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2 ABSTRACT 

 

Regulation of blood glucose is responsible for maintaining a continuous supply of 

energy moving throughout the human body; excess glucose is toxic, while insufficient 

glucose can lead to impairment in insulin secretion, ketoacidosis, coma, and death1. 

Fluctuating continuously between fasting and post-eating modes, blood glucose 

homeostasis is regulated by a negative feedback system regulating as needed to 

preserve adequate insulin synthesis, secretion, and the body’s need for glucose-derived 

energy2,3. Dysregulation of the glucose-insulin feedback loop can contribute to the 

pathogenesis of various detrimental health disorders, including two of the most common 

chronic and debilitating diseases of Western Society, Alzheimer’s Disease (AD) and 

Type 2 Diabetes (T2D)4. 

While T2D is a chronic metabolic disorder, and AD is a chronic 

neurodegenerative disorder, there are potential pathophysiological connections 

between the two. Metabolic changes associated with T2D such as hyperglycemia and 

obesity, have been shown to induce known pathologies associated with AD such as 

Amyloid Beta (Aβ) plaques, neurofibrillary tangles (NFTs), and neuronal death5. 

Metabolic connections between AD/T2D suggest a common disease mechanism. 

Understanding the relationship between these two diseases could lead to new potential 

therapeutic treatments for AD. I hypothesize that correlation between T2D and AD 

shared pathologies indicates causation for the development of AD and AD-like 

dementia; thus, identifying additional biomarkers for early stages of AD could potentially 

lead to new diagnostic tests to help delay the onset of AD. 
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3 ALZHEIMER’S DISEASE 

3.1 FREQUENCY AND ETIOLOGY 

Accounting for more than 60% of cases of dementia, AD is the leading form of 

this neurodegenerative pathology in the Western world6,7. An estimated 5.7 million 

Americans are currently living with AD6. The frequency of new cases of AD is 

increasing; currently one U.S. citizen develops AD every 65 seconds. By 2050 there will 

be one new case every 33 seconds6.  

AD is commonly referred to as “a disease of aging” because it typically manifests 

in patients 65 years and older. The earliest AD symptoms present as short-term 

memory loss and forgetfulness, making it difficult to distinguish between age-related 

cognitive decline and the onset of AD8. AD has a long preclinical phase of up to 20 

years and an average clinical duration of 8 to 10 years. As the disease progresses, so 

does the patient’s cognitive decline6,9. Currently, there are no treatments to prevent, 

stop, slow, or reverse the progression of AD8,10. Despite half a century of research, no 

reliable diagnostic test for AD has been identified. The National Institute of Neurological 

and Communicative Disorders and Stroke, and the Alzheimer’s Disease and Related 

Disorders Association have jointly established a series of parameters for AD diagnosis 

using the descriptive metrics of clinical observation and patient medical history. A 

definitive diagnosis of Alzheimer’s can only be made post-mortem, by examination of 

brain tissue and pathology in an autopsy6,11.  
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3.2 RISK FACTORS  

The etiology of AD remains unclear. However, there are risk factors that increase 

a person’s likelihood of developing the disease. Heart disease, stroke, high blood 

pressure, diabetes, and obesity have all been associated with cognitive impairment and 

AD-type dementia11. Pathological alterations in cerebral microvasculature associated 

with AD, further promote cognitive decline as a result of the aforementioned influences. 

Furthermore, high-fat and high-calorie diets such as the modern Western Diet, lack of 

physical activity, and/or genetic predisposition have also been associated with a 

person’s risk of progression from mild cognitive impairment to AD12. Some people 

however, are more likely to develop AD because of their genetics. 

Although the majority of AD cases occur sporadically, without a distinct familial or 

genetic source, several genetic factors have been associated with an increased risk of 

developing early-onset AD (before the age of 65)7,9. Accounting for only 5–10% of all 

AD cases, familial AD (FAD) is a heritable form of AD caused by genetic mutations in 

the presenilin genes, Presenilin-1 and -2 (PSEN1 and PSEN2) or the amyloid precursor 

protein (APP) gene13,14. More than 150 different mutations in the presenilin genes have 

been found to cause FAD15. Presenilins are the enzymatic subunits of γ-secretase that 

cleave transmembrane proteins, specifically APP, into soluble sAPP and Aβ peptides. 

Presenilins are also thought to play key roles in normal brain functions such as learning, 

memory formation, synaptic function, and neuronal survival14,15. Thus, mutations in 

presenilin genes are related to neurodegeneration and other characteristic early-onset 

AD and cognitive impairments14,16.  
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Another risk factor for AD are mutations of the apolipoprotein gene family. 

Discovered by researchers in the Duke Alzheimer's Disease Research Center in 1993, 

inheritance of the E4 isoform of apolipoprotein E (ApoE) is the most prominent AD risk 

factor. ApoE is important in helping maintain lipid homeostasis in the brain by facilitating 

the transport of cholesterol and phospholipids as high-density lipoprotein-like particles 

between cells17,18. Due to the separation of the central nervous system (CNS) from the 

peripheral circulation by the Blood Brain Barrier (BBB), neurons rely on de novo-

synthesized cholesterol from astrocytes. ApoE serves as a ligand in the receptor-

mediated endocytosis of high density lipoprotein-like particles through the low-density 

lipoprotein receptor family19,20. Secreted mainly by astrocytes, ApoE binds to cholesterol 

and phospholipids by one or more of the adenosine triphosphate (ATP)-binding cassette 

(ABC) transporters such as ABCA1, forming cholesterol-rich lipoproteins (lipidation). 

ApoE–lipoproteins then proceed to bind to several cell-surface receptors (low-density 

lipoprotein receptors) to deliver cholesterol from astrocytes to neurons. Cholesterol 

released from ApoE-containing lipoprotein particles is then used to support 

synaptogenesis and the maintenance of synapses. Additionally, lipidated ApoE binds to 

soluble amyloid beta (Aβ) protein and facilitates Aβ uptake into neurons and glia 

through cell surface receptors21. After receptor-mediated endocytosis the ApoE-

containing lipoprotein may be degraded or recycled back to the cell surface.  
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ApoE, which codes for the apolipoprotein-E lipid-transport protein, has three 

isoforms: E2, E3 and E422. Though everyone inherits two copies of the ApoE genes 

(one from each parent), the risk for developing AD is higher for some depending on 

which ApoE isoforms a person inherits15,23. Inheritance of the E4 allele significantly 

increases the probability of developing AD. Studies have found that inheriting one E4 

allele can increase your risk by 2 to 3 times, while inheriting two E4 alleles can increase 

the risk by 12 times24. However not all people who inherit an ApoE4 allele will develop 

AD25,26. The ApoE protein consists of two structural domains, the N-terminal domain, 

which contains the receptor-binding region, and the C-terminal domain, which contains 

the lipid-binding region; with the two domains joined at a hinge region27. Each of the 

ApoE alleles are almost identical with the exception of one or two changes in amino 

acids (Figure 1).  

Figure 1. Schematic illustration of 

structural and functional regions of 

apolipoprotein E. APOe protein is a 

polypeptide chain with 299 amino acids 

consisting of a receptor-binding region 

(residues 136-150) in the N-terminal domain 

(residues 1-167) and a lipid-binding region 

(residues 244-272) in the C-terminal domain 

(residues 206-299). Three major APOe 

isoforms are located at residues 112 and 158 

(red circles), where APOe2 has Cys residues 

at both positions, APOe3 has a Cys residue at 

112 and an Arg residue at 158, and APOe4 

has Arg residues at both sites. Used with 

permission from Dove Medical Press, Giau 

VV, Bagyinszky E, An SSA, Kim SY. Role of 

apolipoprotein E in neurodegenerative 

diseases. Neuropsychiatric disease and 

treatment 2015;11:1723-37. 
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The differences in the amino acid sequences are found at residues 112 and/or 

158 of each isoform28. In the ApoE4 allele, the arginine residue 112 (Arg112) mediates 

two known pathological mechanisms associated with the E4 isoform. The Arg112 

mutations causes a conformational change to its side chain facing it away from the 

helical bundle and exposing proteolytic cleavage sites. This reorientation exposes 

Arg61, unlike in other isoforms, allowing the ApoE4 to self-aggregate by forming a salt 

bridge between the N-terminal domain (Arg61) and C-terminal domain (Glu255). Thus, 

ApoE4 has a decreased affinity for lipid binding, an increased predisposition to 

intramolecular binding, and an increased likelihood of generating insoluble neurotoxic 

lipid fragments28. As a consequence of the aforementioned structural and biophysical 

differences, ApoE4 carriers have a great risk of Aβ plaque formation28,29.  

While this is one of the best-known consequences of the ApoE4 isoform, there 

are others. The ApoE4 isoform’s lipid transport ability is impaired30. In the CNS, the glia-

neuron lactate shuttle works to promote lipid synthesis and storage in response to 

increased amounts of reactive oxygen species (ROS) as a means of 

neuroprotection30,31. This ApoE-dependent process helps prevent the accumulation of 

lipids and the ensuing damage by exporting lipids to astrocytes, where they form lipid 

droplets (LDs). Lipids are stored in LDs and once ROS levels return to normal, 

astrocytes are able to use LDs as fuel to export lactate to neurons. However, the ApoE4 

isoform is inefficient in transporting lipids between neurons and glia compared to other 

isoforms. This “break” in lipid export causes accumulation of peroxidated lipids and 

failure of glia to provide neurons with lactate leading to neurodegeneration17,30,31. 
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3.3 COMPETING THEORIES 

There are various competing theories as to the development of AD. An initial 

theory originally suggested that a deficiency in acetylcholine production was the 

pathogenic cause of AD32. The lack or insufficient production of acetylcholine has been 

suggested to be associated with delirium, cognitive decline, and neurodegeneration. 

Interestingly, the acetylcholine deficit was thought to be caused by the AD patient’s use 

of barbiturates and other CNS-depressing drugs32,33. The early-1980s theory has since 

been discounted by more substantial medical research.  

An alternative hypothesis of AD pathology stated that the hyperphosphorylation 

of the microtubule-stabilizing protein, tau may be the principal cause of AD due to a lack 

of supporting evidence between plaque formation and neuronal loss. Studies, in elderly 

patients, found observed areas of the brain cortex that contained Aβ plaques without 

manifestation of dementia9. Further proof, supporting the notion that tau 

hyperphosphorylation was the inducing factor of AD were findings that showed lack of 

plaque formation in patients with dementia and cognitive deterioration9,34. Due to these 

findings it was believed that abnormal APP metabolism was a secondary manifestation 

related to AD caused by loss of axonal transport9. However, growing research 

implicating tau protein pathology in other neurological disorders and inconsistent drug 

therapies have weakened the soundness of this hypothesis34,35.  

Nevertheless, more recent research attributes the pathogenesis of AD to the 

amyloid cascade hypothesis, the accumulation of Aβ protein dimers in the brain as the 

driving force of the disease’s pathogenesis. The formation of tau-containing 

neurofibrillary tangles is proposed to occur later as a result of poor Aβ protein fragment 



13 

 

clearance and protein aggregation22,36. Together, the formation of amyloid plaques and 

NFTs are believed to impede communication between synapses as well as trigger a 

chronic immune response leading to known AD cognitive decline37.  

3.4 PATHOLOGICAL HALLMARKS 

3.4.1 Aβ Protein Plaques 

The frequent occurrence of Aβ protein-containing plaques in post-mortem AD 

brains is one of two primary pathological markers of AD6. Aβ peptides are a result of 

proteolytic cleavage of the transmembrane glycoprotein, amyloid precursor protein 

(APP). APP is thought to play a role in nervous system development, adult synaptic 

function and plasticity, and neuroprotection38,39. APP is found in a variety of tissues and 

organs, such as the thymus, heart, lung, kidney, adipose tissue, liver, spleen, skin, and 

intestine. APP is encoded by a single gene that expresses three main protein isoforms 

(APP695, APP751, APP770), which are derived by alternative splicing40: APP695, is 

primarily neuronal and is most strongly expressed in the cortex and hippocampus of the 

brain40. APP751 and APP770 are expressed in neurons, but also found in peripheral 

tissues and fibroblasts.  

Proteolytic cleavage of APP occurs in one of two ways, the secretory pathway (or 

non-amyloidogenic) characterized by the non-production of Aβ peptide, and the 

amyloidogenic pathway characterized by production of Aβ peptide (Figure 2)9,39. 

Cleavage of APP by either α-secretase and γ-secretase, or β-secretase and γ-

secretase releases fragments known as soluble APP alpha (sAPPα) and soluble APP-ß 

(sAPPβ), respectively39,41. When APP is processed via the non-amyloidogenic pathway, 

APP is cleaved extracellularly by α-secretase in the Aβ domain creating a soluble APP 
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fragment (sAPPα) and preventing the formation of Aβ. The remaining intermembrane 

fragment (CTF-α) is subsequently cleaved by γ-secretase, releasing the non-toxic P3 

peptide extracellularly and the APP intracellular domain (AICD) into the cytoplasm41.  

 
Figure 2 The schematic shows the canonical amyloid precursor protein (APP) processing pathways. Processing 

by α‑secretase along the non-amyloidogenic pathway (green background) occurs in the amyloid‑β (Aβ) region (shown 
in red), liberates APPsα (α-secretase-generated APP ectodomain fragment) and generates p3. By contrast, processing 
along the amyloidogenic pathway (red background) generates Aβ (through β-secretase and γ‑secretase cleavage) and 
liberates APPsβ. An intracellular fragment (APP intracellular domain (AICD)) is released in both pathways. The 
positions of cleavage sites are indicated. Figure adapted and used with permission from Springer Nature: Nature 
Reviews Neuroscience, Müller UC, Deller T, Korte M. Not just amyloid: physiological functions of the amyloid precursor 
protein family. Nature Reviews Neuroscience 2017;18:281-98. 

In the amyloidogenic pathway, APP is cleaved by β-secretase within the 

extracellular domain into a soluble fragment, sAPPβ that is 16 amino acids shorter than 

sAPPα40. Simultaneously, a slightly longer membrane-bound C-terminal fragment (CTF-

β) is generated. Subsequently, CTF-β is cleaved by γ-secretase producing an 

intracellular AICD fragment and an extracellular Aβ monomer. The AICD fragment is 

either degraded by the proteasome or can be further processed to regulate 

transcription40. 

The produced Aβ monomers can vary in length, anywhere, between 36 to 43 

amino acids41. Of the various lengths, Aβ40 and Aβ42, are the most studied in relation 

to AD due to their similar sequences, abundance in the human body and propensity to 
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self-aggregate41-44. Both Aβ42 and Aβ40 can stick to themselves, however, it is the 

additional two amino acids in Aβ42 that increases its tendency to aggregate, making it 

more toxic45. Moreover, Aβ42 is more profuse in plaques found in the brains of AD 

patients46. The two extra amino acids in Aβ42 monomers allow it to form stronger bonds 

and more stable pentamers and hexamers, and stacked dodecamers, thus generating 

bigger amyloid aggregates45. Aβ40 monomers stick together to form dimers, trimers, 

tetramers, and insoluble fibrils. Unlike Aβ42 oligomers, the formation of fibrils by Aβ40 

occurs at a slower rate due to its shorter structure. In general, Aβ oligomers stick 

together forming protofibrils (fibril nucleus), and eventually mature fibrils (Figure 3)47,48. 

Overtime, Aβ40 oligomer bonds weaken and break. This fibril fragmentation 

perpetuates the amount of oligomeric aggregates formed since fragments interact with 

newly produced Aβ monomers and existing fibrils47. 

Figure 3. Aβ aggregation 
mechanism. Disordered monomer 
(M, hydrophobic regions represented 
in yellow and hydrophilic in blue) 
assembles into fibril nucleus (FN) 
through primary nucleation. The FN 
is elongated to form a mature fibril 
(MF). Through secondary nucleation 
a new FN forms on the surface of MF, 
which dissociates in the final step. 
Used with permission from Elsevier, 
Aleksis R, Oleskovs F, Jaudzems K, 
Pahnke J, Biverstål H. Structural 
studies of amyloid-β peptides: 
Unlocking the mechanism of 
aggregation and the associated 

toxicity.Biochimie2017;140:176-192. 

 

While the formation of Aβ aggregates in general is linked with AD pathogenesis, 

it is believed the insidious factor is imbalance between production and clearance of Aβ 

dimers43,49. Since they are small and soluble, they are believed to pose a more toxic 

effect in the brain than fibrils. Longer fibrils cannot diffuse in tissues due to their size, 
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while oligomers are smaller and maybe able to diffuse into tissues49,50. Fibrils, unlike 

oligomers are more stable structures and have fewer exposed binding regions. Also, 

oligomers tend to be higher in number, and less stable, making them more likely to 

interact with surrounding structures49,50.  

Aβ oligomers are known to activate microglia by binding to receptors on the 

plasma membrane triggering both phagocytosis and an innate immune response51. 

Similar to macrophages in the periphery, microglial cells are activated by cytokines and 

other pro‑inflammatory stimuli to phagocytose and can clear Aβ from the brain49,52. 

Physiologically, the activation of microglia serves to mediate the clearance of Aβ 

oligomers via phagocytosis and help prevent aggregation53. The initial microglial 

response does promote Aβ clearance, and is neuroprotective. However, as AD 

progresses this is not the case. Expression of microglia Aβ-binding receptors and Aβ-

degrading enzymes is decreased producing defective amyloid clearance and increased 

Aβ accumulation51,54,55. Also, the insolubility of Aβ aggregates prevents their clearance 

and perpetuates the initial microglia activation. Thus, microglia become chronically 

activated, releasing even more proinflammatory cytokines, such as tumor necrosis 

factor-α (TNF-α), Interleukin-1β (IL-1β), Interleukin-6 (IL-6), to respond to AD-related 

tissue damage and inflammation37,56,57. Consequently, this generates the activation of 

reactive astrocytes. Reactive astrocytes typically respond and produce a protective scar 

around an injury in the CNS, however, chronic neuroinflammatory signals cause them to 

induce the death of neurons and oligodendrocytes58-60. Ultimately, the brain’s continued 

attempt and inability to clear these structures furthers oxidative stress, mitochondrial 

dysfunction, and disrupts cellular trafficking61.   



17 

 

3.4.2 Neurofibrillary Tangles 

In addition to extracellular deposits of Aβ plaques, intracellular NFTs consisting 

of highly phosphorylated tau protein aggregates are the second primary hallmark of 

AD6. Tau is a microtubule-associated protein (MAP) known to be highly soluble and 

mainly found in neurons. Tau is universally distributed in immature neurons, but 

becomes primarily located to axons in neurons during maturation62. In the normal brain, 

tau plays a role in axonal growth, neuronal development, microtubule stabilization, 

cellular response to heat shock, and the establishment of neuronal polarity in 

development8,63. Moreover, tau plays a role in modulation of signaling cascades. It has 

been suggested that tau is able to take on signaling functions by interacting with Src 

homology-3 (SH3)-containing proteins involved in the regulation of various cellular 

pathways responsible for cell growth, proliferation, differentiation, motility, survival and 

intracellular trafficking64. Tau interactions also depend on its phosphorylation and 

isoform. There are six isoforms of tau expressed in the adult human CNS depending on 

how tau exons 2, 3 and 10 are spliced (Figure 4)65.  

Figure 4. Tau exons 2, 3 and 10 are 
alternatively spliced, giving rise to six 
different mRNAs, translated in six 
different tau isoforms. Tau isoforms 
differ by the absence or presence of one 
or two 29 amino acid inserts encoded by 
exon 2 (yellow) and 3 (orange) in the N-
terminal part, in combination with either 
three (R1, R3 and R4) or four (R1-R4) 
repeat regions in the C-terminal part. 
The R2 repeat is encoded by exon 10. 
Used with permission from 
Biomolecules — Open Access Journal: 
Šimić G, Babić Leko M, Wray S, et al. 
Tau Protein Hyperphosphorylation and 

Aggregation in Alzheimer’s Disease and Other Tauopathies, and Possible Neuroprotective Strategies. Biomolecules 
2016;6. 
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Tau protein isoforms are differentiated by the number of microtubule binding 

repeats. The presence or absence of exons 2 and 3 produce tau isoforms with 0, 1, or 2 

N-terminal inserts, while inclusion or exclusion of exon 10 results in the expression of 

tau isoforms with three (3R) or four (4R) microtubule-binding repeats. Within the 

microtubule-binding domain and the proline-rich domain of tau, there are 85 possible 

serine (S), threonine (T), and tyrosine (Y) phosphorylation sites65. Tau phosphorylation 

is strongly regulated by a balance of various protein kinases and phosphatases to 

regulate its protein interactions (Table 1)62,66. The expression of tau isoforms and the 

phosphorylated state of tau 

changes during development. In 

embryogenesis only, isoform 0N3R 

is expressed and tau 

phosphorylation is increased 

relative to the adult brain. 

Thereafter in normal mature human 

brains there is a balanced 

expression of all six tau isoforms67.  

Tau hyperphosphorylation is 

believed to be caused by an 

imbalance of tau isoforms and the function of several protein kinases and 

phosphatases. However, what triggers hyperphosphorylation is not completely 

understood66-68. In order to determine if increased phosphorylation is a driver of NFT 

formations, the search for a tau phosphorylation pattern is ongoing69.  

Table 1. Created by Dilia Ayala using Information from Noble W, Hanger 
DP, Miller CCJ, Lovestone S. The Importance of Tau Phosphorylation for 
Neurodegenerative Diseases. Frontiers in Neurology 2013;4:83. 



19 

 

Changes or imbalances in tau isoform proportions, specifically 3R or 4R 

microtubule (MT) binding repeats, have been associated with several 

neurodegenerative disorders such as AD65,67. This is attributed to how tau interacts with 

MTs and MT axon transport molecules. Tau can only associate with MTs in its 

dephosphorylated form. In neurodegenerative disorders like AD, tau remains in a 

hyperphosphorylated state and unable to bind to MT63,65,70.  

MTs function as bidirectional tracks during slow axonal transport of vesicles, 

neurofilaments, and organelles across long distances using motor proteins, kinesin and 

dynein, for movement. Dynein transports cargo toward the cell center and kinesin 

toward the periphery of the cell71. Tau indirectly interacts with kinesin and dynein, as it 

competes with them for binding domains on the MT surface, thus regulating axonal 

transport72. When encountering the area of bound tau along the MT, dynein will reverse 

direction, whereas kinesin detaches65,67,70. The loss of tau’s binding ability to MT plays a 

significant role in neurodegenerative disorders because by binding to the MT at various 

locations along the axon, tau helps direct cellular cargo transported by the motor 

proteins. An imbalance in tau MT binding repeats, 3R or 4R, consequently result in 

altered axonal transport and related AD pathologies65,72,73.  

Additionally, live imaging studies have shown that APP dynamics are significantly 

impaired as a result of tau isoform imbalance. Increased expression of 3R tau favored 

the anterograde movement of APP vesicles, while reducing retrograde axonal transport. 

On the other hand, increased expression of the 4R isoform resulted in the opposite 

effect. This suggests that alterations in 3R:4R tau ratio has a direct impact in APP 

dynamics, which can lead to abnormal APP metabolism observed in neurodegenerative 
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disorders65,72. Decreased binding affinity and isoform expression imbalance lead to the 

formation of tau protein paired helical filaments (PHF), the initial structure of 

neurofibrillary tangles and threads (Figure 5)67,74.  

After the formation of abnormal tau aggregates begins, normal tau monomers 

continue to be converted to the hyperphosphorylated abnormal form67,75. The abnormal 

tau then become increasingly damaging to the brain. Research has shown once tau 

detaches from MT it is able to overcome the retrograde diffusion barrier, which serves to 

keep physiologically phosphorylated tau axonal, thus enabling tau to migrate back to the 

soma74. Once in the soma, NFT continue to self-aggregate, ultimately leading to loss of 

synapses (the functional connections between neurons) and neuronal death.  

Recent animal studies have also suggested that hyperphosphorylated tau is able 

to travel to other neurons by a prion-like mechanism infecting other neurons, furthering 

AD pathogenesis76-78. It has been proposed that affected neurons release the 

pathogenic conformation of tau which then spreads to other neurons via a prion-like 

Figure 5. Neurofibrillary pathology in 

Alzheimer’s disease. Left: Immunocytochemical 

labelling of the triad of neurofibrillary pathology in 

Alzheimer’s Disease (AD), consisting of 

neurofibrillary tangles (arrow), neuropil threads 

(open arrow) and the neuritic component of the 

corona of neuritic plaques (open arrowheads) 

(mAb AT8; scale bar = 50 m). Right: First 

description of neurofibrillary pathology given by 

neurologist Max Bielschowsky and Korbinian 

Brodmann (1905) in a case of senile dementia. 

Used with permission from Elseiver, Arendt T, 

Stieler JT, Holzer M. Tau and tauopathies. Brain 

Research Bulletin 2016;126:238-292. 
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transmission70,79. Consequently, the recipient neurons use the aggregation-prone tau as 

a template conformational change70,79. It has also been proposed that pathogenic 

conformations of tau are caused by reactive oxygen species triggered by microglial pro-

inflammatory cytokines70. 

3.5 GLUCOSE IN THE BRAIN 

The pathophysiological manifestation of AD is said to occur over the span of 

several years or even decades before a person’s cognitive deterioration is evident. 

However, individual variability in cognitive impairment and overall symptom severity 

have made it difficult to predict the preclinical stages of AD80. Thus, understanding how 

the differences between normal and AD-related physiological and pathological changes 

correlate with cognitive decline may provide insight to AD progression.  

Requiring approximately 20% of glucose-derived energy to maintain 

physiological function, the brain is the body’s most energy-demanding organ80. Unlike 

the rest of the body, the brain does not use fatty acids for energy production, because 

they do not cross the blood-brain barrier, and their transport is too slow to make a useful 

substitute for glucose81. Therefore the brain relies on glucose as its preferred energy 

source; thereby maintaining its proper metabolism is key for optimum brain function80,81. 

3.5.1 Glucose-metabolism overview 

In the brain, glucose uptake is mostly independent of insulin stimulation. Neurons 

in the hypothalamus sense changes in central and peripheral glucose levels activating a 

chain of events necessary for glucose metabolism80. Glucose is carried across the BBB 

via glucose transporters, such as GLUT1 and GLUT3, expressed in the brain 
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endothelium82. GLUTs use facilitated diffusion to transport glucose into the brain. This 

passive transport does not use energy in its transfer of glucose from blood into brain. 

Once across the BBB and into the intracellular brain space, GLUT1 imports glucose into 

astrocytes, oligodendroglia, and microglia, while GLUT3 is responsible for neuronal 

glucose uptake in both dendrites and axons80,83,84. The utilization of glucose is regulated 

by the rate of ATP consumption and regulation of rate-controlling enzymes by 

metabolites. Increased brain function/neuronal activity calls for an increased use and 

need of glucose80. Intracellular ATP consumption and decreased glucose concentration 

stimulate the importation of glucose into cells. In order to convert intracellular glucose to 

energy, the brain uses a variety of pathways such as glycolysis, the pentose-phosphate 

pathway, and the tricarboxylic acid cycle (Figure 6)80.  

Figure 6. Generation of energy in the brain. 

Hexokinase uses ATP to phosphorylate glucose to 

glucose-6-phosphate (Glc-6-P) in the glycolytic 

pathway. Glc-6-P continues down pathway 

generating pyruvate to be used by oxidative 

metabolism via the tricarboxylic acid (TCA) cycle.It 

can also enter the pentose phosphate pathway 

(PPP) to generate NADPH for management of 

oxidative stress and precursors for nucleic acid 

biosynthesis. Formation of pyruvate from glucose 

is produced by the malateaspartate shuttle (MAS). 

MAS transfers cytoplasmic NADH to the 

mitochondria where it is oxidized via the electron 

transport chain (ETC). When glycolytic flux 

exceeds that of the MAS or the TCA cycle rate, 

NAD+ is regenerated by the lactate 

dehydrogenase (LDH) reaction that converts 

pyruvate to lactate. Because intracellular 

accumulation of lactate would cause reversal of 

the LDH reaction, lactate must be released from 

the cell by monocarboxylic acid transporters 

(MCT). Exit of lactate eliminates pyruvate as an 

oxidizable substrate for that cell and limits the ATP 

yield per glucose to two. Lactate is released from 

the cell to perivascular fluid for efflux from brain. 

Figure adapted by Dilia Ayala with permission from 

Elsevier, Mergenthaler P, Lindauer U, Dienel GA, 

Meisel A. Sugar for the brain: the role of glucose 

in physiological and pathological brain function. 

Trends Neuroscience. 2013 Oct;36(10):587-97.  
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During times of strenuous activity or after prolonged fasting (starvation), the brain 

will use ketones (acetoacetate and β−hydroxybutyrate, commonly referred to as ketone 

bodies) as its fuel source in the absence of glucose to maintain physiological function. 

Since the brain lacks any other substantial non-glucose-derived fuel source, it must rely 

on the liver to oxidize fatty acids and export them to the brain as ketones. Ketone 

bodies can only be broken down and used for fuel in the mitochondria, but cannot 

support the entire energy requirement of all brain regions85,86. Glucose is the brain’s 

preferred energy source, as extended use of ketones for energy in its place is not 

sustainable86.  

3.5.2 Glucose-sensing neurons 

Similar to how the body uses pancreatic β-cells to monitor peripheral glucose 

levels, the brain has its own “glucose-monitoring system.” There are glucose-sensitive 

neurons that respond to metabolic changes to establish energy homeostasis83,87. 

Glucose-excited (GE) neurons and glucose-inhibited (GI) neurons serve as central 

nutrient-sensors to regulate energy homeostasis throughout the body88. GE neurons 

respond to high levels of glucose and GI neurons respond to low levels of glucose. 

While found throughout the CNS, these neurons are found primarily in the 

hypothalamus and brainstem (Figure 7)83,87. From this central location, they are 

connected to a network of glucose sensors in peripheral tissues and aide the endocrine 

system in energy metabolism. GE and GI neurons sense peripheral energy changes 

and respond by controlling the balance between energy intake, expenditure, and 

storage to maintain normoglycemia83,89.  
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GE neurons are primarily found in the arcuate nucleus (ARC), ventromedial 

hypothalamus (VMH), anterior hypothalamus (AH), lateral hypothalamus (LH), and the 

paraventricular nucleus (PVN). GE neurons respond during times of hyperglycemia by 

signaling the release of insulin and activation of thermogenesis83,87. Most GE neurons 

respond in a metabolism-dependent way similar to the way pancreatic β cells do when 

triggered by glucose. Glucose enters 

the cell through GLUT2/3 and is 

converted by glucokinase to 

G6P83,87,89,90. The increase in glucose 

metabolism raises the ATP/ 

adenosine diphosphate (ADP) ratio 

and results in closure of KATP 

channels. This in turn causes the 

depolarization of the membrane and 

VDCC opening for entry of Ca2+ into 

the cell. Unlike β cells, the influx of 

Ca2+ does not trigger insulin release. 

Instead, it triggers the release of 

neurotransmitters such as γ-

aminobutyric acid (GABA) in the 

ventromedial nucleus (VMN) of the 

hypothalamus83,87,89,90. The activation 

of GE neurons in the VMN, also 

Figure 7. Glucose sensing by the hypothalamus. (A) 

Schematic representation of the different hypothalamic nuclei 

and their location surrounding the third ventricle. (B) Glucose-

inhibited (GI) and glucose-excited (GE) neurons play a key role 

in glucose homeostasis; nevertheless, since these neurons are 

not located in direct contact with blood vessels or cerebrospinal 

fluid, sensing of circulating glucose levels is relayed through the 

hypothalamic glial cells (tanycytes and astrocytes). ARC, 

arcuate nucleus; VMH, ventromedial hypothalamic nucleus; 

DMH, dorsomedial hypothalamic nucleus; PVN, paraventricular 

nucleus; LHA, lateral hypothalamic area. Figure used with 

permission from MDPI, Basel, Fuente-Martín E, Mellado-Gil 

JM, Cobo-Vuilleumier N, et al. Dissecting the Brain/Islet Axis in 

Metabesity. Genes (Basel) 2019;10. 
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results in activation of the sympathetic nervous system, which consequently increases 

insulin sensitivity and glucose uptake in the periphery90. 

GI neurons, like GE neurons are found throughout the hypothalamus, including 

the VMN, ARC, PVN, dorsomedial nucleus, and the LH. The most studied metabolism-

dependent GI neurons are found in the VMH83,87,89. There, the GI neurons regulate the 

counterregulatory response to hypoglycemia by signaling an increase in hepatic glucose 

production and reduced glucagon release by the pancreas83,87. How these neurons 

sense a decrease in glucose levels is not entirely clear. There is more than one 

proposed model of how they sense the change. One model suggests that reduced 

glucose uptake decreases ATP production and Na+/K+ activity, resulting in the increase 

in cytoplasmic Na+, which leads to membrane depolarization via activation of a chloride 

conductance90,91. Other models purpose that GI activation involves other glucose 

transporters such as GLUT1, GLUT2, or GLUT3; as well as AMP, whose concentrations 

are increased by low levels of glucose, leading to AMP-activated protein kinase (AMPK) 

activation and neuronal firing90,91.  

GE and GI neurons are key players in glucose sensing in the brain. Together, 

they detect and respond accordingly to glucose fluctuations83,91. Their location in 

hypothalamus provides them access to systemic energy status, however, it is important 

to note that they do not have direct contact with cerebral spinal fluid (CSF) or blood. It is 

the hypothalamic glial cells that mediate and bridge glucose signaling by connecting 

neurons with blood vessels and CSF83,88,91. Hypothalamic astrocytes and tanycytes are 

two types of glial cells essential in glucose and energy homeostasis83,91.  
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Astrocytes act as structural intermediates between blood vessels and neurons, 

receiving signals from both the periphery and the CNS. Astrocytic lactate has been 

found to activate GE neurons during increased glucose conditions to reestablish 

glucose homeostasis. They are also major glucose metabolizers able to modulate both 

peripheral and central glucose levels5,92. Astrocytes take up glucose through GLUT1 

and GLUT2 in order to activate glycolysis and glycogen metabolism83,91. Astrocytes are 

considered the main energy reservoirs in the brain. They are able to store glycogen, 

and can respond to the brain’s high-energy demands by metabolizing glycogen to 

lactate. Astrocytic lactate is then transferred by the monocarboxylate transporters 

(MTCs) to neurons as an energy substrate to maintain neuronal function83,91,93. When 

glucose is low, astrocytes are also able to oxidize fatty acids to produce ketones for 

ATP production in order to maintain brain energy homeostasis83,94. 

Without direct contact to the CSF, GE and GI neurons also receive signals from 

tanycytes. These hypothalamic endothelial glial cells provide vital communication 

between the CSF and the glucose-sensitive neurons95,96. Located in the hypothalamic 

wall of the third ventricle, their apical regions contact the CSF and their processes 

connect with the neurons in the hypothalamic neuronal nuclei83,91,97. Similar to 

astrocytes, tanycytes express MCT1, MCT4, GLUT1, GLUT2, and glucokinase and KATP 

sensitive channels. This allows tanycytes to sense, shuttle, and release nutrients and 

hormones within the hypothalamus, in order to influence both peripheral and central 

glucose levels, and provide energy substrates to adjoining neurons83,91,95-97.   
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3.5.3 Glucose metabolism and structural changes in the aging brain 

As the brain ages, it undergoes functional and morphological changes. Likewise 

its energy/glucose metabolism also changes98,99.Glucose metabolism in the brain is 

largely used for neuronal computation and information processing by providing the 

energy and precursors for the biosynthesis of neurotransmitters80,100. The rate at which 

glucose is consumed depends on functional activities that consume ATP and generate 

ADP, such as neurotransmission80,101. Studies have found that as the brain ages, 

glucose metabolism decreases98,99,102,103. One such study evaluated the relationship 

between changing brain energy metabolism and cognition during healthy aging over the 

course of several years98. A group of cognitively normal older adults (aged 71 ± 5 year) 

underwent cognitive evaluation and quantitative positron emission tomography (PET) 

and magnetic resonance imaging (MRI) scans to measure the brain consumption of 

glucose. The study found there was a 6 to 12 percent decrease in the cerebral 

metabolic rate of glucose utilization (mainly in the temporo-parietal lobes and cingulate 

gyri) at the end of the four-year study98. The frontal, parietal and temporal lobes of the 

brain demonstrated an annual decline in glucose metabolism averaging 1.5 to 3.0 

percent per year. This non-pathological hypometabolism was believed to be caused by 

the reduction in brain volume typically seen in the aging brain98. A decrease in gray 

matter volume in most brain regions, as well as reduction in white matter density was 

observed. In the normal aging process, like in the aforementioned study, there is loss of 

gray matter volume, caused by a decrease in neuron size and number of connections 

between them104-107. Structural changes such as a reduction in soma size, loss or 

regression of dendrites and dendritic spines, alterations in neurotransmitter receptors, 
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and axon demyelination are expected104-107. In conjunction with a decrease in glucose 

metabolism and these structural changes, subtle cognitive decline is also associated 

with normal aging. This type of cognitive decline was observed in study participants. 

Performance on several cognitive tests showed a reduction in participant’s processing 

speed, executive function, and attention98. These findings further substantiated previous 

studies, demonstrating the link between the aging brain’s neuroanatomical changes and 

glucose utilization98,99,102,103. The brain normally experiences age-related cognitive 

deficits and hypometabolism. These changes though, are caused by normal structural 

deterioration in grey and white matter not neuronal death as seen in neurocognitive 

disorders such as AD103,106.  

3.5.4 Glucose metabolism and structural changes in the AD brain 

The brains of AD patients have shown structural and functional changes, as well 

as defects in glucose metabolism beyond those observed during normal aging process. 

An eight-year longitudinal study compared the cognitive and structural changes in the 

brains of older individuals from the Baltimore Longitudinal Study of Aging (BLSA) to 

characterize patterns representative of cognitive decline during normal aging and those 

commonly seen in AD102. The two groups were labeled cognitively declining (CD) and 

cognitively stable (CS). One group of individuals showed the most pronounced cognitive 

decline, and the other showed the highest cognitive stability, respectively102. Magnetic 

resonance imaging (MRI) was used to measure regional patterns of brain atrophy. The 

study concluded that the CS group had significantly greater grey matter volume in 

medial and lateral frontal, lateral temporal, and medial and lateral occipital regions 

compared to the CD group102. The CS group also had greater white matter volume in 
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frontal, medial temporal, and occipital regions, whereas the CD group had greater white 

matter volume mostly in lateral temporal and medial occipital regions102. Additionally, 

the CD group had significantly greater white matter atrophy in periventricular regions. 

The pattern of tissue loss seen in the CD group is cognitively significant since those 

areas play a role in memory function and have been linked with the onset of cognitive 

impairment and dementia102,108. Medial temporal atrophy, as seen in the CD group, is 

believed to be an MRI marker for progression to AD108,109.  

While dementia is one of the first apparent symptoms in AD, studies have 

reported individuals who initially showed no signs of it, subsequently developed AD, 

indicating that loss of brain volume had been in progress for several years before 

diagnosis110. One such study found that hippocampal volumes were reduced by about 

10 percent three years before patients received a clinical diagnosis of dementia due to 

AD. By the time the diagnosis was made, the rate of atrophy had not only increased, but 

was also widespread with whole-brain volumes down by approximately 6 percent. This 

increased rate and wide-spread decrease in brain volume is characteristic of AD and 

not simply normal aging110-112. 

PET- fluorodeoxyglucose (FDG) imaging was used to show a significant 

functional difference between CS and CD groups, in the aforementioned study102. In 

order to see a change in cerebral metabolic rate of glucose (CMRg), a PET-FDG scan 

uses a radioactive drug (tracer) to visualize tissue and organ chemical activity over 

time113. Showing up as bright spots, increased glucose uptake activity in a specific area 

becomes visibly marked due to the collection of the radioactive tracer. The specific 

location and patterns of these bright areas illustrate structural and functional differences 
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between a healthy brain and that of a person with AD102,113. The CS group had greater 

activity in bilateral orbitofrontal, anterior cingulate, and insular cortices compared to that 

of the CD group. It was proposed that the decreased activity in these areas may 

associated with cognitive decline in the CD group102,108. Longitudinal studies have 

shown that in cases where mild cognitive impairment (MCI) progresses to AD, the 

CMRg in the cingulate, inferior parietal lobes, and temporal lobes 

declines102,108,109,114,115. This multidomain pattern is different than that seen in normal 

aging or in MCI, where the decrease is regionally limited to areas such as the 

hippocampus and parahippocampus108,114. Patients with this “regional” decline were 

found to be less likely to develop AD. The pattern of “global” decreased CMRg was 

found to be suggestive of AD108,114. This progressive pattern was observed in the 

hippocampus, followed by lower CMRg in the posterior cingulate, temporal, and parietal 

lobes and in the frontal lobes as the disease progressed102,108,109,114,115. These areas of 

hypometabolism were also found to show significantly higher tissue glucose 

concentrations due to reduced glucose uptake. Coincidently, higher concentrations of 

brain tissue glucose are also associated with greater severity of both amyloid plaque 

deposition and neurofibrillary pathology108,115. This type of glucose hypometabolism has 

also been observed in ApoE4 allele carriers, young and middle-aged individuals who 

are genetically at higher risk of developing early-onset AD116. These studies serve to 

corroborate the relationship between glucose hypometabolism and AD. Thus, one of the 

earliest signs of AD is reduced glucose metabolism, due to decreased metabolic 

signaling, resulting in structural changes such as neurodegeneration and synaptic loss 

as seen in AD patients80,84.  
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3.6 INSULIN IN THE BRAIN 

3.6.1 Normal Insulin Signaling  

Unlike in the rest of the body, insulin in the brain is not a major regulator of 

glucose metabolism in the brain. Instead, current evidence supports that insulin is a 

critical neuropeptide in the CNS. Insulin is believed to be facilitate vital brain functions 

such as energy metabolism, eating behaviors, cognition, and motivation92,117. The 

brain’s primary source of insulin is produced in the pancreas, although there are some 

who believe the brain may also produce some of its own insulin5,118,119. Carried in the 

blood and CSF, insulin crosses into the CNS through a saturable, regulatable, and 

temperature-sensitive, receptor-mediated process, limited by the BBB 119,120. This type 

of transport allows for a decrease in brain insulin uptake should serum insulin levels 

become high. 

Unlike in peripheral glucose metabolism, the majority of glucose uptake in the 

brain is insulin-independent. Astrocytes, which express insulin receptors (IRs) relay 

neuronal glucose sensing information to hypothalamic neurons to maintain necessary 

glucose uptake and metabolism for brain function82,117. IRs, like the ones located 

throughout peripheral tissues, help maintain and regulate energy homeostasis via 

insulin signaling. IRs are found on both neurons and glia, and concentrated in the 

synaptic membranes5,83,117. They are largely found in specific areas of the brain, like the 

olfactory bulb, hypothalamus, hippocampus, cerebral cortex, striatum and cerebellum. 

From these areas, insulin signaling in the brain helps regulate various processes 

throughout the body as well as in the brain, such as eating behavior, body weight, and 

energy homeostasis, and glucose metabolism5,117,120. Additionally, insulin signaling also 
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helps regulate inhibition of hepatic gluconeogenesis, counter-regulation of 

hypoglycemia, lipid synthesis, among other metabolic processes through two main 

effector pathways: the phosphatidylinositol-3-kinase (PI3K)/Akt pathway and mitogen-

activated protein kinases/Ras pathway (MAPK/Ras) (Figure 8)83,117,120.  

 
Figure 8. Neuronal insulin signaling pathways. Binding of insulin/insulin growth factor (IGF‐1) to extracellular α‐

subunits of insulin and IGF‐1 receptors (IRs/IGF‐1Rs) induces a conformational change of these tyrosine kinase 

receptors, activating tyrosine kinase activity of the β‐subunits and promoting receptor autophosphorylation at several 

tyrosine residues located inside the cell, thereby recruiting docking proteins (as Shc and IRS) to the cell membrane. 

Insulin receptor substrate (IRS) phosphorylation, namely at the Src homology 2 (SH2) domain of the p85 regulatory 

subunit of phosphatidyl inositol 3‐kinase (PI3K), stimulates the catalytic subunit p110, with subsequent recruitment of 

downstream signaling proteins (e.g., Akt). Once activated, Akt is translocated into cytosol and nucleus, phosphorylating 

target proteins like the proapoptotic Bad, caspase‐9, glycogen synthase 3‐beta (GSK‐3β), and insulin‐degrading 

enzyme (IDE). Alternatively, phosphorylated Shc recruits the growth factor receptor binding protein (Grb2)/son of 

sevenless, initiating downstream signals, namely from the Ras‐Raf‐mitogen‐activated protein kinase (MAPK) cascade. 

Furthermore, Grb2 can be also recruited by IRS, promoting the crosstalk between PI3K/Akt and MAPK. Activation of 

these pathways may ultimately mediate several biological responses in the central nervous system, such as apoptosis 

inhibition, regulation of gene transcription and glucose metabolism, modulation of neurotransmission, regulation of 

amyloid β protein (Aβ) clearance, and tau protein phosphorylation (p‐tau). GLUT, glucose transporters. Used with 

permission from John Wiley and Sons, Emanuel C, Duarte AI, Cristina C, et al. The impairment of insulin signaling in 

Alzheimer's disease. IUBMB Life 2012; 64:951-7. 
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In addition to its glucoregulatory role, insulin also plays a part in neuronal 

development, memory, cognition, learning, attention, and modulating synaptic plasticity 

by controlling the release and re-uptake of neurotransmitters1,117. Furthermore, as 

insulin signaling regulates multiple steps of the amyloid cascade, it can provide the 

brain with a neuroprotective mechanism against AD. This signaling provides a type of 

“insulin-mediated synapse protection” by downregulating the neuronal Aβ oligomer 

binding sites, consequently preventing the disease-inducing formation of insoluble Aβ 

peptide aggregates115,13,82.  

3.6.2 Disruption in Insulin Signaling 

Given insulin’s role in metabolic homeostasis, the question arises as to how and 

what happens in the brain when insulin signaling becomes dysfunctional? The cross-

talk between insulin use in the brain and the periphery has been found to be a factor in 

insulin dysregulation. Since CNS insulin levels are largely dependent on peripheral 

metabolic profile and transporter function, hyperinsulinemia can cause signaling to go 

astray. The brain’s insulin uptake is a concentration-regulated process. This mechanism 

however, can potentially negatively affect overall energy metabolism if the brain reduces 

insulin uptake due to peripheral hyperinsulinemia. It has been found that prolonged 

periods of peripheral hyperinsulinemia down-regulates insulin transporters at the BBB, 

decreasing the amount of insulin that enters the CNS121,122. This can consequently lead 

to hypoglycemic signaling in the brain, therefore preventing the counterregulatory 

effects in the periphery. Pathways to increase glucose production and eating are 

triggered instead of decreasing, which can further the already dysfunctional glucose 

metabolism in peripheral tissues84,120. The hypoglycemic state induced by peripheral 
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hyperinsulinemia can also make neurons particularly vulnerable to reactive oxygen and 

nitrogen species. Although, the brain can adapt its glucose metabolism under 

hypoglycemic conditions to use astrocyte-produced lactate to maintain neuronal 

function, it is only supplementary. Glucose is needed by neurons for use in pentose 

phosphate pathway (PPP) for antioxidant defense. This need cannot be met by lactate. 

The PPP produces NADPH, which facilitates the regeneration of cerebral glutathione 

(GSH), which is considered one the brain’s most important antioxidants. Thus, a 

hypoglycemic state can impair this protective antioxidant pathway120,123.  

Another consequence of peripheral hyperinsulinemia is if peripheral insulin levels 

normalize; the peripheral insulin decrease could be so significant that insulin levels are 

below those needed to signal insulin uptake into the brain. This could further disrupt the 

already reduced insulin signaling by decreasing IR expression and brain insulin 

sensitivity, leading to insulin resistance in the brain117,120,121. Moreover, decreased CNS 

insulin receptor expression is said to negatively affect the downstream signaling 

cascades99. Insulin-driven activation of the PI3K/Akt pathway preserves mitochondrial 

membrane integrity and inhibits production of free radicals that can cause mitochondrial 

dysfunction and pro-apoptotic mechanisms. As  mitochondria are responsible for 

delivering the majority of ATP necessary for neuronal function, mitochondrial 

dysfunction has been shown to directly correlate with loss of metabolic control and 

neuronal death99. Decreased insulin action is also known to promote 

hyperphosphorylation of tau and Aβ production due to increase glycogen synthase 

kinase 3 (GSK3) signaling. Insulin deactivates GSK3 signaling, thus reducing the 

formation of AD pathological hallmarks, amyloid plaques and NFTs, as well as 
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additional oxidative stress62. Due to insulins significant role in mediating so many 

physiologically significant pathways, impairment of insulin or insulin signaling in the 

brain can contribute to neurodegenerative pathologies.  

4 TYPE 2 DIABETES  

4.1 FREQUENCY AND ETIOLOGY 

Similar to AD, incidence of T2D is also increasing. The prevalence of diagnosed 

diabetes in the U.S., increased by 38.2% from 1988 to 2014, according to the 2017 

National Diabetes Statistics Report. Moreover, 2 out of every 5 Americans are expected 

to develop T2D in their lifetime124. T2D is characterized by abnormal insulin secretion 

and insensitivity, as well as hyperglycemia (excess glucose in the bloodstream)125. 

Normal glucose levels are determined via blood tests, such as a fasting plasma glucose 

(FPG) measurement, casual (random) plasma glucose testing, and oral glucose 

tolerance tests (OGTTs). The glycated hemoglobin (A1C) test measures a person’s 

average blood sugar level over a longer period126. Using the A1C test, a person’s blood 

sugar level is estimated by measuring the percentage of hemoglobin, an oxygen-toting 

protein, in the person’s blood stream. The higher a person’s blood sugar is, the higher 

percentage of glycated hemoglobin in the blood. As such, a normal A1C level is 

considered to be less than 5.6 percent. A1C levels above 6.5 percent indicate that a 

person has diabetes126. The specific mechanism by which individuals with high fasting-

blood sugar progress to full-on diabetes is not entirely understood. The extent of the 

metabolic pathways contributing to the development and/or affected by T2D are still 

being explored127. Research has found T2D results from a combination of genetic, 
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dietary, lifestyle and behavioral factors128. While there is no clear pattern of inheritance 

for T2D or single major susceptibility gene(s) some patients have been shown to 

possess genetic mutations that may contribute to T2D pathology129. Mutation in insulin 

receptor genes and hepatocyte nuclear factor 1alpha (HNF-1alpha) are known to cause 

impaired insulin secretion and progressive glucose intolerance. However, this has not 

been found to cause T2D129,130.  

4.2 RISK FACTORS 

Obesity, decreased physical activity and high-calorie diets are among the most 

common lifestyle risk factors associated with developing T2D131. Moreover, a patient’s 

genetic predisposition to hypertension and abnormal familial lipoprotein metabolism 

have also been associated with the development of T2D. Collectively, these factors 

have been shown to contribute to dysregulated metabolism, as well as pancreatic β-cell 

dysfunction and cell death131. Moreover, demographic risk factors such as a person’s 

age, family history of T2D, and being of non-white ethnicity/race further contribute to a 

person’s likelihood of developing T2D128. While some risk factors such as a person’s 

ethnicity cannot be changed, many others such as lifestyle risk factors can be managed 

to help delay or prevent the onset of T2D128. 

4.3 NORMAL PERIPHERAL GLUCOSE METABOLISM  

The balance between glucose uptake and insulin secretion is central to normal 

“fuel metabolism.” Glucose serves as the primary fuel for cells and energy source for 

various biosynthetic pathways132. Circulating glucose comes from three sources: it is 

absorbed through the gut after eating (fed state), glycogenolysis, and gluconeogenesis, 
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the formation of glucose primarily from lactate and amino acids during the non-fed state 

(fasting state)133. In addition to insulin, glucoregulatory hormones as glucagon, amylin, 

GLP-1, glucose-dependent insulinotropic peptide (GIP), epinephrine, cortisol, and 

growth hormone help maintain blood glucose concentration within normal range133,134. 

Each hormone with its own effects (Table 2).  

Under normal 

conditions, eating stimulates 

the secretion of insulin and 

inhibits glucagon release as 

a result of increased 

glucose concentration135,136. 

The extent of insulin 

secretion is determined by 

pancreatic β cells. Working 

together, glucagon and 

insulin, trigger a series of 

metabolic processes to 

maintain or regain homeostasis after eating or upon energy expenditure. The β cells are 

able to sense the plasma glucose concentration, as well as amino acids, fatty acids, and 

ketone bodies to regulate the amount of insulin needed137. Insulin secretion occurs in 

two stages: an initial rapid release of pre-insulin, and a later amplification stage. During 

the amplification stage there is an increase of insulin synthesis in response to the 

increased blood glucose concentration133. The β cell’s ability to sense and respond to 

Table 2. Table used and modified by Dilia Ayala with permission from 
American Diabetes Association, Aronoff SL, Berkowitz K, Shreiner B, 
Want L. Glucose Metabolism and Regulation: Beyond Insulin and 
Glucagon. Diabetes Spectrum 2004;17:183. 
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glucose stimulation by ‘matching’ insulin secretion accordingly is known as metabolism-

secretion coupling. During this process, insulin promotes the storage of lipids in adipose 

tissue and carbohydrates in muscles as glycogen. Insulin secretion augments protein 

synthesis, glycolysis, glycogenesis, and lipogenesis132. Increased insulin levels also 

signal the liver to produce less glucose, and increase glucose uptake to normalize 

circulating glucose levels125. The β cell’s sensitivity to neurohormonal stimulation (in a 

solely glucose-dependent manner) helps maintain normal fuel metabolism1,125,137. In 

addition to insulin, amylin (another pancreatic hormone) is synthesized and released in 

response to food intake. Amylin, which is also found in the brain, serves various 

neuroendocrine functions. Relating to glucose metabolism, it helps limit food intake, by 

slowing gastric emptying and suppressing glucagon release from α cells138. In the brain, 

amylin crosses the blood-brain barrier and serves as a signal of satiation. Amylin does 

this by activating the hindbrain, hypothalamic, and mesolimbic sites to help reduce food 

intake138,139. The body primarily uses glucose and fatty acids as fuel to maintain a 

continuous supply of energy throughout the body1,136. During short-term physical 

exertion, the body uses glucose for energy (glycolysis and tricarboxylic acid cycle). 

During times of prolonged exercise, sleep or fasting, glycogen is used to counteract 

declining glucose levels, thereafter, fatty acids (triacylglycerols in the adipose tissue) 

are metabolized for fuel once glycogen stores have been exhausted135,136.  

In general, the maintenance of normal glucose metabolism seems simple, 

however, the inner workings of metabolism-secretion coupling is a complex cascade of 

biochemical reactions and intracellular signals within the β cells (Figure 9)140,141.  
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Figure 9. Overview of glucose-stimulated triggering and amplifying pathways in the β cell. 1) Glucose enters the 

β cell through the GLUT1 glucose transporter and is phosphorylated by glucokinase (GK) to yield glucose-6-phosphate. 

Approximately 90% of glucose-6-phosphate enters glycolysis yielding ATP and pyruvate. 2) Pyruvate is transported 

into the mitochondria where about half is metabolized by pyruvate carboxylate (PC) to regenerate oxaloacetic acid 

(OAA) for the tricarboxylic acid cycle (TCA). The rest of the pyruvate is converted to acetyl-CoA by pyruvate 

dehydrogenase (PDH) and condenses with OAA yielding citrate. The TCA cycle generates reducing equivalents, driving 

the electron transport chain and ATP synthesis. 3) The relative increase in the ratio of ATP to ADP driven by glycolysis 

and the TCA cycle lead to closure of the KATP channel. In turn, this activates to allow the influx of calcium that constitutes 

the triggering pathway required for insulin secretion. Additional glucose-dependent metabolites derived from the 

pentose phosphate pathway (PPP) (4) and export of mitochondrial intermediates such as isocitrate (5) lead to increases 

in NADPH and reduced glutathione. Glucose stimulates generation of free fatty acids, which can serve as precursors 

to monoacylglycerol (MAG) which can enhance granule priminvoltage-dependent calcium channels (VDCC) g (6). 

Glucose entry also results in the activation of the kinase Yes and the small GTPase Cdc42 pathway (7), allowing proper 

metering of secretion via actin dynamics. The β cell response is further modulated by positive and negative signaling 

via cell-surface receptors (8), influencing the amount of insulin exocytosis in response to the triggering and amplifying 
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pathways. These pathways cooperate with deSUMOylation- and SNARE-dependent processes which through 

amplification increases the sensitivity of insulin granules to the triggering calcium influx (i.e. release competency (9)). 

Proper gene transcription (10) and translation (11) are also required for normal operation of the amplifying pathway, 

although not much is known about the mechanisms. Figure used with permission from Elsevier, Kalwat MA, Cobb MH. 

Mechanisms of the amplifying pathway of insulin secretion in the β cell. Pharmacology & Therapeutics2017;179:17-30. 

 

Increased levels of glucose following a meal triggers glucose uptake into the liver 

via glucose transporter-1 (GLUT1), where it is phosphorylated to yield glucose-6-

phosphate for use in glycolysis to produce ATP, NADH, and pyruvate. In the 

mitochondria, pyruvate and NADH are used to synthesize cytosolic ATP via the 

tricarboxylic acid (TCA) cycle and oxidative phosphorylation141,142. As a result of 

increased glucose, there is a relative increase in ATP to ADP ratio. This change causes 

the closure of KATP channels and depolarization of the cellular membrane, opening 

voltage-gated calcium (Ca2+) channels. The influx of calcium is the trigger for insulin 

secretion141. Insulin granules are released from the cells’ “readily releasable pool 

(RRP),” granules that are pre-docked at the plasma membrane for rapid insulin 

exocytosis141,142.  

During the fed state, when there is an increase in glucose following a meal, 

glucose enters the liver via glucose transporter 1 (GLUT1), a transmembrane glucose 

transporter. Glucose is then phosphorylated by glucokinase yielding glucose-6-

phosphate (G6P)141,143. The majority of G6P then enters into glycolysis producing 

pyruvate, NADH and ATP. Pyruvate is transported to and metabolized in the 

mitochondria. There, about half of the pyruvate is metabolized by pyruvate carboxylate 

and regenerated into oxaloacetic acid for the TCA cycle. The other half of the pyruvate 

is converted to acetyl-Coenzyme A (CoA). The granule content is released into the 

intracellular space between islet cells. This response is known as glucose stimulated 
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insulin secretion (GSIS), and is considered the first phase of insulin release. This initial 

phase of secretion is detected in circulation within 3 to 5 minutes141,142,144. During this 

time, insulin secretion activates the translocation of the glucose transporter 4 (GLUT4) 

via the PI3K/Akt pathway118. Insulin binding to insulin tyrosine kinase receptors signals 

the autophosphorylation of insulin receptor substrate-1 (IRS-1), which in turn activates 

PI3K and subsequently Akt, ultimately leading to the translocation of GLUT4 from inside 

cells to the surface of the plasma membrane for glucose uptake (Figure 10).  

 

The translocation of GLUT4 increases glucose transport into peripheral 

tissues118,142,144. In preparation for the second phase of insulin secretion, granules 

Figure 10. Consensus model for glucose-stimulated insulin secretion from pancreatic β-cells. (A) glucose entry 
through glucose transporters (GLUT) results in an increased intracellular ATP/ADP ratio. This results in inhibition of 
ATP-sensitive K+ channels, triggering electrical activity and opening of voltage-dependent Ca2+ channels (VDCC). Entry 
of Ca2+ triggers exocytosis of insulin granules at the plasma membrane. The voltage-dependent K+ channel mediates 
a K+ current that repolarizes β-cell action potentials, limiting Ca2+ entry and insulin secretion. Additional outputs from 
the mitochondria mediate a metabolic amplifying signal that further increases insulin secretion by facilitating insulin 
granule recruitment, docking, and/or exocytosis. (B) once recruited to the plasma membrane of vesicular and target-
membrane SNARE proteins. Docked granules are “primed” for exocytosis in an ATP-dependent manner (whereby they 
become part of the readily releasable granule pool, able to undergo exocytosis in response to Ca2+) and may physically 
associate with VDCCs and other channels. Figure used and modified by Dilia Ayala with permission from MacDonald 
PE. Signal integration at the level of ion channel and exocytotic function in pancreatic β-cells. American Journal of 

Physiology-Endocrinology and Metabolism 2011;301:E1069. 
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stored in intracellular storage pools deeper within the cell are trafficked to the surface of 

the plasma membrane to replenish the RRP141,142. The second phase of insulin 

secretion, as stated before, is considered the amplification phase, which is longer 

lasting, reaching a plateau after 2-3 hours. GLUT4 molecules are continuously recycled 

between the plasma membrane and endosomes. This second phase persists until blood 

glucose levels return to normal141,142. Once this occurs and GLUT4 molecules are no 

longer stimulated by insulin, they are retained intercellularly in non-endosomal insulin-

sensitive GLUT4 storage vesicles (GSVs) until they are needed again. Whether GLUT4 

remains static in these intercellular storage vesicles or is slowly recycled until 

translocation is still being studied144,145.  

4.4 PATHOPHYSIOLOGY 

4.4.1 Hyperglycemia and Insulin Resistance 

Insulin resistance is defined as a clinical state of impaired insulin response by 

insulin-sensitive tissues, marked by the reduced ability of insulin to stimulate glucose 

uptake and suppress glucose release127,131. In T2D, insulin resistance is most 

commonly associated with derailed glucose metabolism due to excessive nutrient 

supply (glucose, free fatty acids, and amino acids)1,131. As previously discussed, β cells, 

located in the islets of Langerhans of the pancreas, help maintain glucose metabolism. 

β cells respond to physiological triggers by synthesizing and secreting insulin to restore 

normoglycemia (typical fasting glucose, 95–99 mg/dL, 1-hour postprandial glucose 130–

144 mg/dL, and 2-hour postprandial glucose ,120 mg/dL)146. In states of continued 

increased caloric intake such as obesity, the body responds by compensating for its 

amplified need of insulin. There is a growth in β-cell volume without an increase in the 
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total number of islets (hypertrophy) in order to regain normoglycemia129. Over time, this 

adaptive measure is not enough to meet the body’s demand for insulin. β cells become 

functionally and physiologically exhausted leading to the depletion of the readily 

releasable pool of intracellular insulin129. Priming of newly docked granules is slow 

(median 10 min), thus a constant elevated demand for insulin does not allow for 

granules to become release-ready and replenish the need for insulin. Insufficient levels 

of insulin subsequently perpetuate poor glucose clearance due to decreased signaling 

of GLUT4 translocation127,131. The level of blood glucose gradually increases and 

develops into hyperglycemia. Prolonged exposure of high glucose concentrations 

causes irreversible damage to β cells in the form of mitochondrial dysfunction oxidative 

stress, and inflammation132. Hyperglycemia eventually leads to the reduction of the first-

phase of insulin secretion as observed in pre-diabetes. If left untreated, dysfunctional 

insulin secretion and hyperglycemia, brought on by excessive caloric intake, will result 

in the loss of the first phase and a reduction of second phase of insulin secretion2,147,148.  

4.4.1.1 β Cell Loss 

Accompanying and contributing to the development of insulin resistance is the 

loss of pancreatic β cell mass. Similarly, glucotoxicity, oxidative stress, hyperlipidemia, 

and systemic inflammation are also known factors in the loss of β cell mass142. 

Chronic hyperglycemia causes an upsurge in glucose metabolism via oxidative 

phosphorylation and other means149. Elevated glucose metabolism triggers 

mitochondria to increase ATP production due to the surge in glucose intake. 

Simultaneously ATP production produces superoxide, a reactive oxygen species (ROS), 

and its derivatives. At normal physiological levels, ROS derived from glucose 
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metabolism serve as metabolic signals for insulin secretion150,151. However, chronically 

elevated amounts of ROS produced by β cells mitochondria ultimately disrupt cellular 

functions149. Unlike other cell types in the islets of Langerhans of the pancreas, β cells 

have lower levels of antioxidant enzymes, such as glutathione peroxidase and catalase, 

to help neutralize ROS152,153. Persistently elevated ROS production alters cell 

membrane permeability, calcium homeostasis, damages proteins and DNA contributing 

to endoplasmic reticulum (ER) stress. Increased ROS perpetuates the accumulation of 

misfolded proteins in the ER. This in turn intensifies ROS production, which then 

furthers ER stress. If the stress remains unresolved, it will consequently trigger an 

inflammatory immune response. Proinflammatory cytokines, such as tumor necrosis 

factor-α (TNF-α), subsequently further reduces glucose transport into the cells by 

inhibiting the expression of IRS-1. Overwhelmed by increased mitochondrial 

dysfunction, over-production of ROS, and a chronic immune response, β cell apoptosis 

is activated and β cell mass is decreased154.  

Similar to the destructive effects of persistently elevated concentrations of blood 

glucose, chronically elevated concentrations free fatty acids (FFAs) can also contribute 

to loss of β cell function and mass155-157. FFAs are a part of normal energy metabolism 

and are said to help regulate β cell equilibrium by supporting insulin release in the 

presence of glucose157. Chronic hyperglycemia levels inhibit fat oxidation and 

consequently lipid detoxification causing increased levels of FFAs. FFAs then 

accumulate in the islet microenvironment155,156. Subjecting β cells to chronic 

hyperlipidemia triggers elevated basal insulin release, but impedes GSIS, proinsulin 

biosynthesis and secretion146,155. This in turn contributes to the β cell’s compensatory 
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increase in mass to reestablish normoglycemia158. Thus, elevated postprandial FFA 

levels and hyperglycemia act in synergy to cause β-cell dysfunction158. Continuously 

high FFA levels are associated with the inhibition of GSIS, reduction of insulin gene 

expression, and initiation of cell death by apoptosis155 . 

Over time, cells succumb to the inflammation, oxidative stress, and ER stress 

induced by chronic hyperlipidemia and hyperglycemia associated with T2D, becoming 

dysfunctional and apoptotic 131,146,159. Studies of T2D patients have observed a 

reduction in β cell mass, ranging from 24 to 65 percent with accompanying reduced 

insulin secretion capacity of 50-97 percent129. Despite lifestyle changes and early 

intervention, the β cell’s restoring function is weakened. T2D patients often develop the 

need for hypoglycemic medication and/or injectable therapy to help recover β cell 

function and insulin sensitivity129,146. 

4.4.2 Cognitive Decline  

T2D has been linked to varying types of cognitive dysfunction, from dementia to 

mild cognitive impairment (MCI)160. Commonly observed neurocognitive complications 

include the slowing of an individual’s information processing speed, executive functions, 

decreased visuospatial abilities, and poor memory13,161. Diabetes-related cognitive 

decline has been largely attributed to vascular dementia (VaD) in the aging population 

because of T2D- associated vascular pathologies and their related disorders13,162. 

However, current studies have shown slow and progressive cognitive decrements in 

T2D patients of all ages, with more severe impairment in patients 65 years of age and 

older160,163. As such, these studies have shown people with T2D have a higher risk of 

generalized cognitive dysfunction. In addition to vascular pathologies, impaired insulin 
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signaling, chronic inflammation, and oxidative stress have been found to be contributing 

factors in the development of T2D-associated cognitive dysfunction160,164. It is believed 

cognitive changes may develop during the prediabetic stages of T2D progressing over 

the course of years. Experimental studies in rodents suggest that these changes can 

contribute to an AD phenotype in diabetes patients160. Some of these T2D-associated 

cognitive changes include: increase in reactive oxygen species, peroxidative membrane 

damage, altered ion fluxes across cellular membranes, post-translational modifications 

of calcium cycling proteins, and altered protein synthesis. These changes are believed 

to affect cells and various structures to cause AD-like phenotypes, such as: increased 

BBB permeability, impaired synthesis and/or release of neurotransmitters, and altered 

neural circuit function, among others. Cognitive decline in T2D patients is observed at a 

rate up to 50% faster than in normal cognitive aging160,161. Uncontrolled T2D and how 

long a patient has been diabetic have also been reported as risk factors for developing 

AD13,161. 

4.5 CURRENT T2D TREATMENTS 

In attempt to regain metabolic control a combination of interventions is used to 

manage T2D. If possible, treatment begins with the most basic lifestyle changes such 

as dietary management and regular exercise in order to lower blood glucose124. If 

needed, drug therapy is also introduced to help manage hyperglycemia and insulin 

resistance. Medication such as Metformin may help improve beta cell function and 

insulin sensitivity165. Insulin secretagogues and other pharmacological agents are also 

used to help stimulate pancreatic beta cells to release insulin166. The type of T2D 
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treatment varies by person based on their degree of hyperglycemia, other medical 

conditions, and patient preference. Although there is no current cure for T2D, 

treatments continue to improve with ongoing medical research124. 

5 SHARED IMPAIRED INSULIN SIGNALING PATHWAY 

Inflammation, oxidative stress, insulin resistance, mitochondrial dysfunction, and 

impaired glucose metabolism are a few pathogenic processes shared by T2D and AD. 

All of these processes can be traced to impairment of the PI3K-AKT signaling pathway 

and its downstream effects 167. The PI3K/Akt pathway is known to play a central role in 

regulation of metabolism, cell survival, motility, transcription and growth in response to 

extracellular signals including insulin, insulin growth factor (IGF), among others117,167. 

Therefore, the examination of this vital pathway can help provide a greater 

understanding of the metabolic connection between T2D and AD. 

5.1 DIABETES AND THE PI3K/AKT PATHWAY  

Due to its glucoregulatory role, the PI3K/Akt pathway is significant for T2D. This 

signaling cascade is responsible for mediating the translocation of GLUT4 from 

intracellular vesicles to the plasma membrane of muscle and adipose cells in order to 

reduce blood glucose levels. In the liver, this insulin signaling pathway stimulates the 

storage of glucose as glycogen and inhibits glycogenolysis and glucose release in order 

to maintain glucose homeostasis. Downstream, PI3K/AKT pathway activation leads to 

the phosphorylation of glycogen synthase kinase 3β (GSK3β) inhibiting its ability to bind 

with protein substrates, such as glycogen synthase, β‑catenin, microtubule-associated 

proteins (including tau), intermediate filaments, cAMP-responsive element-binding 



48 

 

protein (CREB) and others. Dysfunction of the PI3K/Akt pathway can have significant 

effects as seen in T2D (Figure 11)141,168.  

 
Figure 11. Dysfunction of the PI3K/Akt pathway in Diabetes. Increased free fatty acids (FFAs) can cause oxidative 
stress and activation of C-Jun-N terminal kinase (JNK) pathway. JNK pathway is believed to be strongly associated 
with obesity involved in impairment of insulin signaling. Thus, it leads to insulin resistance in cells and tissue that are 
dependent on insulin. Activation of JNK pathway leads to increased phosphorylation of serine residue IRS-1, which no 
longer functions towards to PI3K protein activation. The inhibition of PI3K, reduces the expression of Akt protein which 
inactivate GLUT4 to take up glucose into the cells. This causes the elevation of glucose in the bloodstream and 
hyperinsulinemia outside the cell membrane168. Used with permission by Creative Commons Attribution 4.0 
International License: Razip, Nurliyana Najwa bt Md, Khaza’ai Hb. Review on Potential Vitamin D Mechanism with Type 
2 Diabetes Mellitus Pathophysiology in Malaysia. Current Research in Nutrition and Food Science Journal 2018;6:1. 

As previously discussed, persistently elevated ROS production alters cell 

membrane permeability, calcium homeostasis, and damages proteins contributing to ER 

stress. A chronic immune response can promote mitochondrial dysfunction, and β cell 

apoptosis154. This along with insulin resistance, hyperglycemia, and hyperlipidemia 

causes a cycle of metabolic dyreguation155-157.  
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5.2 AD AND THE PI3K/AKT PATHWAY  

Similar to glucose metabolism in peripheral tissues, insulin in the brain can 

activate PI3K-Akt -GSK3β signaling. Extracellular insulin activates insulin growth factor 

(IGF-1) by binding to transmembrane insulin receptors. The binding between insulin and 

IGF-1 triggers tyrosine kinase activity and promotes autophosphorylation of tyrosine 

residues inside the cell. Autophosphorylation of these tyrosine kinase receptors signals 

docking proteins Shc and insulin receptor substrate (IRS) to come to the cell 

membrane. Upon reaching the cell membrane, Shc and IRS are subsequently 

phosphorylated triggering the downstream activation of various physiological pathways, 

such as the Ras-Raf-mitogen-activated protein kinase (MAPK) cascade and 

phosphatidyl inositol 3-kinase (PI3K)/Akt pathway respectively13. However, this 

important signaling pathway can be impaired by T2D-associated systemic inflammation 

and oxidative stress169,170. Under diabetic conditions, there is an increase in systemic 

oxidative stress, which promotes the activation of the C-Jun-N terminal kinase (JNK) 

pathway. The activation of the JNK pathway consequently results in the serine 

phosphorylation of the IRS-1 receptor, inhibiting tyrosine phosphorylation, thus 

impairing insulin activation of the PI3K/Akt pathways 13,168. Insulin-driven activation of 

the PI3K/Akt pathway is vital in preserving mitochondrial membrane integrity and 

inhibiting production of free radicals. With these pathways impaired, there is an increase 

in neuronal toxicity as a result of mitochondrial dysfunction (Figure 12) 13,171.  
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Figure 12. Neuronal signaling mechanisms in a state of insulin sensitivity and insulin resistance. In the insulin 

sensitive state insulin binds to the receptor and activates the insulin receptor tyrosine kinase that initiates a cascade of 

phosphorylation events at the IRS/PI3K/AKT and Ras/Raf/ERK pathways. AKT phosphorylates GSK-3β at the inhibitory 

serine 9 residue and allows tau to maintain its physiological function of binding to microtubules and facilitates normal 

axonal transport of neuronal vesicles. In a state of insulin resistance, GSK-3β is activated by phosphorylation at 

Tyrosine 216 residue and hyperphosphorylates tau at pathological epitopes. Hyperphosphorylated tau then detaches 

from the microtubules and aggregates to form neurofibrillary tangles. Likewise, in the presence of excess insulin, the 

insulin degrading enzyme (IDE) is unable to degrade and facilitate clearance of Aβ oligomers that act as a competitive 

substrate for insulin. Thus, insulin resistance facilitates the formation of both Aβ and tau oligomers. Used with 

permission from Creative Commons Attribution License (CC BY), Chatterjee S, Mudher A. Alzheimer's Disease and 

Type 2 Diabetes: A Critical Assessment of the Shared Pathological Traits. Front Neurosci 2018;12. 

 

Similar to T2D, this particular pathway causes impaired insulin signaling that 

leads to mitochondrial dysfunction, oxidative stress, cellular damage, inflammation and 

dysregulated energy homeostasis. Furthermore, as insulin signaling regulates multiple 

steps of the amyloid cascade, insulin dysfunction or resistance could result in increased 

amyloid oligomer aggregation in the brain as seen in AD 13,82.  
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6 CORRELATION MAY EQUAL CAUSATION: T2D AND AD 

Though AD and T2D are vastly different disorders, the two are linked by a central 

“sweet connection” – glucose metabolism. Through glucose uptake and utilization these 

two illnesses share a multitude of metabolic pathways and pathophysiological 

manifestation when glucose metabolism goes astray4,93. Insulin resistance, oxidative 

stress, and mitochondrial dysfunction are all associated in both disorders. 

Hyperglycemia and insulin resistance derail brain glucose metabolism and signaling 

pathways, thus creating a whole-body energy crisis. Without proper fuel, the vicious 

cycle of oxidative stress and mitochondrial dysfunction is triggered paving the way for 

neuronal damage and cognitive degeneration. Therefore, I hypothesize that T2D could 

be more than just an associated condition in the development of AD, and a potential 

causative factor. Just like the initial phase of insulin release is lost in overt T2D, could 

the development of insulin resistance in the brain signal the beginning stages of AD? 

Oxidative stress and mitochondrial dysfunction associated with T2D begins more than 

10 years before overt T2D is diagnosed. I hypothesize that in this same manner, the 

brain may also have to compensate for dysfunctional insulin signals induced by T2D 

impaired peripheral glucose metabolism. However, after years of compensation, the 

brain is unable to regain its own energy metabolism. Insulin signaling pathways are so 

dysregulated due to chronic inflammation, oxidative stress and mitochondria dysfunction 

that it perpetuates the formation of the AD-associated pathological hallmarks we are so 

familiar with. Neurons die, synapses are lost, and AD sets in. With brain energy 

metabolism also out of control, AD can in turn contribute to an endless cycle of 
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metabolic dysfunction (Figure 13). Each disorder perpetuating the other. 

 

Figure 13. Linking T2D and AD. A simplified hypothetical schematic for how Type 2 Diabetes pathologies, such as 
insulin resistance, could promote impaired brain insulin signaling and other associated Alzheimer’s Disease 
pathological hallmarks. Once the brain exceeds its threshold of compensation, a chronic cycle of metabolic 
dysregulation between the brain and peripheral tissues arises. 

For example, brain insulin resistance could cause hypothalamic GE neurons to 

become increasingly sensitive to minor glucose changes misinterpreting actual 

peripheral glucose needs. Overreacting to a minor decrease in glucose, GE neurons 

may sense an inappropriate energy deficit. This would lead to activation of energy 

conservation mechanisms when there is sufficient energy in order to compensate for the 

perceived deficit. Once this brain and body metabolic dysregulation begins it turns into a 

wildfire of misinterpreted crosstalk among T2D and AD pathways. While I cannot say 

without further study into related metabolic pathways that T2D is a cause of AD, I can 

hypothesize that it can accelerate the pathogenesis of the disease. With that said, 
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investigation into shared pathologies such as impaired insulin signaling can provide a 

different take on the current methods of AD diagnosis and treatment. Targeting key 

shared metabolic pathways such as the PI3K/AKT/GSK-3β signaling cascades from a 

metabolic and energy regulatory perspective, may allow us identify the initial stages of 

AD years before dementia is the most obvious symptom. 
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7 APPENDIX A- ABBREVIATIONS 

3R tau - tau isoforms with three microtubule-binding repeats 

4R tau - tau isoforms with four microtubule-binding repeats 

Aβ – Amyloid Beta 

ABC - ATP-binding cassette  

ABCA1 - ATP-binding cassette transporter 1 

AD - Alzheimer’s Disease 

ADP – adenosine diphosphate 

AH - anterior hypothalamus 

AICD - APP intracellular domain 

AMPA - α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

APC/C-Cdh1 - anaphase-promoting complex C/cytosome-Cdh1  

ApoE - apolipoprotein E 

APP - Amyloid Precursor Protein 

ARC - arcuate nucleus 

ATP - Adenosine triphosphate 

BBB- Blood Brain Barrier 

BLSA - Baltimore Longitudinal Study of Aging 

CBF - cerebral blood flow 

CD - cognitively declining 

CMRg - cerebral metabolic rate of glucose 

CoA – coenzyme A 

CS - cognitively stable 

CNS – central nervous system 

CREB -, cAMP-responsive element-binding protein 

CSF - cerebrospinal fluid 

CTF-α – carboxyterminal fragments of APP reflecting alpha-secretase 

CTF-β – carboxyterminal fragments of APP reflecting beta-secretase 

ETC - electron transport chain 
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ER - endoplasmic reticulum 

F6P - fructose-6-phosphate 

F1,6P - fructose-1,6-diphosphate 

FAD – familial Alzheimer’s Disease 

FDG - fluorodeoxyglucose 

FFA – free fatty acid 

G1P - glucose-1-phosphate  

G3P - glyceraldehyde-3-phosphate  

G6P - glucose-6-phosphate 

GABA - γ-aminobutyric acid 

GE – glucose-excited 

GI – glucose-inhibited 

GK – Glucokinase 

GLUT – glucose transporter 

GSV - GLUT4 storage vesicles 

GP - glycogen phosphorylase 

Grb2 - growth factor receptor-bound protein 2 

GS – glycogen synthase 

GSIS - glucose stimulated insulin secretion 

GSK3β - glycogen synthase kinase 3β 

KATP – potassium-ATP 

LDH - lactate dehydrogenase 

IDE – insulin degrading enzyme 

IGF - insulin growth factor 

IGF-1 – insulin growth factor-1 

IL-1β - Interleukin-1β  

IL-6 - Interleukin-6  

IRS-1 - insulin receptor substrate-1 

JNK - c-Jun N-terminal kinase 

LD – lipid droplet 
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LH - lateral hypothalamus 

MAP - microtubule-associated protein 

MAP2 - microtubule-associated protein 2 

MAPK - mitogen-activated protein kinases 

MAPT - microtubule-associated protein tau 

MAS - malateaspartate shuttle 

MCI - mild cognitive impairment 

MCT - monocarboxylic acid transporter 

Mit – mitochondrion 

MRI - magnetic resonance imaging 

MT - microtubule 

NADH – nicotinamide adenine dinucleotide 

NFT - neurofibrillary tangles 

NMDAR - N-methyl-D-aspartate receptors 

NT - neuropil threads 

O-GlcNAc - O-linked N-acetylglucosamine 

OAA - oxaloacetic acid 

PEP - phosphoenolpyruvate 

PET - Positron-emission tomography 

PHF - paired helical filaments 

PI3K - phosphatidylinositol-3-kinase 

PKF1 - phosphofructokinase 1 

PKM1 - pyruvate kinase M1  

PKM2  - pyruvate kinase M2 

PPP - pentose phosphate pathway 

PSEN - presenilin 

PSEN1 - presenilin 1 

PSEN2 - presenilin 2 

PVN - paraventricular nucleus 

ROS - reactive oxygen species 
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RRP - readily releasable pool  

sAPPα - secreted APP α  

sAPP β - secreted APP β 

SH3 - Src homology 

T2D - Type 2 Diabetes 

TCA - tricarboxylic acid cycle 

TNF-α - tumor necrosis factor-α 

VaD - vascular dementia 

VDCC - Voltage-dependent Calcium channels 

VMH - ventromedial hypothalamus 

VMN - ventromedial nucleus 
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8 APPENDIX B- FIGURE AND TABLE PERMISSIONS 

Figure 1. Schematic illustration of structural differences of APOE
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Figure 2. The canonical amyloid precursor protein (APP) processing pathways 
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Figure 3. Aβ aggregation mechanism

 
 
Figure 4. Tau exons  
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Figure 5. Neurofibrillary pathology in Alzheimer’s disease
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Figure 6. Generation of energy in the brain 
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Figure 7. Glucose sensing by the hypothalamus 
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Figure 8. Neuronal insulin signaling pathways 

  
 



65 

 

Figure 9. Overview of glucose-stimulated triggering and amplifying pathways in the β cell 

 



66 

 

Figure 10. Consensus model for glucose-stimulated insulin secretion from pancreatic β-cells. 
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Figure 11. Dysfunction of the PI3K/Akt pathway in Diabetes 
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Figure 12. Neuronal signaling mechanisms in a state of insulin sensitivity and insulin resistance 
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Table 2. Effects of Primary Glucoregulatory Hormones 
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