there was a respective 38 % and 30 % decrease, a 39 % and 10 % increase as well as a 33 % 

and 10 % decrease in A42 levels within the cells and media. The data presented is a representative of 

the mean taken across three biological replicates. All treated samples where then compared to the 5 mM 

glucose untreated control group, using the student’s t test at a confidence interval of 95 % (where 

*p<0.05, **p<0.01, ***p<0.001 and p>0.05 was considered non-significant (NS)). Additionally, 

standard deviation (SD) is represented by the error bars.  

 

Upon investigating A42 levels (Fig. 10), it was observed that both the T2DM group and the 

T2DM-GLD group exhibited reduced intracellular Aβ42 and Aβ42 shedding compared to the 

5 mM glucose untreated group. Post treatment with 25 mM glucose (T2DM group), 5 mM 

glucose with 100 μM GLD (GLD group) and 25 mM glucose with 100 μM GLD (T2DM-GLD 

group) presented with a respective 38 and 30 % decrease, 39 and 10 % increase as well as a 33 

and 10 % decrease in intracellular Aβ42 and Aβ42 shedding after 48 hours compared to the 

untreated (5 mM glucose) control group. This suggests that the drug diminishes Aβ42 levels in 

the disease cell model (T2DM-GLD group) but not in the normal cell model (GLD group). 

Interestingly, the glucose lowering drug elevated these Aβ42 levels compared to the 25 mM 

glucose untreated group. Here, the T2DM-GLD cell model presented with a respective 7 and 
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28 % increase in intracellular Aβ42 and Aβ42 shedding after 48 hours compared to the T2DM 

(25 mM glucose) group. Notably, high glucose was found to decrease both intracellular Aβ42 

and Aβ42 shedding. In literature these Aβ oligomers have been implicated in binding to the 

telomere-TERC structure, blocking and preventing telomerase from extending the telomeric 

DNA (Ohyagi et al., 2005). Since the high glucose treatment was found to alter Aβ42 levels, 

telomerase activity and telomere length were investigated as telomere shortening has been 

strongly linked to the risk of developing AD (Honig et al., 2012). 

 

4.6 Hyperglycaemic-AD conditions affect telomerase activity and telomere length: 

Hyperglycaemic-AD conditions increases telomerase activity and telomere length 

 

Previous studies have found that increased risk of AD has been associated with both, overly 

elongated telomeres which accumulate DNA damage, and significantly shortened telomeres 

which have been linked to cell death (Fani et al., 2020). Herein, the regulation of telomere 

length is by telomerase, which adds telomeric repeats to shortened telomeres (Glasspool et al., 

2005). Hence, the activity of telomerase and subsequent changes in telomere length was 

assessed.  

 

To assess the changes in telomerase activity potentially linking T2DM and AD the qPCR TRAP 

method using the thermal cycler was used. Briefly, post treatment samples were harvested, and 

non-denaturing protein extraction was performed followed by qPCR. Thereafter, statistical 

analysis was completed as per method 3.12 and resulting data is presented as a bar graph below 

in Figure 11A. Changes in telomere length was measured using qPCR to assess the potential 

increase in risk of developing AD. Post treatment, samples were harvested, and total cellular 

DNA was extracted, followed by qPCR with the telomere and genomic DNA primers described 

in Table 6. Statistical analysis was completed as per method 3.12 and resulting data is presented 

as a bar graph below in Figure 11B.   
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Figure 11: The effects of hyperglycaemic Alzheimer’s disease conditions on telomerase activity 

and telomere length in HEK293 cells using qPCR.  

(A): The TRAP assay was conducted on the HEK293 cell line. Here, 0.09 % PBS/ 0.09 % DMSO and 

5 mM glucose were respectively used as the vehicle control and as the untreated low glucose control 

group. The cells were treated with 25 mM and 400 nM Aβ42 for two and ten days. Hyperglycaemic-

AD conditions decreased telomerase activity by 13 % after two days and increased telomerase activity 

by 295 % after ten days. (B): Relative changes in HEK293 telomere length post treatment were 

measured using qPCR. Here, 0.09 % PBS/ 0.09 % DMSO and 5 mM glucose were respectively used as 

the vehicle control and as the untreated low glucose control group. The cells were treated with 25 mM 

and 400 nM Aβ42 for two and ten days. Hyperglycaemic-AD conditions increased telomere length by 

102 % after two days and by 9 % after ten days. All treated samples where then compared to the 

untreated 5 mM control group, using the student’s t test at a confidence interval of 95 % (where *p<0.05, 

**p<0.01, ***p<0.001 and p>0.05 was considered non-significant (NS)). Additionally, standard 

deviation (SD) is represented by the error bars. 
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Upon qPCR TRAP analysis the results indicated that after 2 days the elevated glucose levels 

contributed to a 70 % increase in telomerase activity (Fig. 11A) and a 50 % increase in telomere 

length (Fig. 11B) in the T2DM group. Similarly, the AD-associated protein Aβ42 contributed 

to a 6 % increase in telomerase activity (Fig. 11A) and a 4 % increase in telomere length (Fig. 

11B) in the 2-day-AD group. Whilst prolonged exposure to the 400 nM A42 treatment caused 

a 77 % decrease in telomerase activity and a 45 % decrease in telomere length in the 10-day-

AD group. Additionally, 10 days with the 25 mM glucose and 400 nM A42 treatment resulted 

in a 295 % increase in telomerase activity (Fig. 11A) and a 9 % increase in telomere length 

(Fig. 11B). Together these results indicate consistent alterations in telomerase activity and 

telomere length after 2 and 10 days of treatment. This implies that the observed changes in 

telomerase activity in these groups contributed to the differences in telomere length induced 

by the treatments. Conversely, the 2-day-AD-T2DM group presented with a 13 % decrease in 

telomerase activity (Fig. 11A) and a 102 % increase in telomere length (Fig. 11B). Additionally, 

the 10-day-T2DM group presented with a 36 % increase in telomerase activity (Fig. 11A) and 

25 % decrease in telomere length (Fig. 11B). Thus implying that these changes in telomere 

length might not be directly related to the changes in telomerase activity.  
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5. Discussion 

 

Due to the severity of AD, and absence of effective non-palliative therapeutic treatments, the 

research areas pertaining to dementia and more specifically AD have been a major target in 

neurodegeneration research. It has been established that Aβ is accumulated producing 

extracellular senile plaques eliciting synaptic and neuron loss. It is additionally known that Tau 

is hyperphosphorylated resulting in the development of NFTs, which can decrease connections 

between neurons and trigger neuronal degeneration. Collectively, these hallmarks lead to the 

crippling cognitive and behavioural symptoms seen in AD patients. Despite extensive efforts, 

finding a cure for the disease remains elusive. Therefore, it is necessary to approach the 

problem from new perspectives and identify the upstream molecular mechanisms leading up 

to the disease. It is well known that metabolic disorders are one of the risk factors associated 

with AD. Wherein the metabolic syndrome, T2DM is linked to neurodegeneration through the 

accumulation of neurotoxins, neuronal stress, synaptic communication, and brain atrophy. It 

has additionally been established that patients suffering from T2DM, possess a greater risk of 

obtaining dementia, whilst hyperglycaemia can exacerbate the effects of AD. The current study 

serves to investigate this link, to understand the upstream events that lead up to AD. This will 

aid in uncovering novel biomarkers and drug targets, in order to design efficacious therapeutic 

tools to diagnose, prevent, manage or treat the disease.  

 

Together the results from this project suggest that hyperglycaemia decreased glucose uptake 

over ten days and led to signs of cellular stress. The dysregulation of glucose metabolism in 

turn increased ROS production over 24 hours leading to a series of detrimental effects on a 

cellular level. These included, increased cellular stress and mitochondrial dysfunction through 

decreased mtDNA content (Fig. 7) coupled with increased mitochondrial activity (Fig. 6). In 

addition to this, upstream of AD an increase telomerase activity (Fig. 11A) was observed, 

which was coupled with a coherent increase in telomere length. Whilst downstream of AD, 

hyperglycaemia and the hyperglycaemic-AD conditions increased telomerase activity (Fig. 

11A). This was coupled with a decrease and increase in telomere length (Fig. 11B) respectively. 

Whilst the hyperglycaemic and hyperglycaemic-AD conditions decreased Aβ42 production and 

shedding. Lastly this study demonstrates for the first time that the novel glucose lowering drug 

caused an increase in Aβ42 production and shedding in the T2DM cell model and successfully 

lowered ROS production over 24 hours in comparison to the untreated cell model. 
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5.1 Hyperglycaemic-AD conditions caused cellular stress 

 

Previous studies have indicated that high glucose concentrations can induce hyperglycaemic 

stress and in turn cell injury (Russell et al., 2002; Yu et al., 2008). Hence, post treatment an 

inverted light microscope was used to monitor the morphology of the treated cells. The control 

group (5 mM glucose) (Fig 5: 1A, 2A, 3A) displayed an epithelial like morphology throughout 

the 10 days and these cells were adherent to the bottom of the plates, which is consistent with 

the normal morphology associated with HEK293 cells. The T2DM group (25 mM glucose) 

(Fig 5: 1B, 2D, 3D) shared similar a morphology with the control group until day 5, where 

some of the cells began to appear slightly rounded indicative of cellular stress. Additionally, 

these control and T2DM groups displayed an increase in confluency as the study progressed. 

However, when the concentration of glucose was increased to 35 mM the confluency of the 

cells decreased greatly (Fig 5: 1C, F), as the cells may have lost their proliferative abilities or 

may have entered apoptotic pathways induced by the hyperglycaemic conditions. These cells 

showed signs of stress coherent with early stages of apoptotic morphology, as the cells appeared 

rounded with increased cell shrinking as opposed to the typical epithelial like morphology of 

HEK293 cells (Elmore, 2007). There was an increase in cell debris and floating cells, indicating 

that some of the cells may have lost their adherent nature and/ or have died. Hence, the 35 mM 

treatment group was excluded for five- and ten-day incubation periods.  

 

These morphology changes can be linked to hyperglycaemia which can stimulate programmed 

cell death by increasing the expression of the proapoptotic protein called BCL2 homology 

domain 3-only protein (Bim), which promotes mitochondrial dependent apoptosis in epithelial 

cells through the BAX/BAK pathway (Zhang et al., 2017). Additionally, this upregulation of 

Bim is said to be facilitated by the activation of transcription factors FOXO1 and FOXO3a 

(Zhang et al., 2017). Specifically, FOXO1 is involved in in the regulation of glucose production 

and gluconeogenesis, whilst FOXO3a promotes cell death through regulating the expression of 

genes involved in cell cycle arrest and apoptosis (Nho and Hergert, 2014; Ponugoti et al., 

2012). Hence, it is likely that through this pathway the hyperglycaemic conditions in the present 

study could be promoting apoptosis resulting in the decreased confluency and apoptotic 

morphology observed. Thus suggesting the necessity for further investigation. 

 

On the other hand the AD groups in the absence of the hyperglycaemic conditions (5 mM 

glucose with 200 nM Aβ42 and 5 mM glucose with 400 nM Aβ42) showed similar signs of 
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stress, including a rounded morphology and a slight decrease in confluency. Aβ42 peptides in 

plaque deposits have a great copper and iron reduction potential, these peptides generate ROS 

and trigger oxidative stress through the reduction of these metal irons (Huang et al., 1999). 

Which in turn triggers the stress activated c-Jun NH2-terminal kinase (JNK) death signalling 

pathway leading to apoptosis, explaining the slight decrease in confluency and increase in 

rounded cells (Mehan et al., 2011). Interestingly, the T2DM-AD groups (25 mM glucose with 

200 nM Aβ42 and 25 mM glucose with 400 nM Aβ42) displayed more signs of cellular stress, 

similar to the 35 mM glucose group, except with a less drastic decrease in confluency. 

According to previous studies a 48-hour treatment with 200 nM Aβ42 was found to elicit a 

mild decrease in cell viability, wherein the Aβ42 treated group displayed 77.4 % live cells in 

comparison to the untreated control had 89.6 % live cells (Da Costa Dias et al., 2014). This 

would imply that hyperglycaemic conditions enhanced the Aβ induced cellular stresses. Hence, 

highlighting that T2DM can exacerbate the effects of AD on a cellular level, motivating for the 

development of therapeutic strategies targeting the effects caused by both diseases.  

 

5.2 Hyperglycaemic-AD conditions may lead to mitochondrial dysfunction over time 

 

Hyperglycaemia resulting from the metabolic disorder leads to ROS production, exacerbating 

Aβ production which translocates to mitochondria and impairs mitochondrial function further 

promoting ROS generation (Macdonald et al., 2018; Pagani and Eckert, 2011; Payne and 

Chinnery, 2015). This cascade activates kinases causing Tau hyperphosphorylation ultimately 

leading to AD (Agrawal and Jha, 2020). Hence making mitochondrial dysfunction a key 

upstream factor linking T2DM to AD. 

 

5.2.1 Hyperglycaemic-AD conditions increased mitochondrial activity over 10 days 

 

Mitochondrial activity (Fig. 6) can be measured through investigating the reductive capacity 

of mitochondria by reducing resazurin into resorufin using mitochondrial reductases which are 

partly encoded for in mtDNA. Mitochondrial activity was found to progressively increase over 

time in the 25 mM glucose or hyperglycaemic group in comparison the 5 mM glucose control 

group, with a 16, 21 and 141 % increase after 2, 5 and 10 days respectively (Fig. 6). Whereas, 

in the co-treated or hyperglycaemic-AD group a higher 36 % increase in mitochondrial activity 

was observed just after 2 days. Whilst the 5- and 10-day groups had similar trends to the 
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hyperglycaemic group, with a 21 and 137 % increase respectively in comparison to the 

untreated (5 mM glucose) control group. However, in comparison to the current literature 

available involving diabetic studies, a 48-hour treatment with 25 mM glucose caused a slight 

decrease in mitochondrial activity in periodontal ligament fibroblast (PDLFs) cells (Aldoss et 

al., 2023). Whilst studies on human PDL cells with prolonged incubation periods, for up to 17 

days, in 25 mM glucose report an increase in proliferation (Li et al., 2016; Seubbuk et al., 

2017). Hence suggesting that the increase in mitochondrial activity might instead be 

proportional to the number of cells present for each group rather than an actual increase in 

mitochondrial activity. This is in line with the results presented in Fig. 5, which confirmed an 

increase in confluency post treatment with 25 mM glucose. Additionally, it was found that the 

treatment with 35 mM glucose for 48 hours resulted in a 6 % decrease in mitochondrial activity 

and a drastic reduction in confluency (Fig. 5: 1C). As a result, the treatment group was excluded 

from further experimentation. 

 

Furthermore, Aβ42 peptides reduce mitochondrial functions, increase ROS production, and 

induce both cytotoxicity and apoptosis, which would result in decreased mitochondrial activity 

(Chen and Petranovic, 2015). Accordingly, treatment with 200 nM Aβ42 decreased 

mitochondrial activity by 15 % after 5 days in comparison to the untreated control group (5 

mM glucose), whilst 400 nM Aβ42 decreased mitochondrial activity by 12 % after 5 days of 

incubation (Fig. 6: B). Additionally, treatment with 200 nM Aβ42 (in the T2DM group) 

decreased mitochondrial activity by 8 % after days in comparison to the T2DM group (25 mM 

glucose), whilst 400 nM Aβ42 (in the T2DM group) decreased mitochondrial activity by 1 % 

after 5 and 10 days of incubation. Similarly, all Aβ42 – treated groups presented with decreased 

mitochondrial activity in comparison to the T2DM group after 5 and 10 days. After the 2 and 

10-day (Fig. 6: A, C) incubation, treatment with 400 nM Aβ42 caused an unexpected increase 

in mitochondrial activity. However, as this is a study investigating upstream AD the A42 

concentration was not further increased. Since, when A42 clearance is interrupted in the brain 

the estimated concentration of synaptotoxic Aβ42 peptides that accumulate within the first few 

days or weeks lies with the approximate range of 50 to 500 nM, with 400 nM being close to 

the upper limit (Raskatov, 2019). Whereas synaptotoxic Aβ42 peptides within the range of 10 

to 100 μM fall into the neurotoxic category (Raskatov, 2019). Hence, this could explain why 

little to no decrease in mitochondrial activity was observed after incubation with 400 nM Aβ42 

for 2 and 10 days in comparison to the 5 mM glucose control group. These findings highlight 
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an unpredicted increase in mitochondrial activity downstream of T2DM and upstream of AD 

which could be another form of mitochondrial dysfunction which was further investigated 

through mtDNA content analysis. Alternatively, this could be a protective function of the cell 

in an attempt to counteract the hyperglycaemic effects of T2DM.  

 

A study conducted on rat brains demonstrated that Aβ42, at concentrations ranging from 2–20 

M, has the ability to prevent protein and lipid oxidation. Additionally, it reduces the formation 

of ROS generated from the exposure of mitochondria to FeSO4 through its metal chelation 

properties (Sinha et al., 2013). However, the study also found that while Aβ42 may play a 

protective antioxidant role, Aβ42 also exhibits toxic effects leading to mitochondrial functional 

impairment, such as membrane depolarization and a decrease in phosphorylation capacity, 

independently of ROS (Sinha et al., 2013). Furthermore, the study proposes that Aβ may 

function as an endogenous antioxidant, which could explain the observation that in normal 

aging, where oxidative stress is heightened, there is an increase in Aβ production. In AD, this 

could result in a redox imbalance state, where the excessive production of Aβ eventually can 

no longer compensate for the increase in ROS can becomes toxic to the cell (Smith et al., 2002). 

This rationale could explain the 36 % increase in mitochondrial activity following Aβ42 

treatment after 2 days (Fig. 6A), which then declines to a 21 % increase after 5 days (Fig. 6B) 

in comparison to the 5 mM glucose control group. Similarly, this could also explain the 12 % 

increase in mitochondrial activity following Aβ42 treatment after 2 days (Fig. 6A), which then 

declines to a 0 % increase after 5 days (Fig. 6B) and remains somewhat consistent until day 10 

(Fig. 6B – C) in comparison to the 25 mM glucose group. This suggests that Aβ42 initially 

works to prevent the rise in hyperglycaemia-induced ROS through its metal chelating 

antioxidant properties by scavenging ROS. However, over time, the antioxidant effects of Aβ42 

are overwhelmed, leading to a decline in mitochondrial activity (Smith et al., 2002). 

 

5.2.2 Hyperglycaemic-AD conditions decreased mitochondrial DNA content 

 

The pathogenesis of T2DM has been associated with a reduction in mtDNA copy number. As 

mentioned previously, the hyperglycaemic condition of T2DM contributes to increased 

oxidative stress through elevated ROS (Rolo and Palmeira, 2006). Consequently, the close 

proximity of mtDNA to sites that generate ROS makes mtDNA susceptible to oxidative 

damage. This can result in insufficient mitochondrial biogenesis, impaired mtDNA repair, 
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mtDNA base and strand damage (Aran, 2023; Rolo and Palmeira, 2006).  ROS can oxidize 

guanine nucleotides in mtDNA, resulting in the production of 8-hydroxy-2'-deoxyguanosine 

(8-OHdG). This oxidation leads to single-strand breaks, which contributes to a loss of genetic 

information. The presence of these oxidized nucleotides creates physical obstructions that 

hinder base pairing during mtDNA transcription (Aran, 2023). Additionally, these 8-OHdG 

structures obstruct mtDNA replication, leading to mutations. Collectively, these factors 

contribute to an increase in damaged mtDNA, resulting in decreased mitochondrial biogenesis 

(Aran, 2023). This leads to the activation of autophagy-mediated removal of dysfunctional 

mitochondrial contributing to decreased mtDNA copy number (Wang et al., 2021). Which 

would explain the respective 0.07 and 1.81 decrease in fold change after two and ten days of 

treatment with 25 mM glucose (T2DM group) (Fig. 7). This is a significant area of research 

linking the diseases, as there is evidence indicating that mtDNA copy number plays an 

important role in the pathogenesis of AD. Wherein, the cognitive impairment of AD patients 

has been associated with decreased mtDNA copy number in the hippocampus region of the 

brain (Dezfouli et al., 2019).  

 

This theory supports the results in the present study, wherein mtDNA content was analysed and 

found to have a respective 0.03 and 1.88 decrease in fold change after two and ten days of 

treatment with 400 nM Aβ42 (AD group) (Fig. 7). According to the proposed mechanism, Aβ 

has the ability to translocate to the mitochondria and interact with various components, such as 

the inner mitochondrial membrane, respiratory chain complexes, and enzymes such as ETC 

complex IV (Pagani and Eckert, 2011; Pinho et al., 2015). Normally, ETC complex IV oxidises 

cytochrome c by transferring a hydrogen group from cytochrome c to a superoxide group 

creating a water molecule (Zhao et al., 2019). However, due to interference by Aβ, the 

mitochondrial membrane potential (MMP) is disrupted by decreasing the transport of hydrogen 

molecules to the intermembrane space from the matrix leading to ETC dysfunction. In turn 

decreasing ETC complex IV activity and increasing superoxide content by preventing the 

conversion of the ROS species into water molecules (Pagani and Eckert, 2011).  As a result, 

the presence of Aβ42 can stimulate the generation of ROS, leading to increased vulnerability 

of mtDNA to peroxidative damage. This, in turn, compromises mitochondrial function and 

triggers the elimination of damaged mitochondria through autophagy. Consequently, there is a 

reduction in the overall number of mitochondria and a subsequent decrease in mtDNA copy 

number (Pagani and Eckert, 2011). 
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Notably, the co-treatment groups consisting of both high glucose and Aβ42 displayed the 

greatest decrease in mtDNA content, as seen by the  0.15 and 1.90 decrease in fold change after 

two and ten days of treatment. Thus indicating that the molecular mechanisms by which each 

disease contributes to lowering mtDNA content work synergistically to enhance one another. 

Taken together these data demonstrate that the metabolic disorder causes a hyperglycaemic 

state impairing glucose uptake (Fig. 8). This promotes the generation of ROS (Fig. 9) leading 

to mitochondrial damage, triggering its autophagy and subsequently a decrease in mtDNA copy 

number contributing to the neurodegenerative pathology of AD. This is then further facilitated 

by the AD protein Aβ42, which can generate ROS independently, in turn expediting the 

reduction in mtDNA copy number advancing neurodegeneration. Additionally, the 10 day 

groups displayed a greater decrease in fold change in comparison with the 2 day groups. This 

demonstrates a time dependent relationship between hyperglycaemic induced oxidative 

damage and the reduction in mtDNA copy number. This notion has been previously described 

in literature, where it has been implicated that over time mitochondrial function is affected 

through mtDNA damage as a consequence of prolonged  hyperglycaemic exposure (Czajka and 

Malik, 2016). It was reported that after 8 days of hyperglycaemic exposure mesangial cells 

displayed lowered respiration which was further exacerbated after 12 days of exposure (Czajka 

and Malik, 2016).  

 

Furthermore, there is relationship between mtDNA copy number and mitochondrial activity. 

Neurons have a high energy demand and can increase their energy production by increasing 

their mitochondria number through mitochondrial fission (Dong et al., 2023). This is 

particularly important for processes that require high metabolic activity in neurons, such as the 

formation, function, and maintenance of synapses (Edwards et al., 2010). Mitochondrial fission 

occurs when a single mitochondrion fragments into smaller mitochondria (Rocca et al., 2023). 

Previous research has shown that chronic stress, as in the case of T2DM, can promote increased 

mitochondrial fission (Edwards et al., 2010). Interestingly, studies have also found that 

mitochondrial biogenesis, which regulates the production of new mitochondrial material from 

existing mitochondria, acts as a protective mechanism against glucotoxicity (Edwards et al., 

2010). This capacity is reduced over time and in T2DM patients resulting in mitochondrial 

fission without mtDNA replication (Edwards et al., 2010; Karamanlidis et al., 2010). 

Therefore,  it is proposed that the increase in mitochondrial activity in the present study can be 

explained through increased mitochondrial fission, while the decrease in mtDNA content can 
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be attributed to a reduction in mitochondrial biogenesis capacity, which declines over time 

decreasing mtDNA further with time.  

 

Notably, in the current study, a decrease of approximately 0.64-fold and 1.95-fold was observed 

after 2 and 10 days of treatment with 0.09 % DMSO (Fig. 7). Whilst the research on the specific 

effects of DMSO on HEK293 mtDNA is limited, DMSO is a commonly used polar organic 

solvent in neuroscience research, typically at concentrations of 0.5–1.5 % (Yuan et al., 2014). 

Accordingly, 0.09 % DMSO was used for reconstituting amyloid beta in the present study. 

However, DMSO itself exhibits cytotoxic effects. In line with this, previous research indicated 

that exposure to 1% DMSO for 24 hours did not significantly impact the growth and survival 

of astrocytes but did lead to a reduction in mitochondrial membrane potential in cultured 

astrocytes. This consequently reduced aerobic metabolism and increased the generation of 

mitochondrial ROS (Yuan et al., 2014). It is hypothesized that the DMSO-induced ROS 

production contributes to mtDNA damage through the oxidative damage/ROS pathway, 

resulting in the observed decrease in mtDNA content in this study. However, further 

investigation is required to elucidate the precise mechanisms and outcomes in this specific 

context, potentially necessitating the exploration of alternative solvents for reconstituting 

amyloid beta. 

 

5.3 Constant hyperglycaemia resulted in decreased glucose uptake 

 

The dysregulated metabolism of glucose in T2DM has previously been linked to AD (Moreira 

et al., 2003). Wherein hyperglycaemia can lead to the damage or disabling of biological 

systems by various mechanisms, in turn promoting neurodegeneration, thus posing as a risk 

factor for cognitive decline and dementia (Barbagallo and Dominguez, 2014; Goyal and Jialal, 

2020). The graphs in Fig. 8 show that with time the hyperglycaemic and hyperglycaemic-AD 

groups (25 mM glucose and 25 mM glucose with 400 nM Aβ42) displayed a gradual increase 

in cellular glucose uptake until day five, after which decreased glucose uptake is observed and 

indicated by the downwards slope until day seven. Thereafter an increase in glucose uptake is 

re-commences. This implies that when in a constant hyperglycaemic or a hyperglycaemic-AD 

state, HEK293 cells displayed decreased glucose uptake. Evidence suggests, persistent 

hyperglycaemia, as in the case of diabetes, has been found to decrease the transport of glucose 

within cells (Brown, 2000; Leão et al., 2020). This reduction in glucose transport is believed 
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to be associated with a decrease in the expression of key transporter proteins involved in 

glucose delivery and metabolism in the brain, specifically GLUT1 and GLUT3 (Maher et al., 

1994; Pardridge et al., 1990). GLUT1 is primarily found in the endothelial cells of the blood-

brain barrier (BBB) and facilitates the transport of glucose from the bloodstream into the brain 

tissue (Dick et al., 1984). Subsequently, GLUT3, which is situated on the neuronal cell 

membrane, is responsible for transporting glucose from the extracellular space into neuronal 

cells (Maher et al., 1994). In an in vivo diabetic rat study, it was observed that persistent 

hyperglycaemia led to a downregulated expression of genes encoding these glucose transporter 

proteins in the brain (Hou et al., 2007). It was further eluded that this downregulation may be 

an adaptive response aimed at preventing excessive glucose entry into the cells, which could 

potentially cause cellular damage (Hou et al., 2007). Therefore, proposing a rationale for the 

observed decline in glucose uptake over time observed in the current study after prolonged 

exposure to the hyperglycaemic conditions. However, the rise in glucose uptake post day 7 

indicates an eventual failure in the protective cellular mechanism in preventing entry of glucose 

into the cell.   

 

On the other hand the AD group in the absence of hyperglycaemia (5 mM glucose with 400 

nM Aβ42) displayed comparable trends in glucose uptake to the T2DM and T2DM-AD groups. 

The AD group demonstrated a slight rise in glucose uptake until day two, followed by a gradual 

decline until day seven, and then a slight increase in glucose uptake until day 10. These changes 

were relatively minor, indicated by the flattened slopes. This aligns with existing literature, as 

studies on early-stage AD brains have shown decreased glucose uptake (De la Monte et al., 

2008). A study aimed at investigating differences in GLUT1 levels associated with Aβ, it was 

observed that cortical areas exhibiting high Aβ levels and prominent senile plaques displayed 

decreased GLUT1 levels in comparison to regions with low Aβ levels and smaller immature 

plaques (Kuznetsova  and Schliebs, 2013). In another study focusing on GLUTs, a decrease in 

the expression of GLUT1 and GLUT3 was observed in two amyloidogenic mouse models 

linked to early-onset AD (Tg2576 and APP/PS1). Similarly, reductions in GLUT1 and GLUT3 

were also noted in an aging mouse study involving C57/6/SJL mice, suggesting a direct 

association between decreased levels of GLUT1 and Aβ (Gu et al., 2018, Kyrtata et al., 2021). 

Thus implying that the decrease in glucose uptake post treatment with Aβ42 could be linked to 

a reduction in GLUT1 and 3. It has been previously demonstrated in a study utilizing 

hyperglycaemic glucose concentrations (25 mM glucose) that Aβ decreases glucose uptake 

despite coinciding with a 30 minute increase in GLUT3 translocation to the neuronal cell 
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membrane (Prapong et al., 2002). As previously mentioned, GLUT3 is responsible for glucose 

uptake into neuronal cells through the cell membrane. It has been hypothesized that, Aβ might 

be inhibiting fusion of GLUT3 vesicles at the membrane through a reduction in the K+-

mediated immunolabeling of extracellular GLUT3 (Prapong et al., 2002). As high extracellular 

K+ increases neuronal glucose uptake, by increasing GLUT3 fusion with the cell membrane 

(Prapong et al., 2002). Hence the development of a drug improving glucose uptake into cells 

might be beneficial in the prevention or treatment of AD (Domínguez-Prieto et al., 2018; 

Prapong et al., 2002). Evidence suggests that Aβ42 aggregates, which form part of neurotic 

plaques, are additionally expected to trigger oxidative modifications (Butterfield and Halliwell, 

2019). These modifications hinder glucose metabolism by reducing the activity of enzymes 

responsible for this process (Butterfield and Halliwell, 2019. This impairment in glucose 

metabolism can result in synaptic dysfunction and, ultimately, neuronal death, contributing to 

the development of AD (Butterfield and Halliwell, 2019).  

 

5.4 Individual hyperglycaemic and Alzheimer’s induced conditions increased ROS production 

over 24 hours whilst GLD prevented ROS spikes in the T2DM-AD cell model 

 

A common mechanism of glucose toxicity in T2DM involves oxidative stress through the 

generation of ROS (Ha et al., 2000). Hyperglycaemia triggers a specific metabolic pathway 

involving the activation of phospholipase C or D. These enzymes act on phosphatidylcholine 

and phosphatidylinositol bisphosphate (PIP2), leading to the upregulation of diacylglycerol 

(DAG). DAG then activates protein kinase C (PKC), which in turn activates the superoxide-

generating phagocyte NADPH-oxidase complex (Volpe et al., 2018). Activation of this 

complex relies on the translocation of its various cytosolic components to the plasma 

membrane and their interaction with the integral membrane protein p22phox and its catalytic 

core, the membrane-associated protein NOX2 (Volpe et al., 2018). Wherein NOX mediates the 

transfer of electrons from cytosolic NADPH to oxygen leading to superoxide (ROS) generation 

in the cytoplasm (Tang et al., 2014). This is a possible explanation for the 24 % increase in 

ROS production within the T2DM group observed in Figure 9 compared to the untreated (5 

mM glucose) control group. Notably, a spike is ROS was observed as early as 30 minutes after 

exposure to the hyperglycaemic conditions and continued to increase up to 24 hours later. This 

would imply that increased ROS production is mechanism of early pathogenesis in T2DM. 
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This notion has been previously confirmed, wherein hyperglycaemia induced cytosolic ROS 

within 15 minutes (Ha et al., 2000).  

 

Other studies have also linked metabolic impairment and ROS formation to mitochondrial 

dysfunction, as an early mechanism contributing to disease progression preceding AD (Sharma 

et al., 2021). AD is an age related disease, accordingly, with age mitochondria accumulate 

oxidative damage and subsequently cause the formation of free radicals such as ROS, as a 

result of electrons leaking during ATP production (Pagani and Eckert, 2011). Whilst the 

hyperglycaemic conditions of T2DM activates the ETC and glycation in the mitochondria 

producing ROS as a by-product, causing a cascade. Here ROS promotes the expression of both 

β- and γ-secretases as well as their activity, in turn exacerbating Aβ production (Pagani and 

Eckert, 2011; Payne and Chinnery, 2015; Macdonald et al., 2018). These Aβ oligomers then 

translocate into mitochondria and impair mitochondrial function further promoting ROS 

(Agrawal and Jha, 2020). This proposition was confirmed by a 14 % increase in ROS 

production within 24 hours in the T2DM-AD group (Fig. 9) compared to the untreated (5 mM 

glucose) control group, which corroborates that the hyperglycaemic and Aβ42 treatments 

promote the production of ROS in early pathogenesis. Furthermore, these spikes in ROS could 

trigger a cascade effect eventually leading to AD. As is has been seen that increased ROS can 

activate the kinase GSK-3β which hyperphosphorylates Tau, leading to NFT formation, 

synaptic dysfunction, apoptosis and ultimately AD (Agrawal and Jha, 2020).  Once again 

corroborating the premise that a mechanism linking T2DM to AD is increased ROS production. 

 

However, when compared to the 25 mM glucose (T2DM group) treatment, the T2DM-AD 

group displayed a 8 % decrease in ROS after 24 hours. At nanomolar concentrations, some in 

vitro cell studies have validated the protective antioxidative properties of Aβ (Carrillo-Mora et 

al., 2014). The Aβ42 peptide contains two crucial sites within its internal structure for its redox 

function. The first site is situated in the N-terminal hydrophilic region and possesses the unique 

ability to efficiently bind transition metals, thereby reducing the likelihood of these metals 

participating in other redox reactions that could elevate oxidative damage (Carrillo-Mora et al., 

2014). The second site is located in the peptide's C-terminal lipophilic segment, which can 

capture free radicals at one end and, at the other end, can reduce metals and convert them into 

more reactive forms with a lower valence, thus exhibiting both anti- and pro-oxidative effects. 

Through these mechanisms, cells that overexpress Aβ appear to exhibit reduced ROS 

production and decreased susceptibility to damage from metals (Carrillo-Mora et al., 2014). 
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This could elucidate the observed reduction in hyperglycaemia-induced ROS following 

treatment with 400 nM Aβ42 in the present study. 

 

Additionally, the Aβ42 peptides forming part of the amyloid plaques affiliated with AD can 

lead to production of ROS in the absence of hyperglycaemia, as seen by the 39 % increase in 

ROS (Fig. 9) within the AD group (5 mM glucose with 400 nM Aβ) compared to the untreated 

(5 mM glucose) control group. These Aβ42 peptides in plaque deposits have a great copper and 

iron reduction potential. These peptides generate ROS and trigger oxidative stress through the 

reduction of these metal ions, which in turn triggers the JNK death signalling pathway leading 

to programmed cell death (Huang et al., 1999, Mehan et al., 2011). Normally, JNKs are 

involved in memory formation, brain repair and development as well as inflammatory 

responses. However, the aberrant activation of JNKs have been implicated with 

neuroinflammation and subsequently neuronal death contributing to the neurodegenerative 

pathology of AD (Mehan et al., 2011). JNKs are activated by stress stimuli which implies that 

hyperglycaemic effect of T2DM, and the Aβ42 peptides of AD may act synergistically through 

the production of ROS, leading to overactivation of JNKs and further strengthening the link 

between the metabolic and neurodegenerative disease. 

 

This has previously been regarded as an apoptotic signal resulting in the inactivation of the 

anti-apoptotic protein BCL2. Thus prompting the release of cytochrome c from the 

mitochondria  which triggers programmed cell death through apoptosis, leading to neuronal 

death (Bjorkblom et al., 2008; Mehan et al., 2011). Furthermore, the overactivation of JNKs in 

the brain can trigger the inflammatory processes (Mehan et al., 2011). Wherein JNKs have 

been considered to have pro-inflammatory functions in microglia, which are the resident 

immune cells of the central nervous system (Waetzig et al., 2005). JNKs promote the release 

of the pro-inflammatory and neurodegenerative cytokine, TNFα, whilst dopaminergic neurons 

express the complementary TNFα cell surface receptors, TNFR1 and TNFR2 (Amin et al., 

2022; Hidding et al., 2002; Waetzig et al., 2005). This allows for the convenient binding of 

TNFα and TNFR1, activating caspases 8 and 3, culminating in the programmed cell death of 

dopaminergic neurons by apoptosis and promoting neurodegeneration contributing to the 

progression of AD (Amin et al., 2022). These data strongly implicate ROS as a key factor 

contributing to the enhancement of T2DM pathology and its progression toward AD. Hence, 

implying that the employment of therapeutic strategies aimed at lowering or preventing rises 
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in ROS as a consequence of the metabolic disorder could be greatly beneficial in lowering the 

incidence of AD.  

 

The T2DM drug GLD is said to reduce oxidative stress through the reduction of hepatic glucose 

production, as well as by causing increased glucose uptake in muscles (Fouqueray et al., 2014). 

Surprisingly, in the absence of hyperglycaemia, treatment with GLD coincides with a slight 

increase in ROS production, as seen by a 6 % increase in the GLD and AD-GLD group 

compared to the untreated (5 mM glucose) control group. Additionally, in the absence of 

treatment with the AD related protein, Aβ42, GLD produced an unanticipated 27 and 3 % 

increase in ROS production as seen by the T2DM-GLD treated group compared to the untreated 

(5 mM glucose) control group and the T2DM (25 mM glucose) group. Hence implying that 

GLD does not lower ROS production in cells that do not fit the T2DM-AD double disease 

phenotype. This could be attributed to mechanism of action of the drug. Thus suggesting that 

the mechanism by which the drug works to lower ROS, namely by improving glucose uptake, 

might have an adverse effect and in turn increase ROS through a negative feedback loop. As 

mentioned previously, the downregulation of glucose transporter proteins may be an adaptive 

response aimed at preventing excessive glucose entry into the cells, which could potentially 

cause cellular damage through intracellular hyperglycaemia (Hou et al., 2007). More 

specifically, intracellular hyperglycaemia can cause increased mitochondrial ROS and lead to 

cellular damage through the elevation of AGEs, enhancing the expression AGE product 

receptors and activating its complementary ligands, prompting the activation of PKC as well 

as through the hexosamine pathway (Brownlee, 2005; Giacco and Brownlee, 2010). Therefore, 

by GLD improving glucose uptake into cells, this could be causing cellular damage through 

the increased production of ROS.  

However, the existing literature contradicts the increase in ROS observed in the present study 

post GLD treatment. A study done on the immortalized HMEC-1 cell line revealed that 24 

hours with 100 M GLD decreases the production of ROS. This difference in results could be 

attributed to the variation in cell lines. The proposed mechanism is that in HMEC-1 cells GLD 

promotes reverse electron flux through the proton pump and thus reduces ROS production 

(Detaille et al., 2016). Notably, mitochondria produce the most ROS in a cell as the proton 

pump complex I in the respiratory chain can produce superoxide during forward and reverse 

electron flux. This superoxide can then be converted into H2O2 later by the enzyme superoxide 

dismutase. When this complex is inhibited by complex I inhibitors, ROS production is driven 
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through forward flux and decreased through reverse flux (Detaille et al., 2016). The production 

of ROS through reverse electron flux is sensitive to mitochondrial membrane potential (MMP). 

The production of ROS is decreased when MMP is lowered, and mitochondrial respiration is 

increased through the synthesis of ATP. Accordingly, the combination of low concentrations of 

Aβ42 and high concentrations of GLD may be synergistically producing a favourable 14 and 

32 % reduction in ROS production post treatment with the drug in the T2DM-AD-GLD group 

(Fig. 9) compared to the untreated (5 mM glucose) control group and the T2DM (25 mM 

glucose) group. Therefore, the drug could potentially be used to address the increase in ROS 

associated with the hyperglycaemic conditions of T2DM leading to decreased precursor-AD 

pathologies and in turn potentially be used as a therapeutic for AD, by lowering ROS formed 

as a symptom of these diseases and ultimately halting their cascading neurodegenerative 

effects.  

 

5.5 GLD increases internalised Aβ42 and Aβ42 shedding under hyperglycaemic conditions 

compared to the T2DM cell model 

 

Collectively, the results discussed thus far, demonstrate that treatment with the AD hallmark 

protein, Aβ42, can induce cellular stress (Fig. 5), increase mitochondrial activity (Fig. 6) and 

decrease mtDNA content (Fig. 7) over 10 days and increase ROS production over 24 hours 

(Fig. 9). Furthermore, these effects were exaggerated when coupled with the hyperglycaemic 

treatment (25 mM glucose) mimicking T2DM. Hence, to assess differences in the AD related 

protein concentrations caused by hyperglycaemia and to investigate how the novel T2DM drug 

influences this, Aβ42 levels were measured using ELISA (Fig. 10). Here, the T2DM, GLD and 

T2DM-GLD cell models presented with a respective 38 and 30 % decrease, 39 and 10 % 

increase as well as a 33 and 10 % decrease in intracellular Aβ42 and Aβ42 shedding after 48 

hours compared to the untreated (5 mM glucose) control group. In contrast to this, the increased 

ROS production (Fig. 9) caused by the hyperglycaemic conditions of T2DM have been shown 

to enhance the expression β- and γ-secretases which in turn leads to an upregulation in Aβ42 

through the amyloidogenic processing of APP (Macdonald et al., 2018; Pagani and Eckert, 

2011; Payne and Chinnery, 2015). As a result of the same mechanism, the 6 % increase in ROS 

production after treatment with GLD (Fig. 9) could explain the 39 and 10 % increase in 

intracellular Aβ42 and Aβ42 shedding in the 5 mM glucose with 100 μM GLD (GLD group) 

compared to the untreated (5 mM glucose) control group. Similarly, the 2 % increase in ROS 
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production after treatment with GLD (Fig. 9) may have contributed to the 7 and 28 % increase 

in intracellular Aβ42 and Aβ42 shedding in the 25 mM glucose with 100 μM GLD (T2DM-

GLD group) compared to the T2DM (25 mM glucose) group. As mentioned previously, the 

induction of low levels of Aβ42 may in fact be beneficial to cell under the condition of oxidative 

stress. Moreover, the rise in Aβ42 levels caused by the drug does not exceed the levels of Aβ42 

in the untreated (5 mM glucose) control group, suggesting that the elevated Aβ42 levels 

induced by the drug may not be detrimental. This suggests that the rise in Aβ42 levels caused 

by GLD could potentially be working to prevent the rise in hyperglycaemia-induced ROS 

through its metal chelating antioxidant properties by scavenging ROS, in the presence of 

oxidative stress associated with T2DM (Smith et al., 2002). 

 

Additionally, the 33 and 10 % decrease in intracellular Aβ42 and Aβ42 shedding (T2DM-GLD 

treated group) may have been due to a GLD-prevented hyperglycaemic induced spike in ROS. 

Herein, by GLD preventing the hyperglycaemic induced spike in ROS, the drug in turn also 

prevents the ROS mediated enhanced expression of the APP processing enzymes, ultimately 

reducing the production of Aβ42. Briefly, GLD decreases ROS caused by the generation of 

superoxide by complex I which would otherwise get converted into hydrogen peroxide 

(Detaille et al., 2016). Thereby making the T2DM drug an attractive therapeutic option for the 

treatment and/ or prevention of AD. However, it is worth noting that in comparison to the 

untreated (5 mM glucose) control group, the hyperglycaemic treatment group alone exhibited 

a decrease of 38 % and 30 % in intracellular Aβ42 levels and Aβ42 shedding, respectively, after 

48 hours. This finding is not consistent with the existing literature. A study conducted on human 

umbilical vein endothelial cells (HUVECs) suggests that hyperglycaemia (30 mM glucose) can 

enhance Aβ42 shedding by up to 2-fold through the time-dependent increase in APP synthesis 

(Chao et al., 2016). Whilst the underlying mechanisms remain to be fully delineated, the 

transcription of the APP processing enzyme β-secretase was not related to this increase in Aβ42 

production in HUVECs. Thus, elucidating to -secretase playing a role wherein the inhibition 

of enzyme decreased the hyperglycaemic induced increase in Aβ42 production (Chao et al., 

2016). Conversely, another study using Human lens epithelial (HLE) cells found that an 

increase in Aβ42 production post incubation with 20 mM glucose for 24 hours to be associated 

with elevated mRNA levels of APP along with both β and  -secretases. Suggesting that the 

hyperglycaemic conditions of T2DM increases Aβ42 production by increasing the expression 

of the genes responsible for the Aβ42 precursor protein APP, as well as upregulating the 
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expression of the enzymes involved in the amyloidogenic processing of APP into the cytotoxic 

version of Aβ involved in AD (Nagai et al., 2016). Herein, as APP processing enzymes within 

various cell lines respond differently to hyperglycaemia, the decrease in Aβ42 production found 

in the present study on HEK293 cells could be attributed to differences in β and  -secretases 

on an mRNA or protein level favouring an alternated version of the Aβ protein. 

 

In contrast to the previous notion, another research article utilizing the Human neuroblastoma 

(SH-SY5Y) and HEK293 cell lines reported findings inconsistent with this idea. The study 

revealed that the elevated generation of Aβ42 associated with high glucose levels was linked 

to increased levels of APP. However, this increase was not attributed to enhanced transcription 

of the APP gene, but rather to the through the inhibition of APP degradation and a reduction in 

APP turnover rate (Yang et al., 2013). The APP protein has a high turnover rate where about 

70 % of newly synthesized protein is degraded through the proteasome and lysosome pathways 

which are additionally affected by hyperglycaemia (Knops et al., 1992; Queisser et al., 2010). 

It has been further revealed that the half-life of APP is increased to 1 hour from 25 minutes 

post treatment with high glucose (10 mM glucose). Therefore a decrease in the degradation of 

APP could result a punitive increase in APP protein levels (Yang et al., 2013). As a result the 

hyperglycaemic conditions in the present study should be enhancing the generation of Aβ 

through a decrease in APP degradation and turnover rate which would explain the similar 

glucose uptake trends observed in the T2DM and T2DM-AD groups. Hence control of 

glycaemic levels in patients suffering from the metabolic disease might be beneficial in 

decreasing the incidence and progression of the neurodegenerative diseases (Yang et al., 2013). 

 

Prior to secretase activity, APP can follow one of two pathways. After being produced in the 

endoplasmic reticulum and Golgi apparatus, APP can either be transported to the cell surface 

where it can be processed into Aβ or alternatively the protein may submit to the pathway of 

proteolytic degradation by lysosome metabolism or the ubiquitin-proteasome pathway 

(Kaneko et al., 2010; Nixon, 2017). Furthermore, hyperglycaemia has been reported to affect 

both the proteasome and lysosome degradation pathways (Knops et al., 1992; Queisser et al., 

2010). Thus, these findings suggest that the increased levels of Aβ42 associated with T2DM 

may also be attributed to a decrease in the degradation of APP caused by the hyperglycaemic 

conditions associated with the disease. This impairment in degradation pathways may favour 

the translocation of APP to the cell surface, where it can be processed into Aβ (Nixon, 2017). 



 79 

Similarly, the unexpected decrease in Aβ42 production observed in this study could be due to 

an increase of APP degradation, decreasing the amount of precursor protein being translocated 

to the cell membrane. Although the mechanisms by which T2DM increases Aβ42 production 

remains elusive, the overall premise is that the hyperglycaemic conditions upregulate the AD 

hallmark protein by affecting APP.  

 

5.6 Hyperglycaemic-AD conditions affect telomerase activity and telomere length 

 

Additionally, the increased risk of AD has been associated with both, overly elongated 

telomeres which accumulate DNA damage, and significantly shortened telomeres which have 

been linked to cell death and senescence (Fani et al., 2020). The regulation of telomere length 

involves a combination of telomerase-dependent elongation, which adds telomeric repeats to 

shortened telomeres, and telomere trimming events (Fani et al., 2020; Glasspool et al., 2005). 

Imbalanced telomere length has been associated with an increased risk of amnestic mild 

cognitive impairment (Fani et al., 2020). While most neurons do not have telomerase activity, 

it is primarily observed in neural stem cells found in specific regions like the hippocampal 

dentate gyrus  (Lee et al., 2012). This region of the brain plays a crucial role in spatial cognition 

and is implicated in neurodegenerative disorders like AD (Miwa et al., 2016). Therefore, 

investigating the relationship between hyperglycaemia and telomerase activity can provide 

insights into the changes in telomere length that occur during the progression from T2DM to 

AD. 

 

5.6.1 Hyperglycaemic-AD conditions increased telomerase activity 

 

Changes in telomerase activity potentially linking T2DM and AD were measured using the 

qPCR TRAP assay (Fig. 11A). Herein, an initial 70 and 6 % increase in telomerase activity was 

observed after 48 hours post treatment with high glucose (T2DM group) and Aβ42 (AD group)  

Whilst an initial 13 % decrease in telomerase activity was observed after 48 hours post 

treatment with high glucose and Aβ42 (T2DM-AD group). After 10 days, a 36 and 295 % (Fig. 

11A) increase was seen in the T2DM and T2DM-AD groups. Whilst AD group presented a 77 

% (Fig. 11A) decrease in telomerase activity after 10 days. Contradictory to the initial 70 % 

(Fig. 11A) increase seen in the hyperglycaemic group, previous studies show a decrease in 

telomerase activity after 72 hours with 22 mM glucose (Maeda et al., 2015). Notably, after 
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persistent exposure to the hyperglycaemic conditions, this increase in telomerase activity 

decreases from 70 % (Fig. 11A:  T2DM group – 2 day sample) after 2 days to 36 % (Fig. 11A:  

T2DM group – 10 day sample) after 10 days. Notably, in the current study, the T2DM-AD 

groups presented an initial decrease telomerase activity after 2 days and then an increased 

activity after 10 days. However, how the metabolic disorder influences telomerase activity as 

a function of the neurodegenerative disease is still unclear, as the development of AD has been 

associated with both, elongated, and shortened telomeres (Fani et al., 2020).  

 

The reduction in activity was attributed to the increase in ROS resulting from the 

hyperglycaemic conditions. Patients suffering with T2DM display increased levels of cellular 

glucose, which induces ROS through glucose toxicity, further promoting oxidative stress (Zhao 

et al., 2013). ROS can lead to DNA damage which is owed to the fact that the 3’ overhangs of 

telomeres are Guanine-rich, and form G-quadruplex motifs, thereby making telomeres prone 

to ROS damage. Here, ROS promotes guanine lesions, by oxidizing guanine into 8-

oxoguanine. The accumulation of oxidized guanine structures physically obstruct telomerase 

from binding the shortened telomeres, and in turn reduces telomerase activity (Lu et al., 2013; 

Singh et al., 2019; Zhao et al., 2013). Hence, the hyperglycaemic ROS induced damage could 

be contributing to the 13 % decrease (Fig. 11A ) in telomerase activity observed after 48 hours 

post treatment with high glucose and Aβ42 (T2DM-AD group). Decreased telomerase activity 

through ROS is not solely linked to hyperglycaemia but also to Aβ42. Subsequently, treatment 

with Aβ42 decreases telomerase activity and a similar trend was observed after 10 days with 

400 nM Aβ42 (77 % reduction). Oxidative stress has been shown to promote the intracellular 

localisation of Aβ in the nuclei and at telomeres (Misonou et al., 2002; Wang et al., 2015). 

Wherein the β-sheet structures that form part of the Aβ42 aggregates are involved in inhibiting 

telomerase. These Aβ oligomers can directly bind to the telomere-TERC structure, blocking 

and preventing telomerase from extending the telomeric DNA. Although the exact interaction 

is not fully understood, it has been shown that the Aβ-telomere-TERC interaction is linked to 

the G-rich nature of telomeric DNA, as the Aβ protein has been found to bind to the specific 

“GGATTGGGGT” sequence (Ohyagi et al., 2005; Wang et al., 2015).  

 

Furthermore Literature describes an increase in telomerase activity under hyperglycaemic 

conditions of T2DM as a consequence of mitochondrial ROS. Diabetic studies done on islets 

from non-human primates, islets from human pancreas and podocytes demonstrate that 

hyperglycaemia leads to increased mitochondrial oxygen consumption as more energetic fuel 
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is available for ATP production, in turn causing hypoxia, which is a reduction in the normal 

level of oxygen tension (Stieger et al., 2012; Wang et al., 2005). Alternatively, hyperglycaemia 

resulting from T2DM elevates mitochondrial ROS, triggering the suppression of aquaporin-1 

(AQP1) expression which induces cellular hypoxia in Bovine aortic endothelial cells (BAECs) 

(Sada et al., 2016). Hence, it is possible that the hyperglycaemic treatments in the present study 

activates one of these pathways, as an increase in ROS and mitochondrial activity was 

observed. T2DM causes hypoxia in multiple tissues and adaptive responses to hypoxia are 

impaired. This is due to insufficient activation of the transcription factor Hypoxia-Inducible 

Factor (HIF), which results from inhibition of the oxygen-regulated α-subunit HIF-1α stability 

and function due to hyperglycaemia (Catrina and Zheng et al., 2021). ROS inhibits HIF-prolyl 

hydroxylase (PHD) activity by oxidation of its Fe2+ active site.  

 

The amount of ROS is proportional to HIF-1α stability, as it is responsible for HIF-1α activation 

and impairs its proteasomal degradation. Herein, ROS blocks PHD-HIF-1α hydroxylation, 

which promotes HIF-1α stability and the transactivation of HIF-1 (Köhl et al., 2006). 

Interestingly, mitochondrial generated ROS specifically has been implicated in this pathway. 

Wherein hypoxia increases mitochondrial ROS formation at mitochondrial complex III. ROS 

generated here is released into the intermembrane space and enters the cytosol to decrease PHD 

activity, thus preventing hydroxylation of the HIF-1α protein (Bell et al., 2007). Whereas, in 

the absence of ROS,  HIF-1α is hydroxylated by PHD and recognised by the von-Hippel Lindau 

tumor suppressor (pVHL) of the E3 ubiquitin ligase. This leads to HIF-1α ubiquitylation and 

its subsequent degradation by the proteasome. Therefore, increased ROS leads to the 

accumulation of HIF-1α in HEK293 cells (Köhl et al., 2006). HIF-1 containing HIF-1α 

transactivates hTERT promoter activity thereby upregulating hTERT expression, increasing 

telomerase activity and preserving telomere length (Nishi et al., 2004). This could explain the 

70 and 36 % increase in telomerase activity observed in the T2DM groups after 2 and 10 days 

which additionally presented with elevated ROS and enhanced mitochondrial activity.  

 

This increase in hTERT expression could also be counteracting the telomerase activity reducing 

effects of the Aβ42 treatment in the T2DM-AD treatment groups, resulting in the 295 % 

increase in telomerase activity after 10 days. Literature demonstrates extra-telomeric 

cytoplasmic functions in which upregulated hTERT aids in decreasing ROS and improving 

mitochondrial activity after exposure to Aβ (Haendeler et al., 2009; Zhu et al., 2000). This is 

achieved by the physical binding of hTERT to mtDNA under oxidative stress conditions, in 
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turn protecting the integrity of mtDNA, and improving mitochondrial function (Haendeler et 

al., 2009). Thereby, enabling the mitochondria to function under the condition of oxidative 

stress, as well as bypass ROS and Aβ- induced cell death (Haendeler et al., 2009; Saretzki, 

2009). Wherein the upregulation of nuclear hTERT activates the Wnt/β-catenin pro-

proliferative pathway. Here hTERT acts as cofactor mediating the activation of transcription of 

β-catenin-dependent genes which may promote cell survival in AD (Zhou et al., 2014). It is 

additionally suggested that the Aβ- induced apoptosis cascade is suppressed by hTERT prior to 

mitochondrial dysfunction through the extension of telomeric DNA by telomerase (Zhu et al., 

2000). However, this neuroprotective upregulation of hTERT and thus the increase in 

telomerase activity resulting in elongated telomeres might in fact be aiding cellular dysfunction 

in T2DM leading to the progression of AD. As overly elongated telomeres may become brittle 

and are prone to DNA damage (Fani et al., 2020).  

 

Notably, in the present study, a 37 % increase and a 68 % decrease in telomerase activity were 

observed after 2 and 10 days of treatment with 0.09 % DMSO (Fig. 11A). Unfortunately, 

previous research has shown that DMSO can influence telomerase activity, suggesting the 

exploration of alternative solvents for reconstituting amyloid beta in future investigations. 

Herein, a study demonstrated that exposure to 1.5 % DMSO for 96 hours reduced telomerase 

activity in lymphoblast-like Raji cells (Sharma et al., 1998). Similarly, the current study 

revealed a decrease in telomerase activity after 10 days of treatment with 0.09 % DMSO in 

HEK293 cells. This decrease may be attributed to the repression of telomerase during the G0 

or early G1 phase of the cell cycle (Sharma et al., 1998). Furthermore, resumption of 

telomerase activity upon release from DMSO treatment, reaching near-control levels after 24 

hours, further supports this mechanism in the Raji cell line (Sharma et al., 1998). In another 

investigation, treatment with 1.4 % DMSO resulted in a progressive decrease in telomerase 

activity in the promyelocytic leukaemia HL-60 cell line, reaching a 30 % decrease after 1 day 

to a 90 % decrease after 4 days of treatment (Chang et al., 2002). This downregulation of 

telomerase activity was linked to the suppression of the catalytic subunit hTERT expression by 

DMSO (Chang et al., 2002). Whilst these studies support the decrease in telomerase activity 

after 10 days of treatment, the absence of a decrease in telomerase activity after 2 days of 

treatment with DMSO may be attributed to the relatively low concentration of DMSO utilized. 

Together these data suggest that DMSO represses telomerase activity during the G0 or early 

G1 phase of the cell cycle by affecting the expression of telomerase components (Chang et al., 

2002 and Sharma et al., 1998).  
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Another study found that varying concentrations of DMSO (0.07 %, 0.1 %, and 1.0 %) could 

transiently stimulate telomerase activity in telomerase-positive SW626 cancer cells after 8 

hours (Alfonso-De Matte et al., 2001). These cells constitutively expressed both hTERC and 

hTERT mRNA. Hence rise in telomerase activity induced by DMSO was not linked to an 

upsurge in hTERC or hTERT transcription. Instead, the proposed mechanism is that DMSO 

may enhance phosphatidylinositol 3-kinase (PI3K) activity levels, which can be activated by 

external cellular stress. This potentially leads to the activation of protein kinase B (Akt), a 

downstream target of PI3K known to activate telomerase through direct phosphorylation of 

hTERT. In turn, this pathway demonstrates an increase telomerase activity independent of 

changes in hTERT and hTERC transcription levels (Alfonso-De Matte et al., 2001). This 

mechanism could potentially explain the observed 37 % increase in telomerase activity after 2 

days of treatment with 0.09 % DMSO in the current study (Fig. 11A). Therefore these 

modulations by DMSO may contribute to the variations in telomerase activity seen in the 

amyloid beta treatment groups, suggesting the exploration of alternative solvents for 

reconstituting amyloid beta in future investigations (Sharma et al., 1998 and Chang et al., 

2002).  

 

5.6.2 Hyperglycaemia-AD conditions increase telomere length 

 

Telomere length was investigated using qPCR in order to evaluate potential T2DM related 

alterations that may contribute to an increased risk of developing AD. Herein, an initial increase 

in telomere length (Fig. 11B) was recorded for all treatment groups after 48 hours, namely, a 

respective 50, 4 and 102 % increase post treatment with high glucose (T2DM group), Aβ42 

(AD group) and high glucose with Aβ42 (T2DM-AD group). After 10 days, a respective 25, 

45 % decrease was seen in the high glucose and Aβ42 groups. Whilst the co-treatment, high 

glucose with Aβ42 group presented a 9 % increase in telomere length after 10 days (Fig. 11B). 

Additionally, these alterations in telomere length complement the increases and decreases in 

telomerase activity for their respective treatment groups, apart from the 2-day-T2DM-AD and 

10-day-T2DM groups. This, suggests that the differences in telomere length are related to 

changes in telomerase activity induced by the treatments. Whilst the uncomplimentary 

differences in telomere length might not be directly related to changes in telomerase activity. 

Nevertheless, hyperglycaemia and Aβ42 can lead to decreased telomerase activity through 
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ROS and as a result also decreases telomere length. Wherein, the G-rich 3’ overhangs of 

telomeres are prone to ROS damage through guanine lesions, by oxidizing guanine into 8-

oxoguanine, causing the telomeres to unfold and further destabilizes the G-quadruplex motifs 

(Singh et al., 2019). In doing so, the telomeric 3’ overhangs become exposed and susceptible 

to nucleolytic cleavage, single and double stranded breaks, leading to telomere shortening and 

subsequently the erosion of coding DNA. Additionally, the accumulation of oxidized guanine 

structures physically obstruct telomerase from binding the shortened telomeres and reducing 

telomerase activity and as a result leads to shortened telomeres (Lu et al., 2013; Singh et al., 

2019; Zhao et al., 2013). Accordingly, an aging study conducted on leukocytes, with more than 

1000 participants over the age of 65, reported a strong association between telomere shortening 

and the risk of developing AD. The study suggests that a reduction of a single kilobase pair in 

telomere length can increase the probability of developing AD by 21% (Honig et al., 2012). 

This together with the decrease in telomere length observed after 10 days seen in the T2DM 

model in the present study, demonstrates that T2DM increases the risk of developing AD by 

decreasing telomere length through elevated ROS.   

 

As mentioned previously, the metabolic disorder can increase the generation of mitochondrial 

ROS triggering a cascade leading to the upregulation of hTERT and subsequently telomerase 

activity, leading to telomere elongation. Albeit there is less known about the mechanisms 

connecting longer telomeres and AD. Where increased risk of the neurodegenerative disease 

has also been linked with overly elongated telomeres which become fragile and are prone to 

DNA damage (Fani et al., 2020). Herein, telomeres within the hippocampal cells of 

Alzheimer’s disease brains were found to be significantly longer (Thomas et al., 2008). 

Conversely to somatic cells, adult hippocampal cells maintain telomerase activity. An 

alternative explanation for the increased telomere length in these cells is by increased 

telomerase accessibility to telomeres caused by ROS. As previously mentioned 

hyperglycaemia and Aβ42 can promote the generation of ROS leading to the formation of 8-

oxoguanine structures in the G-strand overhang of telomeres. These oxidized structures 

destabilize the formation the G-quadruplex structure by disrupting the Hoogsteen hydrogen 

bond responsible for holding the G-quadruplex together (Fouquerel et al., 2016). Hence 

resulting in a more relaxed chromatin structure in telomeres, enabling increased accessibility 

for telomerase to efficiently elongate telomeres. This heightened elongation of telomeres is 

associated with increased telomeric DNA damage and susceptibility to accumulating stalled 

replication forks, presenting a hurdle to DNA replication (Fouquerel et al., 2016) This leads to 
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telomere replication stress, ultimately promoting genome instability (Rivera et al., 2017). Often 

genomic instability leads to cell cycle stress as well as alterations in gene expression and 

regulation contributing to cellular degeneration and degenerative disease pathology (Vijg and 

Montagna, 2017). Therefore from these data, it is apparent that hyperglycaemia contributes to 

an initial increase in telomere length, followed by a decrease in telomere length after persistent 

hyperglycaemic conditions contributing to the incidence of AD. 

 

An alternative hypothesis put forward to explain the presence of longer telomeres in the 

hippocampal cells of AD patients, despite the absence of telomerase activity, is the occurrence 

of decreased DNA methylation in brain regions typically affected in AD (Milicic et al., 2023; 

Thomas et al., 2008). These reductions in methylation in sub-telomeric regions lead to a more 

open chromatin structure in telomeres, facilitating greater access for proteins involved in the 

alternative lengthening of telomeres mechanism (Thomas et al., 2008). As mentioned 

previously, ROS generated from hyperglycaemic and Aβ42 treatments can also contribute to 

this more open chromatin structure (Fouquerel et al., 2016). Collectively, these mechanisms 

may be responsible for telomeric elongation through increased telomeric recombination events 

(Thomas et al., 2008). Thus accounting for the 102 % rise in telomere length observed in the 

2-day-T2DM-AD group, despite the reduction in telomerase activity (Fig. 11B).  

 

Notably, in the present study, a 42 % increase and a 9 % decrease in telomere length were 

observed after 2 and 10 days of treatment with 0.09 % DMSO (Fig. 11B). As previously 

described in section 5.6.1, DMSO can influence telomerase activity. Herein, DMSO could be 

repressing telomerase activity during the G0 or early G1 phase of the cell cycle by affecting 

the expression of hTERT, which is responsible for adding telomeric repeats to the ends of 

chromosomes. By potentially downregulating hTERT expression, DMSO can supress 

telomerase activity, leading to decreased telomere length. This may explain the 9 % decrease 

in telomere length observed after 10 days of treatment with 0.09 % DMSO (Chang et al., 2002 

and Sharma et al., 1998). In contrast, DMSO may enhance PI3K activity levels, which can be 

activated by external cellular stress. This activation could subsequently lead to the activation 

of Akt, which in turn can stimulate telomerase activity by directly phosphorylating hTERT, 

resulting in longer telomeres (Alfonso-De Matte et al., 2001). This alternate mechanism could 

potentially explain the observed 42 % increase in telomere length after 2 days of treatment with 

0.09 % DMSO in the current study (Fig. 11B). Together, these modulations induced by the 

DMSO treatment may contribute to the variations in telomerase activity and complementary 
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alterations in telomere length seen in the amyloid beta treatment groups. These data advocate 

for the exploration of alternative solvents for reconstituting amyloid beta in future projects 

(Chang et al., 2002 and Sharma et al., 1998).  

 

6. Conclusion  

 

Despite extensive research efforts, discovering a definitive cure for the AD remains a challenge. 

Therefore, it is imperative to explore new perspectives and identify the upstream molecular 

mechanisms that contribute to the onset of the AD. This study provided an analysis into the 

impact of hyperglycaemia associated with T2DM and its contributions to AD. The analysis was 

demonstrated in vitro from an upstream perspective of AD. This research also explored the 

potential of utilizing a novel glucose lowering drug, GLD as a therapeutic intervention for 

modulating the hyperglycaemic induced pathology in AD. In the present study, the 

hyperglycaemic group exhibited a progressive increase in mitochondrial activity over time, 

which was correlated with a proportional increase in cell number. Conversely, reductions in 

mitochondrial activity observed after treatment with Aβ42 were potentially associated with 

Aβ42-induced ROS production, triggering cytotoxicity and apoptosis (Chen and Petranovic, 

2015). Whilst the initial surge in mitochondrial activity following Aβ42 treatment in the 

T2DM-AD group, as compared to the T2DM group, was followed by a subsequent decline that 

persisted until day 10. This pattern suggests that Aβ42 initially counteracts the elevation of 

hyperglycaemia-induced ROS through its metal-chelating antioxidant properties by scavenging 

ROS. However, with time, the antioxidant effects of Aβ42 become overwhelmed, resulting in 

a decrease in mitochondrial activity (Smith et al., 2002).  

 

Furthermore, the T2DM-AD groups exhibited the most reduction in mtDNA content. This 

suggests that the molecular mechanisms through which each disease contributes to the decrease 

in mtDNA content may work together synergistically to amplify their effects. These findings 

may indicate that the metabolic disorder induces a hyperglycaemic state that impairs glucose 

uptake, leading to the generation of ROS and subsequent mitochondrial damage. This, in turn, 

likely triggers autophagy and results in a decrease in mtDNA copy number, contributing to the 

neurodegenerative pathology of AD. Additionally, the presence of the AD protein Aβ42 couble 

be exacerbating this process by independently generating ROS, accelerating the reduction in 

mtDNA copy number and advancing neurodegeneration. Moreover, the groups studied over a 

period of 10 days exhibited a more pronounced decrease in fold change compared to those 
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studied over 2 days, indicating a time-dependent relationship between hyperglycaemia-induced 

oxidative damage and the reduction in mtDNA copy number. The observed increase in 

mitochondrial activity in the current study can also be attributed to heightened mitochondrial 

fission, serving as a protective mechanism against glucotoxicity. While the decline in mtDNA 

content over time may be linked to a decrease in mitochondrial biogenesis capacity, once again 

diminishing over time, resulting in a progressive reduction in mtDNA levels (Edwards et al., 

2010; Karamanlidis et al., 2010). 

 

In the present study prolonged exposure to hyperglycaemic conditions led to a decline in 

glucose uptake. This could be attributed to a reduction of glucose transporter proteins in the 

brain, serving as an adaptive mechanism to prevent excessive glucose influx into cells, 

potentially averting cellular damage (Hou et al., 2007). Whilst the diminished glucose uptake 

post-treatment with Aβ42 could be correlated with a decrease in GLUT1 and 3 levels, as 

previously noted in studies involving early-onset AD mice and aging mice (Gu et al., 2018; 

Kyrtata et al., 2021). Notably, after day 7 an increase in glucose uptake was once again 

observed. Potentially allowing for glucose toxicity through ROS to commence. This was 

confirmed by the decrease in mtDNA, as well as a increase in telomerase activity and telomere 

length in the T2DM-AD group compared to the untreated (5 mM glucose) control group after 

10 days. Herein, ROS generated from hyperglycaemic and Aβ42 treatments likely contribute 

to a more open chromatin structure allowing for increased telomerase accessibility, 

contributing to longer fragile telomeres prone to single and double stranded breaks. 

Furthermore, alterations in telomere length correlating with modifications in telomerase 

activity influenced by the treatment groups imply that hyperglycaemia and Aβ42 may diminish 

telomerase activity through ROS, ultimately resulting in a gradual reduction in telomere length. 

Additionally, this study demonstrates for the first time that the novel glucose lowering drug led 

to an elevation in Aβ42 production within the T2DM cell model. Moreover, the drug effectively 

reduced ROS production over a 24-hour period when compared to the untreated cell model. 

The increase in Aβ42 levels induced by GLD may potentially function to counteract the 

escalation of hyperglycaemia-induced ROS by leveraging its metal chelating antioxidant 

properties to scavenge ROS in the presence of oxidative stress associated with T2DM (Smith 

et al., 2002). Thereby making GLD an attractive therapeutic option for the treatment and/ or 

prevention of AD. 
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7. Future studies and limitation  

 

Since the pathway leading to AD is a complex and dynamic process, future studies focusing on 

these pathways should aim to explore how these processes mutually influence each other in 

greater detail. This could be achieved through an early-stage mouse model study combined 

with proteomic and transcriptomic analysis to comprehensively understand the gene expression 

patterns and signalling pathways altered by hyperglycaemia, which contribute to AD. 

Moreover, it is crucial to explore the effects of GLD on metabolic, mitochondrial, and telomeric 

functions. Should GLD demonstrate the ability to improve metabolic, mitochondrial and 

telomeric function, it may present itself as a viable therapeutic avenue for AD. 

 

Several potential improvements could have been implemented in the current study. Firstly, 

utilizing a neuronal cell line such as the SH-SY5Y cell line, commonly used in 

neurodegenerative disease research. The non-differentiated form of the SH-SY5Y cell line 

resembles immature catecholaminergic neurons, containing neurotransmitters, and exhibits 

neurite structure along with expressing immature neuronal markers. These cells can be further 

differentiated using retinoic acid to attain a more mature neuron-like phenotype characterized 

by neuronal markers, in turn provide a more reliable cell model. Another area for enhancement 

would be the inclusion of the GLD treatment group in the assays investigating mitochondria, 

given that the drug functions to reduce mitochondrial ROS levels. 
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9. Appendix  

 

Table 6: List of Primer Sequences 

 

Nucleic Acid  5ʹ- 3ʹ sequence Reference  

Mitochondrial Forward 

Primer 
ACACCCTCCTAGCCTTACTAC (Refinetti et al, 2017) 

Mitochondrial Reverse 

Primer 
GATATAGGGTCGAAGCCGC (Refinetti et al, 2017) 

Nuclear Forward Primer AGGGTATCTGGGCTCTGG (Refinetti et al, 2017) 

Nuclear Reverse Primer GGCTGAAAAGCTCCCGATTAT (Refinetti et al, 2017) 

Forward Primer (TS) AATCCGTCGAGCAGAGTT (Kim and Wu, 1997) 

Reverse Primer (ACX) GCGCGGCTTACCCTTACCCTTACCCTA (Kim and Wu, 1997) 

Forward Primer (36B4) CAGCAAGTGGGAAGGTGTAATCC (Cawthon, 2002) 

Reverse Primer (36B4) CCCATTCTATCATCAACGGGTACAA (Cawthon, 2002) 

Forward Primer (Tel 1) 
TCCCGACTATCCCTATCCCTATCCCTATCCCTATCC

CTA 
(Cawthon, 2002) 

Reverse Primer (Tel 2) 
GGTTTTTTGAGGGTGAGGGTGAGGGGTGAGGGTG

AGGGT 
(Cawthon, 2002) 
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Figure 12: Agarose gel electrophoresis displaying DNA extracted samples from HEK293 cells post 

treatment.  

A 1% agarose gel was used to evaluate DNA integrity post DNA isolation. Each lane showed a distinct 

band at the top, indicating intact DNA present. Approximately 200 ng of DNA was loaded per sample. 

Lanes A1-A15 represent the 2-day DNA samples, with A1-A5 showing different conditions (5 mM 

glucose, 25 mM glucose, 5 mM glucose with 400 nM Aβ42, 5 mM glucose with 400 nM Aβ42, 0.09% 

DMSO or non-treated, T2DM group, AD group, AD-T2DM group, vehicle control), and A6-A10, A11-

A15 representing biological repeats 1-3. Similarly, Lanes B1-B15 represent the 10-day DNA samples. 
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Key: 

MWM: Molecular weight marker 

(A): 2-day DNA samples 

(B): 10-day DNA samples 

Lane 1-5: Biological repeat 1 

Lane 6-11: Biological repeat 2 

Lane 11-15: Biological repeat 3 
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Figure 13: Agarose gel electrophoresis showing temperature gradient PCR products after 

treatment in HEK293 cells.  

A 1% agarose gel was used to evaluate DNA integrity post DNA isolation. Approximately 200 ng of 

DNA was loaded per sample. Lanes A1-A8 represent the amplified mtDNA, with A2-A9 representing 

different annealing temperatures (55.0, 55.5, 56.4, 57.7, 59.3, 60.6, 61.5, 62.0 °C). Similarly, Lanes B1-

B8 represent the amplified gDNA at various annealing temperature. Each lane displayed a band at the 

bottom, with Lanes 6 to 8 (60.6 to 62.0 °C) showing the most distinct bands for both mitochondrial and 

genomic DNA. 
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Key: 

MWM: Molecular weight marker 

(A): Amplified mtDNA 

(B): Amplified gDNA 

Lane 1-8: annealing temperatures 

(55.0, 55.5, 56.4, 57.7, 59.3, 60.6, 

61.5, 62.0 °C) 
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Figure 14: Amplification curve and Melt peak analysis of the mtDNA and nuclear specific DNA 

sequence. 

Amplification curves following qPCR amplification of mtDNA as well as a nuclear specific sequence 

in HEK293 cell treatment groups, namely: 5 mM glucose, 25 mM glucose, 5 mM glucose with 400 nM 

Aβ42, 5 mM glucose with 400 nM Aβ42, 0.09% DMSO or non-treated, T2DM group, AD group, AD-

T2DM group, vehicle control. The curves show that two distinct genomic products were amplified; one 

for the mtDNA and the other for the nuclear specific sequence. This was done for three biological groups 

after 2 (A) and 10 days (B) of treatment. Representative qPCR melt peak analysis of the various 

treatment groups confirmed that only a single gene product was amplified per primer set evidenced by 

the two separate peaks. Minimal amplification was observed in the NTC’s. 

 

 

 

Figure 15: Amplification curves for telomerase activity in HEK293 cells post treatment. 

Amplification curves following telomerase extension and subsequent qPCR amplification of a telomeric 

substrate to quantify telomerase in HEK293 cell treatment groups, namely: 5 mM glucose, 25 mM 

glucose, 5 mM glucose with 400 nM Aβ42, 5 mM glucose with 400 nM Aβ42, 0.09% DMSO or non-

treated, T2DM group, AD group, AD-T2DM group, vehicle control. This was done for three biological 

groups after 2 (A) and 10 days (B) of treatment. Minimal amplification was observed in the NTC’s and 

Heat treated (HT) controls. 
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Figure 16: Amplification curve and Melt peak analysis for telomere length as well as the reference 

gene 36B4. 

Amplification curves following qPCR amplification of the 36B4 reference gene as well as the telomeres 

in HEK293 cell treatment groups, namely: 5 mM glucose, 25 mM glucose, 5 mM glucose with 400 nM 

Aβ42, 5 mM glucose with 400 nM Aβ42, 0.09% DMSO or non-treated, T2DM group, AD group, AD-

T2DM group, vehicle control. The curves show that two distinct genomic products were amplified; one 

for the amplified telomeres and the other for the reference gene 36B4. This was done for three biological 

groups after 2 (A) and 10 days (B) of treatment. Representative qPCR melt peak analysis of the various 

treatment groups confirmed that only a single gene product was amplified per primer set evidenced by 

the two separate peaks. Minimal amplification was observed in the NTC’s. 
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