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a b s t r a c t

Sleep plays a major role in brain health, and cognition. Disrupted sleep is a well-described
symptom of Alzheimer’s disease (AD). However, accumulating evidence suggests subopti-
mal sleep also increases AD risk. The deacetylase Sirtuin 1 (Sirt 1), encoded by the SIRT1
gene, impacts sleep via its relationship to wake-sleep neurotransmitters and somnogens.
Evidence from animal and human studies supports a significant and complex relationship
between sleep, Sirt 1/ SIRT1 and AD. Numerous hypotheses attempt to explain the critical
impact of Sirt 1/ SIRT1 on wake- and sleep- promoting neurons, their related mechanisms
and neurotransmitters. However, there is a paucity of studies assessing the interaction
between sleep and Sirt 1/ SIRT1, as a principal component of sleep regulation, on AD pathol-
ogy. In this review, we explore the potential association between Sirt 1/ SIRT1, sleep, and
AD aetiology. Given sleep is a likely modifiable risk factor for AD, and recent studies sug-
gest Sirt 1/ SIRT1 activation can be modulated by lifestyle or dietary approaches, further
research in this area is required to explore its potential as a target for AD prevention
and treatment.
� 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Poor quality, or insufficient sleep is associatedwith a wide
range of adverse health outcomes, and subsequent economic
burden [1]. Evidence demonstrates a major role for sleep in
brain health, as well as maintenance of cognitive abilities
by regulating neuroplasticity, processing of information
acquired during wakefulness, and memory consolidation [2].

Suboptimal sleep, characterised by difficulty falling and
staying asleep, multiple and long awakenings and/or
reductions in restorative slow-wave sleep and rapid eye
movement (REM) sleep, is common in older adults [3],
with prevalence increasing with age. Potential underlying
reasons include alterations in sleep behaviour due to aging,
stress, anxiety, medication usage, disease, or a combination
of these factors [4].

An emerging body of literature has focussed on the rela-
tionship of sleep disturbance to neurodegenerative disease.
Alzheimer’s disease (AD) patients show clinical symptoms
of sleep abnormalities, with increased fragmentation
frequentlyone of the first reported symptoms or com-
plaints [5]. Electroencephalogram (EEG) recordings in AD
patients demonstrate a significant reduction of slow-
wave sleep and REM sleep, and disruption of arousal in
response to external factors [6] Moreover, the sleep-wake
cycle in AD is usually disrupted due to nocturnal awaken-
ings and reduced daytime wakefulness following naps
[7–9]. The sleep architecture alterations are hypothesized
to exacerbate cerebral AD pathology; particularly,
enhanced deposition of Ab-amyloid in the brain due to
reduced clearance during deep sleep, which in turn is asso-
ciated with a worsening of cognitive symptoms [10].

However, accumulating evidence suggests that a bidirec-
tional relationship between sleep and AD exists. Specifically,
rather than simply manifesting as a symptom of AD, poor
quality, insufficient sleep, or excessive daytime napping
[11], are also proposed to increase future risk of AD. Indeed,
a 2017 meta-analysis of sleep studies suggests that individu-
als with sleep disturbances have an estimated risk for AD that
is 1.55 times higher than those without sleep disturbances,
and the population attributable risk for AD due to poor sleep
is as high as 15 % [12]. This report likely underestimates the
true problem given that many of the included studies relied
on self-report rather than objective sleep measures.

Sleep is regulated by a homeostatic and a circadian pro-
cess and these two processes control various aspects of sleep

behaviour and associated variables. The protein Sirtuin 1
(Sirt 1), is associated with both circadian rhythm and the
homeostatic process of sleep via its relationship to wake-
sleep neurotransmitters and somnogens [13,14]. Accord-
ingly, Sirt 1 plays an important role in cell survival and is
purported to be protective against Ab-amyloid deposition
and AD-related tau pathology [15,16]. Here, we review the
potential associations between Sirt 1, its encoding gene
(SIRT1), sleep regulation and AD. We also discuss some acti-
vators of Sirt 1 in the context of AD prevention, and make
recommendations for future research which may aid in fur-
ther understanding the complex and multi-faceted relation-
ship between Sirt 1/ SIRT1, sleep, and AD aetiology.

Sirtuins

Sirtuins, also known as Silent information regulator 2
(Sir2) proteins, were first identified in yeast (Saccha-
romyces cerevisiae); they are a subtype of a conserved fam-
ily of nicotinamide adenine dinucleotide (NAD)-dependent
protein deacetylases, and are categorized as class III his-
tone deacetylases (HDACs). Sirtuins remove the acetyl
group from both histones and non-histone proteins,
including transcription factors and enzymes. In humans
and other mammals, there are seven sirtuins - Sirt 1 to Sirt
7 - of which, Sirt 1 is the most well-described [17], and is
the focus of this review. In humans, Sirt 1 is encoded by
the SIRT1 gene on chromosome 10 (Chr10q21.3).

Sirtuins are purported to confer beneficial anti-aging
effects, however, levels of these enzymes decrease with
age [18]. For this reason, these enzymes may be a good
candidate for the study of age-related diseases such as
AD [18,19]. In mammals, Sirt 1 has been shown to be asso-
ciated with aging, calorie restriction, metabolism, cancer,
stress responses, chromosomal stability, cell differentia-
tion, and the circadian clock [20,21]. The mechanisms by
which Sirt 1 declines with age are not known, but its
reduction in both human and animal models is evident
during midlife when age-related changes in wakefulness
and sleep disorders are expected to occur [22,23].

Sirt 1 and Alzheimer’s disease

Sirt 1 has been suggested to potentially have a protec-
tive effect against AD by modulating the acetylation
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homeostasis of AD-related proteins and enzymes [19,24]. A
hallmark of AD is the accumulation of Ab-amyloid peptides
in the brain due to the sequential cleavage of the amyloid
precursor protein (APP), initiated by the enzyme b-
secretase. In contrast, a-secretase activation suppresses
Ab-amyloid production [16]. Specifically, Sirt 1, by
deacetylation of transcriptional factors related to a-
secretase and b-secretase enzymes, could reduce Ab-
amyloid burden in the brain [15,16]. For example, Sirt 1
directly induces the transcription of the gene encoding a-
secretase. Through this mechanism, Sirt 1 removes acetyl
groups from the retinoic acid receptor beta, which is a
main modulator of a-secretase transcription. Furthermore,
induction of a-secretase by Sirt 1 activates the Notch path-
way which involves repairing damaged neurons [15]. Sirt 1
can also deacetylate tau to provide sites for ubiquitination
of hyperphosphorylated tau, thereby facilitating its protea-
somal degradation and preventing the formation of tau
tangles [25], another pathological hallmark of AD.

Research has shown that Sirt 1 is expressed in neurons
of the hippocampus; a brain region critical for memory and
learning functions, which are impaired in AD [21,26].
Indeed, in AD, Sirt 1 expression in the brain is reduced
and this reduction parallels the accumulation of AD pathol-
ogy and disease progression [27,28]. Moreover, SIRT1
knockout mice demonstrate cognitive disorders [20], and
Sirt 1 pathway dysregulation has been implicated as a crit-
ical mediator of pathogenesis in animal models of AD [29].
Importantly however, animal studies have shown that
SIRT1 gene expression in the hippocampus and other brain
regions can be increased through intervention approaches
such as dietary restriction or physical exercise; suggesting
potential approaches for augmenting Sirt 1-mediated neu-
roprotection [18,30]. This topic will be considered in
greater detail, later. The following sections discuss the
relationship between Sirt 1 and sleep.

Sleep

In mammals, sleep is divided into stages determined by
cortical electroencephalography (EEG) activity: REM sleep,
and non-REM (NREM) sleep which includes the 3 sub-
stages of N1, N2 and N3 (also referred to as slow-wave
sleep). As the most conventional sleep models suggest,
wake-promoting neurons (WPNs) and sleep-promoting
neurons (SPNs) create a ‘‘switch” system in which they
compete for network dominance. In the human brain,
WPNs and SPNs are found in the brainstem and dien-
cephalon, which accounts for < 1 % of neurons. The major-
ity of WPNs and SPNs are in association with different
neurotransmitters, usually with opposing modulatory
effects [31].

WPNs control wakefulness via two pathways. Both
pathways ascend through the midbrain’s paramedian
region before splitting into dorsal and ventral pathways.
The dorsal pathway, which targets the thalamus, arises
from cholinergic neurons. These neurons are most active
during wakefulness and REM sleep, while in NREM sleep
they have little activity [32]. The larger ventral pathway
which innervates the hypothalamus, basal forebrain, and

cortex, originates from monoaminergic cells, including
noradrenergic neurons, neurons producing orexin (also
known as hypocretin) and serotonergic neurons. These
neurons have little activity during REM sleep [31]. SPNs
are thought to control sleep through inhibiting wake-
promoting centres, including GABAergic neurons in the
ventrolateral preoptic nuclei and melanin-concentrating
hormone (MCH)-producing neurons in the diencephalon
[33,34]. It is apparent, therefore, that the sleep process is
not regulated by a singular molecular mechanism or gene.

Sleep physiology can be studied from two distinct
perspectives: 1) timing of sleep, regulated through the
circadian process (process C) in the brain, which is a
sleep-independent process, and 2) length of sleep, which
is governed by the homeostatic, sleep-dependent, process
(process S) [35,36]. There is potential interaction between
process C and process S in sleep regulation [37]. Process
C in humans is demonstrated by REM sleep, and has a
circadian rhythm which closely associates with body tem-
perature. These processes are rarely influenced by sleep
and wake during the last 24 h [38]. By contrast, external
stimuli such as prior wake or sleep can affect process S
which determines N3, and slow-wave activity in EEG [35].

Sirt 1 and sleep - circadian rhythm

As mentioned above, the circadian system is critical for
regulating the timing of sleep. Circadian clock regulators
are categorized as positive and negative. Brain and Muscle
ARNT-Like 1 (BMAL1; also known as Aryl hydrocarbon
receptor nuclear translocator-like protein 1, ARNTL) and
Circadian Locomotor Output Cycles Kaput (CLOCK, and its
paralogue Neuronal Per-Arnt-Sim domain protein 2,
NPAS2) are positive regulators in mammals. These so
called ‘master genes’ drive rhythmic gene expression and
regulate biological functions under circadian control.
BMAL1:CLOCK protein heterodimers initiate the transcrip-
tion of target genes, including genes that encode periods
(Pers) and cryptochromes (Crys), which are negative circa-
dian clock regulators. The resulting proteins form dimers
which inhibit further transcription of BMAL1 and CLOCK.
This negative transcriptional feedback loop allows the
cycle to repeat via a low level of transcriptional activity,
thereby generating a 24 h rhythm in mammals [39].

CLOCK protein has histone acetyltransferase (HAT)
activity. Animal studies have shown that Sirt 1, with its
deacetylase function, acts against the HAT activity of
CLOCK, subsequently influencing the expression of Cry1,
Per1 and Per2 in mice [40–42]. Deletion of Sirt1 in mouse
models leads to disturbance of circadian rhythm as well
as inability to adjust to a new light–dark cycle. Reduction
of both SIRT1 expression and NAD+ levels with aging could
be a possible mechanism for attenuation of circadian con-
trol among older adults [13].

Sirt 1 and sleep - the homeostatic process

As mentioned above, whilst the circadian system is crit-
ical for regulating the timing of sleep, the homeostatic pro-
cess is responsible for regulating length of sleep.
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Homeostatic sleep drive (pressure to sleep) increases as
time awake increases, and decreases during sleep, reaching
‘baseline’ after a night of good quality sleep. After sleep
deprivation, lost sleep can be compensated for by increas-
ing sleep time. By contrast, excessive sleep is followed by
decreased sleep propensity. The homeostatic process is
considered an essential regulatory mechanism for sleep.

Delta waves (frequency 0.5–4 Hz) recorded via EEG, are
usually associated with N3 (slow-wave) sleep, characterise
deep sleep, and are regulated by the homeostatic process
[43]. Animal studies suggest a potential role of Sirt 1 in
maintaining delta waves during NREM sleep [23,44]. Con-
sistent with this notion, and with reduced Sirt 1 levels in
aging, human research has revealed that delta power in
EEG shows age-related decline. Importantly, in addition
to sleep quality, delta power has also been linked to long-
evity, and metabolic complications [45,46]. It is therefore
plausible that Sirt 1 contributes to sleep homeostasis,
although the underlying mechanism requires further
elucidation.

Satoh et al., showed that aged brain-specific Sirt 1-
overexpressing (BRASTO) transgenic mice have higher
delta power in NREM sleep compared to control mice, with
no difference in delta power during wakefulness, suggest-
ing that aged BRASTO mice have higher quality, or deeper
sleep [44]. Similarly, a study of mice with knockdown of
SIRT1 in the dorsomedial and lateral hypothalamic nuclei,
revealed decreased sleep quality [23]. A recent study in
mice proposed that Sirt 1 appears to mediate sleep quality
through the Sirt 1/ Nk2 homeobox 1 (Nkx2-1)/ orexin type
2 receptor (Ox2r) pathway, which is a major pathway for
maintaining delta power during NREM sleep [44].

Sleep and Alzheimer’s disease

The presence of sleep-wake disturbances in dementia
due to AD is well-established [47]. Crucially, rather than
presenting only as a co-morbidity, mounting evidence
indicates that sleep disturbances increase risk of cognitive
decline and dementia [11,48,49], by modulating neurobio-
logical brain changes. These brain changes include
increased atrophy [50,51], brain Ab-amyloid [52] and tau
pathology [53] (hallmarks of AD), as well as reduced brain
glucose metabolism [54].

Recent studies show the importance of sleep quality for
glymphatic system function in the brain [10]. Increased
delta power and decreased heart rate during sleep have
both been shown to be related to improved glymphatic
flow [55]. Like the lymphatic system in other organs, the
glymphatic system is a ‘housekeeping’ system for the brain
[56], removing metabolic waste products, including tau
oligomers and Ab-amyloid protein which are associated
with AD and cognitive function [57]. Moreover, data from
mice have shown that increased delta power during recov-
ery sleep specifically promotes cognitive performance that
relies on prefrontal brain regions [58].

Circadian changes have been reported in both healthy
aging and age-related diseases such as AD. A recent review
summarized evidence for age-related alterations in various
aspects of the circadian system, including; 1) reduction of

circadian-related gene expression including CLOCK and
BMAL1, 2) changes in structures responsible for light trans-
mission and processing, including the pupil and retina, and
3) decreased amplitude of rhythmic behaviours, distur-
bance of circadian timing and increased prevalence of dis-
ordered sleep [59]. Even in healthy older adults without
clinical symptoms of sleep disorders, the aging process is
associated with reduced sleep quality and quantity, reduc-
tion in sleep depth and intensity, impairment of sleep
integrity and reduced daytime activity frequently with
diurnal napping [60].

Accumulating evidence demonstrates that circadian
rhythm disturbance in age-related diseases, such as AD,
is even more pronounced, with this manifestation pro-
posed as a biomarker of AD pathology presence and sever-
ity [61]. Indeed, some key processes that are implicated in
AD pathogenesis are supposed to follow a circadian
rhythm, including cerebral blood flow, glymphatic system
function, Ab-amyloid clearance, melatonin production
and metabolism [61].

As mentioned earlier, in humans, many neuropeptides,
neurotransmitters and their receptors are proposed to con-
tribute to sleep physiology. In neurodegenerative diseases
such as AD, multiple neurotransmitter systems are
impacted [62,63]. Moreover, impairments of sleep-related
neurotransmitters such as the monoaminergic and cholin-
ergic systems have been broadly reported in AD [64,65],
highlighting a mechanism through which sleep distur-
bance in AD patients can manifest. Furthermore, Sirt 1
has been shown to impact some of these neuropeptides,
neurotransmitters and their receptors, suggesting complex
interactions via which Sirt 1 can potentially affect sleep,
AD neurobiology and the relationship between the two:
this subject will be discussed in the next sections.

Sirt 1, sleep and Alzheimer’s disease

Orexin

By influencing both WPNs and SPNs within the, brain,
orexin has an essential role in stabilizing sleep and wake
cycles [66]. However, the primary role of orexin appears
to be in the generation of a wake-promoting signal. Studies
suggest that orexin and its receptors also play a role in the
pathogenesis and extent of pathology of neurodegenera-
tive diseases such as AD [67]. Dysregulation of the orexin
system in the presence of AD pathology, and related
changes to sleep disturbance, have been reported [68,69].
In mild cognitive impairment (a stage which often but
not always precedes AD), increased orexin levels in cere-
brospinal fluid have been associated with REM sleep
impairment [70,71]. However, the precise mechanism
through which changes in the orexin system might deteri-
orate sleep in AD requires further elucidation. Neverthe-
less, it is important to note that orexin also plays a
critical role as a stress regulator. Stress and stress hor-
mones have been linked to both AD, and reduced sleep
quality. Consequently, this additional role of orexin
requires consideration when understanding its relation-
ship to sleep and AD.
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The orexin type 2 receptor gene (OX2R) is one of the
main Sirt 1 target genes in the hypothalamus. Sirt 1 has
been shown to up-regulate OX2R, particularly in the dorso-
medial and lateral hypothalamus. The OX2R pathway
(which also involves orexin type 1 receptor) appears to
have critical effects on arousal, physical activity motiva-
tion, and metabolism [72]. Consistent with this notion,
transgenic mice which overexpress Sirt 1 in the brain
demonstrate improved longevity and delayed aging which
has been attributed to dose-dependent upregulation of
OX2R [72]. Collectively, these findings provide a plausible
mechanism(s) through which Sirt 1 can impact sleep and
AD via the orexin system.

Acetylcholine

As part of the arousal system, acetylcholine (ACh) is
critical for waking and for REM sleep. However, direct anal-
ysis of ACh has been problematic. Consequently, some
believe that ACh does not regulate sleep, but it is sleep
stages which govern Ach [73]. In AD, basal forebrain
cholinergic nuclei degenerate. Accordingly, choline acetyl-
transferase and acetylcholinesterase activity decrease,
which appears to be the major reason for cholinergic dys-
regulation in AD patients [5]. It is possible that the loss of
cholinergic tone is responsible for both cognitive and arou-
sal dysfunction.

Sirt 1 appears to modulate both ACh receptor expres-
sion in the brain [14], and choline’s expression [74]
suggesting another mechanism through which Sirt 1 can
potentially impact sleep and AD. Cytidine-50-
diphosphate- (CDP) choline is an endogenous compound
produced by the body which serves as a choline source in
metabolic pathways for the biosynthesis of ACh. CDP-
choline is a neuroprotective substance which exerts signif-
icant beneficial effects on memory function and behaviour
[74]. A recent study showed that CDP-choline increases Sirt
1 protein expression in rat brain, conferring neuroprotec-
tion [75]. It has also been suggested that alpha 7 nicotinic
ACh receptors can improve Sirt 1 activity, likely by elevat-
ing intracellular levels of its cofactor NAD+. Moreover, the
anti-senescence properties of these receptors appear to
be mediated by Sirt 1 [76]. Importantly, in an AD animal
model, treatment with an alpha 7 nicotinic ACh receptor
agonist produced neuroprotective effects coupled with an
improvement in learning and memory ability [77]. It is
conceivable that these beneficial effects were mediated
by Sirt 1.

Monoaminergic neurotransmitters

The main roles of monoaminergic neurotransmitter sys-
tems in the sleep-wake cycle have been reported broadly
[5,31,32]. These systems are usually most active during
wakefulness, are slow in NREM sleep, cease function before
and after REM sleep, and start firing again before wakeful-
ness begins [78]. Monoaminergic system impairment is
common in AD. Generally, due to the low number of
monoaminergic fibres in the brain, and given these neu-
rons have long, unmyelinated axons, they are more vulner-
able to neurological abnormalities such as the presence of

AD pathology. Indeed, monoaminergic neurons project into
the hippocampus and regions of the cortex which are sig-
nificantly affected by both hyperphosphorylated tau and
Ab-amyloid accumulation [79].

SIRT1 is expressed in monoaminergic neurons, where its
presence is critical to normal wakefulness and the integrity
of wake-active neurons. Transgenic whole animal, and
conditional loss of brain SIRT1 in adult mice results in sig-
nificant wake disturbance and reduction in wake time,
without impairment in sleep consolidation [23]. Other
aspects of this study also revealed an age-related reduction
in SIRT1 in wake-active neurons, excluding serotoninergic
wake-active neurons [23]. Another mouse study revealed
that SIRT1 can modulate monoamine levels by deacetylat-
ing Nescient Helix-Loop-Helix 2 (NHLH2), a neuronal tran-
scription factor for the gene (MAO-A) which encodes the
catabolizing enzyme monoamine oxidase A [80]. More-
over, in vitro research demonstrated that overexpression
of microRNA (miR-142) decreased neuronal expression
and subsequent enzymatic activity of MAO-A through
downregulation of SIRT1 [81]. Abnormal microRNA expres-
sion has been implicated in the pathogenesis of several
neurodegenerative disorders, potentially via SIRT1-
mediated altered neurotransmission. Thus, monoaminer-
gic neurotransmitter systems represent another mecha-
nism through which Sirt 1 can potentially impact sleep
and AD.

Melanin-concentrating hormone

The neuropeptide melanin-concentrating hormone
(MCH) contributes to locomotor activity reduction, energy
conservation, and enhancing sleep when energy balance is
positive [82]. It likely also has a critical role in negative
energy balance by reducing activity and REM sleep [83].
Depletion of MCH either by gene knockout or antagonist
is proposed to reduce NREM and REM sleep, increase sleep
fragmentation and heighten alertness [84].

Studies of animal models have shown that increased
MCH results in improved memory, learning and perfor-
mance [85]. Emerging evidence has also shown that MCH
function is disturbed in AD, and this disturbance correlates
with AD-related phenotypes such as neurofibrillary tangles
of hyperphosphorylated tau. MCH receptors are widely dis-
tributed in the hippocampus and cortex; regions which are
vulnerable to AD-related neuropathology and neurodegen-
eration. Thus, disturbed MCH function in AD and its poten-
tial impact on learning and memory performance could be
mediated by a reduction of MCH receptors.

A recent study demonstrated that Sirt 1 in pro-
opiomelanocortin (POMC)-expressing neurons, which pro-
mote sleep, is involved in MCH regulation. Therefore, SIRT1
inhibition in these regions might impair MCH functions.
Further, the Sirt 1 (SIRT1)/ Forkhead Box O1 (FoxO1)/ POMC
signalling pathway is proposed as a potential regulatory
mechanism for MCH action [86]. This pathway appears to
contribute to regulation of energy balance and food intake,
and can influence the sleep-wake cycle [87]. Collectively,
this evidence suggests MCH as another target through
which Sirt 1 can potentially impact sleep and AD.
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Adenosine

The neuromodulator adenosine, and its receptors,
appear to be critical for both circadian rhythm and home-
ostatic sleep drive. Adenosine itself has somnogenic prop-
erties and is considered a ‘sleep substance’, modulating the
sleep-wake cycle via its A1 and A2A receptor subtypes (the
most common receptor subtypes in the mammalian brain).
Research has shown that depletion of its derivative adeno-
sine triphosphate (ATP), and an increase of extracellular
adenosine levels, are both positively associated with sleep
patterns [88,89]. Activation of A1 receptors enhances slow-
wave activity [90], the main indicator of homeostatic sleep
regulation. Moreover, caffeine has been postulated to
mediate the sleep-wake pattern through A2A receptors
[91]. The adenosine-derived signalling molecule, cyclic
AMP, is itself a circadian clock component that indirectly
induces transcription of many circadian genes, as well as
influencing cell cycle timing. AMP kinase, a cellular energy
sensor dependent upon AMP, can phosphorylate multiple
clock proteins, including Sirt 1, thereby upregulating this
enzyme, and influencing downstream pathways. As stated
previously, Sirt 1 function is also modulated by NAD+

cofactor levels: importantly, however, these levels are
influenced by both circadian and metabolic regulation [92].

The neuromodulatory role of adenosine and its recep-
tors has been reported in various neurodegenerative condi-
tions, including AD [93]. Epilepsy is reported in 10 % to
22 % of AD patients, frequently occurring during the early
disease stages, or even before the formation of cerebral
Ab-amyloid plaques [94]. It is believed that global DNA
hypermethylation is associated with chronic epilepsy
[95], and impairment of adenosine homeostasis is involved
in this process. Accordingly, therapeutic adenosine may
improve DNA methylation profiles and thereby ameliorate
epilepsy progression [94]. A recent study demonstrated
that Sirt 1 in the brain is essential for managing epilepsy,
and adenosine improves epigenetic modifications, neuron
survival and synaptic plasticity [93]. However, the influ-
ence of adenosine impairment in AD pathophysiology is
complex. In the short term, increased adenosine tone could
have therapeutic properties by suppressing methyltrans-
ferase and consequently reducing changes in DNA methy-
lation, which are common in the brain of AD patients
[96]. Moreover, higher adenosine levels, and subsequent
increased A1 receptor activity improves the hyperex-
citability and excitotoxicity network in AD parenchyma.
By contrast, increased A2 receptor activity due to increased
adenosine tone results in memory deficit and AD pathol-
ogy. Collectively, these findings suggest that the positive
effect of elevated adenosine levels are likely receptor
subtype-dependent [96].

Melatonin

Melatonin (N-acetyl-5-methoxytryptamine), a metabo-
lite of the amino acid tryptophan, is produced in the pineal
gland. In humans, melatonin contributes to a number of
physiological processes including regulating circadian
rhythm and sleep physiology. After two hours of endoge-
nous secretion of melatonin at night, sleep propensity

sharply increases [97]. In diurnal species, melatonin
reduces the wake-promoting signal of the circadian clock,
thereby promoting sleep [98].

Nocturnal secretion of melatonin is disrupted with
advancing age and in neurodegenerative disorders such as
AD, furthering abnormal sleep [99]. Melatonin secretion
declines in mild cognitive impairment with the earliest man-
ifestations of AD neuropathology [100,101], and continues to
decline with disease progression [100]. A recent study
reported that mild cognitive impairment patients with
changes in melatonin production show disturbance in the
circadian clock, causing an elevation in wakefulness at night,
and enhanced REM latency [102]. One candidate mechanism
potentially underlying these effects could be the overregula-
tion of monoamine oxidase which occurs in AD, resulting in
depletion of melatonin’s precursor, serotonin [103].

Animal and in vitro studies also suggest melatonin
administration improves AD pathology; potentially protect-
ing against Ab-amyloid production via increased a-
secretase activity and decreased b- and c-secretases [104–
106]. Moreover, melatonin has been shown to up-regulate
ADAM10 (A Disintegrin and Metalloproteinase 10) in vitro,
through SIRT1 pathway activation [104]. ADAM10 is the
major physiological a-secretase in neurons, responsible for
cleaving APP in a manner that suppresses Ab-amyloid pro-
duction. These in vitro findings are further supported by an
animal study where the long-term administration of mela-
tonin to aged mice induced beneficial changes to secretase
activity in the hippocampus that were accompanied by
reduction of phosphorylated NF-jB and increased Sirt 1
[106]. Attenuated spatial memory impairment was also evi-
dent following melatonin treatment. These findings led the
authors to suggest dietary supplementation, to mitigate
age-related loss of melatonin, as a potential therapeutic
strategy for AD prevention and progression [106].

The impact of melatonin treatment has also been exam-
ined in total sleep-deprived rats [107]. Following total
sleep-deprivation, significantly impaired spatial memory
was evident, coupled with drastically reduced Sirt 1 levels
in hippocampal pyramidal and granular cell layers. How-
ever, in total sleep-deprived animals receiving melatonin
doses of 5, 25, 50 or 100 mg/kg/day, hippocampal Sirt 1
expression was preserved. These neurobiological benefits
of melatonin treatment were accompanied by considerably
better performance on behavioural testing. Consequently,
the authors proposed melatonin as a potential therapeutic
strategy aimed at preventing memory deficits caused by
total sleep-deprivation, and suggested Sirt 1 may partially
modulate these beneficial effects [107].

Several studies also highlight a major role for Sirt 1 in
the modulation of melatonin function in improving insulin
resistance, aging, and anti-inflammatory effects; [108–
110] factors which impact AD risk and progression. Collec-
tively, the evidence presented in this section suggests
melatonin as another target through which Sirt 1 can
potentially impact sleep and AD.

The role of the retina

In mammals, the functional photopigment melanopsin
is localised within intrinsically photosensitive retinal
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ganglion cells (ipRGCs), and is involved in the mediation of
non-visual photoreceptive tasks. Melanopsin’s functions
demonstrate that light not only relays information to the
circadian clock but also has a complex interaction with
several neurological and pathological processes
[111,112]. The body’s reaction to light is critical for regula-
tion of rhythmic physiologic functions such as hormonal
cycles, and expression of the negative circadian clock reg-
ulator genes Per and Cry. Thus, ipRGCs play a major role
in adjusting the circadian clock.

Acquired, or inherited depletion of ipRGCs, in neurode-
generative diseases, leads to impairment of dopaminergic
neurons in the retina. Similarly, disturbed light detection,
or transmission onto the retina due to advancing age or
conditions such as cataract, leads to deregulation of circa-
dian synchrony, and subsequent impairment of a wide
range of physiological processes, including sleep. Consis-
tent with these findings, reduction of melanopsin appears
to be involved in insomnia, depression and cognitive
decline [112,113]. Blue light (460 nm), however, has been
proposed to improve cognitive abilities during both day-
time and night-time [114,115]. Yet, circadian clock desyn-
chrony could influence exposure, and response, to the blue
light spectrum [116], which in older adults may cause
reduced melatonin levels and impaired alertness [115].

Cohort studies have demonstrated retinal thinning and
retinal vascular disturbance in AD [117]. Moreover, the
presence of AD hallmarks including Ab-amyloid plaques,
hyperphosphorylated tau, and neurodegeneration have all
been reported in the retina of prodromal and symptomatic
AD patients [118]. Indeed, with evolving imaging tech-
niques, recent studies have suggested that an inexpensive
and non-invasive retinal scan might help diagnose AD in
its early stages (reviewed in [118]).

Sirt 1 is present in the retinal pigment epithelium, lens,
cornea, ciliary body, and neuroretina in both animals and
humans [119,120]. In SIRT1 deficient mice, significantly
thinner retinal cell layers and disordered inner and outer
nuclear layers are evident [121], as well as elevated apop-
tosis of retinal progenitor cells [122]. Sirt 1 plays a critical
role in retinal and ocular systems, and their pathology,
through influencing several mechanisms including aging,
inflammation, oxidative stress, angiogenesis and neuropro-
tection [123,124]. The expression of SIRT1 in retinal tissue
depends on light, increasing at night-time. This expression
pattern has not been reported in the liver or brain, high-
lighting tissue or organ-specific regulation of SIRT1 [125].
It is likely that the presence and severity of Alzheimer’s
retinopathy negatively impacts the quantity and quality
of light transmitted to the retina, thereby influencing phys-
iological functions such as sleep, SIRT1 expression, and
their interrelationship.

Activators of Sirt 1 - dietary factors and other putative
modifying strategies

Multiple dietary factors, other agents and strategies
have been proposed to activate Sirt 1/ SIRT1. For example,
intermittent fasting, calorie restriction, and calorie restric-
tion combined with exercise have all been shown to
increase levels of Sirt 1 mRNA in human muscle tissue

[126,127]. Animal studies have also shown that calorie
restriction increases Sirt 1 levels in the brain; specifically
in the hypothalamus [72], a brain region that is particularly
vulnerable to AD neuropathology. The anthraquinone com-
pound rhein (4,5-dihydroxyanthraquinone-2-carboxylic
acid), derived from rhubarb, has been shown to reduce
brain Ab-amyloid deposits, neuroinflammation, and ame-
liorate cognitive impairment in a transgenic mouse model
of AD [128]. The authors attributed the beneficial effects of
rhein treatment seen in these animals to activation of the
Sirt 1/ peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1a) pathway, which improved
mitochondrial biogenesis [128]. However, the therapeutic
efficacy of rhein treatment in humans remains to be
determined. The biophenol DOPET (3,4-Dihydroxyphenyl-
ethanol) found in olive oil, grape juice, and wine, has also
been evaluated for its effects in an AD mouse model.
DOPET treatment reversed SIRT1 dysregulation and atten-
uated spatio-cognitive deficits in these animals [129]. The
observed increase in SIRT1 activity was accompanied by
a-secretase-mediated enhanced clearance of neurotoxic
Ab-amyloid, thereby conferring neuroprotection. The
polyphenol resveratrol, found in grapes and grape products
such as red wine, is well established as an activator of Sirt 1
both in vitro and in vivo. Moreover, in studies of AD
patients, high doses of resveratrol have been shown to
reduce AD biomarker levels in cerebrospinal fluid [130],
confer neuroprotection in brain regions affected in early
AD [131], as well as slow cognitive decline and maintain
function in mild to moderate AD [132]. It should, however,
be acknowledged that the beneficial effects of resveratrol
are unlikely to be solely dependent on Sirt 1 activation as
this polyphenolic compound has been shown to modulate
multiple intracellular signalling pathways [133]. However,
whether such sirt 1/ SIRT1-activating strategies as those
described above modulate AD risk, potentially via impact-
ing sleep, remains to be determined, as does their possible
therapeutic role in the treatment of AD.

Future research directions

A growing body of evidence from both animal and
human studies supports the existence of a complex and
multi-faceted relationship between Sirt 1/ SIRT1, sleep,
and AD aetiology. However, further research is required
to fully elucidate this relationship. One recommendation
for future research is the simultaneous measurement of
Sirt 1 and sleep in well-characterised longitudinal cohorts
of aging and AD. Specifically, by measuring Sirt 1 levels in
plasma, serum or cerebrospinal fluid, and sleep parameters
such as efficiency, duration and time spent in sleep stages,
across the AD continuum of preclinical, prodromal and
dementia stages, the relationship between Sirt 1, sleep,
and AD progression could be further elucidated. Moreover,
by including individuals who remain cognitively unim-
paired over time (both with and without the presence of
AD biomarkers) in such a study, the effect of healthy versus
pathological aging could also be considered. Such analysis
is important for understanding the impact of age as a
mediator of the Sirt 1/ SIRT1, sleep, and AD relationship,
given that advancing age is the greatest risk factor for
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AD, sleep changes with age, and Sirt 1 is associated with
anti-aging effects. Once the relationship between Sirt 1/
SIRT1, sleep, and AD aetiology has been well characterised,
the logical next step would be to investigate the impact of
Sirt 1 activators (e.g., resveratrol, dietary approaches
including intermittent fasting and calorie restriction, etc.)
on sleep parameters and AD biomarkers measured simul-
taneously. This may inform how such approaches could
potentially be employed in the development of strategies
aimed at delaying or ideally preventing the onset of
dementia due to AD.

Conclusion

To conclude, a growing body of evidence from both ani-
mal and human studies supports a significant and complex
relationship between Sirt 1/ SIRT1, sleep and AD (summa-
rized in Fig. 1). Numerous hypotheses have been generated
in order to explain the critical impact of Sirt 1/ SIRT1 on
WPNs, SPNs and their related mechanisms and neurotrans-
mitters. However, there is a relative lack of studies assess-
ing the interaction between sleep and Sirt 1/ SIRT1, as a
principal component of the circadian clock, on AD pathol-
ogy. In this review, we have explored the potential associ-
ation between Sirt 1/ SIRT1, sleep, and AD aetiology. Given
that sleep is a likely modifiable risk factor for AD, and that
recent studies suggest Sirt 1/ SIRT1 activation can be mod-
ulated by lifestyle or dietary approaches, further research
in this area is required to explore its potential as a target
for AD prevention and treatment.

Declaration of Competing Interest

The authors declare that they have no known compet-
ing financial interests or personal relationships that could
have appeared to influence the work reported in this paper.

Acknowlegement

MM is the recipient of an Australian Government
Research Training Program Scholarship. TP is supported
by an Edith Cowan University Strategic Research Fellow-
ship. SML has previously been a paid consultant to Alz-
hyme. SRRS is supported by a National Health and
Medical Research Council (NHMRC) Investigator Grant
(GNT1197315).

References:

[1] Daley M, Morin CM, LeBlanc M, Grégoire J-P, Savard J, Baillargeon L.
Insomnia and its relationship to health-care utilization, work
absenteeism, productivity and accidents. Sleep Med 2009;10
(4):427–38.

[2] Musiek ES, Holtzman DM. Mechanisms linking circadian clocks,
sleep, and neurodegeneration. Science 2016;354(6315):1004–8.

[3] Ancoli-Israel S. Sleep and aging: prevalence of disturbed sleep and
treatment considerations in older adults. J Clin Psychiatry. 2005;66
Suppl 9:24-30; quiz 42-23.

[4] Cooke JR, Ancoli-Israel S. Sleep and its disorders in older adults.
Psychiatric Clinics 2006;29(4):1077–93.

[5] Van Erum J, Van Dam D, De Deyn PP. Alzheimer’s disease:
neurotransmitters of the sleep-wake cycle. Neuroscience &
Biobehavioral Reviews. 2019.

[6] Prinz PN, Peskind er, vitaliano pp,, et al. Changes in the sleep and
waking EEGs of nondemented and demented elderly subjects. J Am
Geriatr Soc 1982;30(2):86–92.

[7] Bliwise DL, Watts RL, Watts N, Rye DB, Irbe D, Hughes M. Disruptive
nocturnal behavior in Parkinson’s disease and Alzheimer’s disease. J
Geriatr Psychiatry Neurol 1995;8(2):107–10.

[8] Huang Y-L, Liu R-Y, Wang Q-S, Van Someren EJ, Xu H, Zhou J-N. Age-
associated difference in circadian sleep–wake and rest–activity
rhythms. Physiol Behav 2002;76(4–5):597–603.

[9] Prinz PN, Vitiello MV, Raskind MA, Thorpy MJ. Sleep disorders and
aging. N Engl J Med 1990;323(8):520–6.

[10] Xie L, Kang H, Xu Q, et al. Sleep drives metabolite clearance from
the adult brain. Science 2013;342(6156):373–7.

[11] Li P, Gao L, Yu L, et al. Daytime napping and Alzheimer’s dementia:
A potential bidirectional relationship. Alzheimers Dement 2022.

[12] Bubu OM, Brannick M, Mortimer J, et al. Sleep, Cognitive
impairment, and Alzheimer’s disease: A Systematic Review and
Meta-Analysis. Sleep 2017;40(1).

Fig. 1. Potential interaction between sirtuin 1, sleep, and Alzheimer’s disease. Sirtuin 1 can modulate levels of pathological hallmarks of Alzheimer’s disease
(Ab-amyloid and hyperphosphorylated tau; p-tau). This pathology, via widespread neurodegeneration that impacts sleep-regulating brain regions, is associated
with disrupted sleep; one of the most common symptoms of Alzheimer’s disease. Sirtuin 1 can also directly impact sleep via effects on both circadian rhythm (Process
C) and homeostatic sleep drive (Process S). In addition to being a symptom of Alzheimer’s disease, suboptimal sleep has also been linked to increased risk of
Alzheimer’s disease via reduced brain Ab-amyloid clearance, oxidative stress and inflammation. Sirtuin 1 has been shown to impact multiple neuropeptides,
neurotransmitters and their receptors, suggesting complex interactions via which Sirtuin 1 can potentially affect sleep, Alzheimer’s disease neurobiology, and the
relationship between the two. These neuropeptides and neurotransmitters include orexin, acetylcholine, monoaminergic neurotransmitters, melanin-concentrating
hormone, adenosine, and melatonin.

M. Mehramiz, T. Porter, S.M. Laws et al. Aging Brain 2 (2022) 100050

8

http://refhub.elsevier.com/S2589-9589(22)00022-6/h0005
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0005
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0005
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0005
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0010
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0010
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0020
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0020
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0030
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0030
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0030
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0035
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0035
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0035
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0040
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0040
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0040
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0045
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0045
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0050
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0050
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0055
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0055
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0060
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0060
http://refhub.elsevier.com/S2589-9589(22)00022-6/h0060


[13] Chang H-C, Guarente L. SIRT1 mediates central circadian control in
the SCN by a mechanism that decays with aging. Cell 2013;153
(7):1448–60.

[14] Huang P-S, Son J-H, Abbott L, Winzer-Serhan U. Regulated
expression of neuronal SIRT1 and related genes by aging and
neuronal b2-containing nicotinic cholinergic receptors.
Neuroscience 2011;196:189–202.

[15] Saftig P, Lichtenthaler SF. The alpha secretase ADAM10: A
metalloprotease with multiple functions in the brain. Prog
Neurobiol 2015;135:1–20.

[16] Lee HR, Shin HK, Park SY, et al. Cilostazol suppresses b-amyloid
production by activating a disintegrin and metalloproteinase 10 via
the upregulation of SIRT1-coupled retinoic acid receptor-b. J
Neurosci Res 2014;92(11):1581–90.

[17] Finkel T, Deng CX, Mostoslavsky R. Recent progress in the biology
and physiology of sirtuins. Nature 2009;460(7255):587–91.

[18] Quintas A, de Solís AJ, Díez-Guerra FJ, Carrascosa JM, Bogónez E.
Age-associated decrease of SIRT1 expression in rat hippocampus:
prevention by late onset caloric restriction. Exp Gerontol 2012;47
(2):198–201.

[19] Donmez G. The neurobiology of sirtuins and their role in
neurodegeneration. Trends Pharmacol Sci 2012;33(9):494–501.

[20] Michán S, Li Y, Chou M-M-H, et al. SIRT1 is essential for normal
cognitive function and synaptic plasticity. J Neurosci 2010;30
(29):9695–707.

[21] Bordone L, Guarente L. Calorie restriction, SIRT1 and metabolism:
understanding longevity. Nat Rev Mol Cell Biol 2005;6(4):298.

[22] Colas D, Cespuglio R, Sarda N. Sleep wake profile and EEG spectral
power in young or old senescence accelerated mice. Neurobiol
Aging 2005;26(2):265–73.

[23] Panossian L, Fenik P, Zhu Y, Zhan G, McBurney MW, Veasey S. SIRT1
regulation of wakefulness and senescence-like phenotype in wake
neurons. J Neurosci 2011;31(11):4025–36.

[24] Herskovits AZ, Guarente L. SIRT1 in neurodevelopment and brain
senescence. Neuron 2014;81(3):471–83.

[25] Min S-W, Cho S-H, Zhou Y, et al. Acetylation of tau inhibits its
degradation and contributes to tauopathy. Neuron 2010;67
(6):953–66.

[26] Mu Y, Gage FH. Adult hippocampal neurogenesis and its role in
Alzheimer’s disease. Mol Neurodegener 2011;6(1):85.

[27] Julien C, Tremblay C, Émond V, et al. Sirtuin 1 reduction parallels
the accumulation of tau in Alzheimer disease. J Neuropathol Exp
Neurol 2009;68(1):48–58.

[28] Lutz MI, Milenkovic I, Regelsberger G, Kovacs GG. Distinct patterns
of sirtuin expression during progression of Alzheimer’s disease.
NeuroMol Med 2014;16(2):405–14.

[29] Sun T, Zhao K, Liu M, et al. miR-30a-5p induces Abeta production
via inhibiting the nonamyloidogenic pathway in Alzheimer’s
disease. Pharmacol Res 2022;178:106153.

[30] Revilla S, Suñol C, García-Mesa Y, Giménez-Llort L, Sanfeliu C,
Cristòfol R. Physical exercise improves synaptic dysfunction and
recovers the loss of survival factors in 3xTg-AD mouse brain.
Neuropharmacology 2014;81:55–63.

[31] Oh J, Petersen C, Walsh CM, Bittencourt JC, Neylan TC, Grinberg LT.
The role of co-neurotransmitters in sleep and wake regulation. Mol
Psychiatry 2019;24(9):1284–95.

[32] Saper CB, Scammell TE, Lu J. Hypothalamic regulation of sleep and
circadian rhythms. Nature 2005;437(7063):1257.

[33] Alam MA, Kumar S, McGinty D, Alam MN, Szymusiak R. Neuronal
activity in the preoptic hypothalamus during sleep deprivation and
recovery sleep. J Neurophysiol 2013;111(2):287–99.

[34] Gallopin T, Fort P, Eggermann E, et al. Identification of sleep-
promoting neurons in vitro. Nature 2000;404(6781):992.

[35] Borbély AA. A two process model of sleep regulation. Hum
neurobiol 1982;1(3):195–204.

[36] Dauvilliers Y, Maret S, Tafti M. Genetics of normal and pathological
sleep in humans. Sleep Med Rev 2005;9(2):91–100.

[37] Tobler I, Achermann P. Sleep homeostasis Scholarpedia 2007;2
(10):2432.

[38] Czeisler CA, Zimmerman JC, Ronda JM, Moore-Ede MC, Weitzman
ED. Timing of REM sleep is coupled to the circadian rhythm of body
temperature in man. Sleep 1980;2(3):329–46.

[39] Hirayama J, Sahar S, Grimaldi B, et al. CLOCK-mediated acetylation
of BMAL1 controls circadian function. Nature 2007;450
(7172):1086.

[40] Etchegaray J-P, Lee C, Wade PA, Reppert SM. Rhythmic histone
acetylation underlies transcription in the mammalian circadian
clock. Nature 2003;421(6919):177.

[41] Nakahata Y, Kaluzova M, Grimaldi B, et al. The NAD+-dependent
deacetylase SIRT1 modulates CLOCK-mediated chromatin
remodeling and circadian control. Cell 2008;134(2):329–40.

[42] Wang R-H, Zhao T, Cui K, et al. Negative reciprocal regulation
between Sirt1 and Per2 modulates the circadian clock and aging.
Sci Rep 2016;6(1):1–15.

[43] Lehmann D, Ozaki H, Pal I. EEG alpha map series: brain micro-states
by space-oriented adaptive segmentation. Electroencephalogr Clin
Neurophysiol 1987;67(3):271–88.

[44] Satoh A, Brace CS, Rensing N, et al. Sirt1 extends life span and
delays aging in mice through the regulation of Nk2 homeobox 1 in
the DMH and LH. Cell Metab 2013;18(3):416–30.

[45] Landolt H-P, Dijk D-J, Achermann P, Borbely AA. Effect of age on the
sleep EEG: slow-wave activity and spindle frequency activity in
young and middle-aged men. Brain Res 1996;738(2):205–12.

[46] Dew MA, Hoch CC, Buysse DJ, et al. Healthy older adults’ sleep
predicts all-cause mortality at 4 to 19 years of follow-up.
Psychosom Med 2003;65(1):63–73.

[47] Hatfield CF, Herbert J, van Someren EJ, Hodges JR, Hastings MH.
Disrupted daily activity/rest cycles in relation to daily cortisol
rhythms of home-dwelling patients with early Alzheimer’s
dementia. Brain 2004;127(Pt 5):1061–74.

[48] Potvin O, Lorrain D, Forget H, et al. Sleep quality and 1-year incident
cognitive impairment in community-dwelling older adults. Sleep
2012;35(4):491–9.

[49] Sterniczuk R, Theou O, Rusak B, Rockwood K. Sleep disturbance is
associated with incident dementia and mortality. Curr Alzheimer
Res 2013;10(7):767–75.

[50] Sexton CE, Storsve AB, Walhovd KB, Johansen-Berg H, Fjell AM. Poor
sleep quality is associated with increased cortical atrophy in
community-dwelling adults. Neurology 2014;83(11):967–73.

[51] Lo JC, Loh KK, Zheng H, Sim SK, Chee MW. Sleep duration and age-
related changes in brain structure and cognitive performance. Sleep
2014;37(7):1171–8.

[52] Brown BM, Rainey-Smith SR, Villemagne VL, et al. The Relationship
between Sleep Quality and Brain Amyloid Burden. Sleep 2016;39
(5):1063–8.

[53] Winer JR, Mander BA, Helfrich RF, et al. Sleep as a Potential
Biomarker of Tau and beta-Amyloid Burden in the Human Brain. J
Neurosci 2019;39(32):6315–24.

[54] Osorio RS, Pirraglia E, Gumb T, et al. Imaging and cerebrospinal
fluid biomarkers in the search for Alzheimer’s disease mechanisms.
Neurodegener Dis 2014;13(2–3):163–5.

[55] Hablitz LM, Vinitsky HS, Sun Q, et al. Increased glymphatic influx is
correlated with high EEG delta power and low heart rate in mice
under anesthesia. Sci Adv 2019;5(2):eaav5447..

[56] 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 b. Sci Transl Med 2012;4
(147):147ra111-147ra111..

[57] Benveniste H, Liu X, Koundal S, Sanggaard S, Lee H, Wardlaw J. The
glymphatic system and waste clearance with brain aging: a review.
Gerontology 2019;65(2):106–19.

[58] Bjorness TE, Kelly CL, Gao T, Poffenberger V, Greene RW. Control
and function of the homeostatic sleep response by adenosine A1
receptors. J Neurosci 2009;29(5):1267–76.

[59] Duffy JF, Zitting K-M, Chinoy ED. Aging and circadian rhythms.
Sleep medicine clinics 2015;10(4):423–34.

[60] Bliwise DL, Ansari FP, Straight L-B, Parker KP. Age changes in timing
and 24-hour distribution of self-reported sleep. The American
journal of geriatric psychiatry 2005;13(12):1077–82.
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