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Abstract

Type 2 diabetes (T2D) and sleep disturbance (e.g., insomnia, sleep-disordered breathing) are 

prevalent conditions among older adults that are associated with cognitive decline and dementia, 

including Alzheimer's disease (AD). Importantly, disturbed sleep is associated with alterations in 

insulin sensitivity and glucose metabolism, and may increase the risk of T2D, and T2D-related 

complications (e.g., pain, nocturia) can negatively affect sleep. Despite these associations, little is 

known about how interactions between T2D and sleep disturbance might alter cognitive 

trajectories or the pathological changes that underlie dementia. Here, we review links among T2D, 

sleep disturbance, cognitive decline and dementia—including preclinical and clinical AD—and 

identify gaps in the literature, that if addressed, could have significant implications for the 

prevention of poor cognitive outcomes.
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1. Introduction

Type 2 diabetes (T2D) is a complex chronic disease characterized by the development of 

insulin resistance and defective insulin secretion from pancreatic beta cells, leading to 

hyperglycemia1. In 2015, about 12.2% of persons in the U.S. over age 18 had diabetes, with 

age-related increases in prevalence (4% of those aged 18-44 years, 17% aged 45-64, 25.2% 

aged 65+)2. Diabetes incidence varies significantly by race and ethnicity, with Black and 

Hispanic individuals in the US having about twice the odds of diabetes relative to their 

White counterparts3. This disparity appears to be due to differences in socioeconomic status, 

access to health care, and other health issues such as obesity and hypertension3. Indeed, the 

influence of socioeconomic factors is influencing the incidence of diabetes worldwide; 80% 

of diabetes cases live in low and middle-income countries4.

This high prevalence of T2D will have significant implications for the global prevalence of 

cognitive impairment and disability in coming years. T2D is associated with an increased 

risk of cognitive decline and dementia5 and an accelerated transition from mild cognitive 

impairment (MCI) to dementia6. Alzheimer's Disease (AD) is the most common cause of 

dementia, affecting 26.6 million people as of 2006, and is expected to quadruple by 2050, at 

which point 1 in 85 people worldwide will have the disease7. There is currently no cure for 

AD, so preventing or slowing progression of AD is essential to reducing its population 

burden8. Diabetes has been identified as a modifiable risk factor for dementia, including 

dementia caused by AD9.

In recent years, disturbed sleep has emerged as a potential risk factor for poor cognitive and 

neurological outcomes, including cognitive decline and dementia, and AD pathology10–13, 

and importantly, may both contribute to and result from T2D14. Here, we use “disturbed 

sleep” or “sleep disturbance” to refer to a range of sleep problems, including abnormal sleep 

duration, fragmented sleep, poor perceived sleep quality, or sleep-disordered breathing; 

however, we specify the type of sleep disturbance we are referring to in particular cases. 

Given the link between sleep and T2D, and the association of each with cognitive outcomes, 

sleep and T2D may interact in ways that are important to the prevention of dementia in 

general, and AD in particular. Here, we review the links among sleep disturbance, T2D, and 

cognitive decline and AD, and discuss how these associations might be leveraged to mitigate 

poor cognitive outcomes.

2. Normal and Disturbed Sleep, Metabolic Alterations, and Diabetes

Sleep is a complex biological process that is essential for survival. Sleep is comprised of 

rapid eye movement (REM) and non-REM (NREM) sleep15, which are differentiated largely 

by patterns of brain activity, measured by electroencephalogram (EEG), and by other 

differences in physiological activity15. REM sleep is characterized by rapid eye movements, 

an EEG waveform that resembles wakefulness, and paralysis of the skeletal muscles15. In 
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addition, the majority of dreams occur during REM. NREM sleep is divided into three 

stages: N1; N2; and N315. N1 is the lightest stage, from which one is most easily aroused, 

and is characterized by a rapid low-amplitude EEG waveform. N2 is associated with K-

complex waveforms and spindles on the EEG and an increased arousal threshold, compared 

to N1 (i.e., requiring a higher intensity external stimulus to produce an arousal). Finally, N3 

is dominated by slow-wave activity (i.e., slow, high-amplitude waveforms) on EEG (which 

is why it is referred to as slow-wave sleep (SWS)) and is the stage with the highest threshold 

for arousal15. Typically, after sleep onset, healthy adults cycle through NREM sleep stages, 

followed by REM about 80 minutes later. NREM and REM sleep continue to alternate in 

roughly 90-minute cycles throughout the night16. NREM sleep accounts for the largest 

proportion of the earlier cycles of the night, with a decreasing amount accounted for by SWS 

with each cycle; the proportion of REM in each cycle increases toward the latter part of the 

sleep period. Notably, the distribution of sleep stages varies by age, with SWS showing 

substantial decreases with older age16. This is of particular relevance to diabetes and AD, 

given SWS is critical in regulating metabolic function and plays an important role in Aβ 
production and clearance, as discussed below.

Circadian rhythms are closely related to, but distinct from sleep. Humans and other 

organisms have evolved to anticipate light and dark cycles and adapt their physical activity 

and physiological processes to occur at the appropriate time in those cycles. The circadian 

pacemaker, which is housed in the suprachiasmatic nucleus of the anterior hypothalamus, 

plays an important role in regulating sleep-wake patterns as well as metabolic 

functions17–20. Although an in-depth discussion of links among circadian rhythms, 

metabolism, and brain health is beyond the scope of this article, future studies of the role of 

circadian rhythms in the associations under study here could make an important 

contribution.

Disturbed sleep is highly prevalent, especially among older adults, who are at elevated risk 

for both diabetes and poor cognitive outcomes2,21. Indeed, as many as 50% of older people 

have a chronic sleep complaint22,23. The two most common clinical sleep issues in the older 

adult population are insomnia symptoms (i.e., complaints of difficulty falling or staying 

asleep, non-restorative sleep, early awakening), and sleep-disordered breathing (SDB), each 

affecting over 20% of older adults, respectively24–27. Insomnia is based on self-reported 

sleep complaints (sleep onset and maintenance, waking up too early, poor sleep quality)28,29. 

When it reaches a particular threshold, this can become a clinical disorder30. Insomnia is 

also sometimes quantified in terms of objective markers using actigraphic or 

polysomnographic data30. A chronic insomnia diagnosis requires that one of these sleep 

complaints occur three or more times a week for 3 months or more, with consequences in 

daytime functioning28,29. In the sections that follow, we clarify the type of insomnia we are 

referring to when reporting results from studies.

Sleep plays a central role in metabolism, including conservation of energy and recovery 

from the energy loss incurred during wakefulness15. NREM sleep appears especially 

important for preserving energy, compared to wakefulness31. Given these links, it is not 

surprising that insufficient sleep, sleep fragmentation and SDB are associated with impaired 

glucose metabolism and the development of T2D32–35.
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The effects of partial sleep deprivation on glucose metabolism have been demonstrated in 

human research36,37. For example, in a study of young, healthy volunteers, sleep restriction 

decreased glucose tolerance and increased evening cortisol levels38. These findings extend to 

older populations as well. Both short (5 hours or less) and long (9 hours or more) sleep 

duration have been tied to impaired glucose tolerance and increased risk of diabetes in men 

and women over age 50, even after adjustment for SDB severity and waist circumference39. 

Apart from the total amount of sleep obtained, the degree to which sleep is fragmented vs. 

continuous is an important dimension of sleep. Sleep fragmentation (i.e., discontinuous 

sleep) is common and may be caused by a variety of factors, including poor sleep hygiene 

(e.g., caffeine consumption or exercise proximal to bedtime)40, chronic pain41, sleep-

disordered breathing42, and periodic leg movements43. Sleep fragmentation has been shown 

to affect metabolic function in both human and animal studies44–46. For example, in young, 

healthy adults, selective fragmentation of SWS during the whole night, without reduction in 

total sleep time, has been shown to decrease insulin sensitivity and reduce glucose 

tolerance33,47,48. In men 65 years or older, those with less slow wave sleep were 

significantly more likely to develop hypertension 3 to 4 years later, adjusting for BMI49.

Obstructive sleep apnea (OSA) is the most common subtype of SDB and has also been 

linked to metabolic dysfunction. OSA is characterized by recurrent complete interruptions in 

breathing (apneas) or partial reductions in breathing (hypopneas) due to upper airway 

obstruction during sleep, which often lead to oxygen desaturation and sleep fragmentation50. 

OSA is caused by anatomically compromised or collapsible upper airway due to obesity or 

craniofacial abnormalities51,52 in combination with physiological deficits such as inadequate 

compensatory responses of the pharyngeal muscles during sleep51, a low arousal threshold53 

and an overly sensitive control of breathing resulting in respiratory instability52. OSA is an 

important predictor of morbidity and mortality in Western society54–57 and is believed to 

contribute significantly to the development and progression of metabolic, cardiovascular, 

and oncologic diseases58–62.

Investigators first reported that OSA is associated with insulin resistance in the 1990s63; 

however, it was not until 2001 that the association of OSA with insulin resistance was shown 

to be independent of co-morbid obesity 64,65. In 2004, this finding was replicated in a 

community-based sample of nearly 3,000 individuals over the age of 40 from the Sleep 

Heart Health Study Cohort62. However, all of these are cross-sectional, observational 

studies, so they cannot establish a causal link between OSA and insulin resistance. OSA is 

very common in persons with T2D, especially those who are obese. Among obese patients 

with T2D, 86% have been found to have OSA66, and half had moderate-to-severe OSA66, 

diagnosed via unattended polysomnography.

The effect of OSA on glucose metabolism has been studied through clinical trials of 

continuous positive air pressure (CPAP) therapy, which is the most efficacious prescribed 

treatment for OSA. Multiple studies have been performed, yielding contradictory results. 

However, poor CPAP adherence has been a major weakness of the majority of the studies67. 

For example, Babu et al. found that a strong association between improvement in glycated 

hemoglobin (HbA1c) and the duration of CPAP use, but only among compliant users, 

defined as those who used their CPAP on average four hours or more per night68. A separate 
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study found that 1 week of effective CPAP treatment significantly improved glycemic 

control in patients with OSA and T2D69. Lastly, an RCT showed that 8 hours of CPAP 

treatment per night for two weeks led to better glucose metabolism and blood pressure, 

among individuals with OSA and prediabetes70.

Intermittent hypoxia (IH), or periodic hypoxia, is likely one of the mechanisms linking OSA 

and T2D. An experimental study demonstrated that daytime exposure to 5 hours of IH 

caused decreases in insulin sensitivity and glucose effectiveness, among young health 

adults71. Recently, a separate study in young healthy adults showed even just 3 hours of IH 

led to significant increases in plasma glucose72. Hyperglycemia during IH has been 

attributed to activation of the sympathetic nervous system mediated by the carotid body, an 

organ of peripheral sensitivity to hypoxia73. Results from an animal study demonstrated that 

denervation of the carotid body prevents glucose intolerance and insulin resistance during 

IH73. Because sleep fragmentation is an important consequence of OSA, OSA-related sleep 

fragmentation may also link OSA to T2D. Taken together, accumulating experimental and 

epidemiological evidence links respiratory (OSA) and non-respiratory sleep disturbances to 

increased risks of T2D. It is important to note that disturbed sleep may not only precipitate 

T2D, but also result from it. As discussed by Taub et al and others14,74, T2D-related 

neuropathic pain, depression, and nocturia can adversely affect sleep.

3. Diabetes, Cognition, and Alzheimer's Disease

T2D is a well-established risk factor for poor cognitive outcomes, including cognitive 

decline, dementia, and AD pathology75. In a cross-sectional population-based cohort study 

of older adults (median age 80 years), those with a T2D diagnosis in midlife had poorer 

global cognition and executive function in later life, compared to those without a T2D 

diagnosis in midlife76. Among cognitively normal participants, those with T2D showed 

substantially greater declines in tasks of memory, reasoning, and global cognition over a 

period of 10 years compared to those without T2D77. Further, there is evidence that the 

association between duration of T2D and poorer performance on tests of attention, working 

memory, executive function, verbal fluency, and global cognition is moderated by HbA1c 

levels78, such that among those with T2D, higher HbA1c is associated with poorer cognitive 

outcomes.

Evidence also supports a robust connection between T2D and dementia diagnosis. Results 

from a meta-analysis of prospective studies indicate that T2D is associated with 1.73 times 

increased risk of all-cause dementia diagnosis, a 2.27 times increased risk of vascular 

dementia (VaD) diagnosis, and a 1.56 times increased risk of AD diagnosis9. Further, 

neuroimaging studies demonstrate an association between T2D and dementia pathology. 

With regard to VaD-related pathology, in a multi-center cohort study, diabetes diagnosis was 

associated with sulcal widening, incident infarcts, white matter hyperintensities, and 

increasing ventricular size79, and higher blood glucose levels, even among those without 

frank T2D, were associated with decreases in white matter integrity80. T2D and glycemic 

control have additionally been associated with AD-related pathology. In a population-based 

sample of adults aged 70 and older, midlife T2D diagnosis and poorer glycemic control were 

associated with reduced cortical thickness in an AD-signature region81, reduced cerebral 
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glucose uptake in an AD-signature region82, cerebrovascular pathology (e.g., infarcts), 

reduced whole brain volume, and smaller hippocampal volume76 in later life. T2D was not 

associated with greater cerebral amyloid deposition as measured on positron emission 

tomography82. However, T2D and insulin resistance have been associated with evidence of 

greater A β83 in a study of cognitively healthy middle-aged adults. T2D was associated with 

greater Tau burden, measured in cerebrospinal fluid (CSF), in a cognitively-diverse sample 

of older individuals (mean age 75.5 years), when controlling for cognitive status84. However, 

when stratified by cognitive status, this relationship only persisted among individuals with 

MCI, but not among those with normal cognition or AD diagnosis84. Thus, the mechanistic 

pathways between T2D and development of dementia have yet to be fully elucidated.

Importantly, obesity also appears to be a risk factor for dementia, independent of diabetes. 

Whitmer et al. report that a 36-year longitudinal analysis reveals that central obesity in 

midlife increases the risk of dementia, even after controlling for the influence of diabetes85. 

However, findings remain mixed. A longitudinal analysis of 18 years of follow up from the 

Framingham Heart Study found that obesity only decreased cognitive performance among 

men, while diabetes decreased cognitive performance for men and women combined, but not 

alone. Further, obesity and diabetes did not appear to interact to influence cognitive 

performance86. The sex-specific findings were replicated in the Health, Aging and Body 

Composition study, which found that greater adiposity was associated with greater cognitive 

decline among older males, but not among older females87. It also appears that mid-life, but 

not late-life obesity may increase the risk of dementia88.

T2D may either directly contribute to the development of dementia or make individuals 

more susceptible to dementia pathology89. T2D and pre-diabetes, the prodromal stage of 

T2D, are characterized by prolonged periods of dysregulated glucose and insulin, both of 

which have been linked with subsequent dementia pathology89–91. Hyperinsulinemia, 

hyporinsulinemia, and hyperglycemia affect levels of insulin-degrading enzyme in the brain, 

which is linked to Aβ aggregation92. Evidence from brain samples of AD patients shows 

hyperglycemia also promotes generation of advanced glycated end products (AGEs), which 

additionally promote A β and tau aggregation93. Both diabetics and AD patients have an 

increased number of AGES compared to normal controls, and AGES are at the root of many 

diabetes-related complications (e.g., neuropathy, vision loss)94. Additionally, insulin and 

insulin-like growth factor 1 (IGF-1) receptors are concentrated in the hippocampus and 

medial frontal cortex, suggesting that insulin dysregulation might affect memory89–91. 

Findings from murine models show that insulin depletion is associated with long-term 

cognitive impairment, but that insulin treatment can prevent this95.

An increased number of AGES is also associated with oxidative stress, endothelial and 

vascular dysfunction, increased inflammation, and protein, DNA, and mitochondrial 

damage, all of which are associated with neurodegeneration96,97. Mitochondrial damage 

occurs early in the progression of AD, prior to Aβ pathology98–101. Because of the brain's 

high lipid levels and oxygen metabolism, and low antioxidants, it is particularly susceptible 

to the negative effects of oxidative stress 102. Aβ and amyloid-precursor protein move to 

mitochondrial membranes, in turn causing neuronal dysfunction by blocking the passage of 

nuclear-encoded mitochondrial proteins into mitochondria and causing mitochondrial 
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damage via disruption of the electron transport chain and increase in reactive oxygen 

species103,104.

These pathways and mechanisms may also represent potential therapeutic targets for 

cognition, among those with and without T2D. For example, insulin treatment has been 

shown to improve cognition and memory and increase CSF and plasma levels of 

norepinephrine, which is associated with both better cognition in neurodegenerative disease 

and sleep-wake cycles105, in people with AD but no diabetes106,107. In a recent trial, 

individuals without diabetes who were randomized to intranasal insulin treatment showed 

improved cognition compared to those randomized to placebo106. Notably, depending on the 

trial, results were only significant among APOE ε4 carriers or non-carriers, suggesting more 

research into insulin therapy is needed and that it may need to be genetically tailored106,108. 

The therapeutic effects of intranasal insulin may be most beneficial among older adults 

without T2D, because its effectiveness seems to be contingent upon the availability of 

glucose109.

Because T2D is highly prevalent—25% of older adults are thought to have T2D and an 

additional 50% to be pre-diabetic110—as well as preventable, treatable, and strongly 

associated with dementia, interventions aimed at preventing or managing T2D or prediabetes 

may be particularly beneficial at reducing the prevalence and incidence of cognitive 

impairment. Indeed, using population attributable risk calculations, it has been estimated 

that, if T2D prevalence was reduced by 25%, 40,000 cases of AD in the U.S. could be 

prevented111. Targeting T2D alongside other modifiable risk factors could substantially 

impact the burden of dementia.

4. Sleep, Cognition, and Brain Health

Independent of diabetes, sleep is emerging as critical to the maintenance of brain health and 

cognition. Disturbed sleep is highly prevalent among persons with neurodegenerative 

diseases. As many as 40% of caregivers of persons with AD report that patients have 

difficulty falling asleep (11%), multiple awakenings during sleep (24%), early morning 

awakenings (8%), and general disruption of the diurnal sleep rhythm (14%)112. Importantly, 

current models hold that disturbed sleep is not just a consequence of neurological changes 

consistent with AD, but also a potential cause113.

4.1 Disturbed Sleep and Cognitive Outcomes

Various aspects of disturbed sleep have been linked with cognitive outcomes, though 

findings are mixed, and appear to depend on the particular cognitive domain and test as well 

as the type of disturbed sleep. Below we highlight evidence tying sleep deprivation, 

duration, insomnia symptoms, daytime sleepiness, and OSA to poorer cognitive outcomes.

Experimental sleep-deprivation research demonstrates that sleep loss negatively affects 

cognition. In cognitively healthy adults, total sleep deprivation has been shown to slow 

response time for working memory tasks114, and worsen temporal memory of faces115 and 

verbal free-recall116. Chronic partial sleep deprivation also impacts cognitive performance. 

In an experimental study in which healthy adults were randomized to 4 hours, 6 hours, or 8 
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hours of bed time per night for 14 days, sleep deprivation led to changes in performance 

over time on a psychomotor vigilance task, digit symbol substitution task, and serial 

addition/subtraction task117.

Mixed findings have emerged regarding sleep duration, with some studies linking shorter 

sleep to cognitive impairment/decline, some linking longer sleep to these outcomes, and 

others reporting that intermediate sleep duration is associated with better cognitive outcomes 

relative to both shorter or longer sleep duration118–125. A recent meta-analysis of 22,187 

participants found that both short and long sleep duration were associated with higher risk of 

cognitive disorders126. Studies using wrist actigraphy, in which an accelerometer is applied 

to the wrist to measure sleep, typically with a PSG-validated algorithm127,128, have shown 

links between various aspects of disturbed sleep and cognitive outcomes13,121,129–131, 

providing evidence using an objective sleep measure (rather than self-report measures) that 

poor sleep may increase the risk of cognitive decline and dementia. Importantly, prospective 

epidemiologic studies have found that poor sleep is linked to risk of poor cognitive outcomes 

years later. For example, sleep fragmentation has been linked with increased risk of clinical 

AD up to six years later, among older adults13.

Observational studies in relatively healthy samples of older adults link poor sleep quality to 

poorer cognitive performance, and both cognitive decline and dementia. For example, self-

reported insomnia symptoms (e.g., difficulty falling, staying asleep) have been tied to greater 

decline on measures of global cognitive function, in both cognitively healthy older adults10, 

and adults across the life course with varying degrees of cognitive function11. Daytime 

sleepiness also appears to be related to cognitive performance. Most recently, research from 

the Multi-Ethnic Study of Atherosclerosis showed that in elderly individuals (mean age 68 

years, with about 10% of participants with sleep apnea syndrome), excessive daytime 

sleepiness (measured by the Epworth Sleepiness Scale score was associated with poorer 

attention, memory, and processing speed132.

OSA has also been linked to poor cognitive outcomes. Individuals with OSA are more likely 

to have difficulties with attention133–135, executive function133–137, visuospatial learning133, 

motor function133,135, and immediate and delayed recall136. In addition, OSA (diagnosed by 

polysomnography) has been linked to smaller volumes of key brain regions involved in 

cognitive tasks, such as cortical gray matter, hippocampus, and caudate136. It is possible that 

the link between OSA and cognitive function differs by APOE genotype, with stronger 

associations between SDB severity and cognitive impairment among APOE ε4 allele 

carriers138–140. This possibility was strengthened further in the recent study from the Multi-

Ethnic Study of Atherosclerosis (older adults with median AHI of 9 and mean ESS of 6); 

individuals who spent more sleep time in less than 90% oxyhemoglobin saturation 

performed worse on tests of attention and memory, and having sleep apnea syndrome was 

associated with worse attention and slower processing speed132. However, individuals with 

an APOE-ε4 allele had a stronger link between %Sat < 90% and attention132.

OSA is also associated with a higher risk of mild cognitive impairment and dementia. In a 

sample of community-dwelling older women, an apnea-hypopnea index (AHI; number of 

apneas + hypopneas per hour of sleep) ≥15 was associated with 1.9 times the odds of 
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developing MCI or dementia 3-6 years later12. Importantly, the authors found that hypoxia, 

but not sleep fragmentation or sleep duration, was significantly associated with MCI or 

dementia, suggesting that hypoxia, rather than sleep fragmentation or duration, is driving the 

association between SDB and poor cognitive outcomes12. In a separate study, individuals 

aged 55-90 years who reported having OSA developed MCI and AD at a significantly 

younger age. Interestingly, the authors found that CPAP use seemed to delay the onset of 

MCI, among individuals with OSA141.

Moreover, the potential for a causal link between OSA and cognitive impairment and decline 

is strengthened by some evidence that treatment of OSA with CPAP seems to improve 

cognitive trajectories. Ferini-Strambi et al. found that after 15 days of CPAP treatment, 

patients 45 to 65 years of age with severe OSA (diagnosed by polysomnography) and 

MMSE scores ≥24 performed similarly to age- and education-matched control individuals 

on tests of sustained attention, visuospatial learning, and motor performance; there were no 

effect on tests of executive function or constructional abilities however, and these did not 

improve even after 4 months of treatment142. The literature is mixed, however. The APPLES 

study, a 6-month multi-center RCT among individuals older than 18 (mean 51-52 years) 

with OSA (diagnosed by polysomnography), showed that CPAP (relative to sham CPAP) 

improved executive and frontal-lobe function at 2 months, but only among those with severe 

OSA at baseline, suggesting that OSA severity may moderate the effect of CPAP on 

improvement in cognitive function143.

Further, persons with dementia may also show CPAP-related improvements in cognition. A 

study by Ancoli-Israel et al. found that among individuals with both AD and 

polysomnograph-diagnosed OSA, 3-week treatment with CPAP was associated with an 

improvement in global cognition144. In the same study sample, treatment with CPAP for a 

single night was associated with significantly more deep sleep, fewer arousals, and less time 

awake after sleep onset (WASO)145. Thus, treatment of OSA may hold promise as a means 

of improving cognitive performance and perhaps preventing cognitive decline. Importantly, 

we are unaware of investigate the effects of treating non-respiratory sleep disturbances (e.g., 

insomnia) or improving sleep duration or consolidation on cognitive outcomes. Such studies 

are needed to rigorously evaluate the extent to which sleep disturbances increase the risk of 

poor cognitive outcomes.

4.2 Disturbed Sleep and AD Biomarkers

The above findings raise questions about the neurological changes that might link disturbed 

sleep to cognitive impairment. Recent studies tying poor sleep to AD biomarkers suggest 

that sleep disturbance may alter cognitive trajectories by promoting the development of AD 

pathology. For example, self-report of poorer sleep quality and shorter sleep duration146 and 

longer sleep onset147 have been linked to greater amyloid burden on PET scans among older 

adults with a mean MMSE of about 29.

Moreover, in a cognitively normal sample, lower sleep efficiency (i.e., spending a smaller 

proportion of time in bed asleep) and greater sleep fragmentation, measured by wrist 

actigraphy, were tied to amyloid deposition measured in CSF148. Further, in another 
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cognitively normal cohort, poorer subjective sleep quality and greater sleepiness were 

significantly associated with markers of AD pathology in CSF149.

Although it may be argued that associations in the above observational studies may reflect 

sleep disturbances that result from AD pathology113,150, important animal studies provide 

evidence that sleep deprivation actually promotes amyloid deposition. The first of these was 

a seminal paper by Kang et al., which found that the amount of A β in the interstitial spinal 

fluid (ISF) of an AD mice model increased with wakefulness and decreased with sleep, that 

sleep deprivation increased these levels and enhanced brain amyloid deposition151. Further, 

Tabuchi et al., in a study of a Drosophila model of AD, showed that sleep deprivation 

increased amyloid deposition it the fly brain152. On the other hand, Roh et al. demonstrated 

in an AD mouse, that amyloid deposition leads to alterations in sleep/wake cycles153. Taken 

together, these studies suggest a relentless cycle in which disturbed sleep enhances AD 

pathology, which in turn disturbs sleep113. Experimental work in humans also supports a 

causal link between sleep/wake patterns and amyloid levels. Ooms et al. showed that 

individuals randomized to a night of normal, unrestricted sleep experienced a 6% decrease in 

the level of A β 42 in their CSF between evening and morning, while those randomized to 

one night of restricted sleep experienced only a 0.6% decrease154. In addition, a recent 

experimental study demonstrated that selective disruption of slow-wave activity during a 

single night of sleep led to an increase in A β 40 in the CSF collected the next morning.155 

We further discuss the importance of SWS to A β clearance and deposition below.

OSA has also been linked to AD biomarkers. A recent study of persons with cognitive 

impairment found that those with OSA, measured by polysomnography, who were not on 

CPAP had lower levels of CSF Aβ 42, and higher levels of t-tau/Aβ 42 ratio, reflecting 

greater AD pathology, relative to controls and OSA patients with CPAP156 Moreover, among 

OSA patients, higher levels of CSF Aβ 42 were associated with greater nighttime oxygen 

saturation,156 suggesting that hypoxemia may enhance Aβ burden. Similarly, Spira et al. 

found that greater SDB severity, measured by the AHI and oxygen desaturation index, was 

significantly associated with greater brain Aβ deposition on PET scans in persons with MCI, 

but not among those with normal cognition150. Interestingly, the relationship between OSA 

and AD biomarkers may depend on APOE genotype. Osorio et al. examined the links 

between self-reported SDB diagnosis, CSF biomarkers of AD, and APOE genotype, in a 

sample of cognitively healthy elderly adults, and found that the relationship between SDB 

and AD-biomarkers differs by APOE status157, complementing findings that the association 

between SDB severity and cognitive performance differs be APOE ε4 carrier status138–140.

Two primary mechanisms have been put forward to explain how insufficient sleep and sleep 

fragmentation might promote AD pathology. First, according to the synaptic homeostasis 

hypothesis, wakefulness is associated with an increase in synaptic strength, while sleep is 

associated with a decrease151,158–160. Further, increases in synaptic strength during 

wakefulness are thought to be downregulated by SWS161. Critically, higher levels of 

synaptic activity increase production of A β peptides162,163. Therefore, SWS may play an 

important role in minimizing A β aggregation resulting from wake-associated increases in 

synaptic activity113. Importantly, OSA may also lead to A β aggregation through its effects 

on sleep fragmentation and related decreases in sleep duration. In addition, however, 
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hypoxia due to OSA can lead to cleavage of the B and γ sites of β-amyloid precursor protein 

via increases in the expression of the Beta-secretase 1 (BACE1) and Alph-1 homolog A, 

gamma-secretase subunit (APH-1a) genes164–166. These changes, can in turn lead to Aβ 
generation and plaque formation166.

The second mechanism believed to link disturbed sleep to amyloid levels and deposition 

involves the “glymphatic” system, elaborated by Iliff et al. as an exchange of CSF and ISF 

around the cerebrovascular system, which clears metabolites, including A β 167. Following 

on this work, Xie at al. found that in mice, SWS markedly increased interstitial space, which 

resulted in a substantial increase in the exchange between CSF and interstitial fluid and an 

increased rate of exogenous A β clearance during sleep168. This work further implicates 

SWS as playing an important role in mediating potential effects of disturbed sleep on AD 

and dementia risk.

5. Links Among Sleep, Type 2 Diabetes, and Brain Health

Despite the established links of diabetes with cognitive decline and dementia, of disturbed 

sleep with diabetes, and known associations among disturbed sleep, dementia and AD, little 

is known about how disturbed sleep and diabetes interact to alter cognitive outcomes, 

including those due to AD169. McEwen et al. suggested that disturbed sleep and 

dysregulated circadian rhythms can contribute to “wear and tear” on the body (i.e., allostatic 

load), that disrupts the balance of the sympathetic and parasympathetic systems and 

increases insulin and blood glucose, leaving the brain susceptible to the effects of diabetes 

and to dementia170,171. Nonetheless, the most closely related work of which we are aware 

has focused on hypoglycemia during sleep among persons with type-1 diabetes. One such 

study found that hypoglycemia during sleep was associated with impaired memory 

consolidation in persons with type-1 diabetes and in healthy individuals172, but another did 

not173. In addition, an observational study of persons with T2D examined whether insulin 

therapy (oral antidiabetic medication + insulin versus oral antidiabetic medication alone) 

was associated with better cognitive outcomes in patients with both AD and T2D at 

baseline174. Individuals who received oral antidiabetic medication plus insulin had a smaller 

decline in cognitive performance and better sleep patterns, relative to those not receiving 

insulin therapy174. Thus, little is known and striking knowledge gaps exist concerning the 

interplay of sleep, T2D, and cognitive outcomes. Further, much of the research that has been 

carried out in this domain is cross-sectional or retrospective in design. Longitudinal studies 

examining the longer-term associations between these factors are needed, as are studies 

incorporating laboratory measurements of sleep, T2D and AD, to elucidate the biological 

mechanisms connecting them.

We propose three models of how sleep, T2D, and cognition/brain health might interact. 

Research addressing these models could help identify persons at elevated risk for poor 

cognitive outcomes, including AD, and perhaps point to opportunities to intervene to slow or 

even prevent them.
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1. Disturbed sleep may modify the association of T2D with cognitive impairment and AD 
biomarkers, and vice versa (Figure 1)

Although evidence from neuroimaging and other biomarker studies demonstrates links 

between T2D and both cognitive impairment and markers of AD76–78,81–84, and between 

disturbed sleep and both cognitive outcomes and AD pathology 
10,11,13,114–125,129–137,139,147–152,154–156,175, little is known about how disturbed sleep and 

T2D—or related factors, such as insulin resistance or blood glucose levels—interact to affect 

cognitive trajectories, Aβ deposition and tau aggregation. If the association between T2D 

and cognitive outcomes or AD biomarkers is stronger among those with disturbed sleep, this 

could have implications for the prioritization of treating sleep disturbances among those with 

T2D (Figure 1a). It would also be important to know whether links of disturbed sleep with 

cognitive outcomes and AD biomarkers are stronger among those with T2D (Figure 1b). In 

addition, understanding how disturbed sleep may alter insulin resistance, blood glucose 

levels, and vascular pathology in persons without frank T2D would help clarify the extent to 

which clinical attention to these variables may help maintain cognitive health in the general 

population.

2. Metabolic factors, including DM, may mediate the association of disturbed sleep with 
cognitive impairment and AD biomarkers (Figure 2)

As described above, disturbed sleep may contribute to decreased clearance of Aβ through 

decreased glymphatic system function176. In addition, it may promote the development of 

T2D through multiple pathways, including alterations in ghrelin, cortisol, orexin and leptin 

levels177, as well as increased insulin resistance64,65,71, decreased growth hormone 

secretion178, poorer glycemic control and glucose metabolism38,69,70, and vascular factors 

such as hypertension179,180, Prolonged hyperglycemia and hyperinsulinemia are associated 

with increased tau phosphorylation181. Therefore, poor sleep may affect cognitive outcomes 

at least in part through its effects on these metabolic factors (Figure 2). If future research 

supports such mediation, targeting both the primary exposure and the mediator might 

enhance the outcomes of preventive interventions.

3. AD-related pathology may drive links from disturbed sleep to T2D, and this may further 
increase AD pathology, beginning the cycle anew (Figure 3)

As described above, the link between sleep and AD pathology likely share a bidirectional 

relationship113. AD-related pathology begins to develop approximately 15 years before the 

onset of cognitive symptoms, and this period has been termed preclinical AD182. Evidence 

from studies in transgenic mouse models show that amyloid and tau pathology lead to 

decreased sleep, greater sleep fragmentation, and attenuated circadian rhythms153,183–186. 

Studies conducted in humans have shown similar patterns. For example, in Down's 

syndrome, which is characterized by early amyloid and tau deposition due to the trisomy of 

chromosome 21, in which APP is located, patients exhibit substantial sleep disruption187. 

Further, patients with tauopathies (e.g., progressive supranuclear palsy, frontotemporal 

dementia) also exhibit sleep disruption183. Therefore, development of the AD pathology 

during this preclinical stage could lead to sleep disruption, in turn leading to further amyloid 

deposition directly, or could promote AD pathology indirectly by promoting hyperglycemia, 
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hyperinsulinemia, and T2D188. Importantly, in addition to increasing the risk of AD, T2D 

may in turn increase the probability of developing vascular dementia189,190. It is believed 

that a focus on these upstream factors during preclinical AD could prevent the cognitive and 

functional decline in the future8.

6. Conclusion

With the incidence of dementia rising in our aging population in the absence of a cure for its 

most common cause—AD—it is critical that we develop strategies to prevent or slow its 

onset. The links between T2D, sleep disturbance, and cognitive impairment and dementia 

suggest the potential for important interactions of T2D and disturbed sleep with respect to 

neurological changes, including AD pathology, and downstream cognitive outcomes. 

Significant gaps exist in this research area. Prospective, observational studies are needed to 

investigate how disturbed sleep might increase T2D-related dementia risk, and vice versa, 

and to elucidate whether these exposures have synergistic effects on AD biomarker 

trajectories. Results could inform the development of interventions aimed at preventing AD 

and dementia more broadly.

Acknowledgments

Calliope Holingue is supported by the NIMH Psychiatric Epidemiology Training Program (5T32MH014592-39; PI: 
Zandi, Peter).

Adam Spira is supported in part by National Institute on Aging grants AG050507, AG050745, AG052445, and 
AG049872.

Adam Spira agreed to serve as a consultant to Awarables, Inc. in support of an NIH grant.

References

1. Srinivasan K, Ramarao P. Animal models in type 2 diabetes research: an overview. Indian J Med 
Res. 2007; 125(3):451. [PubMed: 17496368] 

2. Centers for Disease Control and Prevention (CDC). National diabetes statistics report: estimates of 
diabetes and its burden in the United States, 2017. 2017; 2017 [Accessed August 31, 2017] 
Available at: https://www.cdc.gov/diabetes/pdfs/data/statistics/national-diabetes-statistics-report.pdf. 

3. Link CL, McKinlay JB. Disparities in the prevalence of diabetes: is it race/ethnicity or 
socioeconomic status? Results from the Boston Area Community Health (BACH) survey. Ethn Dis. 
2009; 19(3):288. [PubMed: 19769011] 

4. Shaw JE, Sicree RA, Zimmet PZ. Global estimates of the prevalence of diabetes for 2010 and 2030. 
Diabetes Res Clin Pract. 2010; 87(1):4–14. [PubMed: 19896746] 

5. Arvanitakis Z, Wilson RS, Bienias JL, Evans DA, Bennett DA. Diabetes mellitus and risk of 
Alzheimer disease and decline in cognitive function. Arch Neurol. 2004; 61(5):661–666. DOI: 
10.1001/archneur.61.5.661 [PubMed: 15148141] 

6. Xu W, Caracciolo B, Wang HX, et al. Accelerated progression from mild cognitive impairment to 
dementia in people with diabetes. Diabetes. 2010; 59(11):2928–2935. [PubMed: 20713684] 

7. Brookmeyer R, Johnson E, Ziegler-Graham K, Arrighi HM. Forecasting the global burden of 
Alzheimer's disease. Alzheimer's Dement. 2007; 3(3):186–191. [PubMed: 19595937] 

8. de la Torre JC. Alzheimer's disease is incurable but preventable. J Alzheimer's Dis. 2010; 20(3):
861–870. [PubMed: 20182017] 

9. Gudala K, Bansal D, Schifano F, Bhansali A. Diabetes mellitus and risk of dementia: a meta- 
analysis of prospective observational studies. J Diabetes Investig. 2013; 4(6):640–650.

Holingue et al. Page 13

Metabolism. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.cdc.gov/diabetes/pdfs/data/statistics/national-diabetes-statistics-report.pdf


10. Cricco M, Simonsick EM, Foley DJ. The impact of insomnia on cognitive functioning in older 
adults. J Am Geriatr Soc. 2001; 49(9):1185–1189. [PubMed: 11559377] 

11. Jelicic M, Bosma H, Ponds RWHM, Van Boxtel MPJ, Houx PJ, Jolles J. Subjective sleep problems 
in later life as predictors of cognitive decline. Report from the Maastricht Ageing Study (MAAS). 
Int J Geriatr Psychiatry. 2002; 17(1):73–77. [PubMed: 11802234] 

12. Yaffe K, Laffan AM, Harrison SL, et al. Sleep-disordered breathing, hypoxia, and risk of mild 
cognitive impairment and dementia in older women. JAMA. 2011; 306(6):613–619. DOI: 10.1001/
jama.2011.1115 [PubMed: 21828324] 

13. Lim ASP, Kowgier M, Yu L, Buchman AS, Bennett DA. Sleep fragmentation and the risk of 
incident Alzheimer's disease and cognitive decline in older persons. Sleep. 2013; 36(7):1027. 
[PubMed: 23814339] 

14. Taub LFM, Redeker NS. Sleep disorders, glucose regulation, and type 2 diabetes. Biol Res Nurs. 
2008; 9(3):231–243. [PubMed: 18077776] 

15. Carskadon MA, Dement WC. Normal human sleep: an overview. Princ Pract sleep Med. 2005; 
4:13–23.

16. Carskadon MA, Rechtschaffen A. Monitoring and staging human sleep. Princ Pract sleep Med. 
2000; 3:1197–1215.

17. Froy O. Metabolism and circadian rhythms—implications for obesity. Endocr Rev. 2010; 31(1):1–
24. [PubMed: 19854863] 

18. Panda S, Hogenesch JB, Kay SA. Circadian rhythms from flies to human. Nature. 2002; 
417(6886):329–335. [PubMed: 12015613] 

19. Reppert SM, Weaver DR. Coordination of circadian timing in mammals. Nature. 2002; 418(6901):
935–941. [PubMed: 12198538] 

20. Kuehn BM. Resetting the Circadian Clock Might Boost Metabolic Health. Jama. 2017; 317(13):
1303–1305. [PubMed: 28296999] 

21. Raz N. Aging of the brain and its impact on cognitive performance: Integration of structural and 
functional findings. 2000

22. Ohayon MM. Epidemiology of insomnia: what we know and what we still need to learn. Sleep 
Med Rev. 2002; 6(2):97–111. [PubMed: 12531146] 

23. Foley DJ, Monjan AA, Brown SL, Simonsick EM, Wallace RB, Blazer DG. Sleep complaints 
among elderly persons: an epidemiologic study of three communities. Sleep. 1995; 18(6):425–432. 
[PubMed: 7481413] 

24. American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders 
(DSM-5®). American Psychiatric Pub; 2013. 

25. Association AP, Association AP. Task Force on DSM-IV Diagnostic and statistical manual of 
mental disorders: DSM-IV-TR. Vol. 4. Washington, DC: Am Psychiatr Assoc; 2000. 

26. Sivertsen B, Krokstad S, Øverland S, Mykletun A. The epidemiology of insomnia: Associations 
with physical and mental health: The HUNT-2 study. J Psychosom Res. 2009; 67(2):109–116. 
[PubMed: 19616137] 

27. Ancoli-Israel S, Ancoli-Israel S, Kripke DF, et al. Sleep-disordered breathing in community-
dwelling elderly. Sleep. 1991; 14(6):486–495. [PubMed: 1798880] 

28. Thorpy, M. Sleep Disorders Medicine. Springer; 2017. International classification of sleep 
disorders; p. 475-484.

29. Thorpy MJ. Classification of sleep disorders. Neurotherapeutics. 2012; 9(4):687–701. [PubMed: 
22976557] 

30. Roth T. Insomnia: definition, prevalence, etiology, and consequences. J Clin sleep Med JCSM Off 
Publ Am Acad Sleep Med. 2007; 3(5 Suppl):S7.

31. Nofzinger EA, Buysse DJ, Miewald JM, et al. Human regional cerebral glucose metabolism during 
non- rapid eye movement sleep in relation to waking. Brain. 2002; 125(5):1105–1115. [PubMed: 
11960899] 

32. Spiegel K, Leproult R, Van Cauter E. Impact of sleep debt on metabolic and endocrine function. 
Lancet. 1999; 354(9188):1435–1439. [PubMed: 10543671] 

Holingue et al. Page 14

Metabolism. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



33. Tasali E, Leproult R, Ehrmann DA, Van Cauter E. Slow-wave sleep and the risk of type 2 diabetes 
in humans. Proc Natl Acad Sci. 2008; 105(3):1044–1049. [PubMed: 18172212] 

34. Pamidi S, Tasali E. Obstructive sleep apnea and type 2 diabetes: is there a link? Front Neurol. 
2012; 3:126. [PubMed: 23015803] 

35. Aurora RN, Punjabi NM. Obstructive sleep apnoea and type 2 diabetes mellitus: a bidirectional 
association. Lancet Respir Med. 2013; 1(4):329–338. [PubMed: 24429158] 

36. Wu JC, Gillin JC, Buchsbaum MS, Hershey T. The effect of sleep deprivation on cerebral glucose 
metabolic rate in normal humans assessed with positron emission tomography. Sleep J Sleep Res 
Sleep Med. 1991

37. Spiegel K, Knutson K, Leproult R, Tasali E, Van Cauter E. Sleep loss: a novel risk factor for 
insulin resistance and Type 2 diabetes. J Appl Physiol. 2005; 99(5):2008–2019. [PubMed: 
16227462] 

38. Spiegel K, Leproult R, L'Hermite-Balériaux M, Copinschi G, Penev PD, Van Cauter E. Leptin 
levels are dependent on sleep duration: relationships with sympathovagal balance, carbohydrate 
regulation, cortisol, and thyrotropin. J Clin Endocrinol Metab. 2004; 89(11):5762–5771. [PubMed: 
15531540] 

39. Gottlieb DJ, Punjabi NM, Newman AB, et al. Association of sleep time with diabetes mellitus and 
impaired glucose tolerance. Arch Intern Med. 2005; 165(8):863–867. [PubMed: 15851636] 

40. Kline CE, Irish LA, Buysse DJ, et al. Sleep hygiene behaviors among midlife women with 
insomnia or sleep-disordered breathing: the SWAN sleep study. J Women's Heal. 2014; 23(11):
894–903.

41. Menefee LA, Cohen MJM, Anderson WR, Doghramji K, Frank ED, Lee H. Sleep disturbance and 
nonmalignant chronic pain: a comprehensive review of the literature. Pain Med. 2000; 1(2):156–
172. [PubMed: 15101904] 

42. Kapur VK, Baldwin CM, Resnick HE, Gottlieb DJ, Nieto FJ. Sleepiness in patients with moderate 
to severe sleep-disordered breathing. Sleep. 2005; 28(4):472–478. [PubMed: 16171292] 

43. Karadeniz D, Ondze B, Besset A, Billiard M. EEG arousals and awakenings in relation with 
periodic leg movements during sleep. J Sleep Res. 2000; 9(3):273–278. [PubMed: 11012867] 

44. Stamatakis KA, Punjabi NM. Effects of sleep fragmentation on glucose metabolism in normal 
subjects. CHEST J. 2010; 137(1):95–101.

45. Bonnet MH, Berry RB, Arand DL. Metabolism during normal, fragmented, and recovery sleep. J 
Appl Physiol. 1991; 71(3):1112–1118. [PubMed: 1757306] 

46. Baud MO, Magistretti PJ, PETIT J. Sustained sleep fragmentation affects brain temperature, food 
intake and glucose tolerance in mice. J Sleep Res. 2013; 22(1):3–12. [PubMed: 22734931] 

47. Thomas M, Sing H, Belenky G, et al. Neural basis of alertness and cognitive performance 
impairments during sleepiness. I. Effects of 24 h of sleep deprivation on waking human regional 
brain activity. J Sleep Res. 2000; 9(4):335–352. [PubMed: 11123521] 

48. Knutson KL. Sleep duration and cardiometabolic risk: a review of the epidemiologic evidence. 
Best Pract Res Clin Endocrinol Metab. 2010; 24(5):731–743. [PubMed: 21112022] 

49. Fung MM, Peters K, Redline S, et al. Decreased slow wave sleep increases risk of developing 
hypertension in elderly men. Hypertension. 2011 HYPERTENSIONAHA-111. 

50. Flemons WW, Buysse D, Redline S, et al. Sleep-related breathing disorders in adults: 
recommendations for syndrome definition and measurement techniques in clinical research. Sleep. 
1999; 22(5):667–689. [PubMed: 10450601] 

51. Patil SP, Schneider H, Marx JJ, Gladmon E, Schwartz AR, Smith PL. Neuromechanical control of 
upper airway patency during sleep. J Appl Physiol. 2007; 102(2):547–556. [PubMed: 17008440] 

52. Schwab RJ, Gupta KB, Gefter WB, Metzger LJ, Hoffman EA, Pack AI. Upper airway and soft 
tissue anatomy in normal subjects and patients with sleep-disordered breathing. Significance of the 
lateral pharyngeal walls. Am J Respir Crit Care Med. 1995; 152(5):1673–1689. [PubMed: 
7582313] 

53. Eckert DJ, Owens RL, Kehlmann GB, et al. Eszopiclone increases the respiratory arousal threshold 
and lowers the apnoea/hypopnoea index in obstructive sleep apnoea patients with a low arousal 
threshold. Clin Sci. 2011; 120(12):505–514. [PubMed: 21269278] 

Holingue et al. Page 15

Metabolism. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



54. Marshall NS, Wong KKH, Liu PY, Cullen SRJ, Knuiman MW, Grunstein RR. Sleep apnea as an 
independent risk factor for all-cause mortality: the Busselton Health Study. Sleep. 2008; 31(8):
1079. [PubMed: 18714779] 

55. Punjabi NM, Caffo BS, Goodwin JL, et al. Sleep-disordered breathing and mortality: a prospective 
cohort study. PLoS Med. 2009; 6(8):e1000132. [PubMed: 19688045] 

56. Young T, Finn L, Peppard PE, et al. Sleep disordered breathing and mortality: eighteen-year 
follow-up of the Wisconsin sleep cohort. Sleep. 2008; 31(8):1071–1078. [PubMed: 18714778] 

57. Senaratna CV, Perret JL, Lodge CJ, et al. Prevalence of obstructive sleep apnea in the general 
population: a systematic review. Sleep Med Rev. 2016

58. Drager LF, Bortolotto LA, Lorenzi MC, Figueiredo AC, Krieger EM, Lorenzi-Filho G. Early signs 
of atherosclerosis in obstructive sleep apnea. Am J Respir Crit Care Med. 2005; 172(5):613–618. 
[PubMed: 15901608] 

59. Drager LF, Togeiro SM, Polotsky VY, Lorenzi-Filho G. Obstructive sleep apnea. J Am Coll 
Cardiol. 2013; 62(7):569–576. [PubMed: 23770180] 

60. Marin JM, Carrizo SJ, Vicente E, Agusti AGN. Long-term cardiovascular outcomes in men with 
obstructive sleep apnoea-hypopnoea with or without treatment with continuous positive airway 
pressure: an observational study. Lancet. 2005; 365(9464):1046–1053. [PubMed: 15781100] 

61. Nieto FJ, Peppard PE, Young T, Finn L, Hla KM, Farré R. Sleep-disordered breathing and cancer 
mortality: results from the Wisconsin Sleep Cohort Study. Am J Respir Crit Care Med. 2012; 
186(2):190–194. [PubMed: 22610391] 

62. Punjabi NM, Shahar E, Redline S, et al. Sleep-disordered breathing, glucose intolerance, and 
insulin resistance the sleep heart health study. Am J Epidemiol. 2004; 160(6):521–530. [PubMed: 
15353412] 

63. Stoohs RA, Facchini F, Guilleminault C. Insulin resistance and sleep-disordered breathing in 
healthy humans. Am J Respir Crit Care Med. 1996; 154(1):170–174. [PubMed: 8680675] 

64. Punjabi NM, Sorkin JD, Katzel LI, Goldberg AP, Schwartz AR, Smith PL. Sleep-disordered 
breathing and insulin resistance in middle-aged and overweight men. Am J Respir Crit Care Med. 
2002; 165(5):677–682. [PubMed: 11874813] 

65. Ip MSM, Lam B, Ng MMT, Lam WK, Tsang KWT, Lam KSL. Obstructive sleep apnea is 
independently associated with insulin resistance. Am J Respir Crit Care Med. 2002; 165(5):670–
676. [PubMed: 11874812] 

66. Foster GD, Sanders MH, Millman R, et al. Obstructive sleep apnea among obese patients with type 
2 diabetes. Diabetes Care. 2009; 32(6):1017–1019. [PubMed: 19279303] 

67. Weaver TE, Grunstein RR. Adherence to continuous positive airway pressure therapy: the 
challenge to effective treatment. Proc Am Thorac Soc. 2008; 5(2):173–178. [PubMed: 18250209] 

68. Babu AR, Herdegen J, Fogelfeld L, Shott S, Mazzone T. Type 2 diabetes, glycemic control, and 
continuous positive airway pressure in obstructive sleep apnea. Arch Intern Med. 2005; 165(4):
447–452. [PubMed: 15738376] 

69. Mokhlesi B, Grimaldi D, Beccuti G, Van Cauter E. Effect of one week of CPAP treatment of 
obstructive sleep apnoea on 24- hour profiles of glucose, insulin and counter- regulatory hormones 
in type 2 diabetes. Diabetes, Obes Metab. 2017; 19(3):452–456. [PubMed: 27860160] 

70. Pamidi S, Wroblewski K, Stepien M, et al. Eight hours of nightly continuous positive airway 
pressure treatment of obstructive sleep apnea improves glucose metabolism in patients with 
prediabetes. A randomized controlled trial. Am J Respir Crit Care Med. 2015; 192(1):96–105. 
[PubMed: 25897569] 

71. Louis M, Punjabi NM. Effects of acute intermittent hypoxia on glucose metabolism in awake 
healthy volunteers. J Appl Physiol. 2009; 106(5):1538–1544. [PubMed: 19265062] 

72. Newhouse LP, Joyner MJ, Curry TB, et al. Three hours of intermittent hypoxia increases 
circulating glucose levels in healthy adults. Physiol Rep. 2017; 5(1):e13106. [PubMed: 28087818] 

73. Shin MK, Yao Q, Jun JC, et al. Carotid body denervation prevents fasting hyperglycemia during 
chronic intermittent hypoxia. J Appl Physiol. 2014; 117(7):765–776. [PubMed: 25103977] 

74. Luyster FS, Dunbar-Jacob J. Sleep quality and quality of life in adults with type 2 diabetes. 
Diabetes Educ. 2011; 37(3):347–355. [PubMed: 21467248] 

Holingue et al. Page 16

Metabolism. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



75. Li W, Huang E. An update on type 2 diabetes mellitus as a risk factor for dementia. J Alzheimer's 
Dis. 2016; 53(2):393–402. [PubMed: 27163819] 

76. Roberts RO, Knopman DS, Przybelski SA, et al. Association of type 2 diabetes with brain atrophy 
and cognitive impairment. Neurology. 2014; 82(13):1132–1141. DOI: 10.1212/WNL.
0000000000000269 [PubMed: 24647028] 

77. Tuligenga RH, Dugravot A, Tabák AG, et al. Midlife type 2 diabetes and poor glycaemic control as 
risk factors for cognitive decline in early old age: a post-hoc analysis of the Whitehall II cohort 
study. lancet Diabetes Endocrinol. 2014; 2(3):228–235. [PubMed: 24622753] 

78. West RK, Ravona-Springer R, Schmeidler J, et al. The association of duration of type 2 diabetes 
with cognitive performance is modulated by long-term glycemic control. Am J Geriatr psychiatry. 
2014; 22(10):1055–1059. [PubMed: 24534521] 

79. Knopman DS, Penman AD, Catellier DJ, et al. Vascular risk factors and longitudinal changes on 
brain MRI The ARIC study. Neurology. 2011; 76(22):1879–1885. [PubMed: 21543737] 

80. Power MC, Tingle JV, Reid RI, et al. Midlife and Late- Life Vascular Risk Factors and White 
Matter Microstructural Integrity: The Atherosclerosis Risk in Communities Neurocognitive Study. 
J Am Heart Assoc. 2017; 6(5):e005608. [PubMed: 28522676] 

81. Vemuri P, Knopman DS, Lesnick TG, et al. Evaluation of Amyloid Protective Factors and 
Alzheimer Disease Neurodegeneration Protective Factors in Elderly Individuals. JAMA Neurol. 
2017

82. Roberts RO, Knopman DS, Cha RH, et al. Diabetes and elevated hemoglobin A1c levels are 
associated with brain hypometabolism but not amyloid accumulation. J Nucl Med. 2014; 55(5):
759–764. [PubMed: 24652830] 

83. Hoscheidt SM, Starks EJ, Oh JM, et al. Insulin resistance is associated with increased levels of 
cerebrospinal fluid biomarkers of Alzheimer's disease and reduced memory function in at-risk 
healthy middle-aged adults. J Alzheimer's Dis. 2016; 52(4):1373–1383. [PubMed: 27079723] 

84. Moran C, Beare R, Phan TG, Bruce DG, Callisaya ML, Srikanth V. Type 2 diabetes mellitus and 
biomarkers of neurodegeneration. Neurology. 2015; 85(13):1123–1130. [PubMed: 26333802] 

85. Whitmer RA, Gustafson DR, Barrett-Connor E, Haan MN, Gunderson EP, Yaffe K. Central obesity 
and increased risk of dementia more than three decades later. Neurology. 2008; 71(14):1057–1064. 
[PubMed: 18367704] 

86. Elias MF, Elias PK, Sullivan LM, Wolf PA, D'Agostino RB. Obesity, diabetes and cognitive deficit: 
The Framingham Heart Study. Neurobiol Aging. 2005; 26(Suppl 1):11–16. DOI: 10.1016/
j.neurobiolaging.2005.08.019 [PubMed: 16223549] 

87. Kanaya AM, Lindquist K, Harris TB, et al. Total and regional adiposity and cognitive change in 
older adults: The Health, Aging and Body Composition (ABC) study. Arch Neurol. 2009; 66(3):
329–335. [PubMed: 19273751] 

88. Anstey KJ, Cherbuin N, Budge M, Young J. Body mass index in midlife and late-life as a risk 
factor for dementia: a meta-analysis of prospective studies. Obes Rev. 2011; 12(5):e426–37. DOI: 
10.1111/j.1467-789X.2010.00825.x [PubMed: 21348917] 

89. Craft S. The role of metabolic disorders in Alzheimer disease and vascular dementia: two roads 
converged. Arch Neurol. 2009; 66(3):300–305. [PubMed: 19273747] 

90. Cholerton B, Baker LD, Craft S. Insulin resistance and pathological brain ageing. Diabet Med. 
2011; 28(12):1463–1475. [PubMed: 21974744] 

91. Zhao WQ, Alkon DL. Role of insulin and insulin receptor in learning and memory. Mol Cell 
Endocrinol. 2001; 177(1):125–134. [PubMed: 11377828] 

92. Craft S. Insulin resistance syndrome and Alzheimer's disease: age-and obesity-related effects on 
memory, amyloid, and inflammation. Neurobiol Aging. 2005; 26(1):65–69. [PubMed: 16266773] 

93. Dickson DW, Sinicropi S, Yen SH, et al. Glycation and microglial reaction in lesions of 
Alzheimer's disease. Neurobiol Aging. 1996; 17(5):733–743. [PubMed: 8892346] 

94. Goh SY, Cooper ME. The role of advanced glycation end products in progression and 
complications of diabetes. J Clin Endocrinol Metab. 2008; 93(4):1143–1152. [PubMed: 18182449] 

95. Grünblatt E, Salkovic- Petrisic M, Osmanovic J, Riederer P, Hoyer S. Brain insulin system 
dysfunction in streptozotocin intracerebroventricularly treated rats generates hyperphosphorylated 
tau protein. J Neurochem. 2007; 101(3):757–770. [PubMed: 17448147] 

Holingue et al. Page 17

Metabolism. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



96. Mosconi L. Brain glucose metabolism in the early and specific diagnosis of Alzheimer's disease. 
Eur J Nucl Med Mol Imaging. 2005; 32(4):486–510. [PubMed: 15747152] 

97. Singh R, Barden A, Mori T, Beilin L. Advanced glycation end-products: a review. Diabetologia. 
2001; 44(2):129–146. [PubMed: 11270668] 

98. Manczak M, Anekonda TS, Henson E, Park BS, Quinn J, Reddy PH. Mitochondria are a direct site 
of Aβ accumulation in Alzheimer's disease neurons: implications for free radical generation and 
oxidative damage in disease progression. Hum Mol Genet. 2006; 15(9):1437–1449. [PubMed: 
16551656] 

99. Devi L, Prabhu BM, Galati DF, Avadhani NG, Anandatheerthavarada HK. Accumulation of 
amyloid precursor protein in the mitochondrial import channels of human Alzheimer's disease 
brain is associated with mitochondrial dysfunction. J Neurosci. 2006; 26(35):9057–9068. 
[PubMed: 16943564] 

100. Reddy PH, McWeeney S, Park BS, et al. Gene expression profiles of transcripts in amyloid 
precursor protein transgenic mice: up-regulation of mitochondrial metabolism and apoptotic 
genes is an early cellular change in Alzheimer's disease. Hum Mol Genet. 2004; 13(12):1225–
1240. [PubMed: 15115763] 

101. Manczak M, Park BS, Jung Y, Reddy PH. Differential expression of oxidative phosphorylation 
genes in patients with Alzheimer's disease. Neuromolecular Med. 2004; 5(2):147–162. [PubMed: 
15075441] 

102. Reddy PH. Amyloid precursor protein- mediated free radicals and oxidative damage: Implications 
for the development and progression of Alzheimer's disease. J Neurochem. 2006; 96(1):1–13.

103. Reddy PH, Beal MF. Amyloid beta, mitochondrial dysfunction and synaptic damage: implications 
for cognitive decline in aging and Alzheimer's disease. Trends Mol Med. 2008; 14(2):45–53. 
[PubMed: 18218341] 

104. Verdile G, Keane KN, Cruzat VF, et al. Inflammation and oxidative stress: the molecular 
connectivity between insulin resistance, obesity, and Alzheimer's disease. Mediators Inflamm. 
2015; 2015

105. Borodovitsyna O, Flamini M, Chandler D. Noradrenergic Modulation of Cognition in Health and 
Disease. Neural Plast. 2017; 2017

106. Reger MA, Watson G, Green PS, et al. Intranasal insulin administration dose-dependently 
modulates verbal memory and plasma amyloid-β in memory-impaired older adults. J Alzheimer's 
Dis. 2008; 13(3):323–331. [PubMed: 18430999] 

107. Watson GS, Bernhardt T, Reger MA, et al. Insulin effects on CSF norepinephrine and cognition in 
Alzheimer's disease. Neurobiol Aging. 2006; 27(1):38–41. [PubMed: 16298239] 

108. Claxton A, Baker LD, Hanson A, et al. Long-acting intranasal insulin detemir improves cognition 
for adults with mild cognitive impairment or early-stage Alzheimer's disease dementia. J 
Alzheimer's Dis. 2015; 44(3):897–906. [PubMed: 25374101] 

109. Galasko D. Insulin and Alzheimer's disease An amyloid connection. Neurology. 2003; 60(12):
1886–1887. [PubMed: 12821727] 

110. Prevention C for DC and National Diabetes Statistics Report, 2014. Atlanta, GA: Centers for 
Disease Control and Prevention; 2014. 2015

111. Barnes DE, Yaffe K. The projected effect of risk factor reduction on Alzheimer's disease 
prevalence. Lancet Neurol. 2011; 10(9):819–828. [PubMed: 21775213] 

112. Carpenter BD, Strauss M, Patterson MB. Sleep disturbances in community-dwelling patients with 
Alzheimer's disease. Clin Gerontol. 1996; 16(2):35–49.

113. Ju YES, Lucey BP, Holtzman DM. Sleep and Alzheimer disease pathology [mdash] a 
bidirectional relationship. Nat Rev Neurol. 2014; 10(2):115–119. [PubMed: 24366271] 

114. Chee MWL, Choo WC. Functional imaging of working memory after 24 hr of total sleep 
deprivation. J Neurosci. 2004; 24(19):4560–4567. [PubMed: 15140927] 

115. Harrison Y, Horne JA. Sleep loss and temporal memory. Q J Exp Psychol Sect A. 2000; 53(1):
271–279. [PubMed: 10718074] 

116. Drummond SPA, Brown GG, Gillin JC, Stricker JL. Altered brain response to verbal learning 
following sleep deprivation. Nature. 2000; 403(6770):655. [PubMed: 10688201] 

Holingue et al. Page 18

Metabolism. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



117. Van Dongen HPA, Maislin G, Mullington JM, Dinges DF. The cumulative cost of additional 
wakefulness: dose-response effects on neurobehavioral functions and sleep physiology from 
chronic sleep restriction and total sleep deprivation. Sleep. 2003; 26(2):117–126. [PubMed: 
12683469] 

118. Tworoger SS, Lee S, Schernhammer ES, Grodstein F. The association of self-reported sleep 
duration, difficulty sleeping, and snoring with cognitive function in older women. Alzheimer Dis 
Assoc Disord. 2006; 20(1):41–48. DOI: 10.1097/01.wad.0000201850.52707.80 [PubMed: 
16493235] 

119. Keage HAD, Banks S, Yang KL, Morgan K, Brayne C, Matthews FE. What sleep characteristics 
predict cognitive decline in the elderly? Sleep Med. 2012; 13(7):886–892. [PubMed: 22560827] 

120. Faubel R, López- GarcÍa E, Guallar- castillÓn P, Graciani A, Banegas JR, RodrÍguez- artalejo F. 
Usual sleep duration and cognitive function in older adults in Spain. J Sleep Res. 2009; 18(4):
427–435. [PubMed: 19691473] 

121. Blackwell T, Yaffe K, Ancoli-Israel S, et al. Association of sleep characteristics and cognition in 
older community-dwelling men: the MrOS sleep study. Sleep. 2011; 34(10):1347–1356. 
[PubMed: 21966066] 

122. Benito- León J, Bermejo- Pareja F, Vega S, Louis ED. Total daily sleep duration and the risk of 
dementia: a prospective population- based study. Eur J Neurol. 2009; 16(9):990–997. [PubMed: 
19473367] 

123. Westwood AJ, Beiser A, Jain N, et al. Prolonged sleep duration as a marker of early 
neurodegeneration predicting incident dementia. Neurology. 2017; 88(12):1172–1179. [PubMed: 
28228567] 

124. Xu L, Jiang CQ, Lam TH, et al. Short or long sleep duration is associated with memory 
impairment in older Chinese: the Guangzhou Biobank Cohort Study. Sleep. 2011; 34(5):575–
580. [PubMed: 21532950] 

125. Chen JC, Espeland MA, Brunner RL, et al. Sleep duration, cognitive decline, and dementia risk in 
older women. Alzheimers Dement. 2016; 12(1):21–33. DOI: 10.1016/j.jalz.2015.03.004 
[PubMed: 26086180] 

126. Wu L, Sun D, Tan Y. A systematic review and dose-response meta-analysis of sleep duration and 
the occurrence of cognitive disorders. Sleep Breath. 2017:1–10. [PubMed: 28220391] 

127. Ancoli-Israel S, Cole R, Alessi C, Chambers M, Moorcroft W, Pollak CP. The role of actigraphy 
in the study of sleep and circadian rhythms. Sleep. 2003; 26(3):342–392. [PubMed: 12749557] 

128. Sadeh A. The role and validity of actigraphy in sleep medicine: an update. Sleep Med Rev. 2011; 
15(4):259–267. [PubMed: 21237680] 

129. Blackwell T, Yaffe K, Ancoli-Israel S, et al. Poor sleep is associated with impaired cognitive 
function in older women: the study of osteoporotic fractures. Journals Gerontol Ser A Biol Sci 
Med Sci. 2006; 61(4):405–410.

130. Blackwell T, Yaffe K, Laffan A, et al. Associations of objectively and subjectively measured sleep 
quality with subsequent cognitive decline in older community-dwelling men: the MrOS sleep 
study. Sleep. 2014; 37(4):655–663. [PubMed: 24899757] 

131. Spira AP, Stone KL, Redline S, et al. Actigraphic Sleep Duration and Fragmentation in Older 
Women: Associations with Performance Across Cognitive Domains. J Sleep Sleep Disord Res. 
2017:zsx073.

132. Johnson DA, Lane J, Wang R, et al. Greater cognitive deficits with sleep-disordered breathing 
among individuals with genetic susceptibility to Alzheimer's disease: The multi-ethnic study of 
atherosclerosis. Ann Am Thorac Soc (ja). 

133. Naegele B, Pepin JL, Levy P, Bonnet C, Pellat J, Feuerstein C. Cognitive executive dysfunction in 
patients with obstructive sleep apnea syndrome (OSAS) after CPAP treatment. Sleep. 1998; 
21(4):392–396. [PubMed: 9646384] 

134. Beebe DW, Groesz L, Wells C, Nichols A, McGee K. The neuropsychological effects of 
obstructive sleep apnea: a meta-analysis of norm-referenced and case-controlled data. Sleep. 
2003; 26(3):298–307. [PubMed: 12749549] 

Holingue et al. Page 19

Metabolism. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



135. Aloia MS, Arnedt JT, Davis JD, Riggs RL, Byrd D. Neuropsychological sequelae of obstructive 
sleep apnea-hypopnea syndrome: a critical review. J Int Neuropsychol Soc. 2004; 10(5):772–785. 
[PubMed: 15327723] 

136. Torelli F, Moscufo N, Garreffa G, et al. Cognitive profile and brain morphological changes in 
obstructive sleep apnea. Neuroimage. 2011; 54(2):787–793. [PubMed: 20888921] 

137. Saunamäki T, Jehkonen M. A review of executive functions in obstructive sleep apnea syndrome. 
Acta Neurol Scand. 2007; 115(1):1–11. [PubMed: 17156260] 

138. O'Hara R, Schröder CM, Kraemer HC, et al. Nocturnal sleep apnea/hypopnea is associated with 
lower memory performance in APOE ε4 carriers. Neurology. 2005; 65(4):642–644. [PubMed: 
16116137] 

139. Nikodemova M, Finn L, Mignot E, Salzieder N, Peppard PE. Association of sleep disordered 
breathing and cognitive deficit in APOE ε4 carriers. Sleep. 2013; 36(6):873–880. [PubMed: 
23729930] 

140. Spira AP, Blackwell T, Stone KL, et al. Sleep-disordered breathing and cognition in older women. 
J Am Geriatr Soc. 2008; 56(1):45–50. DOI: 10.1111/j.1532-5415.2007.01506.x [PubMed: 
18047498] 

141. Osorio RS, Gumb T, Pirraglia E, et al. Sleep-disordered breathing advances cognitive decline in 
the elderly. Neurology. 2015; 84(19):1964–1971. [PubMed: 25878183] 

142. Ferini-Strambi L, Baietto C, Di Gioia MR, et al. Cognitive dysfunction in patients with 
obstructive sleep apnea (OSA): partial reversibility after continuous positive airway pressure 
(CPAP). Brain Res Bull. 2003; 61(1):87–92. [PubMed: 12788211] 

143. Kushida CA, Nichols DA, Holmes TH, et al. Effects of continuous positive airway pressure on 
neurocognitive function in obstructive sleep apnea patients: The Apnea Positive Pressure Long-
term Efficacy Study (APPLES). Sleep. 2012; 35(12):1593–1602. [PubMed: 23204602] 

144. Ancoli- Israel S, Palmer BW, Cooke JR, et al. Cognitive effects of treating obstructive sleep apnea 
in Alzheimer's disease: a randomized controlled study. J Am Geriatr Soc. 2008; 56(11):2076–
2081. [PubMed: 18795985] 

145. Cooke JR, Ancoli-Israel S, Liu L, et al. Continuous positive airway pressure deepens sleep in 
patients with Alzheimer's disease and obstructive sleep apnea. Sleep Med. 2009; 10(10):1101–
1106. [PubMed: 19699148] 

146. Spira AP, Gamaldo AA, An Y, et al. Self-reported sleep and β-amyloid deposition in community-
dwelling older adults. JAMA Neurol. 2013; 70(12):1537–1543. [PubMed: 24145859] 

147. Branger P, Arenaza-Urquijo EM, Tomadesso C, et al. Relationships between sleep quality and 
brain volume, metabolism, and amyloid deposition in late adulthood. Neurobiol Aging. 2016; 
41:107–114. [PubMed: 27103523] 

148. Ju YES, McLeland JS, Toedebusch CD, et al. Sleep quality and preclinical Alzheimer disease. 
JAMA Neurol. 2013; 70(5):587–593. [PubMed: 23479184] 

149. Sprecher KE, Koscik RL, Carlsson CM, et al. Poor sleep is associated with CSF biomarkers of 
amyloid pathology in cognitively normal adults. Neurology. 2017; 89(5):445–453. [PubMed: 
28679595] 

150. Spira AP, Yager C, Brandt J, et al. Objectively measured sleep and β-amyloid burden in older 
adults: A pilot study. SAGE open Med. 2014; 2:2050312114546520.

151. Kang JE, Lim MM, Bateman RJ, et al. Amyloid-β dynamics are regulated by orexin and the 
sleep-wake cycle. Science (80-). 2009; 326(5955):1005–1007.

152. Tabuchi M, Lone SR, Liu S, et al. Sleep interacts with Aβ to modulate intrinsic neuronal 
excitability. Curr Biol. 2015; 25(6):702–712. [PubMed: 25754641] 

153. Roh JH, Huang Y, Bero AW, et al. Disruption of the sleep-wake cycle and diurnal fluctuation of 
β-amyloid in mice with Alzheimer's disease pathology. Sci Transl Med. 2012; 4(150):150ra122–
150ra122.

154. Ooms S, Overeem S, Besse K, Rikkert MO, Verbeek M, Claassen JAHR. Effect of 1 night of total 
sleep deprivation on cerebrospinal fluid β-amyloid 42 in healthy middle-aged men: a randomized 
clinical trial. JAMA Neurol. 2014; 71(8):971–977. [PubMed: 24887018] 

155. Ju YES, Ooms SJ, Sutphen C, et al. Slow wave sleep disruption increases cerebrospinal fluid 
amyloid-β levels. Brain. 2017; 140(8):2104–2111. [PubMed: 28899014] 

Holingue et al. Page 20

Metabolism. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



156. Liguori C, Mercuri NB, Izzi F, et al. Obstructive Sleep Apnea is Associated With Early but 
Possibly Modifiable Alzheimer's Disease Biomarkers Changes. Sleep. 2017; 40(5)

157. Osorio RS, Ayappa I, Mantua J, et al. The interaction between sleep-disordered breathing and 
apolipoprotein E genotype on cerebrospinal fluid biomarkers for Alzheimer's disease in 
cognitively normal elderly individuals. Neurobiol Aging. 2014; 35(6):1318–1324. [PubMed: 
24439479] 

158. Vyazovskiy VV, Cirelli C, Pfister-Genskow M, Faraguna U, Tononi G. Molecular and 
electrophysiological evidence for net synaptic potentiation in wake and depression in sleep. Nat 
Neurosci. 2008; 11(2):200. [PubMed: 18204445] 

159. Gilestro GF, Tononi G, Cirelli C. Widespread changes in synaptic markers as a function of sleep 
and wakefulness in Drosophila. Science (80-). 2009; 324(5923):109–112.

160. Donlea JM, Ramanan N, Shaw PJ. Use-dependent plasticity in clock neurons regulates sleep need 
in Drosophila. Science (80-). 2009; 324(5923):105–108.

161. Tononi G. Slow wave homeostasis and synaptic plasticity. J Clin sleep Med JCSM Off Publ Am 
Acad Sleep Med. 2009; 5(2 Suppl):S16.

162. Kamenetz F, Tomita T, Hsieh H, et al. APP processing and synaptic function. Neuron. 2003; 
37(6):925–937. [PubMed: 12670422] 

163. Cirrito JR, Yamada KA, Finn MB, et al. Synaptic activity regulates interstitial fluid amyloid-β 
levels in vivo. Neuron. 2005; 48(6):913–922. [PubMed: 16364896] 

164. Sun X, He G, Qing H, et al. Hypoxia facilitates Alzheimer's disease pathogenesis by up-
regulating BACE1 gene expression. Proc Natl Acad Sci. 2006; 103(49):18727–18732. [PubMed: 
17121991] 

165. Zhang X, Zhou K, Wang R, et al. Hypoxia-inducible factor 1α (HIF-1α)-mediated hypoxia 
increases BACE1 expression and β-amyloid generation. J Biol Chem. 2007; 282(15):10873–
10880. [PubMed: 17303576] 

166. Li L, Zhang X, Yang D, Luo G, Chen S, Le W. Hypoxia increases Aβ generation by altering β-
and γ-cleavage of APP. Neurobiol Aging. 2009; 30(7):1091–1098. [PubMed: 18063223] 

167. Iliff JJ, Wang M, Liao Y, et al. A paravascular pathway facilitates CSF flow through the brain 
parenchyma and the clearance of interstitial solutes, including amyloid β. Sci Transl Med. 2012; 
4(147):147ra111–147ra111.

168. Xie L, Kang H, Xu Q, et al. Sleep drives metabolite clearance from the adult brain. Science (80-). 
2013; 342(6156):373–377.

169. Daulatzai MA. Quintessential risk factors: their role in promoting cognitive dysfunction and 
Alzheimer's disease. Neurochem Res. 2012; 37(12):2627–2658. [PubMed: 22886562] 

170. McEwen BS. Sleep deprivation as a neurobiologic and physiologic stressor: allostasis and 
allostatic load. Metabolism. 2006; 55:S20–S23.

171. McEwen BS, Karatsoreos IN. Sleep deprivation and circadian disruption. Sleep Med Clin. 2015; 
10(1):1–10. [PubMed: 26055668] 

172. Jauch-Chara K, Hallschmid M, Gais S, et al. Hypoglycemia during sleep impairs consolidation of 
declarative memory in type 1 diabetic and healthy humans. Diabetes Care. 2007; 30(8):2040–
2045. [PubMed: 17468346] 

173. Bendtson I, Gade J, Theilgaard A, Binder C. Cognitive function in type 1 (insulin-dependent) 
diabetic patients after nocturnal hypoglycaemia. Diabetologia. 1992; 35(9):898–903. [PubMed: 
1397787] 

174. Plastino M, Fava A, Pirritano D, et al. Effects of insulinic therapy on cognitive impairment in 
patients with Alzheimer disease and diabetes mellitus type-2. J Neurol Sci. 2010; 288(1):112–
116. [PubMed: 19836029] 

175. Sprecher KE, Bendlin BB, Racine AM, et al. Amyloid burden is associated with self-reported 
sleep in nondemented late middle-aged adults. Neurobiol Aging. 2015; 36(9):2568–2576. 
[PubMed: 26059712] 

176. Jessen NA, Munk ASF, Lundgaard I, Nedergaard M. The glymphatic system: a beginner's guide. 
Neurochem Res. 2015; 40(12):2583–2599. [PubMed: 25947369] 

177. Spiegel K, Tasali E, Leproult R, Van Cauter E. Effects of poor and short sleep on glucose 
metabolism and obesity risk. Nat Rev Endocrinol. 2009; 5(5):253–261. [PubMed: 19444258] 

Holingue et al. Page 21

Metabolism. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



178. Van Cauter E, Leproult R, Plat L. Age-related changes in slow wave sleep and REM sleep and 
relationship with growth hormone and cortisol levels in healthy men. Jama. 2000; 284(7):861–
868. [PubMed: 10938176] 

179. Gangwisch JE, Heymsfield SB, Boden-Albala B, et al. Short sleep duration as a risk factor for 
hypertension. Hypertension. 2006; 47(5):833–839. [PubMed: 16585410] 

180. Peppard PE, Young T, Palta M, Skatrud J. Prospective study of the association between sleep-
disordered breathing and hypertension. N Engl J Med. 2000; 342(19):1378–1384. [PubMed: 
10805822] 

181. Neumann KF, Rojo L, Navarrete LP, Farías G, Reyes P, Maccioni RB. Insulin resistance and 
Alzheimer's disease: molecular links & clinical implications. Curr Alzheimer Res. 2008; 5(5):
438–447. [PubMed: 18855585] 

182. Sperling RA, Aisen PS, Beckett LA, et al. Toward defining the preclinical stages of Alzheimer's 
disease: Recommendations from the National Institute on Aging-Alzheimer's Association 
workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimer's Dement. 2011; 7(3):
280–292. [PubMed: 21514248] 

183. Manaye KF, Mouton PR, Xu G, et al. Age-related loss of noradrenergic neurons in the brains of 
triple transgenic mice. Age (Omaha). 2013; 35(1):139–147.

184. Platt B, Drever B, Koss D, et al. Abnormal cognition, sleep, EEG and brain metabolism in a novel 
knock-in Alzheimer mouse, PLB1. PLoS One. 2011; 6(11):e27068. [PubMed: 22096518] 

185. Wisor JP, Edgar DM, Yesavage J, et al. Sleep and circadian abnormalities in a transgenic mouse 
model of Alzheimer's disease: a role for cholinergic transmission. Neuroscience. 2005; 131(2):
375–385. [PubMed: 15708480] 

186. Zhang B, Veasey SC, Wood MA, et al. Impaired rapid eye movement sleep in the Tg2576 APP 
murine model of Alzheimer's disease with injury to pedunculopontine cholinergic neurons. Am J 
Pathol. 2005; 167(5):1361–1369. [PubMed: 16251420] 

187. Bonanni E, Maestri M, Tognoni G, et al. Daytime sleepiness in mild and moderate Alzheimer's 
disease and its relationship with cognitive impairment. J Sleep Res. 2005; 14(3):311–317. 
[PubMed: 16120107] 

188. Cappuccio FP, Miller MA. Sleep and cardio-metabolic disease. Curr Cardiol Rep. 2017; 19(11):
110. [PubMed: 28929340] 

189. Exalto LG, Whitmer RA, Kappele LJ, Biessels GJ. An update on type 2 diabetes, vascular 
dementia and Alzheimer's disease. Exp Gerontol. 2012; 47(11):858–864. [PubMed: 22884853] 

190. Ahtiluoto S, Polvikoski T, Peltonen M, et al. Diabetes, Alzheimer disease, and vascular dementia 
A population-based neuropathologic study. Neurology. 2010; 75(13):1195–1202. [PubMed: 
20739645] 

Holingue et al. Page 22

Metabolism. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• Type 2 diabetes (T2D) and sleep disturbances are prevalent in older adults.

• T2D and sleep disturbances are associated with cognitive decline and 

dementia.

• Sleep disturbances are linked with T2D and related metabolic processes.

• Targeting type 2 diabetes and sleep disturbance may prevent cognitive 

decline.
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Figure 1. Interactions between Diabetes, Disturbed Sleep, and Cognitive Impairment/AD 
Biomarkers
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Figure 2. Metabolic Factors as Mediators of the Association between Disturbed Sleep and 
Cognitive Impairment/AD Biomarkers
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Figure 3. AD-related pathology may drive links from disturbed sleep to T2D, and this may 
further increase AD pathology
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