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Abstract

Orexin, also known as hypocretin, is an excitatory neuropeptide secreted by the hypothalamus. Orexin is divided into orex@
(OXA) and orexin-B (OXB), which are derived from a common precursor secreted by hypothalamic neurons. Orexin acts on orexin
receptor-1 (OX1R) and orexin receptor-2 (OX2R). Orexin neurons, as well as receptors, are widely distributed in various regions of
the brain as well as in the peripheral system and have a wider range of functions. This paper reviews the latest research results of
orexin in the aspects of food intake, sleep, addiction, depression and anxiety. Because orexin has certain physiological functions
in many systems, we further explored the possibility of orexin as a new target for the treatment of bulimia, anorexia nervosa,
insomnia, lethargy, anxiety and depression. It is precisely because orexin has physiological functions in multiple systems that
orexin, as a new target for the treatment of the above diseases, has potential contradictions. For example, it promotes the function
of 1 system and may inhibit the function of another system. How to study a new drug, which can not only treat the diseases of
this system, but also do not affect other system functions, is what we need to focus on.

Abbreviations: BF = basal forebrain, OX1R = orexin receptor-1, OX2R = orexin receptor-2, OXA = orexin-A, OXB = orexin-B.
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1. Introduction

Orexin/ Hypocretin is an excitatory neuropeptide that was
first discovered in 1998 by 2 independent research groups
through different research modalities. Sakurai used chroma-
tography to discover a novel neuropeptide, which was named
“orexin” because of its ability to enhance food intake. Almost
at the same time, another group also discovered this pep-
tide using molecular biology techniques, since this peptide is
secreted by the hypothalamus hence the name “hypocretin.”
To avoid confusion, the term orexin is used in the following
accounts.

Orexin is divided into orexin-A (OXA) and orexin-B (OXB),
which are derived from a common precursor secreted by hypotha-
lamic neurons. The structure of OXA is highly conserved among
mammals, suggesting an important rolel'; but the OXB amino
acid sequence has some differences among different species.?!

It is estimated that 3000 to 6700 neurons express orexin in
the rat brain, whereas approximately 50000 to 80000 neurons
express orexin in the human brain.®! These neurons project
widely to the central nervous system. Most project in regions
controlling wakefulness, including the locus coeruleus,* dorsal
raphe nuclear region.”! Of course also project to other regions,
including the basal forebrain (BF), olfactory region, bed nucleus
of the stria terminalis,!®” indicating that orexin has additional
functions beyond controlling wakefulness.
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There are 2 orexin receptors known, orexin receptor-1
(OX1R) and orexin receptor-2 (OX2R). OX2R is present in
all vertebrates, whereas OX1R is present only in mammals, so
OX1R may have been a product of biological evolution.’! OXA
has equal affinity for both receptors, whereas OXB has 10-fold
greater affinity for OX2R than OX1R. OX1R is mainly distrib-
uted in areas that control feeding, learning and memory, and
reward,!®! whereas OX2R is mainly found in areas that control
arousal.’! It can be speculated from the distribution of orexin
neurons and receptors that the orexin system has a wider range
of functions.

2. Regulation of feeding and energy balance

Orexin achieves a homeostatic state of energy by regulating
feeding and voluntary movement to affect energy intake, stor-
age, and expenditure. Orexin increases feeding desire and food
seeking behavior to replenish energy when the body is energy
deficient; Increasing the level of body movement and energy
expenditure in times of energy excess.

In initial studies, it was found that the orexin system is
implicated in the regulation of food intake!'”, and the lateral
hypothalamus is a brain region involved in the regulation of
food intake that is enriched with a large number of neural and
orexin receptors that can produce orexin. Studies in rats have
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shown region specific damage to the hypothalamus that leads
to alterations in food intake, or to overeating and obesity, or
to a decrease in food intake, ultimately leading to death.!'!l
Microinjection of OXA into the hypothalamus increases food
intake.["?l Compared with the control group, intraperitoneal
injection of selective OX1R antagonist SB-334867 (10, 20, or
30mg/kg) significantly reduced the incidence of overeating in
mice (P < .01).31 Combined with the above localization evi-
dence, and experimental observations in animals illustrate that
the orexin system can contribute to animal feeding.

Rather than simply, indiscriminately, and restrictively
increasing appetite, the orexin system is a food reward, a
form of food seeking behavior that is tuned to energy demand,
and the suitability of food is the primary factor driving this
behavior. For example, in the absence of energy, the orexin
system promotes the body to preferentially seek and eat foods
rich in sugars and fats.!'#13 It has been shown that when mice
are approached to chocolate, orexin cells produce a signifi-
cant calcium signal,'®! suggesting that the consumption of a
suitable food can increase the activity of orexin neurons to
promote eating behavior.

Orexin system can promote dietary intake and may con-
tribute to binge eating behavior. Accordingly, orexin recep-
tor antagonists can suppress binge eating symptoms, and
Piccoli et al'"”l found that an OX1Rantagonist selectively
reduced binge eating of palatable foods without affecting
normal food intake without inducing sleep. ACT-539313 is
an OX1Rantagonist used for several indications, including
binge eating disorder. For the first time, data have been pub-
lished for this drug in humans (Compared with plcebo, P =
0190 < .05).115.19]

Now that orexin receptor antagonists can suppress binge eat-
ing symptoms, activating the orexin system can treat anorexia;
however, the role of the orexin system in anorexia nervosa
is unknown. Two diametrically opposite results emerged in
studies, with 1 finding altered orexin levels in the plasma of
anorexia nervosa patients, while others did not.?% Some animal
experiments have found that subcutaneous injection of OX2R
selective agonist-YNT-18 in mice can significantly alleviate the
anorexia caused by chemotherapy in mice; Compared with the
control group, P < .0001.2"7 OX1R agonists have also achieved
some efficacy in the treatment of anorexia nervosa, but the effi-
cacy was not significant,??! suggesting that our application of
dual receptor agonists may be a future research direction for the
treatment of anorexia nervosa.

The orexin system is able to increase food intake, but also
the level of body movement and energy expenditure, and resist
the development of obesity. Orexin induced eating is inhibited
by glucose, triglycerides, and amino acids. The orexin system
regulates energy metabolism balance by monitoring physiolog-
ical changes in glucose levels, which are stimulated to be acti-
vated when extracellular glucose concentrations are low below
a threshold.!?! Increased extracellular nonessential amino acids
(a consequence of energy production from protein breakdown)
also affect the activity of orexin neurons, depolarizing them.?*l
Both OX1R and OX2R have been observed in human adipose
tissue, and orexin confers higher rates of lipolysis.l’! Illustrates
that the orexin system is a sensor of the metabolic and nutri-
tional status of animals.

Orexin system can promote body movement to consume
excess energy, and proper movement can also promote the
secretion of OXA. At the same intensity of exercise, orexin
deficient mice appeared to gain weight, whereas normal mice
gained almost unchanged weight, indicating that orexin
neuronal signaling is dually affected by diet and exercise in
weight regulation.?®! Physical exercise can increase plasma
OXA levels, thereby activating the sympathetic nervous sys-
tem and energy expenditure.?”? Orexin system can regulate
energy expenditure, increase autonomic activity and reduce
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sedentary time,® and higher plasma OXA levels in humans
with moderate exercise were found in obese and overweight
subjects.?’!

Based on the above findings, the orexin system may be an
important system for controlling feeding, regulating energy bal-
ance, and positively contributing to the promotion of physical

health.

3. Maintenance of wakefulness

The orexin system plays a key role in maintaining the state of
wakefulness and regulating the transition from the sleep state
to the wakefulness state.’ Orexin receptor mutations were ini-
tially identified in dogs with narcolepsy; It was later observed
that following knockout of the pre orexin gene in mice, the mice
exhibited lethargy with episodic cataplexy symptoms.B! And
further demonstrated that injection of orexin could improve the
symptoms in narcolepsy animals®2l; Conversely, orexin receptor
antagonists promote sleep and cataplexy in narcolepsy mice.**!
It follows that orexin and its receptors play a critical role in
maintaining the arousal state.

Neuroanatomical studies demonstrate widespread projec-
tions of orexin containing neurons to key brain regions involved
in the regulation of the sleep wake cycle, maintaining humans
in a wake-up state by stimulating wake promoting regions.
Orexin activates the cerebral cortex, driving wakefulness, by
stimulating BF cholinergic neurons.** Injection of orexin to the
BF stimulates wakefulness, reducing NREM sleep,/'!! because
orexin neurons couple to BF cholinergic neurons, depolariz-
ing them, a pathway that plays a key role in regulating wake-
fulness. Orexin neurons project densely onto locus coeruleus
noradrenergic neurons, regulating their activity via orexin.
Noradrenergic neurons have their specific firing pattern, with
the highest firing frequency during wakefulness and a lower
frequency during non-rapid eye movement sleep but not during
rapid eye movement sleep,”®’! thus, orexin indirectly controls
wakefulness by affecting ne neurons. In addition, orexin can
also increase the firing rate of neurons and prolong wakefulness
by stimulating other regions of the brain, such as the dorsal
raphe nuclear region.!'?! All of these neuronal pathways demon-
strate the complex role of the orexin system in the regulation of
the arousal state, but the arousal system requires a large num-
ber of neuronal interconnections, as well as the interaction of
various neurotransmitters, in which the mechanism of action of
the orexin system is not well defined, and this will be the focus
of future studies.

The answer is no whether orexin 2 receptors play the same
role in maintaining wakefulness. Mice lacking the OX2R
receptor have narcolepsy manifestations, whereas knockout
OX1Rmice show only mild sleep disturbances®; however, the
sleep wake cycle defect in the knockout dual recipient mice is
more severe than in the knockout OX2R only mice.3” Thus, it
could be shown that both OX1R and OX2R are essential for
the maintenance of wakefulness, with the role of OX2R being
more important.

Understanding the role of the orexin system in the sleep
wake cycle may guide clinical development of drugs to treat
sleep disorders. OX2R agonists may be useful in the treatment
of narcolepsy. Conversely, antagonists of OX2R can be used
to initiate and prolong sleep. A randomized, double-blind, pla-
cebo-controlled clinical study showed that the use of OX2R
antagonists alone was sufficient to promote human sleep.
OX2R antagonists increased the average time of REM and
non-REM sleep, P < .058 compared with the control group.
However, the choice of OX1Rantagonist or OX2R antagonist,
or dual receptor antagonist, for the treatment of insomnia still
requires a large number of animal experiments and clinical tri-
als to analyze the contrast.
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4. Regulating emotions
4.1. Addiction

Addiction is a compulsive, persistent reward seeking behav-
ior that may even reshape neuronal circuits. The role of the
orexin system in reward seeking behavior underlies its role
in addiction. In the preceding text it was described that in
the absence of heat the orexin system promotes the body to
preferentially seek out and eat foods rich in fat and sugar.
This food seeking behavior is a reward seeking behavior;
Binge eating disorder patients can be simply understood as
addictive to food because these patients have an undruggable
desire to eat.

Orexin activates reward pathways by upregulating addiction
associated neurotransmitter and receptor activity. Addiction
and reward behaviors are often accompanied by enhanced neu-
rotransmitter transmission within the mesocorticolimbic system
that facilitates the release of dopamine,*” which provides plea-
sure, activates reward pathways and thereby motivates repeti-
tive activity, ultimately producing addiction. Dopamine levels
are significantly increased in the brains of mice chronically con-
suming morphine and are gradually restored to normal levels by
blocking OX1Rfunction.!*"!

Drug addiction increases orexin neuron numbers. Chronic
cocaine administration causes a significant increase in the
number of orexin neurons.*!! Adult rats, after chronic alco-
hol gavage, the orexin system is upregulated, expressing more
orexin®l; Zebrafish maternal alcohol consumption before
fertilization significantly increased the number of orexin neu-
rons by 18% (P < .01) compared with the control group, and
increased the amount of alcohol consumption of offspring (P
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<.001), and the amount of alcohol consumption of offspring
was positively correlated with the number of orexin neurons,
which was not found in the control group.* This suggests
that addiction dominated by the orexin system may have a
genetic effect. Increased numbers of orexin neurons are also
induced after opioid abuse. Dissection of brain tissue lethal
from heroin addiction found a half increase in the number
of orexin neurons compared with controls.** In addition
chronic use of opioids such as morphine and fentanyl both
result in increased numbers of orexin neurons.!*54!

The increased number of orexin neurons is a big character-
istic of addiction, so we can treat the addiction by inhibiting
the secretion of orexin or by using antagonists. Found that
mice with a knockout of the orexin gene had attenuated mor-
phine dependence and that orexin antagonists blocked drug
seeking behavior. OX1R selective antagonists can significantly
reduce opioid use motivation and drug seeking behavior (P <
.0001).47 Orexin system is associated not only with addiction
but also with withdrawal syndromes. Found that the somatic
symptoms of nicotine withdrawal were attenuated using mice
with an OX1Rantagonist and orexin knockout mice (P <
01).148]

Long term medication use or substance abuse can affect
nutritional status and may lead to sleep disturbances. Therefore,
targeted regulation of orexin system may be an effective strategy
to reduce drug intake and promote food intake and sleep nor-
malization. Because of the major physiological role of OX2R
in the regulation of wakefulness, most modern research focuses
on investigating the potential anti addiction effects of selective
antagonists of OX1R, but the choice of single or dual receptor
antagonists remains inconclusive.

Figure 1. Orexin physiological function map.
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4.2. Depression

Found lower orexin levels in animal models of depression
and in patients with major depressive disorder than in normal
healthy controls. The selective OX1Rantagonist was chosen
to treat the animals and was unexpectedly found to cause
depressive symptoms in control animals*’l; The expression of
OX2R in their hypothalamus was found to be lower in mice
with depressive symptoms.’” A study evaluating the level of
OXA in cerebrospinal fluid found a significant decrease of
OXA in cerebrospinal fluid of patients with major depressive
disorder as well as some patients who attempted suicide due
to major depression compared to healthy individuals (P <
.01).51

Depression is a disease in which prolonged depressed mood is
the primary manifestation, and the orexin system affects the organ-
ism state of wakefulness and can activate reward pathways, which
holds promise as a new target for the treatment of depression.

4.3. Anxiety disorders

Increased orexin levels are associated with anxiety like behav-
ior in animals. Orexin was found to induce panic, anxiety like
behaviors in animal models.’?' Conversely, in an animal panic
model, OX1R antagonist treatment reduced panic like behavior
and alleviated anxiety inducing symptoms."**! A study involving
56 drug-free adolescents diagnosed with any anxiety disorder
other than specific phobias and 32 healthy controls found that
the OXA level of anxiety patients was significantly higher than
that of the control group (P < .001).54

Anxiety disorder is a disorder characterized by intense, exces-
sive, and persistent worry or fear, accompanied by symptoms
such as palpitations and difficulty sleeping. Orexin is an excit-
atory neuropeptide that keeps the organism awake and under
stress, and it was found that orexin levels were higher in patients
with anxiety disorder than in normal healthy people. Orexin
receptor antagonists therefore hold promise as novel targets for
the treatment of anxiety disorders (Fig. 1).

5. Summary and Outlook

1. Orexin plays a certain role in regulating food intake,
maintaining arousal and regulating mood, but OX1R and
OX2R have different physiological functions; So when
designing drugs, should we choose single receptor or dou-
ble receptor?

2. Orexin agonists can treat depression, anorexia and other
diseases, but can cause insomnia. Orexin antagonists
can be used to treat insomnia, alcohol and drug addic-
tion, anxiety and other diseases, but it will reduce food
intake and lead to malnutrition. How to balance these
contradictions?

3. will long-term use of orexin agonists or antagonists lead
to drug resistance and serious side effects?

The above 3 issues also need a large number of animal exper-
iments and human experimental research summary data.

4. There is little literature on whether there are gender dif-
ferences in orexin secretion, which may be a direction for
future research.
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