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Abstract
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Sleep is emerging as a key health topicin modern society. The
prevalence of and focus on sleep-wake disorders is increasing, which
hasled toalargeinterest from the pharmaceutical industry to develop
new treatments targeting sleep biology (that is, drugs that have the
potential to mimic normal sleep-wake physiology). The orexin (also
known as hypocretin) systemis one of the key targets and regulators of
sleep and wakefulness. In this Review, we will discuss the mechanisms
by whichloss of orexin signalling isinvolved in narcolepsy type1

and whether loss and/or disruption of orexin signalling might have
aroleinothersleep disorders such as narcolepsy type 2, idiopathic
hypersomnia and obstructive sleep apnoea. We will also describe
currentand emerging therapies for sleep disorders involving orexin,
such as orexin receptor antagonists for insomnia and orexin receptor
agonists for narcolepsy.
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Key points

o Sleep is a key health topic, and strong interest exists in developing
new treatments targeting sleep biology.

e The orexin (also known as hypocretin) system is one of the key targets
and regulators of sleep and wakefulness.

o Orexin antagonists are approved for the treatment of insomnia.

o Loss of orexin signalling is involved in narcolepsy type 1; orexin
agonists are being developed as a new treatment for this disease.

o Orexin agonists might also benefit other groups of patients who have
excessive daytime sleepiness.

Introduction

Sleepis anessential physiological process that is critical for maintain-
ing overall health and well-being. Sleep is particularly important for
brainhealthand hasa crucialroleinvarious brain functions, including
memory consolidation, cognitive function and emotional regulation'™.
Disruptions in sleep biology can lead to various sleep-wake disor-
ders, including insomnia, sleep apnoea and narcolepsy, which have
considerable implications for physical and mental health and large
societal and economic burdens®”. How normal sleep and wakeful-
ness are maintained and/or restored is, therefore, an important
topic.

Sleepisregulated by intricate interactions between various neural
circuits, neurotransmitters and hormones®’. At the core of sleep regu-
lation are two main processes: the circadian rhythm (also known as
process C) and the homeostatic sleep drive (also known as process S)™.
The circadian rhythm, controlled by the suprachiasmatic nucleus
of the hypothalamus, synchronizes sleep patterns with the external
environment. The result is a 24-hour cycle of alternating high wake
drive and low wake drive influenced by external cues such as light and
temperature'®. Homeostatic sleep drive increases with prolonged wake-
fulness and decreases during sleep, ensuring abalance between sleep
and wake states'®. Homeostatic sleep drive increases with wakefulness
independent of the time of day. If homeostatic sleep drive is high and
circadian wake drive islow — as is normally the case in the evening — it
is easier to fall asleep™.

Onceasleep, sleep architectureis characterized by distinct stages,
including cycles of non-rapid eye movement (NREM) sleep (further
divided into stages N1, N2 and N3) and rapid eye movement (REM)
sleep” (Fig.1). NREM sleep is associated with physical restoration and
memory consolidation, whereas REM sleep is crucial for cognitive
functions and emotional regulation. The transitions between wake and
sleep and between sleep stages are orchestrated by a complex inter-
play of neural circuits and neurotransmitters, such as noradrenaline,
serotonin, acetylcholine and orexin.

Understanding the central molecular and neural mechanisms
underlying sleep and wake states is essential for developing effec-
tive treatments targeting the biological mechanisms underlying
sleep disorders and improving overall health outcomes. The orexin
(also known as hypocretin) system — a central regulator of sleep
and wakefulness — is a key target for this goal, as we discuss in this
manuscript.

The orexin neuropeptides

Orexins areagroup of two neuropeptides discovered simultaneously by
twoindependentresearchgroups. Following up onthe1996 finding by
Gautvik etal., inwhichtheyidentified the hypothalamus-specific mRNA
‘clone 357, de Lecea together with Gautvik and colleagues showed in
1998 that this mRNA encodes a precursor protein that gives rise to two
peptidesthat they termed hypocretinland hypocretin2, owing to their
exclusive localization in hypothalamus®. In the same year, Sakurai
et al." identified the same peptides while searching for endogenous
ligands of orphan G protein-coupled receptors. Observing that their
central administration stimulated food intake inrats, they named them
orexin-A and orexin-B, derived from the Greek word ‘orexis’, mean-
ing appetite. The terms ‘hypocretin’ and ‘orexin’ are currently used
synonymously in scientific literature. In this Review, we use ‘orexin’
throughout.

Also in 1998, Peyron together with de Lecea and colleagues
mapped the location and projections of the orexin-producing neu-
rons in the mouse brain®. The neurons form a continuous population
spanning the lateral hypothalamus, perifornical areaand dorsomedial
regions, whichare collectively oftenreferred to as the lateral hypotha-
lamic area. Despite small numbers (estimated in the paper tobe 1,128
cells per mouse brain®), orexin neurons project widely across the whole
central nervous system (CNS), except the cerebellum, with exten-
sive projections to monoaminergic and cholinergic nuclei (Fig. 2a).
Although Sakurai et al. originally focused on the physiological role of
orexininfeeding behaviour and energy homeostasis (whichis why they
named it orexin)™, Peyron et al. predicted that the orexin system could
have arole in several physiological functions including regulation of
the sleep-wake cycle®.

Atthe molecular level, the neuropeptides orexin-A (also known as
hypocretin1) and orexin-B (alsoknownas hypocretin2) are derived from
acommon precursor, prepro-orexin (also known as prepro-hypocretin),
through enzymatic cleavage (Fig. 2b). Animportant difference between
the two peptides is that orexin-A contains two intrachain disulfide
bondscreatingaloop, whereas orexin-Bisalinear peptide. Asaresult,
orexin-A is much more stable, which is one possible reason that could
explain why orexin-A — but not orexin-B — can be detected in cerebro-
spinal fluid (CSF). Orexin-A and orexin-B act on two G protein-coupled
receptors: the orexin receptor type 1 (OX1R) and the orexin receptor
type 2 (OX2R) (Fig. 2c), which have distinct yet overlapping expres-
sion patterns in the brain. OXIR exhibits a higher affinity for orexin-A
over orexin-B, whereas OX2R binds both orexin-A and orexin-B with
similar affinities. Orexin receptor activation stimulates the mobiliza-
tion of intracellular calcium and other signalling pathways, leading to
increased neuronal activity'*".

Another clue to the fundamental biological importance of the
orexin system is its high degree of conservation across vertebrate
species. The amino acid sequence of the two orexin neuropeptides is
highly preserved among mammalian species, with orexin-A sharing
sequence homology across species such ashuman, rat, mouse, dog and
pig'®, whereas orexin-B is slightly more variable, showing one amino
acid substitution in rodents compared with humans'®, Similarly, the
receptors OX1R and OX2R are highly conserved among mammals, with
human and rat OXIR sharing 94% sequence identity and humanandrat
OX2R sharing 95% sequence identity™.

Function of the orexin system
Unsurprisingly, considering the broad projections throughout the
brain, orexins were soon shown to be implicated in many functions.
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Early on, key studies demonstrated that they have arolein sleep-wake
regulation. A disruptive insertion mutation in the gene encoding
OX2R was shown to be causal for hereditary narcolepsy in a colony
of narcoleptic Doberman dogs established at Stanford University™.

Sleep stage: N1 — light sleep

o Characteristics: transition between wakefulness and sleep
» EEG signature: alpha rhythms (8-12 Hz) and theta rhythms (4-8 Hz)
» Physiological changes: slow eye movements and reduced muscle activity

o Characteristics: deeper than N1; more than 50% of total sleep

» Physiological changes: no eye movements, decreased heart rate and
decreased body temperature

« EEG signature: theta waves (4-7 Hz), sleep spindles (12-14 Hz) and K-complexes

Furthermore, Chemelli et al. noted that ‘orexin’-knockout mice showed
strange behavioural arrests with an electrophysiological signature
similar to REM sleep, which they realized had resemblance to the
narcolepsy-specific symptom cataplexy?’. Soon thereafter, human

Representative EEG trace:

Representative EEG trace:

» Characteristics: deep sleep with high sensory threshold to wake up
« EEG signature: delta waves (0.5-2 Hz)

Sleep stage: N3 — deep sleep/slow wave sleep

Representative EEG trace:

» Physiological changes: no eye movements, decreased heart rate, decreased body
temperature, decreased brain energy expenditure and decreased brain temperature

o Characteristics: vivid dreaming occurs, brain activity similar to during wakefulness

o EEG signature: theta waves (4-8 Hz)

» Physiological changes: rapid eye movements, muscle atonia, increased brain
activity, increased brain energy expenditure and increased brain temperature

Sleep stage: REM sleep

Representative EEG trace:
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Fig.1|Sleep stages and characteristics. a, The characteristics of different
sleep stages in humans and representative electroencephalogram (EEG) traces".
b, Representative hypnograms (which show the distribution of sleep stages
throughout the night) from a healthy humanindividual and froma patient with
narcolepsy type1(NT1). Unlike healthy individuals, patients with NT1frequently
exhibit ‘sleep-onset REM periods’ (SOREMPs), defined as rapid eye movement
(REM) sleep occurring close (<15 minutes) after sleep onset; REM sleep can even
be the first stage after sleep onset. SOREMPs can occur during night-time sleep

24 hours

and daytime naps in patients with NT1. Patients with NT1also typically have
disrupted night-time sleep with multiple sleep-stage shifts and awakenings.

By contrast, healthy individuals have a more stable sleep and sleep cycles,

hence typically entering REM sleep only after progressing through the non-

REM stages of asleep cycle (that is, REM sleep typically occurs approximately

90 minutes after sleep onset). Panel ais adapted from ref. 197, CC BY 4.0 (https://
creativecommons.org/licenses/by/4.0/). Panel b is adapted fromref. 39, Springer
Nature Limited.
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Fig.2| The orexin (hypocretin) system. a, Orexin-A and orexin-B (also known
as hypocretinland hypocretin 2, respectively) are produced in the lateral
hypothalamic area (LHA) and projected throughout the brain. The two orexin
receptors (OX1R and OX2R) show widespread expression across the central
nervous system (CNS), with distinct yet overlapping expression patterns. For
example, OX1IRis enriched in the locus coeruleus (LC) and amygdala, whereas
OX2Ris enriched in the tuberomammillary nucleus (TMN) and nucleus
accumbens (NAc). Areas where both receptors are equally represented include

C Binding to OX1R and OX2R

OX1R ;

the dorsal raphe (DR), ventral tegmental area (VTA), paraventricular nucleus
(PVN), dorsomedial hypothalamic nucleus (DMH), arcuate nucleus (Arc) and
cholinergic regions such as the pedunculopontine tegmental nucleus (PPT),
the laterodorsal tegmental nucleus (LDT) and the basal forebrain (BF)™>"%'*°,
b, Orexin-A and orexin-B peptides are encoded by acommon precursor gene.
¢, Orexin-A and orexin-B signal via the receptors OXIR and OX2R, with orexin-A
binding to both receptors with high affinity and orexin-B having the highest
affinity for OX2R. mPFC, medial prefrontal cortex.
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narcolepsy was shown to be caused by orexin deficiency**

described in more detail below.

Since these early key discoveries, decades of research have pro-
vided adetailed understanding of the central role of the orexin system
insleep-wake regulation®.In2001, infusion of orexin-A or orexin-B into
the ventricles of sleeping rats was shown to induce wakefulness®. In sev-
eral species, including primates® and humans?®, endogenous orexin-A
levels have been shown to increase during the day when wakefulness
is challenged by an increasing sleep pressure. Orexin-A levels have
also now been shown to increase in the brain during interaction with
friends and family — times when active wakefulness is needed”. Orexin
neurons promote wakefulness by projecting to key monoaminergic
and cholinergic nuclei. Orexin neuronal activity directly activates the
locus coeruleus, promoting noradrenaline release, which supports

,aswillbe

sustained wakefulness and attentiveness®. In the dorsal raphe, orexins
stimulate serotonergic neurons, which also contribute tomood regula-
tion, arousal and alertness®. Orexins also enhance histamine release
in the tuberomammillary nucleus, further promoting wakefulness®
Additionally, orexins influence the ventral tegmental area, enhancing
dopamine release, which not only supports wakefulness but also modu-
lates motivation and goal-directed behaviour®. The orexin systemalso
hasanimportantrolein REMssleep regulation viaseveral brainareas®*,

Narcolepsy type 1

Narcolepsy is a chronic neurological sleep disorder characterized by
excessive daytime sleepiness (EDS) and disrupted sleep-wake cycles.
A consistent finding for more than 100 years is that narcolepsy also
greatly affects daily functioning and quality of life and that patients
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with narcolepsy are often interpreted (misunderstood) as being
uninterested, lazy and clumsy>*,

Two main subtypes of narcolepsy exist: narcolepsy type 1 (NT1)
and narcolepsy type 2 (NT2) (according to the current International
Classification of Sleep Disorders (ICSD-3-TR) definitions®). NT1 is
distinguished from NT2 by the presence of cataplexy (a sudden loss
of muscle tone triggered by strong emotions) in NT1. Owing to the
somewhat curious symptoms such as cataplexy and hypnagogic hal-
lucinations, discussions were already ongoing from the early1900s as
towhether narcolepsy was a psychiatric disorder (classical hysteria) or
asomaticdisorder. However, findings from the 1930s — the discovery
of post-mortem hypothalamic lesions extending into the upper part
of the ponsin extremely sleepy patients with ‘encephalitis lethargica™®
andtheincreasedincidence of narcolepsy after the Spanish flu (HIN1)
pandemicin1918 (ref. 34) indicated the existence of neuroanatomically
well-defined sleep-regulating areas and suggested that narcolepsy
(with cataplexy) could be a distinct hypothalamic brain disorder pos-
sibly triggered by an infection. Nowadays, NT1 can be distinguished
from other sleep disorders by low levels of orexin-A in the CSF (as will
bediscussed) andis known to affect approximately 0.02-0.05% of the
population®. Disease onset is often in adolescence with asecond peak
in the mid-30s*°, but long diagnostic delay is common®-, especially
inwomen*.

The aetiology of NT1is now believed to involve a combination of
genetic, environmental and autoimmune factors. The primary patho-
logical feature of NT1is the loss of orexin production in the lateral
part of the hypothalamus®-* (therefore, it does indeed involve hypo-
thalamic dysfunction as suggested in the 1930s®). This loss of orexin
signalling disrupts the normal regulation of sleep and wakefulness.
The exact mechanism of orexin peptide loss is not fully understood,
butevidenceindicates that an autoimmune process, possibly triggered
by specific airway infections, might be involved***. Similar to what
occurred following the HIN1 Spanish flu pandemic, the HIN1 swine flu
pandemic and vaccinations against HIN1in2009-2010 were followed
by asignificantly increased incidence of narcolepsy***.

Juji and colleagues*® reported the genetic predisposition to the
HLA-DR2 allele in Japanese patients with narcolepsy in the 1980s; in
1997, researchers showed that it is specifically the HLA-DQB1*06:02
allele that is strongly associated with NT1 across all ethnic groups®.
The prevailing hypothesis that NT1 results from orexin deficiency
states that an immune-mediated attack kills*® or perhaps silences*
the orexin-producing neurons. An autoimmune aetiology was further
supported, but not proven, by findings of autoreactive T cellsin blood
and CSF samples from patients with NT1 (refs. 50,51). In a single case
report published in 2013 in which CSF orexin-A levels were available
before (318 pg/ml) and after (10 pg/ml) disease onset, the development
of orexin deficiency was shown to occur during onset of NT1 (ref. 52).

In humans, deficiency of orexin production manifests as EDS,
cataplexy, sleep paralysis, hypnagogic hallucinations and disrupted
night-time sleep (Fig. 1b). These symptoms result from the inability
to maintain stable wake and sleep states and the intrusion of REM
sleep phenomenainto wakefulness. Many patients with NT1also gain
substantial weight after disease onset. In cohort studies of patients
with narcolepsy with and without cataplexy, most patientswith NT1are
already deficient in levels of orexin neuropeptides in the CSF regard-
less of disease duration®™*%, A study in rats showed that, even with only
27% of orexin neurons remaining, CSF orexin-A levels were reduced
to only about 50%*. The deficiency in CSF orexin-A levels at diagnosis
in patients with NT1 could, therefore, suggest that in many human

patients with NT1 the pathological process is completed by the time
the disease is diagnosed. However, even though orexin-A levels are
usually lowin cohorts of patients with NT1, the presence and severity of
symptoms canvary, and cataplexy can develop many years after EDS®.
Moreover, about 10% of patients with NT1 with cataplexy do not have
deficient levels of orexin-A in the CSF, further showing that orexin-A
levels measured in the CSF and clinical phenotype do not necessarily
correlate®®,

In mice, the loss of orexin neurons also leads to disrupted sleep-
wake patterns. Animal models are invaluable for studying the symp-
tom biology of NT1 and testing potential therapeutic interventions.
Mice in which genes encoding orexin peptides or OX2Rs have been
genetically knocked out exhibit increased sleep fragmentation,
frequent transitions between sleep and wake states, and episodes
of cataplexy-like behaviour®*®', Although mouse models in which
the gene encoding OX2R has been knocked out show more NT1-like
symptoms than do mice in which the gene encoding OXIR have been
knocked out, dual knockout of genes encoding both of the receptors
leads to an even more pronounced phenotype®’. Mice in which orexin
neurons have been ablated, such as in ataxin 3 or diphtheria toxin
Amodels, alsoshow NT1-like symptoms. In addition, ithasbeen shown
that the sleep-wake and tonus dysregulation occurringin NT1 mouse
models canbeimproved if the OX2R is pharmacologically activated®***,
Post-mortem samples from patients with NT1showed decreased OX1R
expressioninthe cortexand pons (possibly owing to long-term orexin
peptideloss) but preserved OX2R expression®. Furthermore, aphasel
clinical study of an OX2R agonist demonstrated that OX2R receptors
are not downregulated in patients with NT1 and can be activated by
an agonist®*, suggesting that orexin replacement or orexin receptor
agonists might be afeasible treatment option for NT1.

Methodological challenges in measuring orexin

Asakeyfeature of NT1is theloss of orexin peptide production, measure-
ment of orexin-A levelsin the CSF forms part of the diagnosis andis the
most reliable method for confirming NT1. As orexin-A concentrationin
the CSFisin the pg/mlrange, a highly sensitive assay is required, and
radio immunoassay (RIA) is the current gold standard®. Using RIA,
CSF orexin-A levels <110 pg/ml (if including a Stanford inter-assay®’)
orless thanone-third of the laboratory normal mean value are interna-
tionally accepted as low values (that is, orexin deficiency) in humans
(according to ICSD-3-TR¥). However, measuring orexin-A concentra-
tions with RIA presents several methodological challenges owing to
accessibility constraints (as it requires specialized laboratory and
equipment) and inter-assay variability. Inter-assay variability should
be addressed by the laboratories by including inter-assay references,
aStanford reference or similar®®®®, Orexin-A can also be measured using
enzyme-linkedimmunosorbent assay (ELISA) technology, butits useis
limited asits sensitivity is in the ng/ml range and higher’®, so it cannot
be used for differentiation of NT1 patients from healthy control indi-
viduals as orexin-A concentrations in healthy individuals are in the
200-700 pg/ml range®. Furthermore, ELISA technology, similar to
RIA, relies on the specificity of the antibody used, creating a risk of
false positives and cross-reactivity if not properly evaluated. A review
summarizing the challenges of orexin-A quantification concludes that,
although orexin-A RIA is useful for differentiating NT1from other con-
ditions, care should be taken when usingitin other conditions, includ-
ing NT2, owing to unresolved specificity issues®®. Mass spectrometry
methods are likely to be better options than using RIA for diagnosing
NT1but still require standardization” . CSF collection via lumbar
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puncture is invasive, somewhat limiting its use, but orexin-A cannot
reliably be measured inblood” (although several misleading publica-
tions have reported orexin-A levels in blood without determining the
specificity of the signal).

Narcolepsy type 2

Patients with NT2 present with similar symptoms as patients with NT1,
but they do not have cataplexy (ICSD-3-TR¥). Although patients with
NT2canhaveless pronounced sleepiness and abnormal sleep features
than patients with NT1 (refs. 53,64,76,77), disease severity is variable
and can also be equal to that found in patients with NT1. Hence, ina
clinical setting, strictly separating NT1and NT2is difficult and further
complicated by the fact that cataplexy can appear years after disease
onset® and/or cataplexy can initially be atypical (for example, without
clear emotional triggers at disease onset in children’®). According to
the ICSD-3-TR, CSF orexin-A levels in patients with NT2 are, if meas-
ured, normal (>110 pg/ml)*. However, it is important to note that low
CSF orexin-A levels are found in approximately 25% (range 10-40%)
of patients with narcolepsy without cataplexy (that is, those initially
defined as having NT2 based on polysomnography and multiple sleep
latency test findings) if lumbar punctureisincluded in the diagnostic
work-up®*%” In these cases, diagnosis is then by definition switched
to NT1, according to the ICSD-3-TR¥. For unknown reasons, an ethnic
phenotypical difference exists, with African American patients with nar-
colepsy without cataplexy being more likely than patients from other
ethnic groups to have CSF orexin-A deficiency when analysed***°, The
reported prevalence of NT2 varies considerably from being three times
higher than NT1in a population-based sample® to being 20-25 times
lower thanNT1inatertiary sleep centre®’; this variation probably results
from the heterogeneity and lack of specific disease markers.

The causes of NT2 are still poorly understood but generally —
based onits heterogenous phenotype andits reduced association with
HLA-DQB1*0602 (compared with NT1) — it is believed to have several
different pathoaetiologies®**.NT2 hasbeen hypothesized to represent
a‘partial orexin deficient’ intermediate state that, in some cases, will
evolve into full-blown NT1 (ref. 60). In humans, this idea is supported
by post-mortem findings of partial orexin neuron loss (lack of peptide
immunohistochemistry signal) in the hypothalamus of a patient with
NT2 (ref. 85), intermediate CSF orexin-A levels in some patients with
NT2 (refs. 53,60) and a number of case reports in which CSF orexin-A
deficiency and/or cataplexy developed after the onset of EDS*>*"5657,
In experimental animal models, the gradual destruction of orexin
neuronsresults firstin an EDS phenotype (suchas NT2), and later, when
most (73-95%) of the orexin neurons are lost, an NT1-like phenotype
(orexin-A deficiency in the CSF and the development of cataplexy)
appears*®**°°, Animmunological process could have a role in partial
orexin deficiency development in some patients with NT2. Indeed,
human cases have been reported in which upper airway infections
and/or vaccinations against HIN1 influenza occurred shortly before
NT2 disease onset***?? or preceded progression to narcolepsy with
cataplexy*’. However, more work is needed before we can conclude
anything regarding the pathogenesis of NT2.

As patients with NT2 per definition have normal orexin-Alevels but
atthe same time have symptoms suggesting orexin system abnormali-
ties, ithasalsobeen speculated that such cases might have downstream
abnormalities in orexin signalling®. Furthermore, as the RIA method
usually used for orexin-A quantification does not determine whether
the peptideis functional, it has also been speculated that the orexin-A
signal present might reflect non-functional orexin-A”’.

Idiopathic hypersomnia

Idiopathic hypersomnia, suchas NT2, is characterized by EDS without
cataplexy and with normal CSF orexin-Alevels (according to the ICSD-
3-TR¥). As its name implies, the cause of idiopathic hypersomnia is
unknown, so other more probable causes of EDS (such as recent head
trauma, infections, other sleep disorders, insufficient sleep syndrome
and psychiatric disorders) must be ruled out. Some hypotheses for
the cause of idiopathic hypersomnia have been examined, but no defini-
tiveanswer hasbeen found. Evidence suggests that pro-arousal systems
arenotdeficient in patients withidiopathic hypersomnia, and ahypoth-
esis that potentiation of the pro-sleep (GABA,) system contributes
to idiopathic hypersomnia has been suggested but is still debated”.

Idiopathic hypersomnia with long sleep time (>10 hours per day,
according to the ICSD-3-TR¥) was first described in the 1970s by Bedrich
Roth based on large Czech cohorts that he and colleagues had been
following since the 1940s°*. This subtype of idiopathic hypersomnia
seems to be quite a consistent and homogenous chronic disease entity
in which EDS is characterized by sleep drunkenness (also known as
sleepinertia), afeeling of being unable to wake up properly after unre-
freshing, prolonged sleep or naps®. The presence of such a subtype
is supported by findings of a hypersomnia subtype characterized by
sleep drunkenness in a large European unsupervised machine learn-
ing cluster analysis of CNS hypersomnias®. By contrast, in patients
with idiopathic hypersomnia and normal sleep length, both subjec-
tive symptoms and objective multiple sleep latency testing findings
fluctuate, and the diagnosis can shift to NT2 and back with repeated
measurements® "%,

Discussions are ongoing as to whether NT2 and idiopathic hyper-
somniawithnormalsleep length are even separate diagnoses or not”.
Some patients originally diagnosed with idiopathic hypersomnia could
hypothetically also have partial orexin neuronloss or dysfunction, as
has been suggested for patients with NT2 (ref. 85). This hypothesis is
supported by acasereportinwhichapatientdiagnosed with idiopathic
hypersomnia progressed to NT1with accompanying orexin deficiency®®
and by reports of patients with narcolepsy who have relatives with
idiopathic hypersomnia'®®'%,

A Japanese study showed that a rare genetic missense variant
in the cleavage site of prepro-orexin was associated with idiopathic
hypersomnia in a subgroup of patients'*>. The mutant gene results
in reduced cleavage efficiency of prepro-orexin into orexin-A and
orexin-Band further prepro-orexin peptides that have not been appro-
priately processed into orexin-A and orexin-B, leading to reduced
affinity for OXR1 and OXR2 compared with fully mature orexin-A and
orexin-B peptides, suggesting that a subtype of idiopathic hypersom-
niais associated with compromised orexin signalling'*>. Patients with
idiopathic hypersomnia who had the prepro-orexin mutation had
clinically increased subjective sleepiness and an increased number
of arousals on polysomnography compared with patients without
the mutation. Moreover, having a common missense variant in OXR2
combined with the prepro-orexin mutation increased the risk of hav-
ingidiopathic hypersomnia, indicating that acombination of genetic
risk factors in the orexin system could be involved in some cases of
idiopathic hypersomnia.

Obstructive sleep apnoea

EDSisalsocommonin obstructive sleep apnoea (OSA), asleep disorder
with arapidly increasing prevalence worldwide, driven by increas-
ing rates of obesity and ageing populations. OSA is characterized by
recurrent episodes of compromised breathing during sleep owing
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to partially collapsed upper airways (hypopneas) or fully collapsed
upper airways (apnoeas) resulting in night-time fluctuating hypoxiaand
hypercapnia, sleep disruption and subsequently EDS (according to the
ICSD-3-TR definition®). Evenifanormal breathing patternis restored
during sleep through the use of continuous positive airway pressure
(CPAP) treatment, residual EDS persists in a substantial portion of
patients with OSA'*>1%,

OSA is common in patients with NT1 (ref. 105), but except for
these comorbid cases, CSF orexin-A levels are normal in patients with
OSA™°¢, Despite normal orexin-A levels, it has been speculated that
reduced orexin production or activity on a neuronal level may have a
role in residual EDS in patients with OSA'°”%, Orexin neurons project
to midbrain and brainstem sites that regulate breathing, and orexin
neurons are sensitive to extracellular pH'*’. This is important as OSA
resultsinchangesin pH levels because of hypoxiaand hypercapnia and
canresultinacidosis. Moreover, orexin neuroninjury, as well asinjury
to other neurons, induced by chronic hypoxia and hypercapnia and
sleep disruption has been observed in experimental animal models
of OSA"*™_ More research is needed to determine whether orexin
neurons could be directly activated or injured by intermittent hypoxia
and hypercapnia during sleep apnoea or whether the chronic sleep
fragmentation might lead to dysfunction of orexin neurons.

Insomnia

In contrast to sleep disorders characterized predominantly by EDS,
other sleep disorders are characterized mainly by difficulties fall-
ing and/or staying asleep. Insomnia is the most prevalent example
of such a disorder, in which the core symptoms are problems with
night-time sleep initiation and/or sleep maintenance (according to
theICSD-3-TR¥). Curiously, during the daytime, although patients with
insomnia can feel fatigued, they rarely complain of EDS and they are
notabletonap,indicating the presence of a24-hour overactive arousal
system. Moreover, insomnia is also well known to be associated with
ahyperactive sympathetic nervous system'?,

Insomnia is very common (occurring in up to one-third of the
adult population), is more frequent in women and becomes increas-
ingly prevalent with age'. Astudy of brain glucose metabolism during
sleep in humans with insomnia showed insufficient downregulation
during NREM sleep compared with healthy control individuals™*. In
animal models, stress-related hyperarousal (stress-induced insomnia)
is mediated by corticotropin-releasing hormone neurons and orexin
neurons'™, Age-related sleep instability has furthermore been demon-
stratedinarodent model toresult from a permanent hyperactive state
of the aged orexin neurons™®. Loss of oestrogen following ovariectomy
has been linked with orexin hyperactivity in female rodents’, which
could contribute to symptoms of insomnia in ageing menopausal
women. It is therefore plausible that inhibitors of the orexin system
could be effective and beneficial in insomnia possibly particularly
in older patients in whom conventional GABAergic drugs should be
avoided because of the risk of problematic motor and cognitive adverse
effects.

Restless legs syndrome

Restless legs syndrome (RLS) is a sleep disorder characterized by
unpleasant (sometimes painful) dysesthesias and an urge to move the
legs (according to the ICSD-3-TR¥). RLS symptoms are characteristically
present mostly or only in the evening or at the beginning of the night,
making it difficult for affected individuals to fall asleep and maintain
sleep. The discomfortis temporarily improved by movement. Periodic

leg movements and arousals during sleep are also common in patients
with RLS. It has been hypothesized that RLS, such as insomnia, could
be a hyperarousal disorder®. However, although patients with RLS
are hyperaroused at night-time, evidence is emerging to suggest that,
contrary toinsomnia, these patients (especially those with severe cases)
have EDS during the day'. Whether high evening CSF orexin-A levels
have arolein hyperarousal in patients with RLS has been examined in
afew small studies with conflicting results. One study found increased
CSF orexin-Alevelsin patients with early-onset RLS (<45 years) whose
CSF was sampled late in the evening"®, but this finding was not rep-
licated in another small study of patients whose CSF orexin-A meas-
urements were taken in the early evening'®°. As well as their role in
activating the brain’s arousal system, orexin neurons also have a pro-
posed roleinincreasing locomotor activity and modulating pain and
sensory processing'”, all of which are involved in RLS, which could
indicate a potential role for drugs that modulate the orexin systemin
the treatment of RLS.

Current and emerging therapies targeting the
orexin system

Clearly, the orexin system has a central rolein the regulation of arousal
and sleep-wake transitions, making it acompelling therapeutic target
insleep medicine. Two pharmacological strategies have emerged inthis
field: receptor antagonists, which dampen arousal to promote sleep,
andreceptor agonists, which aim to restore wake-promoting signalling
in orexin-deficient conditions such as NT1. Table 1 lists drugs that are
either approved or in clinical phase Il or Ill trials.

Orexin receptor antagonists

Orexin receptor antagonists have shown clinical success in the treat-
ment of sleep disorders, with the approval of the dual orexin receptor
antagonists (DORAs) suvorexant (approved by the Ministry of Health,
Labour and Welfare (MHLW) inJapan and the US Food and Drug Admin-
istration (FDA) in 2014), lemborexant (approved by the FDA in 2019),
daridorexant (approved by the European Medicines Agency and FDA
in2022) and vornorexant (approved by MHLW in 2025), following evi-
dencethat these drugsimprove sleep onset and maintenance through
inhibition of OX1R and OX2R'**'**, DORAs are currently approved for
the treatment of chronicinsomnia and have demonstrated improved
efficacyinsleep maintenance and onset compared with the commonly
prescribed GABA, receptor modulator zolpidem'> %, Additionally,
DORAs have been clinically explored for treatment of trauma-related
insomnia'®, sleep apnoea'” and delirium®°, and, as of spring 2026,
over 35 active clinical trials are listed on ClinicalTrials.gov, exploring
the use of DORAs for treatment of alcohol use, post-traumatic stress,
drug use and drug relapse, sleep after surgery, RLS, and progression
of Alzheimer disease. One more DORA, fazamorexant, is in the late
stages of clinical trials with two ongoing phase Ill trials (NCT05525637
and NCT06975514). The success of the DORAs and the potentially wide
range of indications demonstrate the strength of the orexin system as
adrugtarget.

Earlier-generation DORAs such as almorexant were discontinued
during development owing to safety concerns''. Although current
DORAs have improved safety profiles over these earlier-generation
DORAEs, limitations remain. Notably, next-day somnolence remains
a concern, particularly with agents that have longer elimination
half-lives. The more recently approved daridorexant and vornorex-
ant, which both have shorter half-lives (-8 hours™ and ~2 hours™*,
respectively) than lemborexant™>'*® (-17-19 hours) and suvorexant'”’
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Table 1| Orexin (hypocretin) receptor antagonists and agonists approved or currently in clinical phase lI-1ll trials

Name Sponsor Indication Stage Refs.
Dual orexin receptor antagonists (DORAs)
Daridorexant (ACT-541468) Idorsia Insomnia Approved in 2022 (EU and USA); marketed as Quviviq 133,143,145,
172-174
Lemborexant (E-2006) Eisai Insomnia Approved in 2019 (USA); marketed as Dayvigo 125142,
175177
Suvorexant (MK4305) Merck Insomnia Approved in 2014 (Japan and USA); marketed as 146,178-184
Belsomra
Vornorexant (TS-142) Taisho Pharmaceutical Co. Insomnia Phase lll trials completed (NCT05453136, 134,186-190
NCT05461352); approved in Japan (2025)'®
Fazamorexant (YZJ-1139) Shanghai Haiyan Insomnia Ongoing phase lll trials (NCT06975514) 191
Pharmaceutical Technology
OX1R antagonists
CVN766 Cerevance Binge eating Phase | trial completed (NCT05105243) with plans 193
disorder; for two phase Il trials'?
schizophrenia
OX2R antagonists
Seltorexant (JNJ42847922/MIN202) Janssen Research & Insomnia; major Ongoing phase Il trial (NCT06559306) 160,194-196
Development depressive disorder
OX2R agonists
Oveporexton (TAK-861) Takeda NT1 Completed phase Il for NT1 (NCTO6505031); 169
ongoing phase Il for NT1 with cataplexy
(NCT07363720); ongoing phase Ill for central
hypersomnia conditions (NCT05816382)
ALKS 2680 Alkermes NT1; NT2; idiopathic Completed phase Il study (NCT06358950); ongoing -
hypersomnia open-label extension study (NCTO6767683);
ongoing phase lll trial (NCT07455383)
ORX750 Centessa NT1; NT2; idiopathic  Ongoing phase Il trial (NCT06752668, -
hypersomnia NCT07096674)
E2086 Eisai NT1 Completed phase | trial (NCT06462404); ongoing -

phase | trial (NCT07493265); ongoing phase Il trial
(NCT07493265)

(-12 hours), could minimize carryover effect into daytime. However,
head-to-head trials comparing DORAs are lacking, and direct com-
parative data are required to guide clinical decision-making"*'*’,
Additionally, although the sleep-promoting efficacy of DORAs is well
established°*¢, their effects on sleep architecture remain incom-
pletely understood. Increases in total sleep time with DORAs are con-
sistently reported, but some studies suggest that this effect is driven
primarily by anincreased duration of REM sleep without a proportional
increase in the duration of NREM sleep'>'*"*°, This idea fits with basic
research findings indicating that the orexin system is an REM-sleep-
suppressing system®. However, other findings indicate that, compared
with GABAergic hypnotics, which are known to promote NREM sleep
while inhibiting REM sleep™, further research is needed to clarify how
orexin receptor antagonists modulate sleep architecture.

Selective antagonists targeting individual orexin receptors are
in earlier stages of development than DORAs. Despite evidence from
mice that OX1Rs in the locus coeruleus mediate wake stability®**?,
OXI1R-selective antagonists have not demonstrated sleep-promoting
effects™*"% It is possible that OX1Rs instead have a primary role
in modulating stress and reward pathways'**. By contrast, both
preclinical*"" ™ and clinical™®' studies suggest that specifically
antagonizing OX2R can promote sleep with efficacy comparable to
that of DORAs. Currently, the selective OX2R antagonist (2-SORA)

seltorexant is undergoing phase lll clinical trials for the treatment of
insomnia and major depressive disorder (NCT06559306).

Orexin receptor agonists

In contrast to antagonists, agonists are designed to mimic the wake-
promotingeffect of endogenous orexin peptides'®*'**, Preclinical stud-
ies of orexin receptor agonists in rodents and non-human primates
show promising wake-promoting effects®*'*'*’, Although the OX2R
agonist TAK-994 showed improvements in EDS in patients withNT1in
phase Il trials'®, its development was discontinued owing to hepato-
toxic effects. The intravenous OX2R agonist danavorexton (TAK-925)
alsoshowed promise in early-phase clinical trials®*'*>, and patients with
NT1seemed to show increased sensitivity to OX2R agonism, whereas
patients withNT2 needed a higher dose for any effect to appear, includ-
ing positive treatment effects as well as adverse effects®. A subsequent
phase Il study investigating danavorextoninindividuals with obstruc-
tive sleep apnoea was initiated but later terminated, with no publicly
disclosed reason for discontinuation (NCT05814016).

Subsequent development in this line of compounds has largely
shifted towards the oral OX2R agonist oveporexton (TAK-861). Aphasell
study of oveporextoninindividuals with NT1reported improvements
in wakefulness and daytime sleepiness, dose-dependent increases

in sleep latency and substantially reduced cataplexy frequency'®’,
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supporting the continued development of oveporexton in an ongo-
ing phase lll study (NCT05816382). The most common adverse events
associated with oveporexton are insomnia and urinary symptoms,
including urinary urgency and increased urinary frequency (pollaki-
uria). Insomnia typically occurs early after treatment initiation and
often resolves with continued treatment, and urinary symptoms are
generally mild to moderate and transient'’. In early February 2026, the
FDA accepted aNew Drug Applicationand granted Priority Review for
oveporexton for the treatment of NT1,accordingtoa pressrelease from
Takeda". Three additional OX2R agonists are in development: ALKS
2680 (Alkermes) and E2086 (Eisai) have both completed phasell trials,
whereas ORX750 (Centessa) is currently in phaselltrials (NCT06752668
and NCT07096674).

OX2R agonists have received more clinical attention owing to their
dominant rolein promoting wakefulness, and OX1R-selective agonists
remain largely experimental. Preclinical studies suggest that OX1R
agonists might be more relevant for modulating reward-related behav-
iours, painmodulationand emotional arousal rather than sleep-wake
regulation'®>'®*,

To address limitations associated with selective receptor target-
ing, dual orexin receptor agonists (DOXAs) are being explored as a
next-generation strategy for NT1. DOXAs are anew class of compounds
that simultaneously activate both OX1R and OX2R, aiming to restore
wakefulness. Preclinical data for two DOXAs, AEX-2 and AEX-41, in
orexin-deficient mouse models show increased wakefulness, reduced
cataplexy and preservation of REM sleep'”*. However, these findings
have so far been presented only in conference abstracts and com-
pany press releases and have not yet been published in peer-reviewed
scientific journals.

Conclusions

The orexinsystemhasacentral rolein sleep-wake regulation, making
the two orexin receptors appealing drug targets for the treatment of
sleep disorders. Orexin antagonists are already on the market, and
orexin agonists are soon to come.

A challenge in the further development of orexin agonists is the
absence of reliable biomarkers to assess treatment efficacy. Most clini-
caltrialsrely onsubjective sleepiness scales and short-term objective
measures (polysomnography and maintenance of wakefulness tests),
which may not adequately reflect the pharmacodynamic effects of
these compounds. As orexin peptides cannot be reliably measured
inblood, objective measures such as CSF orexin-A levels or long-term
measures such as ear-EEG or actigraphy might offerimproved sensitiv-
ity for detecting treatment effects in future studies. However, these
methods are more invasive and/or possibly more time-consuming,
which may limit their routine use in clinical trials.

Together, the development of orexin receptor antagonists and
agonists represents amajor advance insleep medicine, offering alterna-
tivesto traditional hypnotics and stimulants. Approved therapies and
ongoing trials show promise for conditions such asinsomniaand NT1,
with potential broader applications across diverse patient populations.

Published online: 30 July 2026
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