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Abstract

Sleep is one of the pillars of health. Experimental models of acute sleep loss, of chronic partial sleep
deprivation, and of sleep fragmentation in healthy sleepers are helpful models of sleep deficiency pro-
duced by insufficient sleep duration, sleep timing, and sleep disorders. Sleep deficiency is associated
with changes in markers associated with risk for disease. These include metabolic, inflammatory, and
autonomic markers of risk. In addition, sleep disruption and sleep deficits lead to mood instability, lack
of positive outlook, and impaired neurobehavioral functioning. On a population level, insufficient sleep
is associated with increased risk for hypertension and diabetes. Sleep disturbance is very common, and
about half the population will report that they have experienced insomnia at some time in their lives.
Approximately 10% of the population describe daytime impairment due to sleep disturbance at night,
consistent with a diagnosis of insomnia disorder. The hypothalamic neuropeptides, orexin-A and orex-
in-B, act through G-protein-coupled receptors (orexin-1 and orexin-2 receptors). Dual and selective
orexin-2 receptor antagonists have shown efficacy in inducing sleep in men and women with insomnia
disorder by accelerating sleep onset and improving sleep efficiency and total sleep time. Further study
comparing these medications, in short- and longer-term use models, is recommended. Greater under-
standing of comparative effects on mood, neurobehavioral, and physiological systems will help deter-
mine the extent of clinical utility of dual versus selective orexin receptor antagonists.
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Mood and Performance

Every adult has experienced a night without good sleep, or even any sleep. This happens
when we travel, or have work, family, or social obligations that cause us to cut back on
sleep or to have poor quality sleep. This experience of inadequate sleep defines the impor-
tance of sleep, in the present, for all of us. The brain fog, the dragged down feeling, and
the lack of energy and motivation or ability to do much of anything, the bodily discomfort
and irritability, are all symptoms of insufficient or deficient sleep that most of us have ex-
perienced, at least transiently. Almost magically, when we get that quality sleep that we so
badly need, we can feel rejuvenated and fully restored after even a single night. However,
for some who struggle with insomnia symptoms, the ability to have consolidated restor-
ative sleep recedes, and the insomnia becomes a chronic disorder. Understanding the im-
portance of sleep for health and well-being in the longer-term, when sleep deficiency has
become chronic, is complicated due to the multiplicity of effects of sleep loss on mood,
cognitive function, and physiological systems.

Experimental studies have helped to parse the effects of deficient sleep on these sys-
tems, using surrogate markers of risk for adverse outcomes. In a study of acute total sleep
deprivation and chronic partial sleep deprivation, where sleep was curtailed to half the
normal amount for 14 days, there was a dose-dependent negative influence of sleep loss
on neurobehavioral function, including psychomotor vigilance, digit symbol substitution,
and the serial addition/subtraction task [1]. With respect to mood and subjective well-
being, this study and others have shown that curtailment of sleep, to little more than half
the usual amount (4-5 hours/night) for just 2 or 3 nights, resulted in decreased mood as
well as decreased optimism and sociability indices, and increased fatigue and irritability
[2, 3]. Outside of the experimental setting, these findings appear to hold up. A study of
first year medical residents found that risk for depression and perceived medical errors
was associated with sleep disturbance and short sleep [4]. A meta-analysis of studies,
which included 1,932 participants, found that mood was even more impaired by sleep loss
than cognitive or motor performance [5]. Moreover, those who have chronically deficient
sleep are at three times greater risk of developing depression, and even good sleepers are
at double the risk if they regularly shorten their sleep [4]. Thus, in the short-term, defi-
ciency in sleep causes difficulties in mood and emotion regulation, cognitive throughput
and outlook, and in the longer-term, may lead to depression.

Insomnia, Mood Regulation, and Orexin Receptor Antagonists

The orexin system interacts with the hypothalamic-pituitary axis and the autonomic ner-
vous system to modulate the stress response, wake and sleep, as well as to regulate meta-
bolic and inflammatory systems. There are two peptides produced by cells in the lateral
hypothalamus, orexin-A and orexin-B, and both stem from a common precursor poly-
peptide, prepro-orexin. The orexins activate two G-coupled receptors, orexin-1 receptor
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(OX;R) and orexin-2 receptor (OX,R). OXR has higher affinity with orexin-A than -B,
but OX,R binds both orexins with similar affinities [6]. Research on the orexin system has
been generated at a rapid rate since its discovery in 1998 [7], and discoveries on the mech-
anisms and function of this system remain on an increasing trajectory. It is now clear that
orexins play a significant role in mood and sleep regulation, and that OX,R may be more
specifically involved in sleep-wake regulation.

A dual receptor antagonist (DORA), suvorexant (Belsomra™, Merck & Co. Inc.), re-
ceived approval from the US Food and Drug Administration (FDA) for the treatment of
insomnia in adults in 2014. Since then, the dual receptor antagonist, lemborexant (Da-
vigo™, Eisai Inc.), has been developed and subsequently, in 2019, received FDA approval
for the treatment of insomnia. A new drug application for a third DORA, daridorexant
(Idorsia Pharmaceuticals Ltd.) which showed improvement in sleep and daytime func-
tioning in a Phase 3 clinical program [8], was submitted to the FDA in January 2021. To
date, there have been no head-to-head studies comparing the different DORAs; however,
there are a number of studies that have investigated the effects of these drugs on sleep ar-
chitecture [6, 9]. In short, in clinical studies, the DORAs reduce time to persistent sleep,
increase total sleep time, increase sleep efficiency, and increase non-rapid eye movement
(NREM) and rapid eye movement (REM) sleep [10-13].

It can be challenging to evaluate treatments for insomnia because the complaint is a
subjective one. An estimated 50% of patients who suffer from insomnia do not have ob-
jectively deficient sleep and, in fact, get at least 7-8 h of sleep/night, an amount of sleep
recommended for health maintenance [14]. The stress and distress of the experience of
deficient sleep is, therefore, separable from the measurable physiological characteristics.
The physiological consequences of insufficient sleep can be measured in controlled stud-
ies of healthy volunteers who undergo experimental procedures that reduce or disrupt
sleep. While psychological stress is certainly an important health modifier itself, studies
have shown that patients with insomnia and short sleep have more deleterious health out-
comes, thus, interventions that can safely and sustainably increase sleep duration are
clearly needed.

Sleep Deficiency and Metabolic and Neuroendocrine Outcomes

An accumulation of experimental research has demonstrated, in healthy volunteers with
subjectively and objectively assessed good sleep, that short and disrupted sleep affects en-
docrine and metabolic, autonomic and cardiovascular, and immune systems [15-17].
Acute total sleep deprivation studies have been used to investigate the role of sleep in
regulating these systems. Stable placement of the sleep period in circadian time helps to
anchor the circadian rhythms of several key hormones that regulate physiological systems
and functions [18]. The pineal hormone, melatonin, increases during the onset of dim
light to peak at night during sleeps; it is inhibited by bright light, but has a strong circadian
rhythm showing decline before time of normal rising. Hypothalamic anterior pituitary
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hormones are strongly modulated by sleep and wakefulness. Human growth hormone
pulsatile secretion typically peaks during the first cycle of NREM sleep (approximately
70% of the 24-h secretion in men) [19]. If wakefulness is sustained through the night, that
normal nocturnal peak pulse of human growth hormone is blunted or eliminated. Fur-
ther, the diurnal rhythm of cortisol that tends to reach its nadir about half an hour after
sleep onset, is elevated.

The first study showing short-term clinical outcomes directly attributable to an endo-
crine challenge of sleep deficiency was a controlled sleep restriction study published in the
Lancet in 1999 [20]. This study found that sleeping 4 h per night for 6 nights led to slowed
glucose metabolism. Since then, numerous physiological studies have shown that insuf-
ficient sleep duration and quality compromise metabolic functioning. These studies have
been conducted in healthy volunteers and have shown that sleep restriction, as is com-
monly encountered in everyday life, such as exposure to 5 h per night for 1 week [21],
significantly reduces insulin sensitivity. This effect seems to be most dependent on slow-
wave sleep, as disruption of that phase of sleep leads to reduced insulin sensitivity without
changes in insulin release [22]. These physiological studies were corroborated by popula-
tion studies that examined the association of sleep duration and risk for becoming over-
weight or developing diabetes and identified deficient sleep as a major contributing risk
factor for diabetes and decreased glucose tolerance [23].

Orexin is not only found in the brain but is also one of the peptides found in the en-
teric nervous system, and evidence suggests that it is important for appetite and regulation
of feeding and glucose homeostasis [24, 25]. Moreover, sleep disturbance is associated
with upper and lower gastrointestinal symptoms in the general population [26], and orex-
in-A has been proposed as a possible treatment for inflammatory and anxiety-related dis-
eases such as irritable bowel syndrome [27]. Certainly, there are grounds for investigation
of the metabolic and endocrine modulating effects of the orexin receptor antagonists used
in treatment for insomnia.

Autonomic Control by Sleep and Consequences of Insufficient Sleep

It was first discovered that blood pressure (BP) and heart rate drop precipitously during
sleep in 1975 [28]. Eighteen years later, Somers et al. [29] showed that sympathetic activ-
ity decreased during NREM sleep and increased during REM sleep and wakefulness. In
fact, shortly before the onset of a period of slow-wave sleep, there is a spike peak in the
normalized high frequency of the RR interval in the electrocardiographic signal [30].
When healthy sleepers go without sleep for a night, their BP, arterial stiffness, and heart
rate are increased, and parasympathetic activity decreased [31-33]. Sleep loss models of
chronic sleep restriction, involving several days restricted to about half of the normal
amount of sleep, have confirmed the sleep control of autonomic functions, showing in-
creased BP and decreased nocturnal BP dipping [34], and report that baroreflex sensitiv-
ity changes and rebounds when sleep is resumed [35]. The sleep loss-associated changes
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may be, in part, due to renal changes [34], and in part due to altered endothelial function
(36, 37].

Epidemiological research has identified insomnia as a risk factor for cardiovascular
disease [38, 39], and it is known that the cardiovascular consequences of insomnia are
particularly evident in patients with objective short sleep duration [40]. It is likely that
more than half the population of insomnia disorder patients have objective short sleep of
less than 6 h per night [40]. Insomnia with short sleep is associated with worse perfor-
mance on neuropsychological tests commonly used in clinical practice [41], suggesting
that deficient sleep may be a factor contributing to cognitive impairment in aging.

Population-based research has confirmed the association between short sleep and risk
for hypertension [42], and studies have begun to look at sleep as an intervention. One
promising behavioral intervention pilot study found that extending the bed period in-
creased sleep duration and lowered BP in a group of pre-hypertensive and stage-1 hyper-
tensive patients [43]. Current studies are underway to investigate the efficacy of sleep ex-
tension and sleep period stabilization in circadian time as behavioral interventions to
lower BP (ClinicalTrials,gov identifier: NCT03043963 J. Mullington, principal investiga-
tor [PI] and NCT02929810, V. Somers, PI).

In 2003, it was reported that the cardiovascular response to stress in the orexin knock-
out mouse model was diminished [44]. This finding was later corroborated by showing
that DORAs also reduce the cardiovascular stress response [45]. Research since that time
has found the interactions between the orexin system and autonomic control to be quite
complicated, involving receptors in a number of brain areas. The orexin-A system is in-
volved in regulating stress-related BP increases [46]. OX;R and OX,R mediate increased
BP and heart rate in the dorsomedial hypothalamus [47]. In an animal model of geneti-
cally predisposed hypertension, Jackson et al. [48] found that these mice have almost 30%
more orexin-expressing neurons in the lateral hypothalamus than a wild-type-like con-
trol, and further, their BP and heart rate were decreased by the DORA almorexant during
the dark (active) period.

While there is little data published on the orexin control of BP in healthy human sleep-
ers, patients with narcolepsy have reduced orexin neurons and orexin-A levels in cerebro-
spinal fluid (CSF) [49-51]. While one might expect that the low levels of orexin in narco-
lepsy would protect these patients from hypertension, they do not, signifying a complex
relationship. Patients who have narcolepsy are in fact at increased risk for multiple diag-
noses, both before and after the diagnosis of narcolepsy, and these include hypertension
and cardiovascular disease [52]. In a study of untreated patients with narcolepsy type 1
(narcolepsy with cataplexy), there was an increased likelihood of diastolic non-dipping
status (where patients had less than 10% drop in BP at night) in approximately 31% com-
pared with only 3% in healthy control subjects [53]. However, in a study investigating
orexin and BP dipping in narcolepsy type 1, there was no relationship between presence
or absence of detectable CSF orexin and dipping status [54]. Still, Sorensen et al. [55]
found that, in narcolepsy, the heart rate response to arousal in REM and NREM sleep is
reduced and related to orexin-A deficiency.
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REM sleep-deprived rats show increased orexin-A in several brain regions [56]. In ge-
netically atherosclerosis-prone mice, orexin-A levels in the hypothalamus, plasma, and
bone marrow were reduced by experimental sleep fragmentation [57]. After prolonged
experimental sleep restriction in humans, CSF orexin concentrations have been found to
increase [58]. While research into the relationship between the autonomic system, inflam-
mation, sleep and the orexin system is in early development, this intersection of systems
warrants further investigation.

Pain and Sleep Deficiency

Studies in humans have shown that not only does pain disrupt sleep, but conditions pro-
ducing sleep deficiency induce pain [for review, see 59]. In the general population, sleep
deficiency predicts chronic pain risk [60]. For example, in an adult working population,
a diagnosis of insomnia predicted the incidence of headache, osteoarthritis, rheumatoid
arthritis, or fibromyalgia, 11 years later [61]. In controlled experimental studies, sleep re-
striction or disruption increased spontaneous pain complaints [62-64]. A number of
studies on the effects of shortened or disrupted sleep have also reported elevated sensitiv-
ity to pain, as indicated by lowered pain thresholds to heat or pressure [65-69]. Pain is
controlled by central, top-down pain-inhibitory and -facilitatory circuits, which can re-
duce or increase the intensity of a sensation [70]. Dysfunctions of these central pain-mod-
ulatory systems determine whether pain becomes chronic [71]. A few research studies
have shown that short or disrupted sleep affects pain-modulatory pathways. In the first
study conducted on the effects of sleep disruption on pain modulation, 2 nights of exper-
imentally disrupted sleep resulted in less efficient pain-inhibitory circuits [64]. In a mod-
el of chronic short sleep where participants were exposed to 3 “weeks” of experimentally
controlled short sleep of 4 h per night for 5 nights followed by 2 nights of recovery sleep,
short sleep progressively decreased the ability to habituate to pain [68]. This finding re-
flects reduced efficient pain-inhibitory function. This study also found that pro- and
counter inflammatory systems (IL-6 expression by monocytes, cortisol in blood) were
upregulated due to chronic sleep restriction [72] and remained elevated after 2 nights of
recovery sleep. These data suggest that the common pattern of sleeping short during the
week and attempting to catch up on lost sleep on the weekend is not an effective strategy
for mitigating the immunomodulatory deficits associated with insufficient sleep. Such im-
munomodulatory responses to sleep deficiency likely contribute to increased infection
risk and impaired antibody responses to vaccinations that have been repeatedly reported
in individuals with short or disturbed sleep. For example, in the presence of elevated in-
flammatory markers, certain immune cells are less sufficient in their defense against vi-
ruses and other pathogens (reviewed in [73]). In patients with insomnia disorder, who are
otherwise healthy, daily spontaneous pain is reported with double the frequency of good
sleepers, and during experimental pain testing, these patients have reduced pain thresh-
olds and show a marked impairment of pain-inhibitory circuits [74].
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Orexin neurons project widely with direct connection to vagal and hypothalamic pitu-
itary stress regulatory systems. Orexin neurons project from the lateral hypothalamus to
brain regions including the periaqueductal gray, a key brain structure in pain modulation,
as well as the dorsal horn of the spinal cord [75]. These connections are evidence of its
broad involvement in multiple physiological regulating systems, including nociception.
In animal models of injury and inflammation, intrathecally administered orexin-A is an-
algesic, and this analgesic effect can be blocked by an OX|R antagonist [76]. Thus, there
is evidence that the OX|R receptor plays a role in analgesia.

Conclusions and Future Directions

Sleep is a pillar of health, of critical importance for the regulation of mood, metabolic
and neuroendocrine physiology, autonomic and pain systems. Sleep is essential for the
sustainment of health and homeostatic functions. The discovery of orexin, a peptide
central to the maintenance of wakefulness and response to stressors, has been a major
breakthrough for research into the regulation of sleep and wakefulness [7, 77]. The
orexin system, through its central modulation of stress-responding mechanisms and
activation-deactivation of alertness, also plays a role in host defense mechanisms. Re-
search in animal models has demonstrated that orexin-A and -B, and their receptors 1
and 2 are powerful mediators of arousal, stress, autonomic and metabolic function. Im-
provement in methods and compounds designed to better target brain centers, recep-
tors, agonists and antagonists are needed and will help move research on the mechanism
of action forward.

The problem of sleep deficiency and insomnia represents an urgent unmet public
health need, one that research will help solve. While cognitive behavioral therapy for
insomnia is a successful approach to treatment, it has limitations, particularly in the
acute illness setting [78]. Patients hospitalized frequently need sleep aids due to the
lighting, noise, and treatment schedules. Patients struggling to recover from addiction
relapse, due in part to the inability to sleep. Studies are currently underway in this area.
A sleep aid that would help restore safe sleep without promoting dependence or grog-
giness upon waking would be of great benefit in health care, as well as for use in insom-
nia disorder.

Insomnia with short sleep is a risk factor for depression and for metabolic and cardio-
vascular disease. Safe interventions would have great value to ensure that sleep may be
obtained when needed, and in the longer-term, could reduce disease risk. Orexin receptor
antagonists may have beneficial effects through direct and indirect effects on sleep and
may be helpful in mitigating effects of sleep loss on many regulatory functions. Longer-
term clinical research will be needed to evaluate the potential benefit of these pharmaco-
logical interventions for reducing insufficient sleep-associated disease risk markers and
for improving health maintenance.
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Key Take-Home Points

o Sleep deficiency leads to impairment in daytime neurobehavioral functioning.

+ Reduction of sleep duration by 50% even for a couple of days has negative effects on mood and
sociability.

o Sleep deficiency increases markers of risk for metabolic and cardiovascular disease.

o Sleep deficiency impairs central pain-modulatory functions, which are involved in the pathopys-
iology of chronic pain.
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