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AN ABSTRACT OF THE THESIS OF

Leen Mohamad Ali  for Master of Science
Major: Neuroscience

Title: The Neuroprotective Effects of SGLT2 or Nox1/Nox4 Selective Inhibitors on
Alzheimer’s-Like Symptoms Development in Diabetic Mice

Background: Alzheimer’s disease (AD) is a neurodegenerative disorder characterized by the
progressive loss of memory and cognitive function along with molecular alterations involving
the accumulation of amyloid-beta (AB) plaques and neurofibrillary tangles (NFTs).
Epidemiological evidence has shown that type II diabetes mellitus (T2DM) is a major risk factor
for the development of AD. Among the shared pathological features of both diseases are
impaired insulin signaling and oxidative stress. However, the exact mechanism of how peripheral
insulin resistance in diabetes may contribute to AD pathology remains largely unknown.

Aim: The aim of the present study is to determine the role of impaired insulin signaling along
with reactive oxygen species (ROS) overproduction in the onset of AD-like pathology in an
animal model of T2DM. We also investigate the potential ameliorative properties of
dapagliflozin (SGLT2 inhibitor) and GKT137833 (dual Nox1/Nox4 inhibitor) on the
Alzheimer’s-like symptoms developed in T2DM.

Methods: Female C57BL/6J mice were used to conduct this study. T2DM was induced using a
combination of high-fat diet and low doses of streptozotocin injections. Treatment groups were
administered with either dapagliflozin (2mg/kg) or GKT (40mg/kg) over a period of 9 weeks.
Cognitive function of the studied mice was assessed using the novel object recognition test and
the spontaneous T-Maze alternation test. To test for sensory dysfunction associated with
diabetes, mechanical and heat hyperalgesia were assessed using Hargreave’s test and the
electronic von Frey. The raised beam walking test was also conducted to detect any motor
dysfunction. At the molecular level, western blots were used to assess the expression of NADPH
oxidase-4 (Nox4), insulin receptor substrate-1 (IRS-1) and Tau phosphorylated at Ser404 in the
hippocampus and prefrontal cortex. RT-PCR was also conducted to study the mRNA levels of
Nox1, IRS-1 and IRS-2. Immunohistochemical staining was performed to detect the deposition
of amyloid-beta plaques and tauS404 and S396 hyperphosphorylation in the brain.

Results: Compared to the control group, type 2 diabetic mice showed sensory, cognitive and
motor dysfunction. Treatment with dapagliflozin and GKT reversed spatial and recognition
memory loss, as well as sensory and motor dysfunction in mice. These observations were
paralleled by the reestablishment of the insulin signaling activity and the inhibition of NADPH-
dependent ROS overproduction.

Conclusion: This study reveals a potential neuroprotective role of SGLT2 inhibition as well as
Nox1/Nox4 inhibition and highlights the involvement of insulin resistance and oxidative stress in
the progression of Alzheimer’s-like symptoms associated with T2DM. These findings put
forward a potential novel therapeutic strategy for the treatment of AD.
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CHAPTER I

INTRODUCTION

A. Alzheimer’s Disease: General Overview

Dementia is a group of symptoms affecting memory, cognition and behavior sufficient to
interfere with daily activities. About 46.8 million people worldwide suffer from dementia,
and its global health burden is on the rise due to an aging population, where numbers are
predicted to increase to 131.5 million by 2050 [1-3]. The most common types of dementia
are Alzheimer’s disease (AD), vascular dementia, frontotemporal dementia and dementia
with Lewy bodies. AD is the leading cause of dementia worldwide, accounting for 50-75% of
cases [3]. It is described as a progressive neurodegenerative disorder characterized by
cognitive dysfunction, memory loss and behavioral abnormalities gradually resulting in an
inability to function independently [4, 5]. Moreover, it is an age-related disorder that is
currently the third leading cause of death in the elderly [1].

AD can be categorized into two general types: familial AD or sporadic AD [2]. Familial
AD is usually an early-onset disease that occurs between the ages of 30 and 50. It accounts
for less than 1% of all AD cases, and it usually occurs due to rare autosomal dominant
mutations in any one of three genes: amyloid-precursor protein (APP), presenilin 1 (PSENT1)
and presenilin 2 (PSEN2) [5]. On the other hand, the late-onset disease, also known as
sporadic AD, accounts for more than 95% of AD cases [6]. It is a multifactorial disease that
is driven by both genetic and environmental factors [2]. Genetic studies have identified

multiple risk factors with apolipoprotein E4 (APOE4) allele as a primary genetic risk factor



for late-onset AD [7, 8]. For the most part, sporadic AD and familial AD share many clinical

features [6].

1. The Clinical and Molecular Manifestations of AD

The core clinical criteria used to diagnose AD dementia include, but are not limited to:
cognitive deficits such as an impairment in learning, inability to remember new information,
impaired reasoning, poor judgement, inability to recognize faces or common objects,
impaired language functions and changes in personality and behavior. For a patient to be
diagnosed with AD, one must have a gradual progression of these symptoms over months to
years [9]. AD is also characterized by morphological and physiological changes primarily
expressed as the formation of intraneuronal neurofibrillary tangles (NFTs) and the
extracellular deposition of beta-amyloid (AP) plaques [10]. In addition to that, AD is also
strongly associated with neuroinflammation [11], oxidative stress [12] and impaired glucose
metabolism [13], all of which ultimately leads to the progressive loss of synapses and the
degeneration of neurons [1, 11, 14, 15].

Under physiological conditions, APP is cleaved and continuously cleared from the central
nervous system (CNS) to prevent the accumulation of its products [16]. However, in
pathological conditions, the expression and processing of APP becomes dysregulated where
it is cleaved by B and y-secretases to form A peptides (40-42 amino acids in length). These
peptides can ultimately accumulate into oligomers and insoluble A plaques due to an
imbalance between their production and clearance, and the deposition of A mainly

originates in the frontal and temporal lobes, hippocampii and limbic system [6, 17]. This



dysregulation occurs as a consequence of a mutation in the APP, PSEN1 or PSEN2 genes in
the familial form of AD; however, it remains unclear how A} accumulation originates in
sporadic cases of AD [15]. This led to the development of the amyloid hypothesis where Af3
accumulation in the brain is considered as the primary driving force of neurodegeneration
and other features of AD such as the formation of NTFs [17]. However, the deposition of A}
plaques generally occurs way before the onset of cognitive decline in AD patients [18], and
treatments specifically aimed at reducing A formation such as those targeting B and y-
secretases have proved ineffective or had undesirable side-effects [1].

NFTs consist of aggregated hyperphosphorylated tau proteins [10]. Tau protein is a
microtubule-associated protein that is crucial for maintaining neuronal stability and
interconnections; however, in pathological conditions, tau will be hyperphosphorylated
through the over-activation of kinases such as glycogen synthase kinase-3 (GSK-3) among
others. Hyperphosphorylated tau will then get ubiquitinated, misfold and self-aggregate to
form NFTs and dystrophic neurites inside neurons. NFTs then contribute to the degeneration
of neurons by disrupting the cytoskeletal framework and synaptic connections [18-20].
Hyperphosphorylation of tau at Ser262, Ser396, Ser404 and Thr231 among others have been
shown to contribute to AD pathogenesis [21]. NFTs emerge in the medial temporal lobe and
hippocampus and gradually spread into other areas [6], and hyperphosphorylated tau has
been identified as a better predictor of disease progression and cognitive performance than
AP accumulation [19]. This led to the development of the tau hypothesis where tau
hyperphosphorylation and NFT formation act as the main trigger for other AD pathologies,
but treatment strategies focused on blocking tau phosphorylation or aggregation remain

challenging [1, 22].



2. A Novel Hypothesis for the Development of AD

Several hypotheses for the development of AD have been suggested, and the most
popular of which are the previously mentioned amyloid hypothesis and tau hypothesis in
addition to the vascular hypothesis and the cholinergic hypothesis [1]. However, despite
advancements in our understanding of the disease over the years, no cure or definitive
preventative strategies have yet been discovered, and the aetiology of the disease remains
unclear. Due to its severity and rising prevalence, it is of utmost importance to explore other
mechanisms for AD pathogenesis. In recent years, there has been an increasing body of
evidence linking diabetes, impaired glucose metabolism and insulin signaling pathways to
AD [23-27]. Type 2 diabetes mellitus (T2DM), mainly characterized by a state of insulin
resistance [28], has been considered as a risk factor for AD [29]. In addition to that, studies
have found that levels of insulin receptors and insulin-receptor mediated activity, such as the
activation of kinases that are downstream of insulin signaling, are dysregulated in
postmortem AD brains [30-34]. Other studies have shown that the levels of glucose uptake
and metabolism are decreased in the brains of AD patients [35], and insulin deficiency and
resistance were shown to increase with Braak stages in postmortem AD brains [33]. This led
to the development of a new hypothesis that insulin resistance could be one of the driving
forces contributing to the pathogenesis of AD. Owing to the fact that peripheral insulin
resistance is the main trigger for T2DM [28], the term type 3 diabetes has been suggested for
AD that originates due to insulin resistance in the brain [36]. According to this hypothesis,
AD is described as a specific form of diabetes that explicitly targets the brain where insulin

resistance is also accompanied by deficiencies in insulin levels [36].



B. Diabetes Mellitus - Background

Diabetes mellitus (DM) encompasses a group of heterogenous metabolic disorders
characterized by chronic hyperglycemia due to disturbed insulin secretion or signaling or
both [37]. The prevalence of diabetes has been increasing at an unsustainable rate where it is
estimated that about 463 million people worldwide suffer from this disease, and the global
health expenditure directed towards diabetes and its complications was estimated at 727
billion USD in 2017. The number of adults with diabetes is expected to reach 578 million by
2030 [38].

There are two major types of diabetes: type 1 diabetes mellitus (T1DM) and type 2
diabetes mellitus (T2DM) [39]. TIDM is caused by an autoimmune response where the
body’s own immune system attacks the beta cells of the pancreas. This ultimately results in
very little or no insulin production by the pancreas leading to a state of hyperglycemia.
T1DM most commonly occurs at an early age, and it accounts for 5-10% of diabetes cases
[40]. The most common type of diabetes is T2DM which accounts for about 90% of the cases
[39]. T2DM, also known as non-insulin-dependent diabetes mellitus, is defined by fasting
hyperglycemia that is largely due to disturbances in insulin signaling and action along with a
compensatory hypersecretion of insulin. Thus, individuals with T2DM, at early stages of the
disease, generally do not require treatment with insulin in order to survive, but defects in
insulin secretion have also been shown to occur at later stages of the disease [40, 41]. In most
cases, insulin receptor tyrosine-kinase activity is diminished mainly within skeletal muscles,
liver and adipose tissue [42-44]. Age, obesity and lack of physical activity are the main risk

factors for developing T2DM [39, 40].



1. Diabetic Complications

Diabetes is associated with numerous complications. Among the long-term vascular
complications of diabetes are diabetic neuropathy, nephropathy, retinopathy and
cardiovascular disease [45]. The microvascular complications are due to damage to small
blood vessels and include neuropathy, nephropathy and retinopathy. The macrovascular
complications are due to damages in the arteries, and these include cardiovascular disease
leading to myocardial infarctions and cerebrovascular disease resulting in strokes [41].

Diabetic neuropathy is a neurodegenerative disorder of the peripheral and autonomic
nervous system that primarily targets sensory axons and to a lesser extent, motor axons [46].
It is by far the most prevalent of the diabetic complications where it occurs in about half the
patients with diabetes [47]. The most common form of diabetic neuropathy is distal
symmetric polyneuropathy. It is generally characterized by a loss of sensory function in the
hands and lower limbs associated with pain and morbidity [46]. Another major complication
of diabetes is diabetic nephropathy or kidney disease. It is clinically characterized by
persistent proteinuria with a decline in glomerular filtration rate. The features of nephropathy
develop gradually over many years and can be fatal when left untreated. Hyperglycemia that
occurs in diabetes is known to affect various types of kidney cells including endothelial cells,
smooth muscle cells, podocytes and others, which is why the progression of nephropathy is a
highly complex process [48]. Nephropathy is also considered a major risk factor for the
progression of macrovascular complications [49].

Diabetic retinopathy is the leading cause of preventable blindness in adults [50], and it
occurs in about a third of diabetic patients [51]. It is primarily characterized with alterations

in vascular permeability and lesions within the retina. These develop gradually over the years



and can ultimately result in visual impairment at later stages [52]. In addition to that,
diabetic patients have an increased risk of developing cardiovascular disease which accounts
for more than half of the mortality cases seen in diabetes [53]. It can manifest as premature
atherosclerosis leading to myocardial infarction, stroke and impaired cardiac function [41]. In
order to reduce the risk of these diabetic complications, it is crucial to achieve optimal
glycemic control as early as possible in the course of the disease [54, 55]. Unfortunately,
clinical studies have shown that glycemic control on its own does not provide utmost
protection from developing diabetic complications. Therefore, the search for novel
therapeutic strategies targeting these long-term health complications is crucial to prevent

their initiation and progression in diabetic patients.

2. Diabetes-Induced Alzheimer’s Disease

Numerous signaling pathways and functions are halted in insulin resistant states [56].
Consequently, diabetes has been associated with other long-term complications including
depression [57], sexual dysfunction [58] and dementia [59]. Peripheral insulin resistance is
known to induce changes within the central nervous system where it is accompanied by
reduced insulin levels and activity in the brain [60]. When T2DM is inadequately controlled,
it can increase the risk of developing cognitive impairment [61], and it has been shown that
diabetic patients are 1.4-2.0 fold more likely to develop AD than non-diabetic individuals
[62].

Studies have shown that as T2DM progresses, it can be associated with the main features

of AD pathology. To begin with, a study on diabetic mice shows significant accumulation of



AP plaques in the brain and decreased insulin-degrading enzyme activity which normally
reduces AP build-up by degrading it [63]. It has also been shown that increased levels of
advanced glycation end products (AGE) and their receptors (RAGE), which occurs in T2DM,
mediate the transport of soluble AP across the blood brain barrier, thus contributing to its
accumulation in the CNS [64-66]. In a study on cynomolgus monkeys, AP plaques were
observed in the frontal and temporal lobes of T2DM-affected monkeys about 5 years earlier
than in healthy controls [67]. In addition to that, increased phosphorylation of tau protein
within the brain is evident in mouse models of T2DM [68].

Tau hyperphosphorylation is also evident in postmortem brain samples of T2DM patients
[69], and several studies have shown that T2DM patients display signs of brain atrophy and
neurodegeneration where hippocampal volume decreases with longer duration of diabetes
[70, 71]. In addition to that, increased plasma insulin levels such as those present in an
insulin resistant state were shown to increase AP and inflammatory agents in the brain [60].
Thus, systemic insulin resistance, such as that in T2DM, may be associated with an increased

risk of developing the main features of AD pathology.

C. Diabetes and AD: Shared Mechanisms

1. Insulin Resistance and Type 2 Diabetes Mellitus
Insulin resistance generally occurs when the cells of the body have a reduced
response to insulin which makes it unable to achieve its glucose-lowering function. This
requires higher circulating levels of insulin to try to compensate for the hyperglycemia

[44, 72, 73]. Under normal conditions, cells respond to insulin when it binds to its



receptor tyrosine kinase on the plasma membranes of target cells [74]. This initiates
multiple phosphorylation events that ultimately activate enzymes controlling different
aspects of cellular function (Fig. 1). These signaling pathways involve multiple points of
regulation that ensure appropriate signal duration and intensity; however, disturbances in
these pathways can lead to a state of insulin resistance [75]. Thus, several studies
concluded that insulin resistance generally occurs due to both receptor defects such as
decreased expression of insulin receptors leading to lower levels of binding, and post-
receptor defects which are the disturbances in signal transduction following insulin
binding [76, 77]. However, insulin resistance is not simply a switching off of all insulin
signaling completely, which is why increasing the levels of insulin can be effective in
preserving some insulin action in mild and moderate cases [44].

Insulin resistance usually develops due to triggering lifestyle factors such as the
consumption of a high-fat diet (HFD) [72], and it has been linked to obesity, hypertension
and T2DM [60]. As mentioned previously, T2DM is mainly characterized by a state of
insulin resistance and hyperglycemia [40]. Although insulin resistance mostly affects
skeletal muscles, liver and adipose tissue due to their notable requirements of glucose
uptake and metabolism [41], it has also been shown to affect other cells at sites of
diabetic complications such as the kidney [78]. One study showed that a deficiency in
insulin receptor action in podocytes induced a disease state similar to diabetic
nephropathy even during normal glycemic conditions [79]. Weight reduction and/or
pharmacological intervention against hyperglycemia can improve insulin resistance in

T2DM, but it is seldom restored to normal levels [40].



A state of insulin resistance can be very debilitating for cell function because insulin
signaling has many physiological roles such as glucose uptake by cells, glycogen
synthesis, cellular proliferation, metabolism and many others [75]. The phosphorylation
of the insulin receptor induces phosphorylation of cellular substrates such as insulin
receptor substrate 1-4 (IRS1-4) [80]. The resulting morphological change in IRS
increases its binding to phosphatidylinositol-3 kinase (PI-3K) [81] which ultimately
activates phosphatidylinositol 3,4,5-trisphosphate (PIP3). This then recruits
phosphoinositide-dependent kinase-1 (PDK1) which activates AKT [82]. Through this
pathway (Fig. 1), IRS-1 and IRS-2 can control many cellular functions, and their roles
tend to be tissue-specific [81]. The PI-3K signaling pathway, or the metabolic pathway,
has many functions including regulation of glucose uptake, cell survival and metabolism.
Another major pathway commonly affected by insulin resistance is the mitogen-activated
protein kinase (MAPK) signaling pathway, or the mitogenic pathway, which plays a role
in cellular proliferation and gene expression [75]. In addition to its overwhelming
functions in the periphery, insulin signaling has also been shown to play a huge role in

the CNS.
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Figure 1. The metabolic pathway of insulin signaling under physiological conditions.

After insulin binds to its receptor, the activated receptor phosphorylates IRS-1/2 protein. IRS-1/2 can then activate
PI-3K which in turn leads to the formation of PIP3. PDK1 is then recruited by PIP3 to phosphorylate AKT. AKT
then catalyzes multiple reactions leading to GLUT-4 translocation to the cell membrane, glycogen synthesis through
glycogen synthase (GS), protein synthesis, fatty acid synthesis and cell survival.

2. The Role of Insulin in the CNS
The brain had long been considered “insulin insensitive” because most of the glucose
uptake by neurons is glucose transporter-3 (GLUT-3) dependent, which does not require
insulin to perform its function [83]. However, neurons as well as the other cells of the brain

(glial cells, pericytes and endothelial cells) have been shown to express insulin receptors
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[84] which show an even distribution across all cell types of the human CNS [85]. Insulin
receptors in the brain exist in two isoforms, A form and B form, which have different
binding affinities to insulin and insulin-like growth factor (IGF), or they can form a
heterodimer with the IGF-1 receptor [86, 87]. Multiple studies have demonstrated that
insulin found in the brain can be actively transported across the blood brain barrier (BBB)
[88, 89] or synthesized within the brain [90].

In the brain, and unlike its actions in the periphery, insulin acts more like a growth
factor rather than a hormone that mainly regulates glucose uptake [89]. Insulin/IGF
signaling elicits multiple effects such as promoting neuronal growth, learning and memory,
inhibiting apoptosis, regulating metabolism, synthesizing proteins and maintaining
synaptic plasticity [91, 92]. In a recent study, insulin/IGF signaling was shown to activate a
pathway which results in the translocation of GLUT1 to the cell membrane in order to
enhance glucose uptake on demand. GLUTT is the main glucose transporter found in
astrocytes and was previously thought to be an insulin-independent transporter only [93].
In addition to that, GLUT4 and GLUTS, which are insulin-dependent transporters, are
mainly expressed in neurons of the hippocampus, amygdala, cortex and cerebellum. Thus,
insulin-mediated translocation of these GLUTs is important in maintaining cognitive
functions associated with the hippocampus [94]. Studies have demonstrated that upon
treatment with insulin, the uptake of a glucose analog was significantly increased in the
hippocampus [95], and normal adults treated with insulin showed improvements in
memory formation [96]. Therefore, proper insulin action is essential for the normal

functioning of the brain.
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3.

Insulin Resistance and Alzheimer’s Disease

In line with its functions in cognition, memory and neuronal survival, studies have
shown that disturbances in insulin signaling in the brain are associated with AD pathology
[27], and insulin resistance is now considered a risk factor for AD [97]. In an experimental
model of brain insulin resistance, silencing insulin or IGF receptor expression in the brain
caused degeneration of the hippocampus and temporal lobes and impairments in learning
and memory [98], and it also increased the phosphorylation of tau protein in another study
[99]. This is because the phosphorylation of tau proteins can be regulated by the insulin
signaling pathway through GSK-3B (Fig.1) [100]. When insulin receptors were
downregulated within the hippocampus of rats, long-term memory was significantly
impaired [101]. Taken together, these studies demonstrate the detrimental effects of insulin
resistance on the brain.

In addition to that, studies have found that insulin receptors were desensitized in the
brains of AD patients [60], and that the total and phosphorylated components of the
insulin/PI-3K/AKT signaling pathway were downregulated in the cortices of AD patients
[35]. In line with this study, AD brains with no history of T2DM showed reduced insulin
response specifically at the level of the IRS-1/PI-3K signaling pathway. This was
associated with an increase in AP plaques and a decrease in episodic and working memory
[31]. In addition to that, postmortem AD brains showed diminished total levels of IRS-1
and IRS-2 [102], and insulin deficiency and resistance were shown to increase with Braak
stage in AD brains [33]. Furthermore, multiple studies have found reductions in brain
glucose metabolism in AD patients relative to control patients [103-105]. In addition to

that, several studies have demonstrated that intranasal administration of insulin improves
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working memory and cognitive function in patients with cognitive impairment such as AD
[106, 107]. Thus, brain insulin resistance is one of the features of AD which may be
disrupting major functions such as glucose utilization, metabolism, protein

phosphorylation, cell survival and others.

4. Oxidative Stress in T2DM and AD

Another common pathological feature between T2DM and AD is oxidative stress.
Oxidative stress occurs as a result of an imbalance between the biological system’s ability to
generate reactive oxygen species (ROS) and reactive nitrogen species (RNS) and to detoxify
these reactive molecules (Fig. 2) [108]. Oxidative stress is a major hallmark of TIDM and
T2DM [109, 110]. Hyperglycemia in T2DM is known to activate multiple pathways which
ultimately produce AGEs. AGEs along with their receptors result in the formation of reactive
oxygen species [111]. In addition to that, impaired glucose metabolism increases the
production of ROS and RNS which can deplete the cell’s antioxidant capacity leading to a
state of oxidative stress [112]. ROS and RNS-induced protein and lipid peroxidation may
lead to cellular damage and death, and it is increased in diabetic patients as compared to
controls [113]. The overproduction of ROS through NADPH-oxidases has been shown to
contribute to diabetic cardiomyopathy and nephropathy [114, 115], and oxidative stress in
general has been a major contributing factor to diabetic neuropathy [109, 110].

Several studies have shown that oxidative stress not only impacts neurons in the
periphery, but it is also a key mediator of neurodegeneration in AD since it can contribute to

the damage of synapses, to the disruption of neuronal plasticity [116] and to the induction of
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neuronal apoptosis [117]. Studies on cerebrospinal fluid and brains of AD patients have
shown increased levels of 4-hydroxy-2-nonenal (4-HNE) and malondialdehyde, which are
markers of oxidative stress [118]. The level of oxidative stress has been shown to increase
with Braak stage of AD in both CSF and postmortem brain tissue. 4-HNE is significantly
higher in the CSF of patients at early stages of AD as compared to controls [32], and patients
with mild cognitive impairment display increased levels of oxidized proteins in their parietal
lobe, frontal lobe and hippocampus [119]. In addition to that, an increase in lipid
peroxidation along with a decrease in antioxidant capacity were evident before the
development of A plaques, NFTs and cognitive decline in a transgenic mouse model of AD
[120]. Thus, oxidative stress develops early on in the course of AD and may be used as a sign
for early detection along with other factors. Although NADPH-oxidases are recognized as a
major source of reactive oxygen species in neurological disorders [121, 122], their role in

cognitive decline in T2DM has not yet been investigated.

Physiological Conditions Diabetes Mellitus Alzheimer’s Disease

A

Figure 2. Schematic representation of oxidative Stress in diabetes mellitus and Alzheimer’s disease.
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D. Anti-diabetic Drugs in AD

Although numerous clinical trials have been conducted on AD patients, the FDA has only
approved five drugs; however, these only manage to relieve symptoms temporarily and are
unable to slow the progression of AD [1]. Therefore, there is an urgent need to develop novel
and more effective therapies for AD. Due to the common underlying mechanisms between
AD and diabetes, researchers have started looking into anti-diabetic drugs as a possible
treatment for AD. Multiple studies have looked into metformin and glucagon-like peptide 1
(GLP-1) receptor agonists, in addition to other anti-diabetic drugs [123].

Metformin is the most commonly prescribed medication to combat T2DM since it
increases insulin sensitivity and lowers glucose levels [124]. In many studies, metformin has
shown potential in treatment of AD pathology. In an ICV-STZ model of sporadic AD,
treatment with metformin has shown improvement of spatial learning and memory. In
cultured hippocampal neurons, metformin inhibited AB-induced toxicity and apoptosis by
inhibiting the hyperphosphorylation of c-Jun N-terminal kinase (JNK) [125]. In the SAMP8
mouse model of AD, metformin was shown to improve both learning and memory in the T-
maze foot shock avoidance, object recognition and the Barnes maze by decreasing the
accumulation of AP and pTau [126]. In another study on transgenic AD mice, metformin
treatment ameliorated AP accumulation and neuroinflammation, as well as impairment in
spatial memory and neuronal loss in the hippocampus [127]. In several studies, non-diabetic
subjects with MCI or mild AD were treated with metformin, and they showed positive effects
on executive function, learning, memory and attention [128, 129]. In another clinical trial,
metformin was given to diabetic patients at high doses over a long period of time which was

associated with a lower risk of developing AD [130].
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GLP-1 is a hormone that helps in lowering glucose levels, so GLP-1 receptor agonists are
currently used in the treatment of T2DM [131]. They are also being investigated as a
potential treatment for AD [132, 133]. Liraglutide, which is a GLP-1 receptor agonist, shows
protective effects on impaired spatial learning and memory by ameliorating the
hyperphosphorylation of tau and dysfunctions in insulin signaling in the ICV-STZ mouse
model of AD. It was also able to reduce neuronal degeneration [134, 135]. In another study
on a transgenic mouse model of AD, treatment with GLP-1 receptor agonist was shown to
reduce AP plaques, microglial activation and synapse loss [136]. Dulaglutide, another GLP-1
receptor agonist, was administered to a sporadic AD mouse model resulting in protection
against cognitive impairment and decrease in tau hyperphosphorylation by stimulating the
PI-3K/AKT/GSK-3B pathway [123]. In a non-human primate model of AD, treatment with
GLP-1 receptor agonist reduced tau phosphorylation and synapse loss [137]. In addition to
that, GLP-1 receptor agonists given to AD patients have shown a decrease in glucose
hypometabolism in clinical trials [138].

Sodium-Glucose cotransporter 2 (SGLT2) inhibitors are another class of drugs prescribed
for diabetics to lower blood glucose by inhibiting glucose reabsorption in the kidneys [139].
Preliminary studies have started looking into their effects on cognitive function. In a
randomized clinical trial on T2DM patients, treatment with SGLT2 inhibitors for 12 months
prevented any reduction in cognitive performance during the study period [140]. In addition
to that, SGLT2 inhibitor prevented impairment in cognitive function along with a reduction
of cerebral oxidative stress in a mouse model of T2DM [141]. It also improved brain insulin
signaling and mitochondrial function, averted cognitive impairment and increased synaptic

plasticity in the hippocampus of obese-insulin resistant rats [142]. Thus, preliminary
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evidence has shown some protective effects of SGLT2 inhibitors on cognitive function

insinuating that SGLT2 inhibitors may be used as a novel therapeutic strategy in AD.

E. Hypothesis and Aim of the Study

Although diabetes has been considered as a major risk factor for the development of AD,
the mechanisms underlying this association remain uncertain. Increasing evidence supports
shared pathological features between diabetes and AD such as insulin resistance and
oxidative stress. Understanding the mechanisms by which diabetes may be inducing AD is
crucial for the development of preventative methods and treatment strategies targeting
diabetes-induced AD. Thus, this study aims to determine the role of impaired insulin
signaling and ROS overproduction in the development of AD-like symptoms in diabetes
(Fig. 3). We hypothesize that in a mouse model of T2DM, the expression of IRS-1 and IRS-2
in the brain may be altered paralleled by increased ROS production through the NADPH
oxidase family of enzymes, specifically Nox1 and Nox4. These changes will ultimately
contribute to AD-like symptoms of cognitive decline and AP and tau pathology. In addition
to that, we hypothesize that treatment with dapagliflozin, an SGLT2-inhibitor, and
GKT137833, a Nox1/Nox4 inhibitor, will work to alleviate the AD-like symptoms associated

with T2DM.
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Figure 3. Proposed model for the development of AD-like symptoms in T2DM.

T2DM induces a state of brain insulin resistance as well as ROS overproduction, through an upregulation of Nox1
and Nox4 in the brain, ultimately contributing to AD-like pathology of memory loss, AP plaque accumulation and
tau tangles.

19



CHAPTER II

MATERIALS AND METHODS

A. Animal Models

C57BL/6J mice were used to conduct this study. This strain is susceptible to the induction
of T2DM rendering it an excellent model for studying the onset of T2DM and its associated
complications.

Sixteen 9-week-old female mice were separated into 4 groups: control, diabetic, diabetic
treated with dapagliflozin (SGLT2-inhibitor) and diabetic treated with GKT #137833 as shown
in Table 1. To induce T2DM, mice were fed a 60% HFD for a period of 5 weeks followed by
intraperitoneal streptozotocin (STZ) injections. STZ was administered following the Low-Dose
Streptozotocin Induction protocol described by the Diabetic Complications Consortium
(Diacomp) at a dose of 75mg/kg but for 5 consecutive days. STZ was freshly prepared before
injection by dissolving it in a citrate buffer (pH 4.5). Diabetic groups were kept on a HFD until
the end of the experiment. Dapagliflozin was dissolved in water and administered through oral
gavage at a dose of 2 mg/kg 6 times per week for a period of 9 weeks. GKT was dissolved in
methyl cellulose and administered through oral gavage at a dose of 40 mg/kg 3 times per week
for a period of 9 weeks.

All animals were housed in a temperature-controlled room (20° to 22°C) with a 12:12 h
light: dark cycle (light period from 7:00 am to 7:00 pm). All mice had ad libitum access to
drinking water and food. The control group was provided with standard rodent chow, whereas

the diabetic groups were provided with HFD chow. All behavioral assessments were performed
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in the morning between the hours of 8:00 am and 12:00 pm. All procedures and protocols were
conducted in accordance with the ethical guidelines and under the approval of the Institutional

Animal Care and Use Committee (IACUC) of the American University of Beirut (AUB).

Condition Number of animals

Control 5

Diabetic (T2DM) 3

Diabetic treated with Dapagliflozin 4
(T2DM+SGLT2i)

Diabetic treated with GKT | 4
(T2DM+GKT)

Table 1. Experimental Groups.

B. Experimental Design

Upon arrival, mice were separated into their respective groups then diabetic groups started
their HFD regimen for five weeks. Body weights and random blood glucose levels (BGL) were
recorded once per week until the end of the study. BGL were measured using an Accu-Check
Performa® glucometer following a tail-prick. Following the implementation of the T2DM
protocol, blood glucose levels were recorded during the next week to ensure that T2DM was
properly induced. Mice with plasma glucose of 250 mg/dL or above were considered diabetic.
The glucose tolerance test was conducted for the control and T2DM group where 2g/kg of

glucose were injected intraperitoneally after 6 hours of fasting. BGL were measured before
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injection and at 15, 30, 45, 60 and 90 mins after injection to determine how quickly glucose is
cleared from the blood.

At 8 weeks of diabetes, treatment groups were administered with either dapagliflozin or
GKT for a period of 9 weeks. After 16 weeks from diabetes induction, behavioural tests were
conducted for all groups over a period of one week. All mice were then euthanized and required
organs/tissues were harvested. The brains were removed carefully, after which the prefrontal

cortex and hippocampus were extracted, and collected blood was analyzed for HbAlc levels.

C. Behavioral Tests

1. Spontaneous T-maze Alternation

To assess the cognitive ability of the mice, the T-maze test was conducted. The setup
consists of an elevated and enclosed apparatus in the shape of a T with one starting arm and
two goal arms separated by a long central partition. The natural tendency of rodents is to
alternate their choice of goal arm when two trials are performed in quick succession. This is
known as spontaneous alternation, and it is used as an indication of spatial working memory.
This spontaneous alternation is very sensitive to dysfunctions of the hippocampus, but other
brain structures such as the thalamus, cerebellum and substantia innominate are also involved
[143, 144]. Before this test can be conducted, the mice need to be accustomed to the
investigator’s touch by placing hands inside their cage and gently picking them up.

Animals were left in the behavioural room for 10-15 minutes prior to the testing session
to allow for an optimal state of arousal. Each mouse was placed at the base of the T facing

away from the goal arms and allowed to explore freely until it chose one of the two available
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arms. Once the mouse reached its goal arm, the investigator closed the entrance to that arm by
a plastic door and allowed the mouse to explore the arm freely for 30 seconds. The criterion
for the arm choice was met when the mouse had fully entered the arm, including the tip of its
tail.

After 30 seconds, the mouse was slowly picked up, and the door was reopened. The mouse
was then placed back at the base of the T facing away from the goal arms, and it was allowed
to choose an arm again. If the mouse chose the arm that was not visited on its first trial, then
it has passed as this is an indication of its memory of the first arm chosen. Mice with normal
spatial working memory would have a natural tendency to choose the new arm in an effort to
locate potential food, water, shelter or mates [143]. However, if it chose the arm that was
previously visited, then it failed.

Each mouse was given 3 trials, and each trial had to be completed in under 2 minutes with
an interval of 5 minutes between each trial. If the animal spent more than 90 seconds in the
maze without choosing an arm, then it was returned to its cage and the trial was performed at

a later time. The percentage of successful trials was calculated based on the 3 trials performed.

2. Novel Object Recognition

The novel object recognition (NOR) test is conducted to assess recognition memory and
learning in mice [145]. Recognition memory, which is the ability to recognize a previously
encountered item, is a subcategory of declarative memory which relies on the integrity of the
medial temporal lobe [146]. The mice are initially presented with two identical copies of an

object to explore, one of which is later replaced with a novel object. The amount of time spent
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exploring the novel object is used as an indicator for recognition memory. This is based on
the innate tendency of the animal to explore a novel object which makes it spend more time
exploring the novel object only if it recognizes the familiar one. This test consists of three
phases: habituation, familiarization and testing [145].

Before the habituation phase, mice were initially placed in the testing room for 15 minutes
and had been previously accustomed to the investigator’s handling to avoid any novelty-
induced stress. During the habituation phase, each mouse was placed in an opaque open field
box (acrylic square box, 30 x 30 x 30 cm) and allowed to explore freely for 5 minutes. It was
then returned to its cage, and the box was cleaned with 70% ethanol. The habituation phase
was set to occur 24 hours before familiarization and testing.

During the familiarization phase, each mouse was placed inside the same open field box
where two copies of the same object were placed in two corners of the box 5 cm away from
the walls. The mouse was placed in an empty corner facing the walls of the box, and it was
allowed to explore freely for 5 minutes. The mouse was then returned to its cage, and the
objects as well as the apparatus were thoroughly cleaned with 70% ethanol to remove any
odours. An intersession interval (ISI) of 5 minutes was implemented between the
familiarization phase and the testing phase.

One of the familiar objects was then removed and replaced with a novel object. During
the testing phase, the mouse was placed back in the open field box and allowed to explore
freely for 5 minutes. A camera was placed on top of the box to record each testing phase for
later analysis. The investigator was at least one meter away from the box.

In order to collect the data, the same experimenter thoroughly examined the video

recordings for any exploratory behaviour. Exploration of an object was defined by directing
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the nose towards the object when it was 2 cm or less away from it. Climbing over the object
or leaning on to it was not considered an explorative behaviour, unless it was accompanied
with directing the nose towards the object [ 145]. The time spent by each mouse on the familiar
object and the novel object was recorded using a stopwatch. The choice of familiar versus
novel object was randomized for each mouse, and their placement within the box was

randomized as well [145].

3. Hind Paw Withdrawal Response to Thermal Stimulation (Hargreave’s Test)

Hind paw withdrawal latency was measured using Hargreave’s Method which tests for the
animal’s sensitivity to thermal pain. The IITC Plantar Analgesia Meter was set up according
to the manufacturer’s protocol (IITC Life Science) to measure the withdrawal latency (in
seconds) to an infrared heat stimulus when it is applied to the plantar surface of the hind paw.

Each mouse was placed in a separate compartment on a preheated elevated glass plate
(32 °C) and allowed to habituate for 30 minutes. The infrared idle intensity was set to 2%
while the active intensity was set to 25% for a maximum duration of 20 seconds to avoid any
damage to the skin. After the habituation period, the movable infrared emitter was placed
below the glass plate and positioned at the mid-plantar surface of the hind paw for each mouse.
The emitter was activated and then manually stopped as soon as the animal elicits a withdrawal
response, and the withdrawal latency was then recorded. If the animal moved its paw
arbitrarily, this movement was not counted as a withdrawal response, and the trial was
disregarded. Typically, the animal’s withdrawal response to thermal stimulation was

accompanied by licking or observing the paw. Six trials were conducted for each animal with
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an intertrial interval of 5 minutes while alternating the targeted paw, and the average for all

trials was then calculated.

4. Hind Paw Withdrawal Response to Mechanical Stimulation (Electronic von Frey)

To test for tactile sensitivity and nociception, mechanical stimulation of the hind paws
with the von Frey Filament (15g) was conducted using the Dynamic Plantar Aesthesiometer
(DPA) by Ugo Basile. The apparatus consists of an elevated metallic mesh with animal
enclosures, a portable force transducer unit with a von Frey filament to stimulate the
mechanical force, and an electronic unit for setting the required force.

Each mouse was placed in its own enclosure on top of the metallic mesh and allowed to
accommodate for 30 minutes. The mice were separated by opaque walls to avoid seeing each
other. The force delivered by the filament was set at 15 g to activate both mechanoreceptors
and nociceptors. The movable force generator was positioned such that the von Frey filament
was applied perpendicularly to the center of the plantar surface of the hind paw (the force
should not be applied on fat pads). As soon as the mouse elicited a withdrawal response, the
DPA automatically recorded the time and the maximum force (in grams) that elicited that
response.

Six trials were conducted for each mouse with an intertrial interval of 5 minutes. The force

required and the time taken to elicit a withdrawal response were recorded.
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5. Raised Beam Walking

To assess for motor dysfunction and peripheral nerve injury in animals, the raised beam
walking test was conducted. The apparatus consists of an elevated narrow beam (1.2 cm in
diameter, 70 cm in length and 50 cm elevation) with a starting open platform at one end and
a closed platform to house the mouse once it has crossed at the other end. The goal of the test
is for the mouse to walk across the length of the beam from the starting platform until it reaches
the closed housing platform.

The first day consists of a training session where each mouse was placed at the starting
platform and allowed to adapt to the set-up by crossing the length multiple times. Once the
mouse succeeded in reaching the housing platform several times, the testing session was
conducted the following day. During the test, each mouse was given 3 trials with an intertrial
interval of 5 minutes. Each trial was video recorded and subsequently analyzed for the time
required to cross the beam, the speed of the animal, the number of slips and the number of

stops.

D. Molecular Experiments
In order to assess changes at the molecular level, brain tissue (prefrontal cortex and

hippocampus) were carefully collected from each mouse.

1. Immunohistochemical (IHC) Staining
In order to detect AP plaques and tau hyperphosphorylation in the brain, the Novolink

Polymer Detection kit (RE7150-K)) was utilized. Using a freezing microtome, extracted brains
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were cut into sections of 7um in thickness. Brain sections were then fixed with pre-cooled
methanol, washed with 0.025% Triton-X TBS, incubated with blocks provided with the kit
and then with a rabbit polyclonal AB antibody (1:500, Cusabio), TauS404 antibody (1:250,
abcam) or TauS396 antibody (1:4000, abcam) overnight. The following day, sections were
incubated with post-primary solutions and counterstained with haematoxylin. The slides were
later mounted, and beta-amyloid plaques and hyperphosphorylated tau were visualized using

Olympus light microscope where they appeared brown in color.

2. Western Blot

In order to detect changes at the protein level between our groups, the western blot
technique was utilized. Initially, prefrontal cortex and hippocampus samples were each lysed
using RIPA buffer (0.1% sodium dodecyl sulfate (SDS), 0.5% sodium deoxylate, 150 mM
sodium chloride, 100 mM EDTA, 50 mM Tris-hydrochloride, 1% Tergitol (NP40), 1% of
the protease and phosphatase inhibitors and 1 mM phenylmethylsulfonyl fluoride). The
lysates were left to rotate overnight at 4°C, and then they were centrifuged at 13,600 rpm for
40 minutes at 4°C. The supernatants containing the extracted proteins were collected, and
the pellets were discarded.

The concentration of proteins within each sample was quantified using the Lowry
protein assay. For immunoblotting, equal amounts of protein (40 pg) were loaded into 8-
12% polyacrylamide gels. The proteins were subjected to an SDS-polyacrylamide gel
electrophoresis (Bio-Rad Laboratory, CA, USA) and transferred onto nitrocellulose

membranes (Bio-Rad Laboratory, CA, USA). The membranes were then blocked with 5%
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Bovine Serum Albumin (BSA) dissolved in Tris-buffered saline and later incubated with the
primary antibody overnight at 4°C. The primary antibodies used were anti-IRS1 (1:500, 06-
248, Millipore), anti-Nox4 (1:500, ab133303, Abcam), anti-TauS404 (1:500, ab92676,
Abcam), anti-HSC70 (1:500, sc7298, Santa Cruz) and anti-alpha tubulin (1:500, sc5286,
Santa Cruz). The primary antibodies were then detected by horseradish peroxidase-
conjugated anti-rabbit IgG (1:10000, Bio-Rad) or anti-mouse IgG. Protein bands were
visualized by enhanced chemiluminescence using the ChemiDocTM imaging system (Bio-

Rad Laboratory, CA, USA). Densitometric analysis was performed using Image J software.

3. Real-Time Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from hippocampus and prefrontal cortex samples using TRIzol
reagent (Sigma Aldrich, Steinheim, Germany) according to the manufacturer’s protocol.
Extracted RNA samples were then quantified using the NanoDrop and converted to cDNA
using the iSCRIPT cDNA Synthesis Kit (Bio-Rad) starting with 500 ng of total RNA.

cDNA was analyzed by real-time PCR using SYBR Green dye (iTOP Universal SYBR
Green Supermix, Bio-Rad). Forward and reverse primers shown in Table 2 were used to
amplify their complementary DNA sequences using the Bio-Rad CFX 384 machine according
to the thermal cycling protocol. cDNA was quantified using the comparative Ct method where

YWHAZ was used as the housekeeping gene.
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Primers | Sequence Annealing T (°C)

Nox 1 F:5-TCGACACACAGGAATCAGGA-3’ 58.4
R: 3’-TTACACGAGAGAAATTCTTGGG-5’

Nox 4 F: 5>-GAAGGGGTTAAACACCTCTGC-3’ 61.3
R: 5’-ATGCTCTGCTTAAACACAATCCT-3’ 59.3

IRS-1 F:5'-TCC CAA ACA GAA GGA TG -3' 58.4
R:5'- CAT TCC GAG GAG AGCTTT TG -3'

IRS-2 F:5'- GTA GTT CAG GTC GCC TCT GC - 3' 62.5
R:5'-TTG GGA CCA CCA CTCCTA AG-3' 60.5

YWHAZ F:5' - GGT GAT GAC AAG AAA GGA ATT GTG - 3' 61.8
R:5'- GCA TCT CCT TTT TGC TGA TTT CA- 3' 59.3

Table 2. Forward and reverse primer sequences and conditions employed for real-time PCR.

E. Statistical Analysis

Analysis was performed using Graphpad Prism 8 (GraphPad Software, La Jolla, CA, USA).
For behavioural and molecular data, statistical significance was determined using the t-test
when comparing two groups. Following a normality test to detect a normal (Gaussian)
distribution, parametric or non-parametric testing was conducted. One-way analysis of variance
(ANOVA) or two-way ANOVA with Fisher’s LSD test were conducted when comparing all
groups. The results of the diabetic and treated groups were compared to those of the controls,
and the results of the treated groups were also compared to those of the diabetic group. Data are

presented as mean + the standard deviation (SD) or standard error of the mean (SEM).

Differences with a p value <0.05 were considered to be statistically significant.
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CHAPTER III

RESULTS

A. Metabolic Parameters indicate a state of insulin resistance

The glucose tolerance test was conducted for the control and T2DM groups to measure
blood glucose levels; it shows that the diabetic mice had significantly higher blood glucose
levels compared to the control mice at 45, 60 and 90 minutes after injection with glucose
(Fig. 4). HbAlc levels (%) were also significantly higher in all groups as compared to the
control group; however, the levels of the SGLT2 inhibitor-treated group were significantly

lower than those of the T2DM group while remaining significantly higher than the control

(Table 3).
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Figure 4. Glucose tolerance test results.

Histograms representing blood glucose levels (mg/dL) following the induction of the glucose tolerance test for the
control (n=5) and diabetic (n=3) groups at different time intervals. Values represent the mean + SD. *p<0.05
compared to control.
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Group HbA1lc (%)

Control 5.82+0.47644517

T2DM 8.933333333 £ 0.25166115 *

T2DM + SGLT2i | 7.875 +0.33040379 * #

T2DM + GKT 9.175 £ 0.34034296 *

Table 3. HbAlc levels in blood collected from all groups.

HbAlc (%) analysis done by HPLC using the variant II Hemoglobin Testing System (Biorad). Analysis was done on
blood collected from the control (n=5), diabetic (n=3), dapagliflozin-treated (n=4) and GKT-treated (n=4) groups.
Values represent the mean = SD. *p<(0.05 compared to control. #p<0.05 compared to T2DM.

B. Type 2 Diabetes induces Alzheimer’s-like symptoms

T2DM has been considered a risk factor for AD [61]. Two major hallmarks of AD are the
accumulation of AP plaques and hyperphosphorylated tau which forms neurofibrillary tangles
[17, 147]. Phosphorylation of tau protein at sites Ser396-404 are found in both mild and severe
AD cases [148]. The expression of tau phosphorylated at Ser404 was quantified through
western blot analysis at 17 weeks of diabetes onset. Compared to the control group, the levels
of ptau Ser404 in the T2DM group tended to increase in the prefrontal cortex (Fig. 5B) and the
hippocampus (Fig. 5D), although not significant. In addition to that, immunohistochemical
staining of brain tissue was used to detect amyloid-beta plaques and phosphorylation of tau at
sites S404 and S396 around the hippocampal area. In our representative images, control mice
do not show any accumulation of AP plaques (Fig. SE), whereas T2DM mice do show plaque
accumulation (Fig. 5F). In addition to that, controls do not display any hyperphosphorylation
of tau at S404 (Fig. 5G) or S396 (Fig. 5I). However, T2DM mice show tau

hyperphosphorylation within neurons at S404 (Fig. SH) and at S396 (Fig. 5J).
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Figure 5. Molecular alterations indicative of AD develop in a mouse model of T2DM.

Representative image of phosphorylated tau (ptauS404) expression along with its western blot quantification in the
prefrontal cortex (A,B) and the hippocampus (C,D) where Hsc70 was used as a loading control. Values represent the
mean + SEM for the control and diabetic groups (n=3). Representative images of immunohistochemical staining to

determine the deposition of AP (E,F), phosphorylation of tau at S404 (G,H) and S396 (1,J) in controls (E,G,I) and
T2DM (F,H,J) with n=1.
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In order to determine whether diabetes induces AD-like symptoms of memory loss as it
progresses, we performed two behavioral tests targeting cognitive function on C57BL/6J
mice after 16 weeks of diabetes onset. The spontaneous T-maze alternation was used to
assess spatial memory. When compared to the control group, diabetic mice showed a
decreased percentage of spontaneous alternation of goal arm in the T-maze (Fig. 6A). The
novel object recognition test was used to assess recognition memory. In the control group,
exploration time of the novel object versus the familiar object was statistically significant
with more time being spent on the novel object (Fig. 6B). However, in the T2DM group, the
exploration times of the novel and familiar objects were almost the same with no statistical

significance (Fig. 6B).
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Figure 6. AD-like symptoms of memory loss develop in a mouse model of T2DM.

Histograms representing percentage of successful alternation in T-maze (A) and the time spent exploring the novel
and familiar objects in the NOR test (B) for the control (n=5) and diabetic (n=3) groups. Values represent the mean
+ SD. *p<0.05 compared to control. $p<0.05 compared to novel object.
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C. Dapagliflozin and GKT alleviate Alzheimer’s-like symptoms induced in a mouse
model of T2DM
Diabetic mice that were treated either with dapagliflozin (SGLT2-inhibitor) or GKT had
a significantly higher percentage of spontaneous alternation as compared to the untreated
diabetic mice (Fig. 7A). In addition to that, the time spent exploring the novel versus the
familiar object were significantly different in both treatment groups where more time was

spent exploring the novel object (Fig. 7B).
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Figure 7. Dapagliflozin and GKT alleviate cognitive dysfunction associated with T2DM.

Histograms representing percentage of successful alternation in T-maze (A) and time spent exploring the novel and
familiar objects in the NOR test (B) for the control (n=5), diabetic (n=3), dapagliflozin-treated (n=4) and GKT-
treated (n=4) groups. Values represent the mean + SD. *p<0.05 compared to control. #p<0.05 compared to T2DM.
$p<0.05 compared to novel object.
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D. Dapagliflozin and GKT alleviate thermal and mechanical hypoalgesia observed in

Type 2 diabetic mice

In order to test for dysfunctions within sensory neurons, hind paw withdrawal response to
a thermal or mechanical stimulus was recorded as a measure of pain sensitivity. To assess
thermally-induced pain behaviour, Hargreave’s test was conducted. T2DM mice had a
significantly higher hind paw withdrawal latency to the thermal stimulus when compared to
the control indicating an increased threshold to thermal stimuli (Fig. 8A). However, the
dapagliflozin-treated and the GKT-treated groups showed a significantly decreased withdrawal
latency when compared to the untreated diabetic group, although it was not returned to control
levels (Fig. 8A).

To assess mechanically-evoked pain behaviour, the electronic von Frey was utilized.
When a mechanical stimulus of a 15g force was applied to the hind paws, a similar trend was
observed where diabetic mice had a significantly higher withdrawal latency when compared
to the controls (Fig. 8B). This was reversed in the treatment groups which displayed
significantly lower withdrawal latencies as compared to the T2DM group (Fig. 8B). These
results were paralleled when measuring the force (g) at which withdrawal took place (Fig. 8C)
where diabetic mice displayed withdrawal behavior at a significantly higher force compared
to the control group, and treatment with dapagliflozin and GKT significantly reduced this

withdrawal force.
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Figure 8. The effect of dapagliflozin and GKT on sensory dysfunction associated with T2DM.

Histograms representing hind paw withdrawal latency in Hargreave’s test (A), hind paw withdrawal latency in the
electronic von Frey (B) and withdrawal force in the electronic von Frey (C) for the control (n=5), diabetic (n=3),
dapagliflozin-treated (n=4) and GKT-treated (n=4) groups. Values represent the mean + SD. *p<0.05 compared to
control. #p<0.05 compared to T2DM.
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E. Dapagliflozin and GKT prevent motor dysfunction in T2DM

Diabetic neuropathy can also be associated with poor balance and co-ordination and
frequent falls [149]. In order to assess fine motor co-ordination, the raised beam walking test
was conducted on a mouse model of T2DM. Peripheral neuropathy assessment for the T2DM
group showed a significantly higher average number of slips (Fig. 9A) and stops (Fig. 9B)
when compared to the controls. However, the increase in the number of slips was reversed and
returned back to control levels with the administration of dapagliflozin and GKT (Fig. 9A),

and the number of stops was significantly decreased with the administration of GKT (Fig. 9B).
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Figure 9. The effect of dapagliflozin and GKT on fine motor co-ordination in a model of T2DM.

Histograms representing the average number of slips (A) and the average number of stops (B) in the raised beam
walking test for the control (n=5), diabetic (n=3), dapagliflozin-treated (n=4) and GKT-treated (n=4) groups. Values
represent the mean = SD. *p<0.05 compared to control. #p<0.05 compared to T2DM.
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F. T2DM is associated with dysfunctions in the levels of IRS-1 and IRS-2 in the brain

Dysregulations in the IRS proteins have been implicated in the development of diabetic
complications such as cardiomyopathy, nephropathy, retinopathy and neuropathy [150]. To
detect any changes in the IRS proteins, western blot analysis and RT-PCR were performed on
the prefrontal cortex and hippocampus of all groups. Although not significantly changed, the
levels of IRS-1 protein decreased to about 50% of the control levels in the prefrontal cortex of
T2DM mice (Fig. 10B). However, IRS-1 levels were significantly increased compared to the
T2DM group when treated with dapagliflozin and GKT, and levels for treatment with
dapagliflozin were also significantly higher than those seen in the control group. In line with
these results, IRS-1 and IRS-2 mRNA levels in the T2DM group were decreased to about half
the values of the control group in the prefrontal cortex, although they were not statistically
significant (Fig. 10 C,D). Treatment with GKT showed an obvious trend of increase for IRS-
1 and IRS-2 mRNA levels compared to the T2DM group; however, levels after treatment with
dapagliflozin were significantly higher than those of the T2DM group for both IRS-1 and IRS-
2 mRNA levels.

In the hippocampus, the levels of IRS-1 protein were not altered in the T2DM mice as
compared to the controls, but treatment with dapagliflozin displayed a trend of increase in IRS-
1 protein levels (Fig. 10F). At the mRNA level, IRS-1 and IRS-2 expression in the
hippocampus was not changed in the T2DM group as compared to the controls, and treatments

displayed no significant changes either (Fig. 10 G,H).
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Figure 10. The downregulation of IRS-1 and IRS-2 in the prefrontal cortex of a model of T2DM.

IRS-1 protein and mRNA expression were quantified using western blot analysis (B) and RT-PCR (C) in the prefrontal
cortex. Representative image of the western blot gel is presented in A. mRNA levels of IRS-2 were also assessed in
the prefrontal cortex (D). Expression was also studied in the hippocampus for IRS-1 protein using western blot analysis
(F) with its mRNA expression measured using RT-PCR (G). A representative image for the western blot is presented
in E. IRS-2 mRNA levels in the hippocampus were also assessed by RT-PCR (H). Analysis was performed with alpha
tubulin as a loading control for western blots and YWHAZ as a housekeeping gene for RT-PCR. Values represent the
mean + SEM for control, diabetic, dapagliflozin-treated and GKT-treated groups (n=3), except for IRS-1 protein levels
in the hippocampus where n=2 (F). *p<0.05 compared to control. #p<0.05 compared to T2DM.

G. The effect of Dapagliflozin and GKT on T2DM-induced alterations in the levels of

Nox1 and Nox4 in the brain

To assess the involvement of NADPH oxidases in AD-like symptoms induced by T2DM,
we examined the expression of Nox1 and Nox4 in the brain. We assessed the protein levels of
Nox4 in the prefrontal cortex, and our results indicate a significantly increased level of Nox4
in the diabetic mice compared to the controls (Fig. 11B). Diabetic mice treated with both
dapagliflozin and GKT had significantly reduced Nox4 protein expression when compared to
the untreated diabetic group. In the hippocampus, there is an apparent trend of increase of Nox4
in the T2DM mice as compared to the control mice, although not significant (Fig. 11E). This
trend was abolished when treated with GKT, where Nox4 was significantly decreased
compared to the diabetic group.

We also assessed the mRNA levels of Nox1 in the prefrontal cortex which showed a 2-fold
increase in the diabetic group compared to the control group, although not significant (Fig.11
C). Interestingly, treatment with dapagliflozin significantly downregulated the mRNA
expression of Nox1 compared to the diabetic group whereas GKT had no apparent effect. In
the hippocampus, mRNA levels of Nox1 displayed a trend of increase in the diabetic mice
compared to the controls (Fig.11 F). These levels showed a trend of downregulation with GKT

treatment.
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Figure 11. Upregulation of Nox4 and Nox1 in the prefrontal cortex and hippocampus of diabetic mice.
Representative images of the expression of Nox4 and histograms representing western blot quantification in the
prefrontal cortex (A,B) and the hippocampus (D,E) with alpha-tubulin used as a loading control. Histograms
representing Nox1 mRNA levels measured by RT-PCR in the prefrontal cortex (C) and the hippocampus (F) with
YWHAZ as a housekeeping gene. Values represent the mean + SEM for control, diabetic, dapagliflozin-treated and
GKT-treated groups (n=3). *p<0.05 compared to control. #p<0.05 compared to T2DM.
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CHAPTER IV

DISCUSSION

Both diabetes mellitus and Alzheimer’s disease are age-related disorders which are
increasing in prevalence, and a growing body of evidence has demonstrated that the risk of
developing AD increases in diabetic patients as compared to healthy individuals [112, 151,
152]. However, the biological mechanisms underlying this association are yet to be
understood. In an effort to investigate the possible pathogenic mechanisms underlying the
onset of AD-like symptoms in T2DM, we employed a mouse model of T2DM through a
combination of HFD and STZ injections.

In order to confirm blood glucose levels, we used the glucose tolerance test and HbAlc
test which showed a significant increase in the diabetic group as compared to the controls
indicating a state of insulin resistance. In addition to that, we assessed the incidence of diabetic
neuropathy which is the most prevalent form of the diabetic complications [47] because
identifying a common signaling pathway underlying different diabetic complications could
allow us to identify novel therapeutic strategies that may help in preventing the progression of
these complications altogether. Diabetic neuropathy is mainly characterized by the loss of
peripheral nerve function leading primarily to sensory symptoms as well as poor co-ordination
and balance. This can be associated with pain and numbness [149]. In the early stages of
diabetic neuropathy, damage to small nerve fibers occurs and results in pain and paresthesias.
However, damage to the large nerve fibers occurs at later stages and can result in numbness

and loss of protective sensation which may eventually lead to several complications such as
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foot ulcerations and falls [153, 154]. The increased threshold to thermal and mechanical stimuli
that was seen in the diabetic group as compared to the controls when using Hargreave’s method
and the electronic von Frey is an indication of hypoalgesia, which is a measure of sensory loss
[155]. Thus, the untreated diabetic mice were characterized with a loss of protective sensation.
In addition to that, treatment with SGLT2-inhibitor and GKT ameliorated this state of
hypoalgesia indicating a relief of this sensory dysfunction. However, this relief was less
pronounced in response to the thermal stimulation where levels were not returned to control
levels. This may be an indication of an irreversible damage that occurred to the fibers which
respond to thermal stimulation before the treatments were given. The T2DM mice also
displayed decreased motor nerve function relative to the control mice which was evident
through a significantly higher average number of slips and stops. Thus, the T2DM group
displayed clear signs of diabetic neuropathy which were ameliorated when treated with either
SGLT2-inhibitor or GKT.

We then assessed the presence of AD-like features in our mouse model of T2DM. AD is
primarily characterized with the extracellular deposition of AP plaques and intracellular
neurofibrillary tangles made from hyperphosphorylated tau proteins [10].
Immunohistochemical staining of AP in the T2DM mouse brain showed the deposition of A
plaques around hippocampal neurons which concurs with previous reports of the
development of AP pathology in diabetic brains [60, 63].

An appropriate balance in the phosphorylation and dephosphorylation of tau residues is
needed to maintain its physiological roles [156]. However, in an insulin resistant state, the
IRS-1/PI3K pathway is diminished leading to an activation of GSK-3B and lower

phosphatase function which can lead to an increased phosphorylation of tau proteins [15].
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Studying the protein expression of ptauS404 in the prefrontal cortex and hippocampus of
T2DM mice showed a trend of increase compared to the controls which may indicate that the
hyperphosphorylation is still at its earlier stages. Tau pathology is known to spread in a well-
defined manner starting at the transentorhinal region then spreading to other areas of the
brain, and its spreading is strongly correlated with the extent of cognitive decline in AD [22].
Since multiple phosphorylation sites are implicated in AD pathogenesis, we should also
examine the hyperphosphorylation of tau at other sites. The IHC staining for ptauS404 and
ptauS396 in T2DM demonstrates that the hyperphosphorylation of tau has begun around the
hippocampal area. Tau is localized within axons under physiological conditions; however,
when it gets hyperphosphorylated in AD, it tends to accumulate in the soma and proximal
dendrites [157] which can be detected in our staining results. In line with our results, several
studies have previously reported tau hyperphosphorylation in diabetic brains [68, 69].

To test for AD-like cognitive impairment in our T2DM model, two cognitive behavioral
tests were employed. Due to the damage of the medial temporal lobes in Alzheimer’s disease,
the first symptoms often experienced by AD patients are impairments to spatial and episodic
memory [158]. The most common clinical features of AD are impairments in learning and
recall of recently-learned information; this also tends to be accompanied by other cognitive
deficits such as object agnosia [9]. This is due to the involvement of the medial temporal lobe
in the acquisition of new memories [159]. However, the prefrontal cortex is also involved in
the processing of working memory [144].

After analyzing the results of the spontaneous alternation in the T-maze, the T2DM mice
displayed a significantly decreased alternation of goal arm as compared to the controls

suggesting an inability of the mice to remember the first arm that was previously visited. This
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is an indication of impaired spatial working memory. The novel object recognition test relies
on a visual-recall task which is a component of recognition memory. In general, mice are
known to have an innate preference for novelty, so when they recognize a familiar object,
they are likely to spend more time on the novel object instead [160]. Thus, when the T2DM
mice spent almost the same amount of time on both objects, they were unable to discriminate
between the two objects indicating an impairment in their recognition memory. However,
when treated with either dapagliflozin or GKT, these impairments were ameliorated in both
tests. This is an indication of the treatments’ ability to rescue both spatial working memory
and recognition memory in a model of T2DM. These results concur with previously
published data on the ability of SGLT2-inhibitor to prevent cognitive impairment in insulin
resistance models [141, 142], and to our knowledge, this is the first report of GKT’s
ameliorative properties towards cognitive decline. Taken together, our results demonstrate
that AD-like symptoms can be induced by T2DM which is in accordance with previously
published data where T2DM was associated with cognitive decline, A accumulation and tau
hyperphosphorylation. Along with the previously mentioned damages induced to the
peripheral nervous system, these changes clearly demonstrate that T2DM is inducing changes
within the whole nervous system ultimately leading to a generalized state of dysfunction.
Diabetes and AD share multiple underlying pathogenic features including insulin
resistance, oxidative stress, inflammation and impaired glucose metabolism [39, 71]. Thus, the
association between them may be a multifactorial one. In this study, we investigated the
involvement of both insulin resistance and oxidative stress. The downregulation of insulin
signaling and IRS proteins is crucial for the progression of diabetic complications [150], and

insulin resistance is known to increase the risk of memory loss and Alzheimer’s disease [60].
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IRS-1 and IRS-2 are among the most important adaptor proteins in insulin signaling because
they take part in many essential cellular functions [81]. In the brain, IRS-1 and IRS-2 are
distributed throughout various structures including olfactory bulb, cortex, hippocampus,
hypothalamus and cerebellum [161], and they are highly expressed in the hippocampus and
cerebral cortex [162]. Studying postmortem AD brains has shown diminished levels of total
IRS-1 and IRS-2 with increased phosphorylation of IRS-1 at Ser312 and Ser616 [102]. These
reductions in the expression of IRS-1 and IRS-2 will ultimately result in decreased activation
of downstream components in the insulin signalling pathway which is indicative of insulin
resistance. Our results parallel these findings, where IRS-1 and IRS-2 protein and mRNA
levels were decreased with T2DM in the prefrontal cortex. In addition to that, both treatments
seem to be working to upregulate IRS1 and IRS2 indicating their possible effects on the insulin
signalling pathway. Previous reports of treatment with SGLT-2 inhibitors have demonstrated
an improvement of insulin resistance in obesity and T2DM [163, 164].

In the hippocampus we see no changes in IRS-1 and IRS-2 levels which requires further
investigation in future studies since the hippocampus is typically one of the first structures to
undergo pathological changes in AD [165]. One study has demonstrated a trend of increase in
IRS-1 levels in the hippocampus in human AD brains [31]; however, this does not refute the
hypothesis of the development of impaired insulin signalling within the hippocampus. This
calls for further analysis of different proteins involved in insulin signalling such as the insulin
receptor itself, while also taking into consideration any changes in IRS-1 and IRS-2 at the
phosphorylation level.

To investigate the involvement of oxidative stress in the development of AD-like

symptoms in T2DM, we focussed on the NADPH oxidase system which is among the major
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contributors to ROS production in neurological disorders [166]. A previous study has shown
that Nox activity is upregulated in mild cognitive impairment [167]; however, the roles of
Nox1 and Nox4 in cognitive impairment have not been fully investigated. Although they are
not the only Nox isoforms in the central nervous system, several studies have previously
reported their presence in the brain [122, 166, 168]. Our results demonstrate that Nox4
protein and Nox1 mRNA levels show an increase in the prefrontal cortex and hippocampus
of T2DM mice suggesting elevated ROS production within these structures. To our
knowledge, this is the first report showing increased Nox1 and Nox4 levels associated with
AD-like symptoms in T2DM. Treatment with GKT, which is a dual Nox1/Nox4 inhibitor,
was able to reduce Nox4 protein levels in the prefrontal cortex and hippocampus while
showing a trend of decrease in the mRNA levels of Nox1in the hippocampus. Treatment with
SGLT-2 inhibitor was able to downregulate Nox1 and Nox4 in the prefrontal cortex
indicating a possible mechanism by which it reduces ROS production. Several studies have
previously reported the effects of SGLT-2 inhibitors on reducing oxidative stress associated
with diabetic complications such as cardiovascular disease and retinopathy [139, 169].
Although these underlying mechanisms may seem independent at first, they also tend to
show significant interactions with each other. One of the potential sources of oxidative stress
is impaired insulin/IGF signaling. Insulin-resistant human populations have shown evidence
of decreased mitochondrial activity [170, 171], and a mouse model which lacks 95% of the
insulin receptors within the brain exhibited impairments in mitochondrial function [172].
These impairments are known to reduce ATP production while increasing the generation of
ROS [15]. However, other studies have also focused on oxidative stress as a main trigger for

the development of insulin resistance [173, 174]. Thus, there could be a complex interplay
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between the 2 mechanisms which may ultimately contribute to the pathogenesis of AD-like
symptoms in diabetes. Understanding the mechanisms and pathogenesis of AD-like
symptoms associated with diabetes is important for preventing its progression and finding
alternative treatments. Overall, our results show that AD-like symptoms develop in a model
of T2DM and are associated with a trend of decrease in IRS-1 and IRS-2 levels and increase
in Nox1 and Nox4 levels. Our findings suggest that T2DM induces a state of insulin
resistance in the brain paralleled by ROS overproduction through Nox1 and Nox4 isoforms
to induce AD-like pathology of memory loss, Ap plaque deposition and tau
hyperphosphorylation. Treatment with SGLT2-inhibitor or GKT can ameliorate cognitive
dysfunction associated with T2DM by targeting these pathways which suggests their possible

usage as novel treatment strategies for the prevention of T2DM-induced AD.

Limitations and Future Perspectives

This study had some limitations primarily beginning with a small number of animals.
Increasing the number of mice used in future studies will help make the results more reliable,
especially for the behavioral tests. In addition to that, working with prefrontal cortex and
hippocampal tissue limits the number of molecular experiments that can be performed on
such small tissue. In the future, an interesting experiment to add would be the NADPH
Oxidase Assay. Furthermore, the immunohistochemical staining was done on only one
animal from each group to provide representative images; however, increasing the number of
sections from each group to allow quantification of AP and ptau is also necessary in the

future. We also need to quantify the levels of total tau, and study the effects of both
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treatments on the AP and tau pathology. It will be interesting as well to focus on other
indicators of insulin resistance especially in the hippocampus which showed no change in
IRS levels. Additionally, we would also like to see the involvement of neuroinflammation in
diabetes-induced AD by assessing the astrocytes and microglia in T2DM, and it would be of
great value to this study to add an experimental group only implicated with AD and vehicle-
treated groups. In addition to that, we would like to see the effect of combining the two

treatments together.
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