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Orexin is a neuropeptide produced by the lateral hypothalamus that plays

an important role in regulating the sleep-wake cycle. The overexpression of

the orexinergic system may be related to the pathology of sleep/wakefulness

disorders in Alzheimer’s disease (AD). In AD patients, the increase in

cerebrospinal fluid orexin levels is associated with parallel sleep deterioration.

Dual orexin receptor antagonist (DORA) can not only treat the sleep-

wakefulness disorder of AD but also improve the performance of patients with

cognitive behavior disorder. It is critical to clarify the role of the orexin system

in AD, study its relationship with cognitive decline in AD, and evaluate the safety

and e�cacy of DORA.
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1. Introduction

Sleep can increase the clearance of neurotoxic products of neuronal activities

accumulated in the awake brain (1). Long-term sleep disorders and insufficient sleep will

cause one or more cognitive function impairments, affecting daily life and social ability

(2). Studies have found that 25%−60% of Alzheimer’s disease (AD) patients have sleep

disorders, such as circadian rhythm disorder, fragmented sleep and reduced night sleep

(3). The increase in orexin-A in patients with moderate to severe AD can be involved in

the occurrence of sleep disorders (4, 5).

Orexin neurons, which originate from the lateral hypothalamus, widely project to

brain regions related to arousal and cognition, such as the medial prefrontal cortex

(mPFC), basal forebrain (BF) and hippocampus (Hip) (6). They play an important

regulatory role in many physiological processes, such as feeding, energy metabolism,

sleep/wakefulness and neuroendocrine homeostasis. Dual orexin receptor antagonist

(DORA) improves sleep by inhibiting hyperactive arousal pathways caused by orexin

signaling in insomnia patients. Meanwhile, learning and memory are regulated by

stimulating neurogenesis in the dentate gyrus of the hippocampus (7).

Figure 1 shows a schematic diagram of DORA intervention in AD.
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FIGURE 1

The schematic diagram of DORA intervention in AD.

2. Increased orexins in AD patients
with sleep/wakefulness disorder

2.1. Possible causes of orexin system
disorder in AD

The cholinergic basal forebrain is one of the key structures

that promotes the awakening system and plays a central role

in cognitive dysfunction in AD (8, 9). The loss of cholinergic

signals is thought to be closely related to the decline in attention

and memory function (10). Neurons that promote awakening

(11), especially basal forebrain cholinergic neurons, die during

neurodegeneration in AD (12). This loss may lead to the

upregulation of other arousal systems, such as the activity of

orexin neurons, which is a compensatory mechanism involved

in the lateral hypothalamus during AD neurodegeneration (13).

As a compensatory mechanism of cholinergic dysfunction,

the impact of the overexpression of the orexin system on

cognitive function is unknown in AD. The first possibility is that

orexin system hyperactivity in AD patients is overexpressed to

compensate for cholinergic dysfunction and maintain cognitive

function to a certain extent. The second is that the hyperarousal

caused by orexin overexpression may impair cognitive function

(14, 15).

2.2. Interaction between
sleep/wakefulness disorder and AD

Sleep/wakefulness disorders are common symptoms in AD

patients, such as circadian rhythm disorder, fragmented sleep,

insomnia and excessive daytime sleepiness (16). Among them,

the striking problems are excessive awakening at night (23%),

early awakening (11%) and excessive sleepiness during the

day (10%) (17, 18). Sleep/wakefulness disorders are serious

enough to interfere with normal physiological, psychological,

social and emotional functions in patients with AD. The

relationship between AD and sleep/wakefulness disorder is

likely to be complex and bidirectional, and subjects with

sleep/wakefulness disorder have a 1.49-fold increased risk of

AD (12). Sleep/wakefulness disorders usually occur before

cognitive decline.

The increase in orexin in the cerebrospinal fluid (CSF) of AD

patients leads to an increase in wakefulness during the night,

prolonged sleep latency (LPS), decreased sleep efficiency (SE)

and rapid eye movement sleep (REM) (19). For each percentage

reduction in REM sleep, the risk of dementia increases by 9%.

Maintaining the normal orexinergic signal is considered to be

the key to ensuring the circadian rhythm of the whole sleep-

wake cycle (20). Therefore, whether DORA can improve sleep

and delay the progression of AD has become a major hot issue

in recent years (21).

2.3. The mechanism by which
sleep/wakefulness disorder damages
learning and memory in AD

Sleep/wakefulness behavior is a basic brain function that

is closely related to cognition and synaptic plasticity and is

essential to ensure brain metabolic homeostasis. Sleep can

enlarge the interstitial space of the cerebral cortex (22), which
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increases convective exchange between cerebrospinal fluids and

interstitial fluids. Sleep helps to clear the potential products

from neurotoxic and neuroactive degradation accumulated in

the awake brain (23).

The circadian rhythm is considered to be the key to

hippocampal-dependent memory formation and consolidation,

which regulates various physiological events, including cognitive

performance and memory (24). Circadian rhythm disruption

may damage the clearance of β-amyloid (Aβ) and the

microtubule-associated protein tau in the brain glymphatic

system (25), increase local brain oxidative stress, and reduce

circulating melatonin levels, which ultimately leads to cognitive

dysfunction and exacerbates the risk of AD (26, 27).

2.4. The bidirectional relationship
between Aβ deposition, tau protein
phosphorylation and sleep/wakefulness
disorder in AD pathology

As a key protein in the pathogenesis of AD, Aβ is formed

by abnormal aggregation in brain tissues, which leads to the

occurrence and development of AD, known as the “amyloid

cascade hypothesis” (28). At the same time, the neurofibrillary

tangle caused by tau protein hyperphosphorylation is

also an important feature of the pathological changes in

AD. Sleep/wakefulness disorder leads to the abnormal

phosphorylation of tau protein. Hyperphosphorylated tau

protein reduces the binding force between tau protein and

tubulin and then promotes the formation of double helix fibers.

The twisting and twining of double helix filaments leads to

tangles of nerve fibrils, which causes abnormal neuron structure

and function and produces brain neurodegenerative disease

(29, 30). Sleep/wakefulness disorder significantly increased Aβ

levels and promoted the formation of senile plaques in AD

mice (8). The relationship between sleep/wakefulness disorders

and Aβ deposition may be bidirectional: sleep/wakefulness

disorder causes Aβ deposition and further interrupts the sleep

process (31).

3. Sleep/wakefulness disorder
damages cognition

3.1. Sleep reactivates and consolidates
newly acquired memories

Sleep is conducive to reactivating and consolidating newly

acquired memories and making them more profound (32).

Our brain selects noteworthy information for reprocessing

during sleep. Researchers generally believe that both

REM sleep and slow wave sleep (SWS) play an important

role in memory processing. In addition to strengthening

established memory, sleep also supports the transformation

of memory between the hippocampus and the neocortex,

integrating memory in the neocortex into a broader

connection (33).

3.2. Sleep promotes information
reorganization and active system
integration

During sleep, the cerebral cortex integrates and processes

short-term memory and long-term memory to form new

synaptic connections, which is conducive to the effective

recovery of energy and the improvement of energy for the brain

(34, 35).

Memory storage occurs in two independent systems. The

encoded information is temporarily stored in the hippocampus

(36), the short-term memory storage center, and the short-

term memory is continuously transferred to the neocortex,

the long-term memory center, as time changes (37). When

awake, the information encoded and stored in the cortex

and hippocampus is constantly reproduced and activated

in slow wave sleep and is shown as a dialog between

the hippocampus and cortex on EEG. The cortical slow

wave drives the hippocampus to the thalamus, generating

spindle waves and sharp wave ripple/sharp wave ripple

complex waves synchronously in a “top-down” manner

(38). The synchronous appearance of spindle ripple makes

the temporary memory in the hippocampus continuously

transferred to the cortical memory network for consolidation

and enhancement (39).

3.3. The arousal cycle a�ects synaptic
change and cognition

Increased synaptic strength increases energy consumption

and occupies more precious brain space, with fewer synaptic

terminals during sleep and more synaptic terminals during

wakefulness (40). Reducing the size of synaptic connections

during sleep helps to save brain space and energy, thereby

improving learning and memory. To ensure that synapses are

not oversaturated and that neural signals and memories are

not forgotten, studies have shown that this synaptic growth

must be counteracted. Sleep is considered the perfect way to

counteract this growth. During sleep, people can balance and

restore synapses. A few hours of sleep reduced the synaptic size

of the two cortical regions by 18%, and the synaptic resetting

process was very ideal (41). Notably, the production of synaptic

mRNA may only be regulated by the circadian rhythm of

the biological clock, independent of the length and quality of

sleep (42).
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4. DORA improves sleep and
alleviates cognitive impairment in AD

4.1. Hypnotics and cognition

There is widespread concern that hypnotic drugs may

damage the body and cognitive functions, causing muscle

relaxation, ataxia and loss of balance. Under the action of

hypnotic drugs, patients need to stay awake and cannot make

appropriate responses, resulting in falls or traffic accidents.

The launch of DORA will provide a new and important

treatment option for insomnia patients. Compared with

benzodiazepines and GABA drugs (43, 44), DORA could

rapidly induce and maintain sleep by reducing orexin signaling,

improve perceived sleep quality and have little impact on next-

day waking performance. DORA did not affect posture stability

or cognitive performance in the morning. Moreover, DORA

slightly promoted cognition in animal experiments, allowing

animals to perform well on the DSST scale and several attention

tests, and seems to be expected to become an ideal hypnotic that

does not impair cognition (45).

4.2. DORA reduces Aβ and tau deposition
by improving sleep

Orexin physiologically promotes arousal by activating

the monoaminergic system of arousal and inactivating the

cholinergic network during REM sleep. Dysregulation of the

orexin system leads to sleep/wakefulness disorder and then

promotes Aβ deposition and tau-mediated neurodegeneration,

thus accelerating cognitive decline in AD patients. Studies of

APP/PS1 mice have demonstrated that DORA increases sleep,

decreasesAβ plaque and tau protein formation in multiple brain

regions, and indirectly affects biological clock function, such as

circadian rhythm (46). Additionally, DORA mediates the long-

term enhancement of the dentate gyrus of the hippocampus,

which directly or indirectly alleviates cognitive impairment in

AD by improving sleep activity (47).

5. E�cacy and safety of DORA in
treating sleep/wakefulness disorders
in patients with AD

5.1. DORA improves sleep

Plasma orexin-A levels are elevated in patients with chronic

insomnia, resulting in difficulty sleeping and excessive brain

awakening. Orexin neurons are active when awake and inactive

during sleep (48). In theory, blocking orexin signals could

induce insomnia patients to fall asleep and reduce nighttime

wakefulness. Orexin neurons connect the ventrolateral preoptic

area (which promotes sleep) and the brainstem (which

promotes wakefulness), antagonizing cortical hyperexcitability

and stabilizing the wake state by activating the arousal area

and preventing unnecessary switching between wakefulness and

sleep. Suvorexant, DORA, is a hypnotic drug developed byMehr

(70) that was approved by the US FDA in 2014. It can selectively

inhibit the orexin signal-mediated arousal system to play a role

in the transition of sleep (49).

5.2. DORA has fewer adverse reactions

When treating sleep problems in AD patients using

antipsychotics and sedatives, potential adverse events in the

deterioration of cognitive impairment have attracted attention

(50). Several studies have shown that DORA is well tolerated

in AD patients with insomnia, improving the total sleep

time (TST) and reducing the number of night awakenings,

and DORA does not seem to significantly change the basic

sleep structural characteristics (51, 52), without evidence of

potential cognitive impairment deterioration. As assessed by

objective tests, DORA does not appear to impair cognitive or

psychomotor performance on the following day.

DORA was previously found to improve the onset and

maintenance of sleep after treatment at night for more than 3

months, which was generally safe and well tolerated. The most

common related adverse events were mainly the expansion of

pharmacological activity of the drug, namely, sleepiness, fatigue

and dry mouth (53). The severity of lethargy is generally mild to

moderate and rarely requires the discontinuation of treatment

(54). Regarding the incidence of adverse reactions, the high-

dose group reported more muscle weakness, strange dreams,

sleepwalking, and abnormal psychological and behavioral

symptoms than the low-dose group. Several normal attention

processes of DORA subjects may also be affected, but whether

the subjects should avoid driving the next day cannot be

determined (55). DORA may also be beneficial to circadian

rhythm disturbances, such as those among night-shift workers,

who experience short daytime sleep time and poor quality, to

restore the ideal sleep/wake-up time (56).

6. Conclusion

6.1. Intervention of the orexin system
may be a potential target for AD

The cognitive performance of AD patients was negatively

correlated with sleep latency and awakening time and positively

correlated with sleep efficiency (57). The complex relationship

between orexin and sleep/wakefulness disorder and the role of

DORA in reducing Aβ deposition need to be clearly explained.

The researchers hypothesized that a long-term loss of orexin
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early in life might alter Aβ metabolism, and the balance between

production and degradation/clearance may prevent and delay

the pathological process of AD (58).

However, the changes in sleep patterns from preclinical

to clinical AD and the causal relationship with AD remain

unclear. Few contradictory findings exist on the level of orexin

in the CSF or plasma of AD patients (59). The neurobiological

basis for explaining the relationship between sleep/wakefulness

disorder and cognitive decline in AD remains to be elucidated.

As a potential preventive treatment for AD, we hypothesize that

DORA not only manages sleep/wakefulness disorders but also

alleviates cognitive impairment by targeting the downregulation

of the orexinergic system. Eventually, the neurodegenerative

process of AD is slowed (60).

7. Prospect and expansion

7.1. Orexin system in other sleep
disorders

In animal model discovery, dogs with hereditary narcolepsy

symptoms were found to have abnormal orexin receptor-

1 (OX1R) gene expression in vivo. In addition, mice with

orexin gene deletion also showed sleep/wakefulness disorders,

such as narcolepsy (61). In postmortem brain tissue samples

from patients with narcolepsy, the number of orexin neurons

were greatly reduced. Low CSF orexin-A levels are the

gold standard (with high specificity and sensitivity) for the

diagnosis of narcolepsy type 1 (62). People with narcolepsy

have a lower risk of developing AD. However, the survey

found that the incidence rate was similar to that of the

general population. Does this result indicate that a normal

amount of orexin is unnecessary in the pathogenesis of AD?

Moreover, does this finding suggest that encouraging the

use of orexin antagonists to delay the progression of AD is

not warranted?

7.2. DORA and emotional disorders

Insomnia and depression are often mutually causal, with

up to 40% of insomnia patients suffering from depression

or anxiety (63). Animal models of stress and depression

suggest that orexin-2 receptor antagonists have antidepressant

activity (64). Human orexin-2 receptor antagonists counteract

the effects of hyperexcitability by blocking inappropriate

orexin release at night, thus alleviating depressive symptoms.

Improving cognitive processing ability and central nervous

system function is clearly beneficial. Specifically, a trend of

subjective improvement in patients’ mood was observed when

taking medium and high doses of DORA (65). The findings

indicate that the orexin system is involved in emotion regulation

and antidepressant effects by improving sleep quality and sleep

efficiency in patients with insomnia and depression.

7.3. Orexin receptors play an important
role in drug addiction/reward

The role of orexin and its receptor in reward/addiction was

first discovered in a behavioral study of conventional orexin

knockout mice (66). Many studies have shown that the orexin

system plays an important role in various seeking behaviors.

Orexin 1 receptor (OX1R) antagonists have been proven to

reduce the self-consumption of alcohol, nicotine or opioids. The

hypothalamus is an important brain region in regulating natural

reward (67). Orexin neurons are activated and mainly project

to the paraventricular nucleus of the hypothalamus, ventral

tegmental area (VTA) and nucleus accumbens, participating

in emotional regulation disorder during withdrawal. Stronger

withdrawal symptoms are related to lower levels of orexins

(68, 69). Orexin projected to different brain regions has different

regulatory effects on addiction caused by different drugs. The

regulation of the orexin signaling system may become an

important method in the treatment of addiction.

Author contributions

MZ was responsible for writing and revising the article. ST

was responsible for proposing ideas and conceiving the article.

Both authors approved the submitted version.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Frontiers inMedicine 05 frontiersin.org

https://doi.org/10.3389/fmed.2022.984227
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Zhou and Tang 10.3389/fmed.2022.984227

References

1. Sun YY, Wang Z, Zhou HY, Huang HC. Sleep-wake disorders in
Alzheimer’s disease: a review. ACS Chem Neurosci. (2022) 13:1467–
78. doi: 10.1021/acschemneuro.2c00097

2. Macedo AC, Balouch S, Tabet N. Is sleep disruption a risk
factor for Alzheimer’s disease? J Alzheimers Dis. (2017) 58:993–
1002. doi: 10.3233/JAD-161287

3. Cedernaes J, Osorio RS, Varga AW, Kam K, Schiöth HB, Benedict
C. Candidate mechanisms underlying the association between sleep-
wake disruptions and Alzheimer’s disease. Sleep Med Rev. (2017)
31:102–11. doi: 10.1016/j.smrv.2016.02.002

4. Liguori C, Romigi A, Nuccetelli M, Zannino S, Sancesario G,
Martorana A, et al. Orexinergic system dysregulation, sleep impairment,
and cognitive decline in Alzheimer disease. JAMA Neurol. (2014)
71:1498–505. doi: 10.1001/jamaneurol.2014.2510

5. Shimizu S, Takenoshita N, Inagawa Y, Tsugawa A, Hirose D, Kaneko
Y, et al. Positive association between cognitive function and cerebrospinal
fluid orexin A levels in Alzheimer’s disease. J Alzheimers Dis. (2020) 73:117–
23. doi: 10.3233/JAD-190958

6. Dauvilliers Y. Hypocretin/orexin, sleep and Alzheimer’s disease. Front Neurol
Neurosci. (2021) 45:139–49. doi: 10.1159/000514967

7. Zhou F, Yan XD,Wang C, He YX, Li YY, Zhang J, et al. Suvorexant ameliorates
cognitive impairments and pathology in APP/PS1 transgenic mice. Neurobiol
Aging. (2020) 91:66–75. doi: 10.1016/j.neurobiolaging.2020.02.020

8. Hampel H, MesulamMM, Cuello AC, FarlowMR, Giacobini E, Grossberg GT,
et al. The cholinergic system in the pathophysiology and treatment of Alzheimer’s
disease. Brain. (2018) 141:1917–33. doi: 10.1093/brain/awy132

9. Ferreira-Vieira TH, Guimaraes IM, Silva FR, Ribeiro FM. Alzheimer’s
disease: targeting the cholinergic system. Curr Neuropharmacol. (2016) 14:101–
15. doi: 10.2174/1570159X13666150716165726

10. Muir JL, Page KJ, Sirinathsinghji DJ, Robbins TW, Everitt BJ. Excitotoxic
lesions of basal forebrain cholinergic neurons: effects on learning, memory and
attention. Behav Brain Res. (1993) 57:123–31. doi: 10.1016/0166-4328(93)90128-D

11. Terry AV Jr, Buccafusco JJ. The cholinergic hypothesis of age and
Alzheimer’s disease-related cognitive deficits: recent challenges and their
implications for novel drug development. J Pharmacol Exp Ther. (2003) 306:821–
7. doi: 10.1124/jpet.102.041616

12. Cheng X, Wu J, Geng M, Xiong J. Role of synaptic activity in the regulation
of amyloid beta levels in Alzheimer’s disease. Neurobiol Aging. (2014) 35:1217–
32. doi: 10.1016/j.neurobiolaging.2013.11.021

13. Störmer VS, Passow S, Biesenack J, Li SC. Dopaminergic and cholinergic
modulations of visual-spatial attention and working memory: insights from
molecular genetic research and implications for adult cognitive development. Dev
Psychol. (2012) 48:875–89. doi: 10.1037/a0026198

14. Barr JL, Zhao P, Brailoiu GC, Brailoiu E. Choline-Sigma-1R as an
additional mechanism for potentiation of orexin by cocaine. Int J Mol Sci. (2021)
22:5160. doi: 10.3390/ijms22105160

15. Ferrari LL, Park D, Zhu L, PalmerMR, Broadhurst RY, Arrigoni E. Regulation
of lateral hypothalamic orexin activity by local GABAergic neurons. J Neurosci.
(2018) 38:1588–99. doi: 10.1523/JNEUROSCI.1925-17.2017

16. Wu TY, Chen C-P, Jinn T-R. Alzheimer’s disease: aging,
insomnia and epigenetics. Taiwan J Obstet Gynecol. (2010) 49:468–
72. doi: 10.1016/S1028-4559(10)60099-X

17. Borges CR, Poyares D, Piovezan R, Nitrini R, Brucki S. Alzheimer’s
disease and sleep disturbances: a review. Arq Neuropsiquiatr. (2019) 77:815–
24. doi: 10.1590/0004-282x20190149

18. Eratne D, Loi SM, Farrand S, Kelso W, Velakoulis D, Looi JC. Alzheimer’s
disease: clinical update on epidemiology, pathophysiology and diagnosis.Australas
Psychiatry. (2018) 26:347–57. doi: 10.1177/1039856218762308

19. Wang C, Holtzman DM. Bidirectional relationship between
sleep and Alzheimer’s disease: role of amyloid, tau, and other factors.
Neuropsychopharmacology. (2020) 45:104–20. doi: 10.1038/s41386-019-0478-5

20. Heywood WE, Hallqvist J, Heslegrave AJ, Zetterberg H, Fenoglio
C, Scarpini E, et al. CSF pro-orexin and amyloid-beta38 expression in
Alzheimer’s disease and frontotemporal dementia.Neurobiol Aging. (2018) 72:171–
6. doi: 10.1016/j.neurobiolaging.2018.08.019

21. Liu Z, Wang F, Tang M, Zhao Y, Wang X. Amyloid beta and tau are involved
in sleep disorder in Alzheimer’s disease by orexin A and adenosine A(1) receptor.
Int J Mol Med. (2019) 43:435–42. doi: 10.3892/ijmm.2018.3935

22. Shanahan LK, Gottfried JA. Olfactory insights into sleep-
dependent learning and memory. Prog. Brain Res. (2014). 208, 309–343.
doi: 10.1016/B978-0-444-63350-7.00012-7

23. Pillai JA, Leverenz JB. Sleep and neurodegeneration: a critical appraisal.Chest.
(2017) 151:1375–86. doi: 10.1016/j.chest.2017.01.002

24. Uddin MS, Tewari D, Al Mamun A, Kabir MT, Niaz K, Wahed MI, et al.
Circadian and sleep dysfunction in Alzheimer’s disease. Ageing Res Rev. (2020)
60:101046. doi: 10.1016/j.arr.2020.101046

25. Havekes R, Heckman PR, Wams EJ, Stasiukonyte N, Meerlo P,
Eisel UL. Alzheimer’s disease pathogenesis: the role of disturbed sleep in
attenuated brain plasticity and neurodegenerative processes. Cell Signal. (2019)
64:109420. doi: 10.1016/j.cellsig.2019.109420

26. Li Y, Shao L, Mou Y, Zhang Y, Ping Y. Sleep, circadian
rhythm and gut microbiota: alterations in Alzheimer’s disease and
their potential links in the pathogenesis. Gut Microbes. (2021)
13:1957407. doi: 10.1080/19490976.2021.1957407

27. Wu H, Dunnett S, Ho YS, Chang RC. The role of sleep deprivation
and circadian rhythm disruption as risk factors of Alzheimer’s disease. Front
Neuroendocrinol. (2019) 54:100764. doi: 10.1016/j.yfrne.2019.100764

28. Chylinski DO, Van Egroo M, Narbutas J, Grignard M, Koshmanova E,
Berthomier C, et al. Heterogeneity in the links between sleep arousals, amyloid-
beta, and cognition. JCI Insight. (2021) 6:e152858. doi: 10.1172/jci.insight.152858

29. Reeves BC, Karimy JK, Kundishora AJ, Mestre H, Cerci HM,
Matouk C, et al. Glymphatic system impairment in Alzheimer’s disease
and idiopathic normal pressure hydrocephalus. Trends Mol Med. (2020)
26:285–95. doi: 10.1016/j.molmed.2019.11.008

30. Harrison IF, Ismail O, Machhada A, Colgan N, Ohene Y, Nahavandi P,
et al. Impaired glymphatic function and clearance of tau in an Alzheimer’s disease
model. Brain. (2020) 143:2576–93. doi: 10.1093/brain/awaa179

31. Hane FT, Robinson M, Lee BY, Bai O, Leonenko Z, Albert MS. Recent
progress in Alzheimer’s disease research, part 3: diagnosis and treatment. J
Alzheimers Dis. (2017) 57:645–65. doi: 10.3233/JAD-160907

32. Mason GM, Lokhandwala S, Riggins T, Spencer RM.
Sleep and human cognitive development. Sleep Med Rev. (2021)
57:101472. doi: 10.1016/j.smrv.2021.101472

33. Olsson M, Ärlig J, Hedner J, Blennow K, Zetterberg H. Sleep deprivation
and cerebrospinal fluid biomarkers for Alzheimer’s disease. Sleep. (2018)
41. doi: 10.1093/sleep/zsy025

34. Liguori C, Spanetta M, Izzi F, Franchini F, Nuccetelli M, Sancesario GM, et al.
Sleep-wake cycle in Alzheimer’s disease is associated with tau pathology and orexin
dysregulation. J Alzheimers Dis. (2020) 74:501–8. doi: 10.3233/JAD-191124

35. Naismith SL, Pye J, Terpening Z, Lewis S, Bartlett D. “Sleep well, think
well” group program for mild cognitive impairment: a randomized controlled pilot
study. Behav Sleep Med. (2019) 17:778–89. doi: 10.1080/15402002.2018.1518223

36. Sawangjit A, Oyanedel CN, Niethard N, Salazar C, Born J, Inostroza M. The
hippocampus is crucial for forming non-hippocampal long-term memory during
sleep. Nature. (2018) 564:109–13. doi: 10.1038/s41586-018-0716-8

37. Malkani RG, Zee PC. Brain stimulation for improving sleep and memory.
Sleep Med Clin. (2020) 15:101–15. doi: 10.1016/j.jsmc.2019.11.002

38. Sawangjit A, Oyanedel CN, Niethard N, Born J, Inostroza M.
Deepened sleep makes hippocampal spatial memory more persistent.
Neurobiol Learn Mem. (2020) 173:107245. doi: 10.1016/j.nlm.2020.
107245

39. Lambert I, Tramoni-Negre E, Lagarde S, Roehri N, Giusiano B, Trebuchon-
Da Fonseca A, et al. Hippocampal interictal spikes during sleep impact long-
term memory consolidation. Ann Neurol. (2020) 87:976–87. doi: 10.1002/ana.
25744

40. Raven F, Van der Zee EA, Meerlo P, Havekes R. The role of sleep in regulating
structural plasticity and synaptic strength: implications for memory and cognitive
function. Sleep Med Rev. (2018) 39:3–11. doi: 10.1016/j.smrv.2017.05.002

41. Bellesi M, de Vivo L. Structural synaptic plasticity across sleep and wake. Curr
Opin Physiol. (2020) 15:74–81. doi: 10.1016/j.cophys.2019.12.007

42. Lucey BP. It’s complicated: the relationship between
sleep and Alzheimer’s disease in humans. Neurobiol Dis. (2020)
144:105031. doi: 10.1016/j.nbd.2020.105031

43. Salzman C. Do benzodiazepines cause Alzheimer’s disease? Am J Psychiatry.
(2020) 177:476–8. doi: 10.1176/appi.ajp.2020.20040375

Frontiers inMedicine 06 frontiersin.org

https://doi.org/10.3389/fmed.2022.984227
https://doi.org/10.1021/acschemneuro.2c00097
https://doi.org/10.3233/JAD-161287
https://doi.org/10.1016/j.smrv.2016.02.002
https://doi.org/10.1001/jamaneurol.2014.2510
https://doi.org/10.3233/JAD-190958
https://doi.org/10.1159/000514967
https://doi.org/10.1016/j.neurobiolaging.2020.02.020
https://doi.org/10.1093/brain/awy132
https://doi.org/10.2174/1570159X13666150716165726
https://doi.org/10.1016/0166-4328(93)90128-D
https://doi.org/10.1124/jpet.102.041616
https://doi.org/10.1016/j.neurobiolaging.2013.11.021
https://doi.org/10.1037/a0026198
https://doi.org/10.3390/ijms22105160
https://doi.org/10.1523/JNEUROSCI.1925-17.2017
https://doi.org/10.1016/S1028-4559(10)60099-X
https://doi.org/10.1590/0004-282x20190149
https://doi.org/10.1177/1039856218762308
https://doi.org/10.1038/s41386-019-0478-5
https://doi.org/10.1016/j.neurobiolaging.2018.08.019
https://doi.org/10.3892/ijmm.2018.3935
https://doi.org/10.1016/B978-0-444-63350-7.00012-7
https://doi.org/10.1016/j.chest.2017.01.002
https://doi.org/10.1016/j.arr.2020.101046
https://doi.org/10.1016/j.cellsig.2019.109420
https://doi.org/10.1080/19490976.2021.1957407
https://doi.org/10.1016/j.yfrne.2019.100764
https://doi.org/10.1172/jci.insight.152858
https://doi.org/10.1016/j.molmed.2019.11.008
https://doi.org/10.1093/brain/awaa179
https://doi.org/10.3233/JAD-160907
https://doi.org/10.1016/j.smrv.2021.101472
https://doi.org/10.1093/sleep/zsy025
https://doi.org/10.3233/JAD-191124
https://doi.org/10.1080/15402002.2018.1518223
https://doi.org/10.1038/s41586-018-0716-8
https://doi.org/10.1016/j.jsmc.2019.11.002
https://doi.org/10.1016/j.nlm.2020.107245
https://doi.org/10.1002/ana.25744
https://doi.org/10.1016/j.smrv.2017.05.002
https://doi.org/10.1016/j.cophys.2019.12.007
https://doi.org/10.1016/j.nbd.2020.105031
https://doi.org/10.1176/appi.ajp.2020.20040375
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Zhou and Tang 10.3389/fmed.2022.984227

44. De Gage SB, Moride Y, Ducruet T, Kurth T, Verdoux H, Tournier M, et al.
Benzodiazepine use and risk of Alzheimer’s disease: case-control study. BMJ. (2014)
349:g5205. doi: 10.1136/bmj.g5205

45. Zammit G, Dauvilliers Y, Pain S, Kinter DS, Mansour Y,
Kunz D. Daridorexant, a new dual orexin receptor antagonist, in
elderly subjects with insomnia disorder. Neurology. (2020) 94:e2222–
32. doi: 10.1212/WNL.0000000000009475

46. Beuckmann CT, Suzuki H, Musiek ES, Ueno T, Sato T, Bando M, et al.
Evaluation of SAMP8 mice as a model for sleep-wake and rhythm disturbances
associated with Alzheimer’s disease: impact of treatment with the dual orexin
(hypocretin) receptor antagonist lemborexant. J Alzheimers Dis. (2021) 81:1151–
67. doi: 10.3233/JAD-201054

47. Um YH, Lim HK. Orexin and Alzheimer’s disease: a new perspective.
Psychiatry Investig. (2020) 17:621–6. doi: 10.30773/pi.2020.0136

48. Hoyer D, Jacobson LH. Orexin in sleep, addiction and
more: is the perfect insomnia drug at hand? Neuropeptides. (2013)
47:477–88. doi: 10.1016/j.npep.2013.10.009

49. Murphy P, Kumar D, Zammit G, Rosenberg R, Moline M, et al. Safety
of lemborexant versus placebo and zolpidem: effects on auditory awakening
threshold, postural stability, and cognitive performance in healthy older
participants in the middle of the night and upon morning awakening. J Clin Sleep
Med. (2020) 16:765–73. doi: 10.5664/jcsm.8294

50. Kuriyama A, Tabata H. Suvorexant for the treatment of primary
insomnia: a systematic review and meta-analysis. Sleep Med Rev. (2017) 35:1–
7. doi: 10.1016/j.smrv.2016.09.004

51. Herring WJ, Snyder E, Budd K, Hutzelmann J, Snavely D, Liu K, et al.
Orexin receptor antagonism for treatment of insomnia.Neurology. (2012) 79:2265–
74. doi: 10.1212/WNL.0b013e31827688ee

52. Sun H, Kennedy WP, Wilbraham D, Lewis N, Calder N, Li X, et al. Effects
of suvorexant, an orexin receptor antagonist, on sleep parameters as measured by
polysomnography in healthy men. Sleep. (2013) 36:259–67. doi: 10.5665/sleep.2386

53. Hindmarch I, Legangneux E, Stanley N, Emegbo S, Dawson J. A double-
blind, placebo-controlled investigation of the residual psychomotor and cognitive
effects of zolpidem-MR in healthy elderly volunteers. Br J Clin Pharmacol. (2006)
62:538–45. doi: 10.1111/j.1365-2125.2006.02705.x

54. Herring WJ, Connor KM, Ivgy-May N, Snyder E, Liu K, Snavely
DB, et al. Suvorexant in patients with insomnia: results from two 3-
month randomized controlled clinical trials. Biol Psychiatry. (2016) 79:136–
48. doi: 10.1016/j.biopsych.2014.10.003

55. Vermeeren A, Vets E, Vuurman EF, Van Oers A, Jongen S, Laethem
T, et al. On-the-road driving performance the morning after bedtime use of
suvorexant 15 and 30mg in healthy elderly. Psychopharmacology. (2016) 233:3341–
51. doi: 10.1007/s00213-016-4375-x

56. Dauvilliers Y, Zammit G, Fietze I, Mayleben D, Seboek Kinter D,
Pain S, et al. Daridorexant, a new dual orexin receptor antagonist to

treat insomnia disorder. Ann Neurol. (2020) 87:347–56. doi: 10.1002/ana.
25680

57. Liguori C, Nuccetelli M, Izzi F, Sancesario G, Romigi A, Martorana
A, et al. Rapid eye movement sleep disruption and sleep fragmentation are
associated with increased orexin-A cerebrospinal-fluid levels in mild cognitive
impairment due to Alzheimer’s disease. Neurobiol Aging. (2016) 40:120–
6. doi: 10.1016/j.neurobiolaging.2016.01.007

58. Malkki H. Alzheimer disease: increased orexin level correlates with sleep
disruption and cognitive decline in Alzheimer disease. Nat Rev Neurol. (2014)
10:672. doi: 10.1038/nrneurol.2014.209

59. Zhao P, You Y, Wang Z, Zhou Y, Chai G, Yan G, et al. Orexin A peptidergic
system: comparative sleep behavior, morphology and population in brains between
wild type and Alzheimer’s disease mice. Brain Struct Funct. (2022) 227:1051–
65. doi: 10.1007/s00429-021-02447-w

60. Clark IA, Vissel B. Inflammation-sleep interface in brain disease: TNF,
insulin, orexin. J Neuroinflammation. (2014) 11:51. doi: 10.1186/1742-2094-11-51

61. Mignot E, Zeitzer J, Pizza F, Plazzi G. Sleep problems
in narcolepsy and the role of hypocretin/orexin deficiency.
Front Neurol Neurosci. (2021) 45:103–16. doi: 10.1159/00051
4959

62. Nepovimova E, Janockova J, Misik J, Kubik S, Stuchlik A, Vales K, et al.
Orexin supplementation in narcolepsy treatment: a review. Med Res Rev. (2019)
39:961–75. doi: 10.1002/med.21550

63. Walker MP. The role of sleep in cognition and emotion. Ann N Y Acad Sci.
(2009) 1156:168–97. doi: 10.1111/j.1749-6632.2009.04416.x

64. Grafe LA, Bhatnagar S. Orexins and stress. Front Neuroendocrinol. (2018)
51:132–45. doi: 10.1016/j.yfrne.2018.06.003

65. Arendt DH, Ronan PJ, Oliver KD, Callahan LB, Summers TR, Summers
CH. Depressive behavior and activation of the orexin/hypocretin system. Behav
Neurosci. (2013) 127:86–94. doi: 10.1037/a0031442

66. Shaw JK, Ferris MJ, Locke JL, Brodnik ZD, Jones SR, España RA.
Hypocretin/orexin knock-out mice display disrupted behavioral and dopamine
responses to cocaine. Addict Biol. (2017) 22:1695–705. doi: 10.1111/adb.12432

67. Aston-Jones G, Smith RJ, Sartor GC, Moorman DE, Massi L, Tahsili-Fahadan
P, et al. Lateral hypothalamic orexin/hypocretin neurons: a role in reward-seeking
and addiction. Brain Res. (2010) 1314:74–90. doi: 10.1016/j.brainres.2009.09.106

68. McGregor R, Thannickal TC, Siegel JM. Pleasure, addiction,
and hypocretin (orexin). Handb Clin Neurol. (2021) 180:359–
74. doi: 10.1016/B978-0-12-820107-7.00022-7

69. Steiner N, Rossetti C, Sakurai T, Yanagisawa M, de Lecea L, Magistretti
PJ, et al. Hypocretin/orexin deficiency decreases cocaine abuse liability.
Neuropharmacology. (2018) 133:395–403. doi: 10.1016/j.neuropharm.2018.02.010

70. Mehr JB, Bilotti MM, James MH. Orexin (hypocretin) and addiction. Trends
Neurosci. (2021) 44:852–5. doi: 10.1016/j.tins.2021.09.002

Frontiers inMedicine 07 frontiersin.org

https://doi.org/10.3389/fmed.2022.984227
https://doi.org/10.1136/bmj.g5205
https://doi.org/10.1212/WNL.0000000000009475
https://doi.org/10.3233/JAD-201054
https://doi.org/10.30773/pi.2020.0136
https://doi.org/10.1016/j.npep.2013.10.009
https://doi.org/10.5664/jcsm.8294
https://doi.org/10.1016/j.smrv.2016.09.004
https://doi.org/10.1212/WNL.0b013e31827688ee
https://doi.org/10.5665/sleep.2386
https://doi.org/10.1111/j.1365-2125.2006.02705.x
https://doi.org/10.1016/j.biopsych.2014.10.003
https://doi.org/10.1007/s00213-016-4375-x
https://doi.org/10.1002/ana.25680
https://doi.org/10.1016/j.neurobiolaging.2016.01.007
https://doi.org/10.1038/nrneurol.2014.209
https://doi.org/10.1007/s00429-021-02447-w
https://doi.org/10.1186/1742-2094-11-51
https://doi.org/10.1159/000514959
https://doi.org/10.1002/med.21550
https://doi.org/10.1111/j.1749-6632.2009.04416.x
https://doi.org/10.1016/j.yfrne.2018.06.003
https://doi.org/10.1037/a0031442
https://doi.org/10.1111/adb.12432
https://doi.org/10.1016/j.brainres.2009.09.106
https://doi.org/10.1016/B978-0-12-820107-7.00022-7
https://doi.org/10.1016/j.neuropharm.2018.02.010
https://doi.org/10.1016/j.tins.2021.09.002
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

	Effect of a dual orexin receptor antagonist on Alzheimer's disease: Sleep disorders and cognition
	1. Introduction
	2. Increased orexins in AD patients with sleep/wakefulness disorder
	2.1. Possible causes of orexin system disorder in AD
	2.2. Interaction between sleep/wakefulness disorder and AD
	2.3. The mechanism by which sleep/wakefulness disorder damages learning and memory in AD
	2.4. The bidirectional relationship between Aβ deposition, tau protein phosphorylation and sleep/wakefulness disorder in AD pathology

	3. Sleep/wakefulness disorder damages cognition
	3.1. Sleep reactivates and consolidates newly acquired memories
	3.2. Sleep promotes information reorganization and active system integration
	3.3. The arousal cycle affects synaptic change and cognition

	4. DORA improves sleep and alleviates cognitive impairment in AD
	4.1. Hypnotics and cognition
	4.2. DORA reduces Aβ and tau deposition by improving sleep

	5. Efficacy and safety of DORA in treating sleep/wakefulness disorders in patients with AD
	5.1. DORA improves sleep
	5.2. DORA has fewer adverse reactions

	6. Conclusion
	6.1. Intervention of the orexin system may be a potential target for AD

	7. Prospect and expansion
	7.1. Orexin system in other sleep disorders
	7.2. DORA and emotional disorders
	7.3. Orexin receptors play an important role in drug addiction/reward

	Author contributions
	Conflict of interest
	Publisher's note
	References


