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Abstract

Alzheimer’s disease (AD) is the most common cause of dementia in North America. Growing 

evidence supports the concept that AD is fundamentally a metabolic disease that results in 

progressive impairment in the brain’s capacity to utilize glucose and respond to insulin and 

insulin-like growth factor (IGF) stimulation. Moreover, the heterogeneous nature of AD is only 

partly explained by the brain’s propensity to accumulate aberrantly processed, mis-folded and 

aggregated oligomeric structural proteins, including amyloid-β peptides and hyperphosphorylated 

tau. Evidence suggests that other factors, including impaired energy metabolism, oxidative stress, 

neuroinflammation, insulin and IGF resistance, and insulin/IGF deficiency in the brain should be 

incorporated into an overarching hypothesis to develop more realistic diagnostic and therapeutic 

approaches to AD. In this review, the interrelationship between impaired insulin and IGF 

signalling and amyloid-β pathology is discussed along with potential therapeutic approaches. 

Impairments in brain insulin/IGF signalling lead to increased expression of amyloid-β precursor 

protein (AβPP) and accumulation of AβPP-Aβ. In addition, they promote oxidative stress and 

deficits in energy metabolism, leading to the activation of pro-AβPP-Aβ-mediated 

neurodegeneration cascades. Although brain insulin/IGF resistance and deficiency can be induced 

by primary or secondary disease processes, the soaring rates of peripheral insulin resistance 

associated with obesity, diabetes mellitus and metabolic syndrome quite likely play major roles in 

the current AD epidemic. Both clinical and experimental data have linked chronic 

hyperinsulinaemia to cognitive impairment and neurodegeneration with increased AβPP-Aβ 

accumulation/reduced clearance in the CNS. Correspondingly, both the restoration of insulin 

responsiveness and the use of insulin therapy can lead to improved cognitive performance, 

although with variable effects on brain AβPP-Aβ load. On the other hand, experimental evidence 

supports the concept that the toxic effects of AβPP-Aβ can promote insulin resistance. Together, 

these findings suggest that a positive feedback loop of progressive neurodegeneration can develop 

whereby insulin resistance drives AβPP-Aβ accumulation, and AβPP-Aβ fibril toxicity drives brain 

insulin resistance. This phenomenon could explain why measuring AβPP-Aβ levels in 

cerebrospinal fluid or imaging of the brain has proven to be inadequate as a stand-alone biomarker 

for diagnosing AD, and why the clinical trial results of anti-AβPP-Aβ monotherapy have been 

disappointing. Instead, the aggregate data suggest that brain insulin resistance and deficiency must 
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also be therapeutically targeted to halt AD progression or reverse its natural course. The positive 

therapeutic effects of different treatments that address the role of brain insulin/IGF resistance and 

deficiency, including the use of intranasal insulin delivery, incretins and insulin sensitizer agents 

are discussed along with potential benefits of lifestyle changes to modify risk for developing mild 

cognitive impairment or AD. Altogether, the data strongly support the notion that we must shift 

toward the implementation of multimodal rather than unimodal diagnostic and therapeutic 

strategies for AD.

1. Alzheimer’s Disease (AD) Diagnosis

Alzheimer’s disease (AD) is the most common cause of dementia in North America and, 

over the past several decades, the prevalence rates of sporadic AD have sky-rocketed, even 

after correcting for increasing longevity.[1] In standard clinical practice, a diagnosis of AD is 

rendered based on the National Institute of Neurological and Communicative Disorders and 

Stroke, the Alzheimer’s Disease and Related Disorders Association (NINCDS/ADRDA), 

and Diagnostic and Statistical Manual of Mental Disorders (4th edition) criteria.[2] 

However, more recently, consideration has been given to the inclusion of additional studies 

including neuropsychological and other performance-based assessments, genetic factors, and 

biochemical and neuroimaging biomarkers, which may more accurately correspond to AD 

pathology.[3] Although the revisions in diagnostic criteria enable the incorporation of data 

from more sophisticated tests, diagnosing AD remains challenging, particularly in the hands 

of non-specialists, institutions that lack ready access to additional diagnostic aids, or patients 

who cannot afford to undergo an extensive battery of tests. In addition, the long intervals 

(often years) required to demonstrate that the relevant signs and symptoms are indeed 

progressive in nature, delay diagnosis and treatment. Although many of the current 

limitations in diagnosing AD will eventually be overcome through the use of neuroimaging 

and biomarker panels,[4] one of the critical rate-limiting steps involves the selection of 

biomarkers. Unless the panels are sufficiently broad and take into consideration the varied 

pathophysiological and molecular mechanisms of neurodegeneration, significant 

improvements in AD diagnostics, therapeutics, and our ability to assess clinical responses to 

early intervention will remain stymied.

A major goal in the field of AD research is to devise better non-invasive tools to accurately 

and reliably detect hallmark indices of neurodegeneration, including (i) loss of neurons; (ii) 

intra-neuronal accumulations of abnormal, hyperphosphorylated cytoskeletal proteins and 

dystrophic neurites; (iii) increased expression and abnormal processing of amyloid-β 

precursor protein (AβPP); and (iv)AβPP-Aβ peptide deposition in neurons, plaques and 

vessels. For the most part, biomarker assays of AD are focused on detecting AD-associated 

lesions that harbour or are caused by accumulations of insoluble aggregates of abnormally 

phosphorylated and ubiquitinated tau, and neurotoxic AβPP-Aβ in the form of oligomers, 

fibrillar aggregates or extracellular plaques. Secreted AβPP-Aβ oligomers contribute to 

neurodegeneration because they are neurotoxic and can inhibit long-term potentiation, i.e. 

synaptic plasticity.[5] Undoubtedly, steady progress has been made in the applications of 

neuroimaging and non-invasive biomarker assays to detect, quantify and localize AβPP-Aβ 

deposits, biochemical indices of neurodegeneration, and functional impairments, but many 
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aspects of AD remain inaccessible to objective, reliable and quantifiable examinations. The 

very fact that the gold standard for diagnosing AD continues to be the post-mortem exam 

doggedly reminds us of our limitations regarding rational drug design and early therapeutic 

intervention. Fortunately, in recent years, the field has shifted its focus away from the 

overwhelmingly dominant hypotheses that hyperphosphorylation of tau and excessive 

deposition of neurotoxic AβPP-Aβ are fundamentally causal in the neurodegeneration 

cascade, and opened the doors to exciting new lines of investigation and therapeutic 

strategies.

2. Metabolic Dysregulation in AD

Growing evidence supports the concept that AD is a degenerative metabolic disease in 

which brain glucose uptake and utilization are impaired.[6–10] Dysregulated brain glucose 

metabolism is associated with brain insulin and insulin-like growth factor (IGF) resistance 

and reduced signalling through pathways that mediate neuronal survival, energy production, 

gene expression and plasticity.[6] Impairments in brain insulin/IGF signalling contribute to 

neurodegeneration due to increased (i) activation of kinases that aberrantly phosphorylate 

tau; (ii) expression of AβPP and accumulation of AβPP-Aβ; (iii) oxidative and endoplasmic 

reticulum (ER) stress; (iv) generation of reactive oxygen and reactive nitrogen species that 

damage proteins, RNA, DNA and lipids; (v) mitochondrial dysfunction; (vi) activation of 

pro-inflammatory and pro-death cascades; and (vii) downregulation of target genes that 

mediate cholinergic homeostasis. Together, these adverse effects of brain insulin/IGF 

resistance significantly compromise systems that promote neuronal plasticity, memory and 

cognition.

The early stages of AD are marked by deficits in cerebral glucose utilization[11–16] and, as 

the disease progresses, the metabolic and physiological abnormalities worsen.[17,18] These 

early stages of metabolic dysfunction are associated with brain insulin resistance and insulin 

deficiency, and significant abnormalities in insulin/IGF-regulated gene expression and 

kinase activation.[6–10] The impairments in cerebral glucose utilization, deficits in insulin 

signalling, and declines in insulin/IGF-responsive gene expression, including choline 

acetyltransferase, tau and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which 

respectively mediate cholinergic/cognitive, neuronal cytoskeletal and metabolic functions, 

worsen with each stage of AD.[9] Brain insulin resistance promotes oxidative stress, reactive 

oxygen species (ROS) generation, DNA damage and mitochondrial dysfunction, all of 

which drive pro-apoptosis, pro-inflammatory and pro-AβPP-Aβ cascades. Experimental 

animals in which brain insulin receptor expression and function are suppressed exhibit 

cognitive impairment and neurodegeneration with features in common with AD.[19–23]

In AD, deficits in brain insulin/IGF signalling are due to combined effects of insulin/IGF 

resistance and deficiency. Insulin/IGF resistance is manifested by reduced levels of 

insulin/IGF receptor binding and decreased responsiveness to insulin/IGF stimulation, while 

trophic factor deficiencies are associated with reduced levels of insulin polypeptide and gene 

expression in brain and cerebrospinal fluid (CSF).[8–10,24–26] It is particularly noteworthy 

that brain regions that have the most abundant expression of insulin and IGF receptors, e.g. 

hippocampus, temporal lobe, diencephalon, are also the most vulnerable targets of AD 
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neurodegeneration.[27–29] Therefore, impairments in insulin/IGF signalling due to receptor 

resistance would logically account for many of the clinical manifestations of AD. In essence, 

AD can be regarded as a form of brain diabetes that has elements of both insulin resistance 

and insulin deficiency. To consolidate this concept, we proposed that AD be referred to as 

‘type 3 diabetes’.[9,10]

Although debate surrounding the concepts of primary (endogenous) versus secondary 

(exogenous) brain insulin resistance in AD continues with regard to which process is more 

important in fuelling the current epidemic, it is clear that chronic peripheral insulin 

resistance and hyperinsulinaemia, with or without diabetes mellitus, is a major risk factor for 

subsequent development of AD.[30] Correspondingly, experimental diabetes with chronic 

hyperinsulinaemia is associated with brain insulin resistance and impaired insulin uptake 

from the periphery;[31,32] the latter could contribute to the brain insulin deficiency observed 

in AD.[9] In addition, hyperinsulinaemia increases AβPP-Aβ and inflammatory indices in the 

brain,[33] and it promotes formation of advanced glycation end-products, which lead to 

increased generation of ROS.[34] Together, these observations highlight the deleterious 

effects of chronic hyperinsulinaemia as a mediator of neurodegeneration. On the other hand, 

there is seemingly paradoxical evidence that treatment with insulin, particularly via 

intranasal delivery, can be therapeutic. For example, clinical trials have demonstrated 

improved cognition and memory following intranasal treatment of people with mild 

cognitive impairment (MCI).[35,36] In addition, intranasal insulin therapy was demonstrated 

to reduce biomarker indices of neurodegeneration,[37] and improve memory, prevent 

cognitive decline and reduce AD-associated CSF biomarker indices in individuals with MCI 

or early AD.[38]

3. Impaired Insulin/Insulin-Like Growth Factor (IGF) Signalling and Tau 

Pathology in AD

The most significant neuronal cytoskeletal lesions that correlate with AD/dementia severity, 

including neurofibrillary tangles and dystrophic neurites, contain aggregated and 

ubiquitinated insoluble fibrillar tau.[39,40] The pathophysiological basis of the tau-associated 

lesions is that tau, a microtubule-associated protein, gets hyperphosphorylated due to 

inappropriate activation of several proline-directed kinases, including glycogen synthase 

kinase 3β (GSK-3β). As a result, tau misfolds and self-aggregates into insoluble fibrillar 

structures (paired helical and straight filaments) that eventually form neurofibrillary tangles, 

dystrophic neurites or neuropil threads.[41] Intraneuronal accumulations of fibrillar tau 

disrupt the cytoskeletal network and axonal transport, leading to synaptic disconnection and 

progressive neurodegeneration.[41] Besides fibrillar tau, pre-fibrillar tau can aggregate, 

forming soluble oligomers or insoluble granules that cause synaptic disconnection and 

neuronal death.[42] The eventual ubiquitination of hyperphosphorylated tau,[43] combined 

with dysfunction of the ubiquitin-proteasome system,[44] cause further accumulation of 

insoluble fibrillar tau, oxidative stress and ROS production, which together promote 

neuronal apoptosis, mitochondrial dysfunction and necrosis in AD.[45]

Growing evidence suggests that many of the aforementioned cellular aspects of AD may be 

caused by brain insulin/IGF resistance,[9,10] which, as in other brain insulin-resistance states, 
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results in inhibition of downstream pro-growth and pro-survival signalling.[46–49] Tau gene 

expression and phosphorylation are regulated by insulin and IGF stimulation.[50,51] In AD, 

brain insulin and IGF resistances result in decreased signalling through phosphoinositol-3-

kinase (PI3K), Akt[50,51] and Wnt/β-catenin,[52] and increased activation of GSK-3β.[53–57] 

GSK-3β over-activation is partly responsible for the hyperphosphorylation of tau, which 

leads to tau misfolding and fibril aggregation.[58] In addition, tau hyperphosphorylation in 

AD is mediated by increased activation of cyclin-dependent kinase 5 (cdk-5) and c-Abl 

kinases,[59,60] and inhibition of protein phosphatases 1 and 2A.[41,60,61] Besides 

hyperphosphorylation, tau pathology in AD is mediated by impaired tau gene expression due 

to reduced insulin and IGF signalling.[62] Consequences include failure to generate 

sufficient quantities of normal soluble tau protein vis-a-vis accumulation of 

hyperphosphorylated insoluble fibrillar tau, and attendant exacerbation of cytoskeletal 

collapse, neurite retraction and synaptic disconnection.

4. Insulin/IGF Resistance and Amyloid-Beta (Aβ) Neurotoxicity

AD is associated with dysregulated expression and processing of AβPP, resulting in the 

accumulation of AβPP-Aβ oligomeric fibrils or insoluble larger aggregated fibrils (plaques) 

that are neurotoxic (figure 1). Pathophysiologically, increased AβPP gene expression, 

together with altered proteolysis, results in accumulation of 40 or 42 amino acid length 

AβPP-Aβ peptides that can self-aggregate. In familial forms of AD, mutations in the AβPP, 

presenilin (PS)-1 and PS2 genes, and inheritance of the apoliprotein E ε4 (ApoE-ε4) allele, 

are responsible for increased synthesis and deposition of AβPP-Aβ peptides in the brain. 

However, in sporadic AD, which accounts for 90% or more of the cases, the causes of 

AβPP-Aβ accumulation and toxicity are still under intense investigation. Over the past few 

years, interest in the role of impaired insulin/IGF signalling as either the cause or 

consequence of dysregulated AβPP processing and AβPP-Aβ protein accumulation has 

grown.

The concept that AβPP-Aβ toxicity causes insulin resistance, and the opposing argument that 

brain insulin resistance with attendant oxidative stress and neuroinflammation promote 

AβPP-Aβ accumulation and toxicity are both supported by experimental data. For example, 

studies have established that insulin stimulation accelerates trafficking of AβPP-Aβ from the 

trans-Golgi network, where it is generated, to the plasma membrane, and that insulin 

stimulates AβPP-Aβ extracellular secretion[64] and inhibits its intracellular accumulation and 

degradation by insulin-degrading enzyme.[65,66] Although it remains uncertain as to whether 

these physiological actions of insulin on AβPP processing contribute to AβPP-Aβ burden, 

what is apparent is that impaired insulin signalling can disrupt both the processing of AβPP 

and clearance of AβPP-Aβ.[31] Accumulation of AβPP-Aβ exacerbates the problem because 

AβPP-Aβ disrupts insulin signalling by competing with insulin, or reducing the binding 

affinity of insulin for its own receptor.[67,68] In addition, AβPP-Aβ oligomers inhibit 

neuronal transmission of insulin-stimulated signals by desensitizing and reducing cell 

surface expression of insulin receptors. Furthermore, intracellular AβPP-Aβ directly 

interferes with PI3 kinase activation of Akt, which leads to impaired survival signalling, 

increased activation of GSK-3β and hyperphosphorylation of tau. Hyperphosphorylated tau 

is prone to misfold, aggregate and become ubiquitinated, leading to formation of dementia-
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associated paired-helical filament- containing neuronal cytoskeletal lesions. Since IGF-1 or 

IGF-2 suppression of GSK-3β[69] reduces the neurotoxic effects of AβPP,[70–73] the neuro-

protective properties of these and related trophic factors could be exploited for therapeutic 

purposes.

5. Insulin/IGF Resistance, Oxidative Stress and Metabolic Dysfunction in 

AD

Insulin and IGF signalling pathways regulate glucose utilization, metabolism and adenosine 

triphosphate (ATP) synthesis needed for cellular homeostasis and dynamic modulation of a 

broad range of functions. Deficits in cerebral glucose utilization and energy metabolism 

occur very early in the course of AD, and are detectable prior to, or coincident with, initial 

stages of cognitive impairment.[26,74,75] Mitochondrial dysfunction exacerbates electron 

transport chain function, reducing ATP and increasing ROS production. Neuroinflammatory 

responses in microglia and astrocytes increase oxidative stress, organelle dysfunction and 

pro-apoptosis signalling. Moreover, stresses caused by inhibition of insulin/IGF signalling 

stimulate AβPP gene expression[76] and aberrant AβPP cleavage, with attendant increased 

AβPP-Aβ deposition and toxic fibril formation in the brain.[73,77–81] Persistent oxidative 

stress leads to constitutive activation of kinases, e.g. GSK-3β, that promote aberrant 

hyperphosphorylation of tau. Therefore, in AD, oxidative stress and impairments in energy 

metabolism stemming from brain insulin/IGF resistance quite likely contribute to neuronal 

loss, AβPP-Aβ toxicity, tau cytoskeletal pathology and neuroinflammation.[9,27,82] The 

degree to which these abnormalities can be effectively targeted for therapy in AD is actively 

under investigation.

6. Mechanisms of Brain Insulin/IGF Resistance in Neurodegeneration

Epidemiological data have demonstrated significant correlations between type 2 diabetes 

mellitus (T2DM), obesity and peripheral insulin resistance with MCI, dementia and 

neurodegeneration. Peripheral insulin resistance could promote cognitive impairment and 

neurodegeneration due to associated chronic hyperglycaemia, hyperinsulinaemia, oxidative 

stress, accumulation of advanced glycation end-products, increased expression and 

activation of insulin-degrading enzyme, increased production of pro-inflammatory 

cytokines, and cerebral microvascular disease.[83] A focus on vascular factors is justified 

because chronic hyperglycaemia, hyperinsulinaemia, oxidative stress, advanced glycation 

end-products and inflammation promote vascular disease. Moreover, the contributions of 

cerebral microvascular disease to AD progression have been recognized for years in that 

post-mortem studies showed similar degrees of dementia in subjects who had either severe 

AD neuropathology or moderate AD plus chronic ischaemic encephalopathy. The nature of 

ischaemic encephalopathy ranged from multifocal ischaemic lesions, to infarcts strategically 

localized in structures ordinarily targeted by AD, to leukoaraiosis with extensive attrition of 

white matter fibres.[84] Correspondingly, MRI studies showed that among older adults, the 

risks of developing lacunes and atrophy of medial temporal lobe structures (hippocampus 

and amygdala), i.e. targets of AD neurodegeneration, increased with duration and 

progression of T2DM.[85] Apart from diabetes-associated arteriosclerosis, 

hyperinsulinaemia, inflammation and oxidative stress, inheritance of the ApoE-ε4 allele can 
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also contribute to cerebrovascular disease and increase the risk of AD progression. Although 

controversial, both insulin resistance and chronic hyperinsulinaemia can injure blood 

vessels, causing intimal thickening, scarring and leakiness.[86–91] Furthermore, the risk of 

developing AD among hyperinsulinaemic diabetic patients who carry at least one ApoE-ε4 

allele is compounded relative to non-diabetic, ApoE4-ε4 negative individuals. Post-mortem 

studies demonstrated that the latter group has significantly lower densities of AβPP-Aβ 

plaques and neurofibrillary tangles than do ApoE-ε4-positive, hyperinsulinaemic, diabetic 

patients.

7. Strategies for Early Diagnosis and Evaluation of Treatment Responses

The combined use of clinical and post-mortem assessments provides the most accurate 

means of diagnosing AD. However, further advancements in detecting, monitoring and 

treating AD, particularly in its early stages, will require additional objective and 

standardized in vivo, non-invasive tools.[92] Although MRI of the brain can track 

progression of medial temporal lobe atrophy as MCI advances toward AD, and as AD 

worsens in severity,[93] the specificity of such single-pronged approaches is limited.[94] On 

the other hand, the combined use of brain structural and functional (flow plus metabolism) 

MRI (fMRI) could substantially improve diagnostic accuracy and the ability to monitor 

disease progression. For example, progressive cortical hypoperfusion and hypometabolism 

in AD are readily detected by single photon emission computed tomography (SPECT)[95,96] 

and positron-emission tomography (PET).[13,94,97–100] Furthermore, using fMRI to detect 

impairments in metabolism and blood flow in the posterior cingulate and parietal-temporal 

cortices would support an AD diagnosis.[101] However, neuroimaging will likely not stand 

alone as a diagnostic tool because, often, abnormal signals can overlap with other forms of 

neurodegeneration. The expectation is that the combined use of sensitive functional 

neuroimaging, structural imaging, neurobehavioral assessments and multi-modal biomarker 

panels, will be needed to significantly improve diagnostic accuracy and facilitate evaluation 

of treatment effects in the early stages of AD.[102–104]

8. Cerebrospinal Fluid and Peripheral Blood Diagnostic Biomarkers

Biomarkers for detecting and grading severity of AD have largely been focused on 

measuring AβPP-Aβ, tau and phospho-tau in CSF.[105,106] Changes in CSF levels of Aβ-42, 

total tau and phospho-tau[107] can be used to predict progression from MCI to dementia,[107] 

or aid in establishing a diagnosis of AD.[108] At least in some studies, the sensitivity and 

specificity of these CSF biomarkers approach 85%for diagnosing AD and distinguishing AD 

from MCI.[101,102,106,109–111] However, inter-laboratory variability and the lack of 

standardized measures to ensure quality assurance limit broad implementation of these 

assays.[112,113] Moreover, since protein misfolding and aggregation are at the core of the 

neurodegenerative process, biomarkers are needed to identify and quantify oligomeric 

neurotoxic aggregates of tau and Aβ-42.[114] Another matter of concern is that by confining 

our analyses to relatively few biomarkers, we effectively retard our own advancements in 

the field. Correspondingly, despite large-scale efforts, these somewhat restricted approaches 

have not proven sensitive enough to accurately diagnose AD or predict outcomes of 

MCI,[115] and certainly the use of a single biomarker such as AβPP-Aβ levels in CSF[116] or 
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imaging of the brain[117] has proven to be inadequate as a stand-alone biomarker for 

diagnosing AD.

Given the spectrum of abnormalities that precede or accompany AD, it would seem prudent 

to utilize multimodal biomarker arrays for diagnosing and staging AD.[118] For example, 

indices of oxidative stress, neuroinflammation, mitochondrial dysfunction, metabolic 

derangements and impaired insulin/IGF signalling should be integrated into the overall 

equation to improve the sensitivity and specificity of diagnosis.[4,118,119] Multi-analyte 

profiling is particularly advantageous because it enables efficient capture of data and 

tracking of abnormalities as biomarker indices shift with disease progression.[120] For 

example, CSF pro-inflammatory cytokines, oxidative stress and redox-active iron levels are 

all elevated in the early stages of AD and MCI,[121,122] whereas in later stages of disease, 

oxidative stress and pro-inflammatory biomarkers, whether in plasma or CSF, seem to lack 

diagnostic utility.[123] Therefore, neuroinflammatory and oxidative stress responses should 

be measured to help gauge the presence and severity of neurodegeneration in the early 

stages. Alternatively, it could be argued that these factors may initiate or propagate early 

stages of the neurodegeneration cascade, and should instead be regarded as therapeutic 

targets. In addition, the persistently elevated CSF levels of oxidized coenzyme Q-10 and 8-

hydroxy-2′-deoxy-guaniosine suggest that mitochondrial and DNA oxidative damage 

mediate AD progression,[124,125] and therefore could be targeted therapeutically to slow the 

advancement of dementia.

Peripheral blood biomarkers in lymphocytes and plasma hold some promise as non-invasive 

screening tools, and may provide a means to study populations at increased risk for 

developing AD.[126] For example, abnormalities in AβPP-Aβ cleavage are detectable in 

peripheral blood lymphocytes in AD. In addition, protein kinase C (PKC), which has an 

important role in stimulating AβPP-Aβ peptide formation and tau hyperphosphorylation, 

could serve as a peripheral blood biomarker, since conformational changes in the PKC 

enzyme that promote AD pathology are detectable in erythrocytes.[127] Similarly, from the 

perspective that neuroinflammation promotes neurodegeneration, it may be possible to use 

elevated serum levels of acute phase proteins and pro-inflammatory cytokines to help gauge 

the likelihood of progression from MCI to dementia, particularly in the early stages of 

disease when neuroinflammation is likely to be a relevant biomarker.[128] Although the 

combined use of serum and CSF to measure AβPP-Aβ peptides, total tau and phosphorylated 

tau has been proposed for diagnosing and monitoring treatment responses,[129] this approach 

could be flawed because drug treatments may not produce detectable shifts in serum AβPP-

Aβ or tau levels.[130] Again, these limitations highlight the importance of establishing multi-

pronged diagnostic approaches that will include CSF and serum bioassays, together with 

functional and structural neuroimaging studies to diagnose AD, and predict progression 

from MCI to AD.[106]

In designing neurodegenerative disease biomarker panels, it should be possible to capitalize 

on the concept that AD is a metabolic disease with features that best correspond to a brain 

form of diabetes. CSF assays could be used to detect brain insulin resistance and insulin 

deficiency, while peripheral blood studies could be used to simultaneously assess peripheral 

insulin resistance status marked by reduced glucose tolerance, hyperglycaemia, 
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hyperinsulinaemia, accumulation of advanced glycation endproducts, and ROS.[34] For 

example, AD is associated with significantly reduced CSF insulin levels, although in some 

cases, insulin levels were found to be elevated.[34,131] While the reduced CSF insulin levels 

most likely reflect insulin deficiency, elevated plasma and CSF insulin levels following a 

glucose challenge in AD subjects[12] suggest that insulin resistance is a feature of AD. These 

observations highlight the need to use dynamic functional/physiological tests rather than 

static assays. Understanding the time-course of progressive CNS insulin resistance and 

insulin deficiency in relation to AD severity and genotype, e.g. ApoE-ε4 allele,[132,133] 

could lead to better decisions about the timing and nature of therapeutic interventions, and 

possibly explain some of the discrepant results from different studies. Finally, post-mortem 

human brain and CSF studies indicate that AD is also associated with IGF-1 and IGF-2 

resistance and deficiency,[134,135] highlighting the fact that function of the entire insulin/IGF 

family of genes is dysregulated in AD. This realization benefits how we consider therapeutic 

targets and monitor disease progression.

9. Managing Dementia Based on the Brain Insulin Resistance/Insulin 

Deficiency

The volume of literature supporting the concept that AD is associated with deficits in energy 

metabolism, glucose utilization and insulin/IGF responsiveness in the brain has grown 

rapidly, causing the paradigm of AD pathogenesis to shift away from the overwhelmingly 

dominant amyloid and tauopathy hypotheses. The attractiveness of the metabolic/brain 

insulin resistance hypothesis is that impairments in brain insulin and IGF signalling caused 

by insulin/IGF resistance, together with the eventual depletion of trophic factors, could 

account for nearly all other abnormalities that occur in AD, including increased oxidative 

stress and ROS generation, mitochondrial dysfunction, cell death, loss of synaptic plasticity, 

deficits in cholinergic homeostasis, increased expression of AβPP, hyperphosphorylation of 

tau, compromised myelin maintenance and neuroinflammation. Another attractive feature of 

the metabolic/brain insulin resistance hypothesis is that it demystifies the pathophysiology 

of AD by relating it to other well recognized systemic diseases, i.e. diabetes, non-alcoholic 

steatohepatitis and metabolic syndrome. If indeed these diseases only differ by the principal 

organs and tissues that they afflict, then the treatment and prevention approaches would 

likely overlap or possibly be identical.

Additional research is needed to determine the degree to which brain insulin resistance, 

cognitive impairment and neurodegeneration constitute an intrinsic brain form of diabetes, 

or reflect CNS components of peripheral insulin resistance diseases, including T2DM, 

obesity and metabolic syndrome. Epidemiological, clinical and postmortem studies have 

clearly shown that sporadic AD occurs primarily in the absence of obesity and T2DM. On 

the other hand, the risks of developing cognitive impairment are significantly higher in 

individuals with T2DM, obesity or metabolic syndrome relative to controls.[136–139] 

Moreover, in a recent study, investigators demonstrated that cognitive performance and AD 

biomarkers in CSF, including evidence of enhanced AβPP-Aβ clearance, improved 

significantly after a short period of dietary intervention that was designed to curb peripheral 

insulin resistance in overweight subjects.[140] Together, these observations support the 
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concept that both primary and secondary mechanisms of brain insulin resistance and 

neurodegeneration exist; this phenomenon could very well account for the heterogeneity in 

the AD phenotype. Potential therapeutic strategies for addressing brain insulin resistance in 

relation to AD neurodegenertion are discussed in section 10.

10. AβPP-Aβ Accumulation and Production as Therapeutic Targets

Over the past 2 decades, AD research has been heavily focused on developing safe and 

effective means to deplete the brain of toxic AβPP-Aβ deposits, reduce AβPP-Aβ 

fibrillarization and aggregation, and prevent abnormal cleavage and processing of 

AβPP.[141] The overarching hypothesis is that AβPP-Aβ peptides are neurotoxic, promote 

amyloid plaque formation, and mediate tau hyperphosphorylation, fibrillarization and 

neurofibrillary tangle formation.[142] Efforts to deplete the brain of toxic AβPP-Aβ led to the 

development of AβPP-Aβ-targeted immunotherapy. Although AβPP-Aβ active 

immunization with AβPP-Aβ peptides, or passive delivery of AβPP-Aβ-specific antibodies 

can effectively clear AβPP-Aβ plaques from humans and experimental animal brains,[143] 

the net outcomes have not been very encouraging because (i) the AβPP-Aβ instead 

accumulates in vessels, increasing propensity for micro-haemorrhage;[144] (ii) the increased 

clearance of AβPP-Aβ has had modest or no detectable positive effects on cognitive 

function; and (iii) patients who received the vaccine still died with end-stage dementia, and 

extensive neurofibrillary tangle and neuritic pathology in their brains.[145,146] Although the 

therapeutic effects of increasing the clearance or preventing the formation and accumulation 

of toxic soluble oligomeric AβPP-Aβ on cognitive function and neurodegeneration have not 

yet been determined, the subtext in the discussion is that the single-pronged approach to 

treatment is not sufficient.

Insulin resistance can contribute to AβPP-Aβ toxicity because insulin accelerates trafficking 

of AβPP-Aβ from the trans-Golgi network to the plasma membrane, and promotes its 

extracellular secretion,[64] while impaired insulin signalling disrupts the processing of AβPP 

and clearance of AβPP-Aβ.[31] IGFs activate signalling pathways similar to those driven by 

insulin and, in addition to their neuroprotective properties, IGFs can reduce the neurotoxic 

effects of AβPP-Aβ.[70–73] On the other hand, the fact that AβPP-Aβ oligomers inhibit 

neuronal insulin-stimulated signals and block PI3K activation of Akt, which leads to 

impaired survival signalling, increased activation of GSK-3β and hyperphosphorylation of 

tau, supports the argument that AβPP-Aβ promotes insulin resistance and therefore should 

be targeted therapeutically to help restore brain insulin sensitivity. Therefore, it seems that 

by addressing the underlying causes of insulin/IGF resistance, we may be able to reduce 

AβPP-Aβ burden in the brain, while at the same time treat the other adverse effects of 

insulin/IGF resistance, e.g. impaired energy metabolism and cholinergic homeostasis. At the 

same time, evidence suggests that once the AβPP-Aβ cascade takes root, it promotes insulin 

resistance, and together with the factors that initially drive the brain insulin/IGF resistance, a 

reverberating loop of neurodegeneration gets established, necessitating therapeutic measures 

that halt AβPP-Aβ accumulation/toxicity and also enhance insulin/IGF sensitivity in the 

CNS.
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10.1 Insulin Therapy

The proposed use of anti-diabetic, hypoglycaemic drugs to treat AD is based on the findings 

that (i) AD is associated with brain insulin resistance and insulin deficiency (reduced brain 

and CSF levels), with or without associated systemic insulin resistance or T2DM; (ii) 

diabetic patients who are well managed with insulin or hypoglycaemic medications exhibit 

significant improvements in memory and slowing of AD progression; (iii) treated elderly 

diabetic patients have lower densities of AD lesions than non-diabetic controls; (iv) insulin 

administration improves cognition and memory in AD, and insulin-stimulated cognition is 

correlated with increased levels of norepinephrine in both plasma and CSF;[147] (v) 

hyperinsulinaemic euglycaemic clamping enhances cognition and attention in patients with 

AD; and (vi) experimental intra-cerebral or intravenous treatments with insulin improve 

memory, cognition, evoked brain potentials and neurotransmitter function.[31] However, it is 

noteworthy that the effectiveness of insulin therapy may require increased availability of 

glucose, and may not be therapeutically effective in facilitating memory if CSF AβPP-Aβ42 

levels are markedly elevated due to insulin resistance.[148]

The more recent trend toward intranasal insulin therapy for AD is advantageous because the 

treatment is safe and effective for increasing in brain insulin levels, and improving 

declarative memory,[149] attention and the CSF AβPP-Aβ40/42 ratio.[37] Reducing AβPP-

Aβ42 is neuroprotective because AβPP-Aβ42 is the neurotoxic form of the secreted peptide. 

As exciting as this approach appears on the surface, its application is limited since, in a 

controlled clinical trial, only ApoE-ε4-negative individuals were demonstrated to benefit 

significantly from intranasal insulin, as manifested by improvements in cognitive 

performance.[149] The fact that ApoEε4-positive subjects did not benefit from the same 

treatment suggests that intranasal insulin, as well as other pro-metabolic therapies for AD, 

may have to be tailored according to genetic risk factors.

10.2 Insulin-Stimulating/-Releasing Hormones (Incretins)

As an alternative to insulin, another promising approach is therapeutic administration of 

incretins, such as glucagon-like peptide (GLP)-1. GLP-1 is an insulinotropic peptide that is 

generated by cleavage of proglucagon protein and secreted by small intestinal L cells 

following food intake. GLP-1 has a half-life of only a few minutes and is rapidly degraded 

by dipeptidyl peptidase (DPP)-4. GLP-1 stimulates insulin gene expression and secretion, 

and suppresses glucagon. GLP-1 lowers blood glucose in individuals with T2DM,[150,151] 

and it restores insulin sensitivity.

Like insulin, GLP-1 stimulates neuritic growth in CNS neurons and is neuroprotecive 

against glutamate-mediated excitotoxity, oxidative stress, trophic factor withdrawal and cell 

death.[152–154] In addition, inhibition of DPP-4, which degrades GLP-1, reduced oxidative 

and nitrosative stress, inflammation, memory impairment and AβPP-Aβ deposits in an AD 

transgenic mouse model.[155] Together, these results support the hypothesis that insulin 

resistance and deficiency play critical roles in the pathogenesis of AD, including AβPP-Aβ 

accumulation and neurotoxicity. Importantly, GLP-1 can cross the blood-brain barrier and 

may effectively reduce brain AβPP-Aβ burden in AD.[150,151,156] With the realization that 

GLP-1 has a short half-life and therefore limited practical use for long-term therapy, 
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synthetic long-lasting analogues of GLP-1 have been generated and proven to be effective in 

preserving cholinergic neuron function.[157] For example, liraglutide, a novel GLP-1 

receptor agonist used to achieve glycaemic control in individuals with T2DM, was 

demonstrated to promote long-term potentiation (synaptic plasticity) in hippocampal 

neurons.[158] Furthermore, in the APP/PS1 AD transgenic mouse model, liraglutide 

treatment prevented the impairments in memory, loss of synapses and deterioration of 

synaptic plasticity, it reduced AβPP-Aβ plaque and soluble oligomer burden and 

inflammation, and it increased neurogenesis in the hippocampal formation.[159] Therapeutic 

effects of synthetic GLP-1 receptor agonists on AβPP-Aβ burden and clearance have not yet 

been demonstrated in humans.

10.3 Anti-Hyperglycaemic Agents

Metformin is a biguanide anti-hyperglycaemic drug that is used to treat T2DM. Metformin 

suppresses gluconeogenesis and enhances glucose uptake and insulin sensitivity. Metformin 

protects against neurological complications of T2DM, including cognitive impairment and 

cerebral vascular disease.[160] Although metformin treatment may increase both intra- and 

extracellular AβPP-Aβ due to increased expression of β-secretase 1 (BACE1), when 

administered with insulin, metformin provides significant neuroprotection in that, AβPP-Aβ 

levels, including AβPP-Aβ neuritic plaques, and oligomeric AβPP-Aβ-mediated 

downregulation of the insulin receptor are reduced.[161] Therefore, metformin plus insulin 

may benefit patients in the early stages of AD by significantly improving cognitive 

performance and slowing the rate of neurodegeneration.

10.4 Insulin Sensitizers

Peroxisome proliferator-activated receptors (PPARs) are steroid hormone super family 

ligand-inducible transcription factors that enhance insulin sensitivity, modulate glucose and 

lipid metabolism, stimulate mitochondrial function and reduce inflammatory 

responses.[162–165] Three classes of PPARs are recognized, PPARα, PPARδ and PPARγ. All 

three are expressed in the adult brain, although PPARδ is most abundant, followed by 

PPARγ.[10,82,166] PPAR agonist treatments improve cognitive performance in experimental 

animal models,[82,167] and in humans with AD or MCI.[168–170] The PPARγ agonist, 

rosiglitazone, has been most widely studied in human clinical trials. In addition to its insulin 

sensitizing and anti-inflammatory properties, rosiglitazone, like metformin, increases 

expression of the glucose transporter type 4 (GLUT4) and glucose metabolism. Moreover, 

simultaneous treatment with PPAR agonists such as rosiglitazone enhances the therapeutic 

effects of metformin plus insulin.

In a small, double-blind, placebo-controlled trial, rosiglitazone treatment significantly 

preserved performance on delayed recall and attention tasks relative to placebo,[171] but later 

it was found that rosiglitazone mainly helped preserve cognition in subjects who were ApoE 

ε4-negative.[172] More recently, the results of a rosiglitazone monotherapy, randomized, 

double-blind, placebo-controlled, phase III study were reported as negative with respect to 

improvements in objective cognitive assessments, but highly statistically significant based 

on clinical and caregiver impressions.[173] Potential explanations for these non-encouraging 

results include (i) a different PPAR agonist isoform, i.e. PPARδ, may be needed to treat 
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neurodegeneration since PPARδ is abundantly expressed in the brain, and previous studies 

showed that PPARδ agonists more effectively prevented neurocognitive deficits and AD-

type neurodegeneration, including AβPP expression and AβPP-Aβ accumulation, compared 

with PPARα and PPARγ agonists;[82] and (ii) monotherapy may not be sufficient, and 

instead the combined administration of a PPAR agonist with insulin or GLP-1 and 

metformin may be needed to treat AD-associated brain insulin resistance and metabolic 

dysfunction. Although the data generated from rosiglitazone clinical trials were not as 

promising as anticipated based on the overarching hypothesis, we are reminded that 

therapeutic approaches for AD may have to be tailored to the CNS rather than simply 

borrowed from other treatment models, e.g. the use of PPARδ or hybrid PPAR-δ/γ/α drugs 

instead of PPARγ agonists. In addition, other strategies will have to be incorporated into the 

treatment paradigms, e.g. combined use of insulin sensitizers and GLP-1 receptor agonists.

11. Lifestyle Changes

Multi-institutional investigations on the roles of brain insulin resistance and deficiency as 

mediators of cognitive impairment and neurodegeneration led to hypothesis-driven treatment 

approaches that seem to hold promise for achieving significant therapeutic responses, while 

also demonstrating proof of principle. This convergence of ideas has added new excitement 

to the field, and opened Alzheimer’s research to a multidisciplinary community of 

researchers. But the concept of insulin resistance is not new to medicine, as there is a large 

literature concerning its prevention and treatment, particularly with regard to lifestyle 

measures. From a public health perspective, adjusting lifestyle would be the most logical 

and cost-effective means of ultimately reducing morbidity, disability and mortality from 

cognitive impairment and AD. To this end, previous studies have demonstrated that 

maintaining an active physical lifestyle can be protective against cognitive impairment in the 

elderly.[174] Similarly, in the APP-23 mouse model of AD, physical activity and 

environmental enrichment improved cognitive performance on learning and memory tasks, 

despite the high brain amyloid burdens.[175] Finally, recent studies demonstrated benefits in 

vigorous aerobic exercise for improving cognitive performance in individuals with MCI.[176]

12. Summary and Conclusions

This review relates metabolic abnormalities, principally insulin/IGF resistance and 

deficiency to AβPP-Aβ mediated toxicity and neurodegeneration in AD, and discusses why 

monodiagnostic and monotherapeutic strategies should be replaced by biomarker panels that 

detect and gauge severity of different stages of AD, and multi-modal therapy is needed to 

conquer different components of the cascade. While insulin and IGF resistance can directly 

account for the deficits in brain glucose utilization and energy metabolism that are 

detectable early in the course of AD, the consequences of impaired insulin/IGF signalling 

include aberrant activation of kinases that lead to tau hyperphosphorylation, increased 

oxidative stress, activation of proinflammatory cascades and ROS generation, all of which 

promote aberrant AβPP expression and cleavage, AβPP-Aβ42 accumulation due to reduced 

clearance, and fibrillarization and misfolding of both tau and AβPP-Aβ. Increased ROS 

production causes electrophilic attacks on proteins, lipids and nucleic acids, resulting in the 

formation of adducts that promote further structural and functional damage, oxidative stress, 
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and ubiquitination of proteins, targeting them for degradation. Finally, brain insulin/IGF 

resistance can also explain the frequent co-existence of cerebral microvascular disease, 

which substantially contributes to the neuropathology of AD. The end-products of 

neurodegeneration, including hyperphosphorylated/ubiquitinated tau, and AβPP-Aβ fibrils 

themselves promote ROS, neuroinflammation and insulin resistance, and thereby help 

establish a reverberating loop of neurodegeneration. Whether the initiating factors are 

T2DM, as seems to be a growing problem throughout the world secondary to excessive 

calorically dense nutrient intake, or genetic factors such as ApoEe4 genotype or presenilin 

gene mutations, the constellation of molecular, biochemical and structural pathological 

abnormalities is similar. However, the very fact that multiple cellular functions become 

deranged in a progressive manner indicates that our treatments must be 100% preventative 

or multi-pronged and address the spectrum of pathological processes that contribute to AD 

neurodegeneration.
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Fig. 1. 
Brain insulin resistance and amyloid-β precursor protein (AβPP) Aβ-mediated neurotoxicity. 

Brain insulin resistance caused by peripheral insulin resistance diseases or intrinsic/genetic 

processes, toxic exposures or environmental factors contributing to neurodegeneration 

promote neuroinflammation and increased expression of AβPP. Through the action of β and 

γ secretases, AβPP is cleaved to generate 40–42 kD AβPP-Aβ peptides that aggregate and 

form insoluble fibrils and plaques, or oligomers and AβPP-Aβ-derived diffusible ligands 

(ADDLs), which are neurotoxic. AβPP-Aβ oligomers and ADDLs promote oxidative stress 

and activate kinases that lead to tau accumulation, hyperphosphorylation and eventual 

ubiquitination, misfolding and aggregation. AβPP-Aβ oligomers and ADDLs can block 

insulin-receptor function and contribute to insulin resistance. Carriers of the apoliprotein E 

ε4 allele or presenilin mutations are predisposed to abnormal AβPP cleavage, and AβPP-Aβ 

accumulation, aggregation and fibril formation, correlating with increased rates and familial 

occurrences of Alzheimer’s disease. This scenario depicts a positive feedback or 

reverberating loop linking AβPP-Aβ ADDL and oligomer accumulation/toxicity with brain 

insulin resistance, and vice versa. Reproduced from de la Monte,[63] with permission. 

GSK-3β = glycogen synthase kinase 3β; PI3K= phosphoinositol-3-kinase; ↓ indicates 

decrease; ↑ indicates increase.
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