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Abstract

Emerging data demonstrate pivotal roles for brain insulin resistance and insulin deficiency as 

mediators of cognitive impairment and neurodegeneration, particularly Alzheimer’s disease (AD). 

Insulin and insulin-like growth factors (IGFs) regulate neuronal survival, energy metabolism, and 

plasticity, which are required for learning and memory. Hence, endogenous brain-specific 

impairments in insulin and IGF signaling account for the majority of AD-associated abnormalities. 

However, a second major mechanism of cognitive impairment has been linked to obesity and Type 

2 diabetes (T2DM). Human and experimental animal studies revealed that neurodegeneration 

associated with peripheral insulin resistance is likely effectuated via a liver-brain axis whereby 

toxic lipids, including ceramides, cross the blood brain barrier and cause brain insulin resistance, 

oxidative stress, neuro-inflammation, and cell death. In essence, there are dual mechanisms of 

brain insulin resistance leading to AD-type neurodegeneration: one mediated by endogenous, CNS 

factors; and the other, peripheral insulin resistance with excess cytotoxic ceramide production.

INTRODUCTION

Alzheimer’s disease (AD) is the most common cause of dementia in the Western 

hemisphere. Aging is by far the most important risk factor, and in essence, a requirement for 

developing AD. The same is true for many other neurodegenerative diseases such as 

Parkinson’s disease, frontotemporal dementia, diffuse Lewy body disease, and progressive 

supranuclear palsy, as these syndromes seldom occur in young or even middle aged 

individuals. Given the requirement for an aged central nervous system (CNS) template, 

gaining a fuller understanding of how and why wear and tear changes develop, persist, and 

progress with prolonged survival is critical to the future design of therapeutic strategies to 

prevent neurodegeneration.

At the core of the aging process is increased DNA damage, which is mediated by oxidative 

stress, mitochondrial dysfunction, and reduced energy metabolism/ATP production. In AD, 

these same abnormalities occur but their severities are greater and their distributions broader 

due to involvement of targets beyond those impaired or destroyed by normal aging. For 

example, prominent involvement of corticolimbic structures accounts for the progressive 

deficits in memory, learning, and behavior in AD. Currently, it is hotly debated as to 

whether progressive DNA damage and oxidative stress actually trigger and/or propagate 
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AD; or 2) if other underlying factors cause and/or contribute to the pathogenesis of AD, 

while also exacerbating aging associated oxidative stress and DNA damage in the CNS. Our 

hypothesis is that in sporadic AD, which accounts for the majority of cases, impairment of 

brain insulin signaling forms the core of the neurodegeneration cascade (1–3). The 

mechanism we propose is that brain insulin deficiency and resistance cause neuronal death 

due to trophic factor withdrawal, deficits in energy metabolism, and inhibition of insulin-

responsive gene expression, including those required for acetylcholine homeostasis.

Insulin and igf actions in brain

Insulin and IGF modulate neuronal growth, survival, differentiation, migration, metabolism, 

gene expression, protein synthesis, cytoskeletal assembly, synapse formation, and plasticity 

(4). In addition, insulin and IGF-I regulate growth, survival, and myelin production/

maintenance in oligodendrocytes (4). Correspondingly, impaired signaling through 

insulin/IGF receptors adversely affects a broad range of neuronal and glial functions 

including, glucose homeostasis, energy metabolism, and white matter fiber structure and 

function. Although insulin and IGF supplied in the circulation can modulate brain functions 

such as blood flow and energy metabolism (5), endogenous expression of the same 

polypeptides and their receptors in the CNS indicates that the downstream signaling 

pathways can be selectively regulated by local and specific activation of the said pathways 

(1–4, 6, 7). For example, endogenous CNS insulin is likely to be more critical for 

responding to local and immediate demands associated with learning and memory, than 

peripheral sources of the same trophic factor (4, 7).

Insulin and IGF-I mediate their effects by activating intrinsic receptor tyrosine kinases (8), 

which then tyrosine phosphorylate insulin receptor stubstrate (IRS) proteins (9). Tyrosine 

phosphorylated (TP) IRS transmits intracellular signals that mediate growth, metabolism, 

and viability by interacting with downstream SH2 domain-containing molecules (10), 

including the p85 regulatory subunit of phosphatidylinositol-3 kinase (PI3 kinase) (11). PI3 

kinase stimulates glucose transport (12) and inhibits apoptosis by activating Akt/Protein 

kinase B and inhibiting glycogen synthase kinase-3β (GSK-3β) (13).

Positive stimulation through the PI3K/Akt pathway preserves mitochondrial membrane 

integrity (14), and inhibits production of free radicals that cause mitochondrial DNA 

damage, mitochondrial dysfunction, and pro-apoptosis mechanisms (15). Therefore, 

impairments of insulin and IGF signaling due to insulin/IGF resistance and/or trophic factor 

withdrawal leads to decreased energy metabolism manifested by reduced glucose uptake and 

ATP production (1). Reduced ATP adversely affects cellular homeostasis, membrane 

permeability, and fundamental processes required for synaptic maintenance and remodeling, 

which are needed for learning and establishing new memory.

Brain insulin/IGF resistance and deficiency in Alzheimer’s disease

In the early stages of AD, cerebral glucose utilization is reduced by as much as 45%, and 

blood flow by ~18%. In the later stages, metabolic and physiological abnormalities worsen, 

resulting in 55–65% reductions in cerebral blood flow (16). Therefore, altered brain 

metabolism with features resembling T2DM (17), is detectable soon after the onset of 
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dementia-related symptoms. Since cerebral metabolism declines prior to cognitive 

deterioration, it is likely that energy failure represents one of the earliest hallmarks of AD. 

Together, these observations suggest that AD-associated abnormalities in energy 

metabolism are caused by insulin resistance or reduced insulin actions in the brain, i.e. brain 

diabetes (18).

Analysis of postmortem human brains demonstrated that AD is associated with significantly 

reduced expression of insulin/ IGF trophic factors, their receptors, and IRS proteins, and that 

these abnormalities increase in severity with progression of dementia and neurodegeneration 

(2, 7). Since IRS molecules are the primary gatekeepers regulating insulin and IGF 

signaling, the finding that the expression levels of all 3 IRS proteins were reduced indicates 

that, inability to effectively activate downstream pathways needed to stimulate growth, 

survival, and metabolism, represents a major abnormality in AD. The critical roles of IRS 

molecules in the maintenance of brain structure and function have been validated in IRS 

gene depletion models. IRS-1 knockout mice exhibit small but significant reductions in 

brain weight (19), while genetic depletion of IRS-2 impairs neuronal proliferation, and 

promotes intra-neuronal accumulation of phosphorylated tau and neurofibrillary tangles in 

the hippocampi of affected old mice (20).

In addition to reduced expression of insulin/IGF receptors, AD is associated with reduced 

insulin, IGF-I, and IGF-II receptor binding (2), which deteriorates as AD progresses (7). 

Further analyses linked the impairments in ligand-receptor binding to increased membrane 

cholesterol content in brain (7), possibly secondary to the ApoE4 genotype, which is 

prevalent in individuals with AD (21), and contributes to aging-associated perturbations in 

membrane lipid composition (17). Impairments in ligand-receptor binding and downstream 

signaling through insulin/IGF/IRS pathways, together are sufficient to cause brain 

insuIin/IGF resistance in AD.

In essence, there are at two main pathophysiological mechanisms of brain insulin/IGF 

resistance in AD: 1) progressive loss of insulin/IGF responsive neurons, caused by trophic 

factor withdrawal; and 2) impaired insulin/IGF ligand-receptor binding due to pathological 

alterations in membrane lipid composition, and probably reduced membrane receptor 

expression as well. The realization that AD is associated with both insulin/IGF deficiency 

and insulin/IGF resistance which are for the most part, confined to the CNS, led us to the 

conclusion that AD represents a brain-specific or brain-restricted form of diabetes mellitus, 

hence the term, “Type 3 Diabetes” (2).

Consequences of brain insulin and IGF-I mal-signaling in AD

Aberrant Phosphorylation of tau. Insulin and IGF-1 support neuronal cytoskeletal functions 

via phosphorylation (22), which is required for cytoskeleton assembly and stabilization. Erk 

MAPK and cyclin dependent kinase 5 are the major kinases responsible for physiological 

phosphorylation of tau via insulin and IGF-1 stimulation (23). Impaired insulin or IGF-1 

signaling, as occurs in AD, can result in hyper-phosphorylation of tau due to inhibition of 

PI3K/Akt, and increased activation of GSK-3β (20). In addition, inhibition of insulin/IGF-1 

signaling blocks the Wnt pathway (24), which negatively regulates GSK-3β via a PI3K/Akt-
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independent mechanism. In AD, both PI3K/Akt and Wnt signaling have been linked to key 

molecular abnormalities in AD (25). Finally, GSK-3β can be activated by oxidative stress 

(26), which is a consequence of insulin/IGF resistance and established feature of AD. 

Hyper-phosphorylated tau cannot be transported into axons, and instead accumulates and 

aggregates in neuronal perikarya. Aberrant intra-neuronal phospho-tau accumulation 

contributes to neurodegeneration by enhancing oxidative stress (27), and triggering 

pathophysiological cascades that lead to increased apoptosis, mitochondrial dysfunction, and 

necrosis.

Amyloid β precursor protein (AβPP) and AβPP-Aβ pathology

Insulin influences AβPP-Aβ peptide metabolism by accelerating its trafficking to the plasma 

membrane from the trans-Golgi network, where it's generated. In addition, insulin increases 

extracellular levels of AβPP-Aβ by promoting its secretion and inhibiting its degradation by 

insulin-degrading enzyme. These effects of insulin on AβPP metabolism are mediated by 

downstream signaling through Erk MAPK (28). Therefore, impaired insulin signaling 

disrupts physiological processing of AβPP-Aβ. At the same time, AβPP-Aβ can adversely 

affect insulin signaling by competing with and inhibiting insulin binding or reducing the 

affinity of insulin binding to its own receptor (29). This suggests that AβPP-Aβ 

accumulations can promote tau hyper-phosphorylation and formation of dementia associated 

paired helical filament-containing neuronal cytoskeletal lesions (neurofibrillary tangles, 

neuritic plaques, and neuropil threads) via functional impairment of the insulin signaling 

cascade, and attendant increased levels of GSK-3β activity. In addition, AβPP-Aβ exerts 

adverse/neurodegenerative effects because it can function as a neurotoxin (30). However, 

AβPP-Aβ-induced neurotoxicity can be prevented by pre-treatment with IGF-1 >>IGF-II 

(30), and these neuro-protective actions of IGFs are mediated by activation of PI3K/Akt, and 

suppression of GSK-3β (31).

Oxidative Injury

Insulin/IGF resistance leads to increased oxidative stress, mitochondrial dysfunction, DNA 

damage, and cell death. Correspondingly, the progressive worsening of insulin/IGF 

resistance with stage of AD is correlated with increased oxidative stress, DNA damage with 

apoptosis, incorporation of 8-OHdG, which destabilizes DNA, lipid peroxidation manifested 

by 4-hydroxynonenal (HNE) accumulation, activation of pro-apoptosis genes and signaling 

mechanisms (1, 3). Increased expression of pro-oxidant genes such as NOS and NOX, and 

reduced expression of mitochondria-encoded genes that are critical for ATP production, also 

contribute to brain insulin resistance.

Insulin degrading enzyme

Insulin degrading enzyme (IDE) catalyzes insulin degradation and negatively regulates its 

signaling. However, IDE can also degrade soluble AβPP-Aβ (32), and thereby regulate 

extracellular levels of AβPP-Aβ (33). AβPP-Aβ(1–40) and AβPPAβ (1–42), the main 

physiological C-terminal cleavage products of AβPP, inhibit insulin binding and insulin 

receptor auto- phosphorylation by reducing affinity of insulin binding to its own receptor 

(29). Since AβPP-Aβ competes with insulin for receptor binding, inefficient degradation of 
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soluble AβPP-Aβ could represent an important mediator of brain insulin resistance in AD. 

Correspondingly, in situ studies have demonstrated increased IDE immunoreactivity 

surrounding senile plaques (34), and reduced IDE expression in AD hippocampi (35). 

Moreover, transgenic mice that over-express mutant IDE develop hyperinsulinemia, glucose 

intolerance, and increased levels of AβPP-Aβ in the brain. These findings support the 

hypothesis that AβPP-Aβ contributes to AD neurodegeneration by impairing insulin 

signaling, and promoting insulin resistance. One caveat in this argument is that, if AβPP-Aβ 

interferes with IDE function, the outcome should be to increase rather than decrease insulin 

levels and actions in the CNS. In AD, the opposite is true-- increased levels of AβPP-Aβ are 

associated with reduced levels of CNS insulin and IGF-1 (2, 7).

Type 3 diabetes model of AD

Reflection on some of the earlier findings in AD, including the impaired glucose utilization, 

mitochondrial dysfunction, reduced ATP production, and energy shortage, led to the 

hypothesis that these abnormalities were mediated by desensitization of the neuronal insulin 

receptor (36). The stated metabolic abnormalities, as well as several of the classical 

histopathological lesions of AD, could be attributed, in part, to reduced insulin levels and 

reduced insulin receptor function in AD. Hoyer was among the first to suggest that reduced 

levels of brain insulin may precipitate a cascade resulting in disturbances in cellular glucose, 

acetylcholine, cholesterol, and ATP levels, impaired membrane function, accumulation of 

amyloidogenic derivatives, and hyper-phosphorylation of tau, i.e. that AD may represent a 

brain form of Type 2 diabetes mellitus (36).

Streptozotocin (STZ) is a nitrosamide methylnitrosourea linked to D-glucose, and taken up 

by insulin-producing cells such as beta cells in pancreatic islets. Once metabolized, the N-

nitrosoureido is liberated and causes DNA damage and cell death through generation of 

reactive oxygen species (37). Intracerebroventricular (ic) injection of STZ impairs brain 

glucose utilization oxidative metabolism (38), insulin receptor function (39), and spatial 

learning and memory (6, 40). Moreover, ic-STZ treatments produced long-term and 

progressive deficits in learning, memory, cognition, behavior, and cerebral energy balance 

(6, 40).

Rat brains treated by ic-STZ had striking histopathological, biochemical, and molecular 

neurodegenerative abnormalities that overlapped with AD. The ic-STZ-injected brains 

became atrophic due to neuronal and oligodendroglial cell loss mediated by apoptosis, 

mitochondrial dysfunction, neuro-inflammation, and oxidative stress (6). In addition, the 

brains had significantly increased expression of AβPP and acetylcholinesterase (40), 

increased levels of GSK-3β activity, phospho-tau, ubiquitin, and AβPP-Aβ, and decreased 

expression of choline acetyltransferase (6, 40), similar to the findings in AD. Importantly, 

ic-STZ induced neurodegenerative abnormalities and neurocognitive deficits were 

associated reduced expression of genes encoding insulin, IGF-II, insulin receptor, IGF-I 

receptor, and insulin receptor substrate-1 (IRS-1), and reduced binding to the insulin and 

IGF-II receptors. The combined effects of decreased expression of insulin/IGF polypeptides, 

insulin/IGF receptors, and IRS, and impaired receptor binding, reflect failure of brain 

insulin/IGF signaling mechanisms. Importantly, many molecular abnormalities that 
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characteristically occur in AD and produced by ic-STZ, including increased GSK-3β 

activation, increased tau phosphorylation, and decreased neuronal survival, energy 

metabolism, and cholinergic homeostasis, are mediated by downstream effects of impaired 

insulin and IGF signaling. Therefore, the ic-STZ model recapitulates many characteristic 

features of AD, and demonstrates a cause-effect relationship between insulin deficiency and 

resistance and AD-type neurodegeneration, i.e. Type 3 diabetes (2, 7).

Contributions of type 2 diabetes

Interest in clarifying the roles of T2DM, peripheral insulin resistance, and hyperinsulinemia 

in relation to cognitive impairment and its progression to AD began 5 to 10 years ago (1, 18, 

20, 41). Currently, this field is exploding with new information about mechanisms of brain 

insulin resistance and deficiency, and how they contribute to cognitive impairment and 

neurodegeneration (2, 6, 7, 40, 41). There is now solid evidence that tau expression and 

phosphorylation are regulated by insulin and IGF signaling cascades (20), and that many 

critical aspects of AD can be explained on the basis of impaired insulin signaling (1, 3).

That peripheral insulin resistance diseases, including obesity, T2DM, and non-alcoholic 

steatohepatitis (NASH), which is caused by lipid accumulation in liver with inflammation 

and insulin resistance, contribute to cognitive impairment and neurodegeneration, is 

supported by the findings that: 1) morbidity and mortality from AD, T2DM, obesity, and 

NASH have all increased rapidly over the past 2–3 decades (42); 2) individuals with T2DM 

(43) or obesity/dyslipidemic disorders (44) are at increased risk of developing mild 

cognitive impairment (MCI), dementia, or AD (43); 3) AD is associated with progressive 

brain insulin resistance and insulin deficiency (2, 7, 41); 4) experimental T2DM and obesity 

cause cognitive impairment (45); 5) experimental induction of brain insulin resistance and 

insulin deficiency cause AD-type neurodegeneration and cognitive impairment (6); 6) 

treatment with insulin sensitizer agents or intranasal insulin improves cognitive performance 

in experimental models and human cases of AD or MCI (40, 46, 47); and 7) molecular, 

biochemical, and mechanistic abnormalities in T2DM and AD are shared (48).

To experimentally interrogate the roles of obesity and T2DM as mediators of 

neurodegeneration, we utilized models of high fat diet (HFD) feeding which doubled mean 

body weight and caused T2DM, NASH, and mild brain atrophy in C57BL/6 mice (49). 

Molecular and biochemical analyses revealed the obesity/T2DM induced neurodegeneration 

was associated with brain insulin resistance, gliosis, neuronal cytoskeletal abnormalities, and 

oxidative stress, although the overall magnitude of these effects was modest compared with 

AD (2, 7) or ic-STZ treatment (6, 40). These results support the hypothesis that obesity with 

T2DM serve as co-factors in neurodegeneration, but are not sufficient to cause AD.

Additional studies and a literature review focused on identifying critical factors linking 

cognitive impairment or brain insulin resistance to obesity and/or T2DM revealed that, 

irrespective of etiology, steatohepatitis can be associated with cognitive impairment and 

neuropsychiatric dysfunction in humans (50, 51) and experimental animal models (6, 40, 49, 

52). In fact, the critical variable seemed to be hepatic steatosis or steatohepatitis with hepatic 

insulin resistance. This suggests that dysregulated lipid metabolism in liver mediates 
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cognitive impairment and neurodegeneration. Mechanistically, insulin normally stimulates 

lipogenesis, which increases triglyceride storage in the liver (53). However, if the process 

proceeds unchecked, hepatocytes suffer ER stress, oxidative damage, mitochondrial 

dysfunction, and inflammatory reactions. Attendant alterations in membrane lipid 

composition shift the liver cells toward insulin resistance (53). Insulin resistance promotes 

lipolysis, and lipolysis generates toxic lipids, i.e. ceramides, which further impair insulin 

signaling, mitochondrial function, and cell viability (54).

Ceramides are lipid signaling molecules with wide-ranging modulatory effects, including 

cell proliferation, motility, plasticity, inflammation, apoptosis, and insulin resistance (55). 

Cytotoxic ceramides cause insulin resistance by activating pro-inflammatory cytokines and 

inhibiting insulin-stimulated signaling through PI3 kinase-Akt (56). In brain, ceramides have 

similar inhibitory effects on insulin signaling (57) and pro-inflammatory cytokine activation 

(55). In diet-induced obesity, enhanced ceramide production in adipocytes leads to insulin 

resistance (55). However, more recent studies indicate that ceramide generation is 

significantly increased in livers with steatosis and insulin resistance, irrespective of co-

existing obesity (40, 49, 52).

Since ceramides, sphingosines, and other toxic lipids are lipid soluble and therefore can 

readily cross the blood-brain barrier, we hypothesized that ceramides generated in the 

context of hepatic steatosis or steatohepatitis mediate neurodegeneration by precipitating a 

cascade leading to brain insulin resistance. Correspondingly, in vitro exposure to bioactive 

ceramides causes neuronal insulin resistance, reduced viability, neurotransmitter function, 

and mitochondrial function, and increased oxidative stress, DNA damage, and lipid 

peroxidation (58). Further preliminary studies showed that intraperitoneal injection of 

bioactive ceramides impairs learning and causes brain insulin resistance, similar to the 

effects of T2DM and NASH. These observations support the hypothesis that ceramides 

generated in extra-CNS tissues, particularly liver, can cause brain insulin resistance and 

thereby mediate neurodegeneration.

Hypothesis (Fig. 1)

The aggregate findings in human and experimental investigations provide strong evidence in 

favor of dual mechanisms of cognitive impairment and neurodegeneration mediated by brain 

insulin resistance. In the absence of peripheral insulin resistance, AD most likely represents 

a brain-specific form of diabetes mellitus, i.e. T3DM, and due to the combined effects of 

brain insulin deficiency and insulin resistance. Although etiological factors responsible for 

T3DM have not been proven, recent studies, based on the structural relationship between 

STZ and nitrosamines, which contaminate preserved foods, point toward a role for 

environmental, food, and tobacco exposures as causative agents (42). Among individuals 

with peripheral insulin resistance due to obesity, T2DM, NASH, or metabolic syndrome, 

excess generation of cytotoxic lipids, including ceramides, cross the blood-brain barrier and 

cause brain insulin resistance, neuro-inflammation, and oxidative stress. The magnitude of 

disease process is considerably less than in T3DM because the primary disease focus is 

outside the CNS. Nonetheless, the "hit" is sufficient to precipitate, propagate, and increase 

the severity of T3DM, thereby reconciling epidemiologic data demonstrating increased risk 
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of MCI or AD among individuals with T2DM, and the consistent human and experimental 

evidence that peripheral insulin resistance diseases alone are not sufficient to cause AD.
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Fig. 1. 
Dual and overlapping pathways of insulin/IGF resistance mediated neurodegeneration. CNS 

neuronal survival, metabolic activity, and homeostasis are stimulated by insulin and IGF-1, 

which promote neurotrophin expression and plasticity for maintenance of normal brain 

structure, learning, and memory. Peripheral insulin resistance diseases such as T2DM and 

NASH, contribute to neurodegeneration through increased production of cytotoxic 

ceramides and other toxic lipids, which cause insulin resistance, mild cognitive impairment 

(MCI), and limited neurodegeneration. Environmental exposures, including nitrosamines, 
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plus genetic factors, cause insulin and IGF resistance, which leads to neurodegeneration. 

T2DM and other peripheral insulin resistance diseases exacerbate the neurodegeneration 

cascade due to increased production of toxic lipids and ceramides. Finally, oxidative stress 

and cytokine activation contribute to neurodegeneration and dementia, but alone are not 

sufficient to cause dementia.
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