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INTRODUCTION

Obesity has reached epidemic proportions in our society, affecting over one-third of US 

adults, with two-thirds overweight or obese (1). Trends toward overweight and obesity 

among younger age groups are alarming; 27.5% of men and 34.0% of women ages 20–39 

are obese (1), and 11.3% of children 2–19 years of age are at or above the 97th percentile for 

2000 BMI-for-age growth charts (2). The majority of overweight or obese individuals are 

also insulin resistant (3). The adverse health consequences of obesity and insulin resistance 

(IR) are well-documented, particularly with respect to cardiovascular disease and type 2 

diabetes mellitus (T2DM). More recently, these conditions have also been linked to an 

increased risk of cognitive impairment and Alzheimer’s disease (AD) (4). AD is the most 

common cause of dementia, and the fifth leading cause of death in the United States among 

those 65 and older (5). The number of patients affected by AD in the United States is 

projected to increase from 5.3 million currently, to 16 million in 2050 as the population ages 

(5), imposing extraordinary monetary and non-monetary costs on patients, caregivers, and 

the healthcare system. Currently approved therapies for AD provide modest symptomatic 

benefits to some patients, but do not affect the underlying pathology. Identification of 

modifiable risk factors to delay or prevent progression to clinical dementia and functional 

impairment could have a dramatic impact on the prevalence and costs associated with AD. 

Although there is currently insufficient evidence to firmly link any modifiable risk factor 

with AD, substantial empirical evidence supports a role for several cardiovascular risk 

factors, including obesity, hypertension, dyslipidemia, diabetes, and IR (6). All of these 

factors have been implicated in the development and progression of AD, both individually 

and in aggregate (i.e., the metabolic syndrome) (7,8). A growing body of literature has 

demonstrated insulin dysregulation as a risk factor for both AD and its prodrome, mild 

cognitive impairment (4,9,10). Furthermore, IR represents a preclinical stage on the path to 

diabetes during which efforts at intervention are likely to have maximal effect. We focus 

here on the potential role of IR in the pathogenesis of AD, and discuss interventions that 

target IR as possible approaches to prevent or delay progression of AD.
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DIABETES MELLITUS AND AD

Analysis of multiple longitudinal studies indicates that diabetes confers a 1.2- to 1.5-fold 

increased risk of cognitive decline, and a 1.6-fold increased risk of developing dementia 

(11). Studies specifically assessing the risk of AD associated with diabetes, adjusting for 

cardiovascular risk factors such as stroke, hypertension, heart disease, and cerebrovascular 

disease, have also demonstrated an increased risk; six of seven longitudinal population-

based studies reviewed found an excess risk for AD in adults with diabetes ranging from 50–

100% (12). Most studies do not differentiate between type 1 and T2DM, although T2DM is 

likely to predominate, especially in studies of older adults. Although the magnitude of the 

association is modest, the high prevalence of diabetes, particularly T2DM, translates into a 

potentially large impact on the number of AD cases. Furthermore, cognitive impairment 

may occur at an earlier age in persons with diabetes. Cigolle et al. recently reported 

increased prevalence and incidence of cognitive impairment in middle-aged adults with 

diabetes compared to those without (13). However, autopsy studies of AD in persons with 

diabetes have been inconsistent, with some (14), but not all (15,16), reporting an association 

between AD neuropathology and diabetes.

OBESITY, PERIPHERAL INSULIN, AND AD

The precursors of T2DM, obesity, IR, and hyperinsulinemia have been linked to an 

increased risk of cognitive impairment and AD (17–19). To date, the role of obesity in 

cognitive decline remains unclear. Studies have shown no association (20), an inverse 

association (21), or a U-shaped association (22), with both high and low BMI related to an 

increased risk of AD. A recent meta-analysis reported an increased risk (pooled effect size 

1.59 (95% confidence interval 1.02–2.5; P < 0.05)) of AD risk with obesity (BMI ≥30 

kg/m2) (4). However, the authors of this meta-analysis noted significant heterogeneity in the 

effect sizes, as well as a lack of information on the extent, distribution, and duration of 

obesity reported among studies, making it difficult to draw firm conclusions about the 

impact of obesity per se.

There is some evidence that an “ obesity paradox” akin to that described for cardiovascular 

disease may also exist for dementia (23). Mid-life obesity, assessed by both BMI and skin-

fold thickness, has consistently shown a strong and independent association with an 

increased risk of dementia and AD (24). Studies of late-life obesity, however, have been 

mixed, with several well-conducted investigations demonstrating an inverse relation 

between late-life BMI and dementia. Analysis of subjects ≥65 years of age from the 

Cardiovascular Health Study found a 60% increased risk of incident dementia in those with 

BMI <20 kg/m2, and a 40% decreased risk in those with BMI >30 kg/m2, relative to normal 

weight subjects (25). Luchsinger et al. also reported a decreased risk of dementia with 

increasing BMI in subjects ≥76 years of age, but a U-shaped association in subjects <76 

years of age (26).

It has been suggested that changes in body composition with age make BMI a poor measure 

of obesity in older subjects (24). In addition, weight loss may be part of the preclinical phase 

of AD, occurring before any detectable cognitive impairment (24). Consistent with this, the 
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longitudinal PAQUID (Personnes Agées Quid) Study reported that while subjects with BMI 

<21 kg/m2 had an increased risk of dementia over 8 years of follow-up, exclusion of 

subjects who developed dementia before year 3 resulted in loss of significance (21).

Current understanding of the course of AD is that the pathology develops and progresses 

over many years before reaching a critical threshold at which symptoms appear. Thus, the 

presence of risk factors such as obesity and IR in mid-life may be far more important than 

they are in later life, when much of the damage has already occurred.

It is possible that peripheral insulin sensitivity mediates the effects of obesity on AD risk, 

contributing to the variability among studies, but IR has not been measured directly. Rather, 

most studies have simply looked at the surrogate, hyperinsulinemia. One study that 

performed euglycemic clamps in 1,125 older men found no association between IR and the 

development of AD, although a low early insulin response measured by oral glucose 

tolerance test did appear to increase the risk of AD (27). Nevertheless, insulin concentrations 

appear consistently higher in AD patients compared to controls (17,18,28,29). Taken 

together, the data suggest obesity and hyperinsulinemia are common in AD, but whether 

adiposity and peripheral insulin sensitivity mediate incidence of AD remains unknown. 

There is at least some evidence to suggest peripheral insulin sensitivity may impact the 

brain. In cognitively normal adults, IR, estimated by the homeostasis model assessment 

score (HOMA), was associated with a pattern of reduced cerebral glucose metabolism that 

has been shown to occur early in AD and to be predictive of the development of clinical AD 

(30). Higher levels of HOMA-IR and hyperinsulinemia have also been linked to an 

increased burden of amyloid plaques at autopsy over 10 years later (31).

CENTRAL INSULIN AND AD

Abnormalities in the concentration of insulin and insulin receptor, and in downstream 

signaling mechanisms in the brain have been reported in AD, leading some to propose that 

AD be considered “type 3 diabetes”, sharing features of type 1 and T2DM, but selectively 

affecting the brain (32). Reduced brain glucose metabolism has been well-described in AD, 

and documented very early in the disease process (33,34). AD subjects have also been 

shown to have both lower cerebrospinal fluid (CSF) insulin concentration and lower 

CSF:plasma insulin ratios than healthy controls (35). Postmortem studies have demonstrated 

striking reductions in central nervous system (CNS) expression of genes encoding both 

insulin and insulin receptor in AD cases compared to aged controls (36). Direct 

administration of insulin to the brain through the intranasal route (bypassing the blood–brain 

barrier) improved hippocampus-dependent memory function in subjects with early AD or 

mild cognitive impairment (37,38), suggesting that low-insulin concentrations in the brain 

may contribute to cognitive impairment.

Although AD appears to be associated with reduced insulin concentrations centrally, 

peripheral IR is typically characterized by increasing insulin concentrations with time. This 

apparent paradox may be explained in part by the finding that chronic peripheral 

hyperinsulinemia results in reduced transport of insulin across the blood– brain barrier, 

creating a state of central insulin deficiency (39). In humans, Kern et al. reported a decrease 
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in the CSF:plasma insulin ratio with increasing IR (estimated by HOMA) (40). In dogs, 

adiposity induced by high-fat feeding was associated with reduced CNS insulin uptake, and 

a 60% reduction in CNS insulin concentrations (41).

In addition to reduced transport of insulin to the CNS, peripheral IR may induce a state of 

central IR, such that the brain becomes progressively less responsive to what little insulin is 

present. Reductions in stimulated and spontaneous cerebrocortical activity have been 

correlated with the degree of peripheral IR in obese subjects during hyperinsulinemic–

euglycemic clamp studies (42). Evidence of central IR in persons with peripheral IR has also 

been reported using 18-fluorodeoxyglucose and positron emission tomography (FDG-PET) 

to measure cerebral glucose metabolism (43). Compared to insulin-sensitive subjects, IR 

subjects (defined by HOMA ≥2.77; mean 6.3) demonstrated significantly smaller increases 

in whole brain and regional glucose metabolism in response to insulin infusion. Although 

these studies do not establish causality, peripheral and central IR appear to coexist.

Whether deficient brain insulin concentrations and signaling are correlated with pathologic 

features of AD has not been well-studied in humans. In mice given a single intracerebral 

injection of streptozotocin to induce central IR (while maintaining normal peripheral glucose 

and insulin concentrations), brain expression of genes encoding insulin, insulin receptor, and 

the downstream-signaling molecule, insulin receptor substrate-1, was reduced compared to 

controls (32). These observations along with demonstration of reduced ligand binding to the 

insulin receptor strongly suggest impairment of insulin-signaling pathways in the treated 

animals. Streptozotocin-treated animals also displayed several classical features of AD 

including elevated amyloid precursor protein (APP), β-amyloid (Aβ) and phosphorylated tau 

protein, neuronal cell loss, diminished acetylcholine, and cerebral atrophy. Streptozotocin-

treated animals had marked defects in learning and memory, compared to controls. These 

data suggest that central IR may affect the development of AD independent of peripheral IR. 

Thus, while peripheral IR may contribute to central IR by reducing the transport of insulin 

into the CNS, leading to a state of central insulin deficiency and impaired signaling, 

peripheral IR may not be a prerequisite of central IR. Rather, peripheral IR may function as 

a cofactor that contributes to, but does not cause AD, an idea that may help explain some of 

the inconsistencies in studies of obesity, IR, diabetes, and AD in humans to date.

INSULIN IN THE CNS

Insulin receptors are present throughout, but selectively distributed within the CNS. In rats, 

the highest concentrations of insulin receptors are found in the olfactory bulb, 

hypothalamus, cerebral cortex, cerebellum, and hippocampus (44). In humans, Steen et al. 

reported that levels of messenger RNA transcripts for the insulin receptor were dramatically 

higher in the hippocampus and hypothalamus compared to the frontal cortex (36). The 

distribution of insulin receptors in the brain overlaps with that of known downstream 

effectors of insulin signaling (45), and correlates well with insulin uptake (46). These 

observations suggest that insulin may have regional effects supporting normal functions in 

multiple areas of the brain, including those areas affected early in the course of AD (i.e., the 

hippocampus).
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The physiologic functions of insulin in the brain are diverse and appear to be regionally 

specific. Examination of these functions provides insight into multiple mechanisms by 

which disruptions in brain insulin signaling may contribute to the development and 

progression of AD.

Although it was long believed that glucose uptake in the brain was completely independent 

of insulin, recent work has challenged that assumption. Bingham et al. used FDG-PET to 

study the effects of basal insulin administration on brain glucose metabolism (47). The 

authors reported increased brain glucose uptake in response to insulin in the cortex, but not 

the cerebellum or brainstem. In support of this finding, partially insulin-sensitive glucose 

transporters have been identified in the CNS. Although definitive studies have not been done 

to date, research thus far supports the possibility that selected areas of the brain exhibit 

insulin-dependent glucose uptake. As noted above, abnormalities of cerebral glucose 

metabolism have been well-described in AD. A pattern of reduced glucose metabolism in 

the parietal–temporal, posterior cingulate, and prefrontal association cortices with relative 

sparing of the cerebellum, thalamus, and basal ganglia has been consistently demonstrated in 

FDG-PET studies of AD patients, with an estimated 90% sensitivity for identifying AD (34). 

Metabolic imaging of the hippocampus, which is particularly vulnerable to damage in 

neuropathologic studies of AD, is challenging, but several studies combining magnetic 

resonance imaging with PET for more detailed sampling have demonstrated hippocampal 

glucose hypometabolism in both AD and mild cognitive impairment (34). Whether the areas 

of reduced brain glucose metabolism observed in AD correlate with those areas of the brain 

that show evidence of insulin-sensitive glucose uptake is not known. Further study of the 

possible relation between CNS insulin dysregulation and the cerebral hypometabolism 

characteristic of AD is needed.

Insulin has also been shown to support normal cognitive function in both animals and 

humans. Intracerebroventricular (48) and intrahippocampal (49) injections of insulin 

improved performance on a passive-avoidance task in rats that reflects enhanced memory 

for negative consequences. Infusion of intravenous insulin, which raises CNS insulin, also 

improved memory in healthy human adults (50). Likewise, administration of intranasal 

insulin directly to the CNS has been shown to improve memory in cognitively normal adults 

(51).

The molecular mechanisms for the role of insulin in learning and memory are not well-

understood, but may be distinct from effects on glucose metabolism (52). Insulin is known 

to interact with several neurotransmitter systems important in synaptic plasticity, the ability 

of neurons to change the structure and strength of their connections in response to various 

stimuli. Synaptic plasticity is regarded as a key neurochemical foundation underlying new 

learning and memory. Insulin recruits N-methyl-D-aspartic acid (NMDA) receptors to the 

plasma membrane, significantly potentiating receptor activity (52). Calcium flux through 

NMDA receptors subsequent to activation by coligands glutamate and glycine is thought to 

be critical in facilitating synaptic plasticity. Insulin also modulates transmission of γ-

aminobutyric acid (GABA), a key mediator of synaptic inhibition associated with learning 

(52). Moreover, several signaling pathways downstream of insulin receptor activation, 

including Shc/mitogen-activated protein (MAP) kinase, phospholipase C (PLC)/protein 
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kinase C (PKC), and phosphatidylinositol-3 (PI-3) kinase, have been linked to the 

transcription of genes involved in memory formation and consolidation (52). Finally, insulin 

stimulates the production of the potent vasodilator nitric oxide (NO) in vascular endothelial 

cells through activation of endothelial NO synthase (eNOS). eNOS is expressed in 

hippocampal neurons, and has been implicated as a messenger molecule in long-term 

potentiation, a form of synaptic plasticity in which repeated stimulation of neuronal 

presynaptic terminals augments synaptic transmission over a period of hours to days (53). In 

rats, intrahippocampal administration of the eNOS inhibitor N-nitro-L-arginine methyl ester 

attenuated insulin-induced memory enhancement (54).

INSULIN AND AD PATHOLOGY

Insulin, insulin receptors, and impairments in insulin signaling have been implicated in the 

neuropathology of AD, namely, the amyloid plaques and neurofibrillary tangles (NFT) that 

characterize the disease. The amyloid hypothesis has been a central, albeit controversial, 

theory of AD pathogenesis since it was proposed in the early 1990s (55). According to the 

amyloid hypothesis, it is the accumulation and aggregation of Aβ peptide that initiates and 

perpetuates AD neurodegeneration. Aβ is formed from cleavage of amyloid precursor 

protein by β- and γ-secretases and is prone to aggregate into toxic oligomers (56). Over time, 

these oligomers may merge to form insoluble amyloid fibrils, and eventually, the plaques 

that have come to characterize AD.

Studies in neuronal cell cultures have demonstrated that activation of insulin receptors 

facilitated the reduction of toxic Aβ oligomers to less noxious monomers, preventing 

synaptic toxicity, a process that may be mediated by insulin-degrading enzyme (57). Both 

insulin and Aβ are substrates of this metalloprotease, which appears to be important in 

clearing Aβ from the brain. Conversely, transfection of cells with dysfunctional insulin 

receptors derived from human subjects with IR, was associated with increased accumulation 

of toxic Aβ oligomers (57). Aβ oligomers have also been shown to cause insulin receptor 

dysfunction (58), potentially leading to a deleterious bidirectional cycle. That is, defective 

insulin receptors or downstream signaling may facilitate accumulation of Aβ oligomers, 

which in turn further disrupt insulin signaling, perpetuating the neuropathology of AD.

NFT, consisting of aggregations of abnormally phosphorylated tau proteins, are the other 

neuropathologic hallmark of AD (56). Tau normally binds to microtubules in axons, 

promoting their assembly and stabilization. Pathological hyperphosphorylation of tau leads 

to self-aggregation, formation of paired helical filaments, and eventually NFT (56). This 

process destabilizes microtubules, impairing axonal transport, and resulting in neuronal 

dysfunction and degeneration (56). The tau hypothesis of AD posits that tau 

hyperphosphorylation is a final common pathway in AD resulting from multiple upstream 

impairments, including Aβ formation (59). Impaired insulin signaling has been proposed as 

one of the upstream impairments that may lead to tau hyperphosphorylation (59). One of the 

key phosphorylators of tau is glycogen synthase kinase-3 (GSK-3), a ubiquitously 

expressed, constitutively active serine/ threonine protein kinase that has been identified in 

NFT in the brains of AD patients (60). Overexpression of GSK-3 in mice results in tau 

hyperphosphorylation, although studies have not consistently demonstrated subsequent 
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formation of NFT (60). Insulin inhibits GSK-3 through the PI-3-kinase pathway activating 

glycogen synthase (60). Conversely, active GSK-3 phosphorylates insulin receptor 

substrate-1, attenuating insulin signaling (60). GSK-3 therefore functions as a key mediator 

of insulin signaling, facilitating glycogen synthesis in the presence of insulin and attenuating 

signaling in its absence. Adipose tissue and skeletal muscle GSK-3 activity appear to be 

increased in obesity and diabetes. In obese, diabetic mice, adipose tissue GSK-3 activity was 

double that of controls (60). In humans with T2DM, skeletal muscle GSK-3 expression and 

activity were increased compared to healthy controls (60). If the increased GSK-3 in obesity 

and diabetes results in increased phosphorylation of tau and NFT formation, this may be one 

mechanism by which impairments in insulin signaling contribute to AD risk. Indeed, several 

GSK-3 inhibitors are currently being studied as potential AD therapies (60).

INSULIN, VASCULAR DYSFUNCTION, AND AD PATHOLOGY

It is increasingly acknowledged that vascular dysfunction is a major component of AD, and 

that AD and vascular dementia, once considered distinct entities, likely occupy a continuum, 

with most patients having features of both. IR, through its effects on both vascular and 

classical AD pathology, offers a potentially compelling mechanism to help bridge these two 

pathways of cognitive decline.

Obesity and IR are associated with endothelial dysfunction, which is defined as impaired 

vasodilator response, and is an independent predictor of cardiovascular events, detectable 

long before the clinical manifestations of overt cardiovascular disease (61). In obese 

individuals, there appears to be an imbalance between vasodilatory and vasoconstrictive 

forces that favors vasoconstriction, and it has been proposed that abnormalities of insulin 

action associated with obesity may be partly responsible for this imbalance (62). Insulin 

stimulates eNOS, a potent vasodilator, as well as endothelin (ET)-1, a potent 

vasoconstrictor, thus insulin may be important in maintaining a healthy balance between 

these opposing effects on the vasculature (62). “Selective IR” has been described, in which 

IR impairs the pathways involved in insulin’s actions on NO, but not on those for ET-1, 

tipping the balance in favor of vasoconstriction (63). In support of this view, enhanced ET-1 

activity has been shown to contribute to endothelial dysfunction in IR subjects with obesity 

or T2DM (64–66). However, Lteif et al. failed to demonstrate augmentation of ET-1 

production or action with hyperinsulinemia in obese vs. lean subjects (63), suggesting a 

more complex interaction between NO and ET-1 in IR states.

Whether the endothelial dysfunction characteristic of IR states extends to the intracranial 

vasculature is unknown. Diabetes is strongly associated with cerebrovascular disease (67), 

which frequently coexists with AD pathology (68). Cerebrovascular disease may lower the 

threshold for the degree of AD pathology needed to cause symptomatic disease, as less AD 

pathology has been observed in dementia patients with infarcts compared to those without 

infarcts (69,70). Moreover, diabetes may further worsen the cerebrovascular effects on AD 

pathology. The Adult Changes in Thought Study demonstrated greater Aβ plaque burden 

and free radical damage (measured by F2-isoprostanes in the cerebral cortex) in AD subjects 

without diabetes, but significantly more microvascular infarcts and neuroinflammation 

(measured by cortical interleukin-6 (IL-6)) in AD subjects with diabetes (71). The effects of 
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obesity and IR on the vasculature and AD pathology may be mediated by elevated free fatty 

acids (FFA) and tumor necrosis factor (TNF)-α associated with these conditions (62). Both 

FFA and TNF-α increase production of ET-1 and reactive oxygen species which further 

impair vascular function (72). In addition, both FFA and TNF-α may play more direct roles 

in AD. Although the potential role of FFA in AD has not been well-studied, FFA do inhibit 

insulin-degrading enzyme, a key enzyme in Aβ clearance (39). In addition, FFA have been 

shown to stimulate Aβ and tau protein aggregation in vitro (39). TNF-α inhibits clearance of 

Aβ from the CNS, and elevated brain and CSF concentrations of TNF-α have been 

demonstrated in both AD and mild cognitive impairment. Craft and colleagues observed 

significant increases in multiple inflammatory markers in the CSF, including TNF-α, in 

healthy older adults during hyperinsulinemic–euglycemic clamp studies (73). Further, 

increases in TNF-α were correlated with BMI, suggesting that obesity may exacerbate the 

inflammatory effects of peripheral insulin in the brain.

Much work remains to be done to completely elucidate the possible role of insulin in 

cognitive impairment and AD, and how peripheral insulin dysregulation may affect central 

insulin action. However, the evidence to date strongly supports such a role with multiple 

potential mechanisms by which insulin may contribute to the development and progression 

of cognitive decline and AD (Figure 1).

POTENTIAL INSULIN-SENSITIZING THERAPEUTIC APPROACHES

The evidence linking IR to the development of AD is compelling, however, the critical 

question of whether treating IR can delay or prevent cognitive decline remains unanswered. 

There are both pharmacologic and nonpharmacologic treatments for IR, several of which 

have been studied for their effects on cognition.

Thiazolidinediones (TZDs) are synthetic agonists for the peroxisome proliferator-activated 

receptor-γ (PPAR-γ), a transcription factor highly expressed in adipose tissue, where it 

regulates the expression of genes involved in adipocyte differentiation, and carbohydrate 

and lipid metabolism (74). Initially studied as potential lipid-lowering agents, TZDs were 

found to decrease plasma insulin and glucose, and to improve insulin sensitivity. Two TZDs, 

rosiglitazone, and pioglitazone, are currently approved for the treatment of T2DM yet the 

mechanisms by which they improve insulin sensitivity are not completely understood. 

Through PPAR-γ, these drugs regulate the expression of over 100 different genes, thus, it is 

likely that multiple mechanisms are involved (74).

In addition to their effect on IR, TZDs have other actions that make them particularly 

interesting as potential therapies in preventing AD. TZDs have anti-inflammatory effects, 

and have been shown to decrease multiple markers of inflammation in humans (74). TZDs 

exert favorable effects on vascular function, enhancing vasodilation by increasing 

endothelial nitric oxide release, and reducing smooth muscle cell proliferation and migration 

(74). TZDs may also have a more direct role in the amyloid cascade; recent evidence 

suggests that PPAR-γ agonists may both repress expression of the β-secretase β-amyloid 

cleaving enzyme (BACE)-1, a key enzyme in the pathologic cleavage of amyloid precursor 

protein to Aβ, and may also stimulate clearance of existing Aβ (75). In animal studies, both 
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rosiglitazone (76) and pioglitazone (77) have been shown to have favorable effects on AD 

pathology, including reductions in amyloid plaque burden, activated microglia, 

inflammatory markers, and Aβ levels in the brains of mice treated with TZDs.

Three studies of rosiglitazone in humans have been conducted. A pilot study of 30 subjects 

with mild AD or mild memory impairment showed better delayed recall and selective 

attention in subjects treated with rosiglitazone compared to placebo (78). Rosiglitazone 

treatment was also associated with stable, as opposed to declining, plasma Aβ, suggesting 

attenuated disease progression. A larger study of 511 patients with mild to moderate AD 

found a significant improvement in general cognitive function (as measured by the 

Alzheimer’s Disease Assessment Scale–Cognitive, ADAS-Cog), following treatment with 

rosiglitazone (79). However, a recent phase III trial of rosiglitazone, failed to replicate this 

finding, reporting no change in cognition with rosiglitazone relative to controls (80). 

Furthermore, concerns about the cardiovascular safety profile of rosiglitazone will likely 

discourage its use in future studies.

Pioglitazone has not been as widely studied; one small study in Japanese subjects with 

T2DM and either mild to moderate AD or mild cognitive impairment reported significant 

improvements in both memory and ADAS-Cog scores in subjects treated with pioglitazone 

compared to placebo (81). Geldmacher et al. recently reported that pioglitazone was well-

tolerated in 29 nondiabetic subjects with AD over an 18-month period (82), but no effects 

were seen with pioglitazone on the secondary cognitive outcomes. Pioglitazone does have 

several potential advantages compared to rosiglitazone, including a favorable effect on lipid 

profiles, clear ability to cross the blood–brain barrier, and possibly less overall 

cardiovascular risk. Thus, pioglitazone may remain a viable target for development.

With regard to non-TZD insulin-sensitizing agents, a study of the biguanide metformin on 

APP metabolism and Aβ accumulation found that unlike TZDs, metformin increased Aβ 

accumulation by upregulating BACE-1 expression and activity (83), emphasizing the 

importance of the pleiotropic effects of insulin-sensitizing medications.

Endurance exercise has multiple beneficial metabolic effects (84–86), including 

improvement of IR, and may therefore represent another potential therapeutic target for 

preventing or delaying the progression of AD. Numerous studies have established that 

endurance exercise can improve IR (87). The acute effect of exercise on IR is through an 

effect on glucose transporter type-4 (GLUT-4) (87), the primary glucose transporter in 

skeletal muscle, whereas chronic effects of exercise may be mediated through reductions in 

central adiposity (88), inflammation (89), and vascular function (90).

Although no randomized controlled trial to date has shown that exercise can prevent or 

delay the onset of AD, there is strong epidemiological evidence that exercise may have 

beneficial effects on cognitive function. A review of 16 longitudinal epidemiologic studies 

found that 11 of the studies reported a significant association between physical activity and a 

reduced risk of dementia and/or AD (91). Such studies have many potential sources of bias, 

including questionable assessment of physical activity and inability to ascertain the pattern 

of physical activity over an individual’s lifetime. Results from randomized controlled trials 
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designed to more rigorously test the effects of exercise on cognitive function have been 

mixed. A recent Cochrane review found that 8 of 11 exercise intervention randomized 

controlled trials in cognitively normal older adults reported an association between increased 

cardiorespiratory fitness and improvements in multiple aspects of cognitive function (92). 

Lautenschlager et al. examined the effects of an exercise intervention in 170 adults >50 

years of age with subjective memory complaints, 60% of whom met formal criteria for mild 

cognitive impairment (93). In this population at high risk for developing AD, the authors 

reported that a very modest increase in physical activity (20 min more per day, mostly 

walking) improved general cognitive function (measured by the ADAS-Cog) relative to 

controls. Although modest, the improvements were comparable to those demonstrated with 

currently approved AD drug treatments.

Recent studies have provided further insight into potential mechanisms by which exercise 

may improve cognition. Baker et al. studied 28 cognitively normal older adults with 

abnormal glucose tolerance measured by 2-h oral glucose tolerance test, randomized to 

either 6-months of aerobic exercise or a stretching control group (94). In these subjects at 

increased risk of cognitive decline, the aerobic exercise group demonstrated significant 

improvements in cardiorespiratory fitness (measured by peak oxygen consumption), which 

were correlated with improvements in IR (measured by hyperinsulinemic–euglycemic 

clamp). The exercise group also showed significant improvement on tests of executive 

cognitive function, but not short-term memory, relative to the control group. This work 

supports previous findings of positive effects on executive function with exercise (91,92), 

and suggests improvements in insulin sensitivity may, at least in part, mediate these effects.

Exercise also appears to increase levels of serum brain-derived neurotrophic factor (BDNF), 

which has been reported to promote neurogenesis, dendritic expansion, and hippocampal 

synaptic plasticity underlying memory formation (95). BDNF has also been proposed as a 

key mediator of the interface between metabolism and synaptic plasticity. In diabetic mice, 

administration of BDNF has been shown to lower fasting and non-fasting blood glucose 

(96), and to enhance insulin-stimulated PI-3 kinase activation and peripheral glucose 

utilization (97). In humans, Arentoft et al. found lower plasma BDNF levels in older women 

with impaired insulin action (type 2 diabetes or IR) compared to controls; these subjects also 

performed more poorly on tests of memory compared to controls (98).

A recent trial in 120 cognitively normal older adults (ages 55–80) reported a 12-month 

aerobic exercise intervention selectively increased the volume of the anterior hippocampus 

relative to a stretching control group, and the increased volume was associated with 

increases in serum BDNF (99). Although changes in aerobic fitness (measured by maximal 

oxygen consumption, VO2max), and serum BDNF were not associated with improvements 

on a spatial memory task, modest correlations were found between increased hippocampal 

volume and spatial memory. These findings suggest that aerobic exercise may augment 

molecular pathways in selective brain regions important for memory and vulnerable to the 

effects of both normal aging and neurodegenerative diseases such as AD.

Exercise thus appears to have multiple effects that may positively affect cognitive function. 

Combined with the established benefits of exercise on multiple chronic illnesses (100) and 
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the lack of side effects when properly performed, exercise presents an extremely attractive 

therapy to potentially prevent or delay cognitive decline and AD.

The complexity of AD implies that a multifaceted approach to prevention and treatment will 

likely be needed. Interventions that improve IR as one of their effects may have an 

important place in conjunction with other therapies targeting different or overlapping aspects 

of AD pathology.

CONCLUSIONS

Research conducted over the past 20 years clearly supports a role for insulin action that 

extends well beyond peripheral glucose metabolism. Insulin is active throughout the CNS in 

key pathways of learning and memory, and abnormalities in insulin action have increasingly 

been linked to neurodegenerative processes characteristic of AD and its prodrome, mild 

cognitive impairment. Taken together, these observations suggest that not only is insulin 

important for normal cognitive functioning, but that impaired insulin action and signaling 

may promote and/or exacerbate cognitive decline.

Unraveling the precise mechanisms by which IR may contribute to the development and 

progression of AD promises to be a rich area of continued investigation. Whether 

interventions that target IR can delay or prevent AD will be a critical question as we face an 

aging population that is increasingly overweight or obese. Moreover, with the earlier onset 

of obesity and IR, we may begin to observe cognitive decline at younger ages, further 

increasing the burden of AD. The limited data available to date suggest that both 

pharmacologic and nonpharmacologic interventions that improve IR may have beneficial 

effects on cognitive function. Well-designed, controlled intervention trials that assess 

cognitive outcomes and explore mechanisms in populations at high risk for developing AD 

are needed. The link between IR and AD affords the opportunity to address two of the most 

common problems in the elderly population, potentially improving the health and functional 

status of patients, decreasing caregiver burden, and benefiting the health care system and 

society as a whole.
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Figure 1. 
Peripheral disorders on the spectrum of obesity, insulin resistance, and hyperinsulinemia 

may promote a state of central insulin deficiency and resistance that contributes to the 

development and progression of cognitive impairment and Alzheimer’s disease through 

multiple potential mechanisms. Prolonged peripheral hyperinsulinemia decreases insulin 

transport into the CNS, which may result in central insulin deficiency, resistance, and 

impaired signaling. These abnormalities may have diverse effects including decreased 

glucose metabolism and synaptic plasticity, as well as accumulation of Aβ and NFT that 

characterize Alzheimer’s disease. Decreased availability of NO may both impair synaptic 

plasticity and promote endothelial dysfunction. Known peripheral effects of obesity, insulin 

resistance and hyperinsulinemia, including endothelial dysfunction and elevations of FFA, 

TNF-α, and GSK-3, may extend to the CNS. FFA and TNF-α may promote intracranial 

endothelial dysfunction and stimulate accumulation of Aβ and NFT. Aβ, β-amyloid; BBB, 

blood–brain barrier; BDNF, brain-derived neurotrophic factor; CNS, central nervous system; 

FFA, free fatty acids; GSK-3, glycogen synthase kinase-3; IL-6, interleukin-6; NFT, 

neurofibrillary tangles; NO, nitric oxide; TNF-α, tumor necrosis factor-α.
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