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ARTICLE INFO ABSTRACT

Keywords: Insomnia has now become a major health problem of global concern, with about 1/3 of the
Insomnia population suffering from sleep problems, a proportion that is still rising year by year. Most of the
GABA . therapeutic drugs for insomnia currently used in clinical practice are not developed in a targeted
MECha,msms X manner, but are discovered by chance, and have unavoidable side effects such as addiction.
Neuromﬂammatlon

Finding a safer and more effective therapeutic drug has become an urgent need for current
research.

Gamma-aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the central
nervous system. It can ameliorate Insomnia, Alzheimer’s disease, Parkinson’s disease, Epilepsy,
and other neurological disorders. Various mechanisms have been reported for GABA to amelio-
rate insomnia, such as GABAA receptor modulation, GABAB receptor modulation, inhibition of
neuroinflammatory responses, repair of oxidative damage, and inter-regulation of the circadian
rhythm hormone melatonin. GABA is a potential therapeutic target in the prevention and treat-
ment of insomnia.

This paper reviews mechanisms of GABA and its receptors in insomnia diseases and the po-
tential of GABA analogs application and discusses the research progress of GABA as a promising
therapeutic drug for insomnia diseases. This will help the development of novel targeted GABA-
like drugs and provide new ideas and methods for the clinical treatment of insomnia.

1. Introduction

Insomnia is a common condition characterized by difficulty falling asleep, excessive dreaming, early waking, and daytime fatigue.
Studies show that 29.8 % of people in the United States had trouble sleeping between 2017 and 2022, and about 27 % of the global
population suffered from sleep problems in 2021 [1]. Insomnia has become a major public health problem of global concern. Chronic
insomnia can seriously damage health, destroying immune function, reducing cognitive function, and greatly increasing the risk of
other diseases, such as anxiety, depression, cardiovascular disease, dementia, etc. [2,3], which puts a huge mental stress and economic
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burden on the family and society. Current treatments for insomnia can be divided into pharmacological and non-pharmacological
treatments. Non-pharmacological treatments, i.e. Cognitive Behavioral Therapy (CBT-I), are recommended first-line treatments, but
are difficult to be promoted and applied in the clinic due to the shortage of specialized doctors, high time cost and economic cost.

Most patients with insomnia use drug therapy, with benzodiazepines being the most commonly used medications, such as diaz-
epam, eszopiclone, and alprazolam. However, the unclear pathogenesis of insomnia complicates the development of hypnotic drugs
that effectively target its underlying mechanisms. Consequently, these medications often lead to various side effects, such as addiction,
withdrawal symptoms, and daytime fatigue, which can significantly harm both physical and mental health [4]. Therefore, finding a
safer and more effective treatment has become an urgent need for research.

Gamma-aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the central nervous system. It has sedative-hypnotic,
memory-enhancing, anxiolytic, antidepressant, antiepileptic and analgesic effects. Studies have shown its ability to improve Insomnia,
Alzheimer’s disease, Parkinson’s disease, Epilepsy and other neurological disorders [5-9]. Due to the diversity of subunit combina-
tions, GABA receptors have very rich subtypes, particularly GABAA receptors, which include ol1-6, 1-3, y1-3, 5, =, €, 0, p, and ©
subunits. These subunits assemble into a limited number of pentameric receptors, typically with a stoichiometry of two o subunits, two
B subunits, and one y subunit. Among these, § and € subunits can replace the y subunit, and the ¢ subunit can replace the  subunit [10].
Additionally, there is a unique type of GABAA receptor, known as the GABAC receptor, composed of five p subunits. In contrast, GABAB
receptors are composed of two subunits, bl and b2 [11]. GABA acts on these different receptor subtypes with different focuses. In
addition, GABA can regulate macrophages and microglia, inhibit the activation of related inflammatory pathways such as the NF-xB
signaling pathway and reduce the release of inflammatory factors, thus inhibiting neuroinflammation and playing a neuroprotective
role [12,13]. It has also been shown that GABA inhibits reactive oxygen species, scavenges free radicals, reduces malondialdehyde
concentration to resist oxidative damage, and inter-regulates with melatonin, which has a circadian rhythm, to improve insomnia
[14-16]. Previously, benzodiazepines were widely used in the treatment of insomnia. In recent years, certain new GABA receptor
agonists have been identified that play a role primarily in sedative anesthesia, such as nitrous oxide, isoflurane, sevoflurane, des-
flurane, isoproterenol, etomidate, methohexital, and sodium thiopental (Fig. 1).

This paper reviews mechanisms of GABA for insomnia and the potential of GABA analogs application, which can help the
development of novel targeted GABA analogs and provide new ideas and methods for the clinical treatment of insomnia.

2. The link between the physiological role of GABA and insomnia
2.1. Physiological functions of GABA

GABA is one of the major inhibitory neurotransmitters regulating sleep in the mammalian central nervous system, with hypnotic,
sedative and anxiolytic functions. Glutamate (Glu), on the other hand, is the main excitatory neurotransmitter in the central nervous
system, which mainly acts in the cerebral cortex, hippocampus, cerebellum and thalamus, and is involved in the initiation and
maintenance of sleep and wakefulness. Transmission of GLU and GABA in the CNS controls the neural excitatory/inhibitory balance to
keep the brain in an optimal state for optimal function.

Previous studies have shown that humans have two types of GABA receptors: fast-acting ionotropic GABAA receptors (GABAARs)
and slow-acting metabotropic GABAB receptors (GABABRs). Of these, activation of GABAARs has sedative-hypnotic, anxiolytic, an-
tidepressant, antiepileptic, and analgesic effects [17], whereas GABABRs have been associated with several behavioral and central
nervous system disorders, including epilepsy, depression, anxiety, panic, and sleep disorders [18].

2.2. Relationship between GABA and insomnia

Under physiological, conditions, GABA functions in a dynamic equilibrium with GLU, which has an excitatory effect on neurons,
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Fig. 1. GABA and its receptors in insomnia.
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but in excess produces neurotoxicity, leading to neuronal death and neurological disorders [19]. GABA is produced by the enzyme
glutamic acid decarboxylase (GAD) that catalyzes the decarboxylation of Glu, and the production of GABA produces an inhibitory
effect on the excitatory properties of GLU in order to maintain the neural excitability/inhibition balance [20]. Studies have shown that
insomniac mice have up-regulated GABA expression in vivo through treatment, with a decrease in GLU content and an increase in the
GABA/Glu ratio, resulting in sedative and hypnotic functions and improved insomnia [21].

GABA has ameliorative effects on different types of insomnia. Studies have shown that the excitation of GABAergic neurons induces
NREM sleep and inhibits REM sleep, while its inhibition produces sustained wakefulness [22]. Several studies of oral natural or
biosynthetic GABA administration to insomniacs have found that, for the dose needed to improve insomnia, biosynthetic GABA ranges
from 100 to 300 mg; oral GABA has shown improvements in sleep onset and maintenance, morning drowsiness, and recovery of fatigue
scores in insomniacs and facilitates the natural induction of sleep, but it requires a minimum of 1 week of GABA use to achieve the
effect [23-25]. This suggests that GABA may need to be used over a long period of time to have an effect on improving insomnia.
Additional studies have shown that herbal extracts can enhance the sedative and anxiolytic effects of GABA by increasing GABA
concentrations, activating GABA receptors, and promoting GABAergic signaling in the brain [26]. For example, Zizyphus jujuba Mill
var. spinosa can increase GABA synthesis, and its extract sanjoinine A can activate GABAA receptors and enhance chloride influx in
cerebellar granule cells [27]. Similarly, other herbs such as valerian [28] and Ipomoea orizabensis [29] also exhibit comparable
GABA-modulating properties. Being from natural plant sources, they are safer for long-term use.

3. Therapeutic mechanisms of GABA and its receptors in insomnia

In addition to the fast-acting ionotropic GABAA receptors (GABAARs) and the slow-acting metabotropic GABAB receptors
(GABABRYs), there is a recently discovered class of GABAC receptors (GABACRs) that share the same structure as GABAARs, and thus
are also categorized as GABAARs. GABAAR regulation is one of the four key mechanisms of approved insomnia treatments and is
currently the most extensively studied class of GABA receptors. (the other three mechanisms are melatonin receptor agonism, his-
tamine 1 receptor antagonism, and hypothalamic secretin/eosin antagonism) [30]. In addition to this, many studies have found that
GABA amelioration of insomnia may be associated with biological processes such as inhibition of nervous system inflammation, repair
of oxidative damage, neuroprotection and melatonin regulation [16,31].

3.1. GABAA receptor regulation

Studies have shown that activation of GABAARs has sedative-hypnotic, anxiolytic, antidepressant, antiepileptic, and analgesic
effects [17]. GABAARs are the main type of GABA receptors in the brain, and they are ligand-gated pentameric chloride ion channels
composed of five subunits. The typical composition is two a, two 3, and one y subunits, with the § and e subunits taking the place of the
y subunit, and the ¢ subunit taking the place of the f§ subunit. Activation of GABAARs allows chloride ions to enter the cell, leading to
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Fig. 2. Structure, binding site and mechanism of action of GABAA receptors.
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hyperpolarization of the neuron, which exerts an inhibitory effect on neurotransmission and relieves hyperexcitability [18,32,33].
Previous studies have focused on synaptic GABAARs, which mediate rapid inhibition. In contrast, recent studies have found the
presence of extrasynaptic GABAARs, which have a high affinity for GABA, can acutely sense changes in peripheral GABA levels, and
mediate slower tone overall inhibitory effects [34]. This suggests that, in addition to exerting a rapid inhibitory effect, activation of
GABAARs may also provide a sustained inhibitory effect to prevent excitatory neural overactivation. Several studies have shown that
the majority of GABAARs subtypes alp2y2, a3$3y2, and a2p3y2 receptors are expressed in the CNS to a lesser extent [35].

There are multiple binding sites on GABAARSs, including GABA-binding sites, benzodiazepine-binding sites, non-benzodiazepine
drug-binding sites, and alcohol-binding sites [36-38]. These binding sites play a role in regulating the activity of GABAARs. For
example, benzodiazepine binding sites located in the o and y subunit binding sites can enhance GABA inhibition by decreasing the
concentration of GABA required to open chloride channels [39]. Notably, certain drugs, such as barbiturates and ethanol, can
potentiate inhibition by increasing chloride inward flow or directly opening chloride channels, which can lead to fatal drug overdose
[39] (Fig. 2).

Several recent studies have reported GABAC Receptors (GABACRs), which are often considered as an isoform of GABAARSs due to
the similar compositional structure. Unlike the GABACRs, GABACRs are ligand-gated pentameric chloride channels composed of five
p-subunits. When activated, GABACRs produce rapid synaptic inhibition [39-41]. The GABAC-pl receptor was found to play an
important role in sleep-wake behavior in rats [42].

3.2. GABARB receptor regulation

Studies have shown that GABABRs are associated with a number of behavioral and central nervous system disorders, including
depression, anxiety, epilepsy, panic, and sleep disorders [43]. GABABRs consist of two subunits, GABAB1 and GABAB2.Both subunits
are composed of three structural domains: the flytrap structural domain (VFT) in the extracellular N-terminal region, the seven-helix
transmembrane structural domain (7TM), and the C-terminal intracellular tail [44]. The GABAB1 subunit has multiple isoforms, of
which GABABla and GABABL1D are the most abundant isoforms encoded by the same gene, respectively [45]. The interaction between
GABABI and GABAB2 subunits occurs through noncovalent interactions between N-terminal leaflet structures within the VFT. The
GABAB1a subunit differs from the other subunits by the presence of two Sushi structural domain repeats (Sushi 1 and Sushi 2) in its
N-terminal region, which play a role in intracellular sorting and transport to the axon [46].

The orthostatic binding site for ligand binding is in the VFT of the GABAB1 subunit. The 7TM structural domain of the GABAB2
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subunit is responsible for recruiting G proteins and hosting the sub stable binding site, which influences the affinity of ligand binding to
the R1 subunit [47]. To function properly, GABABR requires the formation of R1/R2 heterodimers [48]. These receptors are anchored
to the plasma membrane at the presynaptic and postsynaptic terminals and regulate calcium and potassium channel activity through
interactions with G proteins and adenylate cyclase [49]. When agonists bind to postsynaptic GABABRs, potassium efflux increases,
producing a slow inhibitory potential that hyperpolarizes the membrane and generates an inhibitory postsynaptic potential that
provides sustained inhibition (Fig. 3).

Although there has been some research on GABABRs, there are currently few drugs targeting this receptor. Baclofen is the only
GABAB receptor agonist currently approved for clinical use. It is used as a muscle relaxant and antitussive. However, it has been shown
that baclofen and its modifier PAMs show anxiolytic effects in animal cognitive models and are thought to reverse the anxiety response
induced by addiction-related withdrawal, whereas GABABRs antagonists show antidepressant effects in a variety of animal models
[11]. Although the allosteric modulator PAMs enhanced the sedative effects of baclofen, the binding mode and molecular mechanisms
of the alter modulators remain rather uncertain, and multiple alter modulator binding sites may exist. More and more in-depth studies
are needed in the future.

4. GABA protects nerves in insomnia disorders by inhibiting neuroinflammation-apoptosis
4.1. Insomnia and neuroinflammation-apoptosis

Both autonomic dysfunction and an imbalance in sleep homeostasis contribute to insomnia. When pathological changes of
inflammation and apoptosis occur in nerve cells, they cause autonomic dysregulation, disturbing sleep homeostasis and leading to
insomnia. Conversely insomnia leads to activation of the immune system which causes pathological changes in nerve cells such as
inflammation and apoptosis, in which the production of inflammatory mediators disrupts the delicate balance required for neuro-
physiological action and adversely affects memory, neuroplasticity and neurogenesis [50], which interact with each other.

It has been reported that patients with insomnia have higher levels of inflammatory factors in their bodies compared to those with
regular sleep schedules [51]. Additionally, short sleep duration in patients with chronic insomnia is associated with peripheral
inflammasome disorders [52]. Studies have shown that IL-1p and TNF-o expression is significantly enhanced and brain-derived
neurotrophic factor (BDNF) expression is attenuated in the brain tissue of chronic sleep-restricted rats [53], whereas in humans,
acute sleep deprivation also enhances the levels of pro-inflammatory cytokines such as IL-6 and TNF-a [54]. In addition, many
symptoms caused by sleep deprivation, such as lethargy, fatigue, poor cognitive performance, and increased sensitivity to pain, can be
induced by injections of exogenous IL-1 or TNF [55,56]. The correlation between inflammation and insomnia is evident. Several
classical sleep regulatory substances can directly or indirectly modulate inflammation [57], such as IL-1p, TNF-a, and growth
hormone-releasing hormone (GHRH) for non-rapid eye movement (NREM) sleep, and prolactin and nitric oxide (NO) for rapid eye
movement (REM) sleep. Neuroinflammation is a major pathological feature of insomnia [58]. Furthermore, in bacterial models, GABA
deficiency loses its ability to block neurodegeneration, whereas in situ supplementation confers neuroprotective activity, suggesting
that GABA plays a neuroprotective role in the host [59]. GABA-rich chickpea milk protects neuroendocrine PC-12 cells from man-
ganese chloride-induced injury, improves cell viability, and reduces lactate dehydrogenase release [60]. On the other hand, GABA
receptor agonists are also neuroprotective against cerebral ischemic injury. Administration of the GABAB receptor agonist baclofen
significantly attenuated neuronal damage and inhibited cell-damaging autophagy by up-regulating the Bcl-2/Bax ratio and increasing
the activation of Akt, GSK-3p, and ERK, which inhibit cell-damaging autophagy [61]. In a kainic acid (KA)-induced seizure model in
rats, co-activation of GABA receptor agonists (felicitin and baclofen) achieves neuroprotection by attenuating the Fas/FasL apoptotic
signaling pathway, inhibiting erythrocyanine-induced increase in thioredoxin reductase activity, inhibiting procaspase-3 activation,
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Fig. 4. Mechanisms of GABA inhibition of inflammation in macrophages.
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and decreasing caspase-3 cleavage [62].

4.2. Mechanism of action of GABA in regulating brain immune cells

Inhibition of neuroinflammation, apoptosis, and injurious autophagy and thus neuroprotection is an important idea in the treat-
ment of insomnia. Among them, the process of inhibiting neuroinflammation is the most critical. Numerous studies have shown that
GABA is involved in inhibiting the process of neuroinflammatory response [63,64], and in macrophages, microglia and astrocytes,
GABA has been found to inhibit the release of inflammatory factors by affecting NF-kB signaling and thus exerting an inhibitory effect
on neuroinflammation [13].

GABA has the power to lessen the generation of pro-inflammatory mediators, control the release of inflammatory substances from
immune cells, and alleviate the symptoms of inflammation. Research has demonstrated that GABA attaches competitively to the TLR4
receptor in macrophages, where it blocks the activation of MAPKs and NF-kB signaling pathways [65], This, in turn, prevents the
release of inflammatory factors that suppress inflammation, including IL-1f, IL-6, tumor necrosis factor a (TNF-a), and monocyte
chemotactic protein-1 (MCP-1). Furthermore, it has been noted that the FAD-LSD1 signaling pathway is augmented, Bcl2111 and
Dusp2 expression is elevated, IL-1p production is decreased, and the GAT transporter carries GABA into macrophages [66] (Fig. 4).

Microglia are innate immune cells of the central nervous system, and in the healthy brain they play an important role in devel-
opment, plasticity, cognition, and homeostasis in vivo, and their dysfunction or malactivation affects a variety of signaling pathways
thereby impairing learning, memory, and other basic cognitive functions [67]. The most important of these is the pro- and
anti-inflammatory potential of microglia. Their M1 functional state is associated with pro-inflammatory cytokines (e.g., IL-1p, IL-6,
and TNF-a), whereas their M2 functional state is associated with anti-inflammatory cytokines (e.g., IL-4 and IL-10) [68]. It has
been shown that both pro-inflammatory and anti-inflammatory genes are up regulated upon microglia activation [69]. GABA acts on
GABAB receptors to inhibit microglia reactive responses to pro-inflammatory stimuli, such as lipopolysaccharide (LPS), which leads to
inhibition of the relevant inflammatory pathways mediated by NF-xB and p38MAP kinase, and reduces the release of IL-6, TNFa [70].
Excess GABA has been found to mediate hippocampal microglia activation through NLRP3 inflammasome and NF-xB signaling
pathways. This process releases the inflammatory factor IL-1f, leading to neuroinflammation, which can be reversed by inhibitors
related to inflammatory signaling pathways [71]. Further studies are needed to find out how to make GABA-activated microglia play
more roles in anti-inflammation (Fig. 5).

In addition, GABA activates the y-aminobutyric acid B (GABAB) receptor. This activation inhibits the nuclear factor-kappa B (NF-
kB) and p38 mitogen-activated protein kinase (p38MAPK) signaling pathways [72], reducing IL-1fproduction in astrocytes and
attenuating neuroinflammation [73].

In summary, the NF-kB signaling pathway is critical in the process of GABA exerting its role in regulating neuroinflammation on
macrophages, astrocytes and microglia, and may be a key therapeutic target for inhibiting neuroinflammation and improving insomnia
diseases. More studies on GABA-mediated anti-inflammatory mechanisms should be carried out in the future to provide a basis for the
development of targeted therapeutic drugs to inhibit neuroinflammation and improve insomnia diseases.

4.3. GABA repairs oxidative damage in insomnia disorders

Decrease in GABA neurons leads to redox dysregulation. Changes in cellular redox status affect the activity of transcription factors,
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Fig. 5. Mechanisms of GABA inhibition of inflammation in microglia.
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kinases, and phosphatases, which regulate various aspects of neurodevelopment and synaptic plasticity, leading to disorders such as
Alzheimer’s disease, Depression, and Cognitive impairment [15,74,75].

It has been shown that GABA can repair this damage. The mechanism may involve GABA’s regulation of glycogen synthase kinase
(GSK)-3p and the antioxidant nuclear factor nuclear factor erythroid 2-related factor 2 (NRF2) [76], which helps maintain the cell’s
redox state(Table 1). The tonic GABA response recorded from hippocampal CAl pyramidal cells was significantly and reversibly
augmented in both the high endogenous H202 and high exogenous H202 models, and this augmentation was abrogated by extra-
cellular antioxidants [77]. In contrast, other studies have observed a protective effect of GABA against H202-induced oxidative stress
in pancreatic cells [76] and human umbilical vein endothelial cells [14], which enhances antioxidant defenses by reducing cell death
and inhibiting ROS production. It has been shown that glutathione has significant antidepressant effects, and the possible mechanism is
through enhanced activation of GABAA receptors and inhibition of GABAB receptors [78]. Under physiological conditions, GABA has
been reported to capture reactive intermediates during lipid peroxidation and react with malondialdehyde, thereby inhibiting the
formation of advanced lipid oxidation end products and exerting antioxidant effects [79]. In the rat acute status epilepticus model,
GABA administration significantly reduced malondialdehyde levels. It also increased superoxide dismutase and glutathione peroxidase
activities in the cerebral cortex and hippocampus, scavenging free radicals and protecting tissues from oxidative damage [15]. In
addition, GABA was found to attenuate oxidative stress-mediated cellular damage and restore the antioxidant function of the thyroid
gland in fluoride-exposed mice [80].

GABA-rich germinated brown rice extract was found to significantly scavenge hydroxyl radicals and thiobarbituric acid actives in
cell-free and treated media, indicating its ability to scavenge free radicals both directly and indirectly [81]. Both GABA-enriched
cheese and GABA-enriched fermented soy protein bio composite edible film had strong antioxidant properties [82].

In conclusion, GABA is an important antioxidant that may exert antioxidant effects in neurological disorders by scavenging free
radicals, decreasing malondialdehyde concentration, increasing glutathione peroxidase and catalase activities, increasing GSK-3p
levels, repairing oxidative stress damage, and increasing the nuclear mass ratio of the transcription factor NRF2 (Fig. 4). Therefore,
GABA may be a promising agent for the prevention or treatment of neurological diseases associated with oxidative damage.

4.4. GABA affects melatonin secretion in insomnia disorders

Melatonin is a circadian hormone synthesized and secreted by the pineal gland, which is involved in the regulation of autonomic
function and circadian rhythms. GABA supplementation has been reported to promote sleep by increasing serotonin/melatonin levels
in the blood of rats through the serotonergic system [83]. A Kalsbeek et al. found that retina-mediated photoactivation of supraoptic
nucleus neurons induced the release of GABA from supraoptic nucleus efferent nerve endings, which led to pineal gland inhibition of
melatonin release [84]. In turn, melatonin increases GAD67 protein levels and promotes GABA synthesis in accelerated aging OXYS
rats [85]. The two interact to produce therapeutic effects on insomnia and other neurological disorders. Melatonin attenuates
PTSD-like behaviors such as anxiety and depression and restores serum GABA levels in mice, and melatonin receptor 1 mediates this
therapeutic effect [16]. Melatonin inhibits sympathetic vasodilatory tone by potentiating GABAA receptor activity and inhibiting the
activity of presympathetic neurons in the hypothalamic paraventricular nucleus (PVN), an inhibitory effect mediated by GABAA re-
ceptors [86]. Melatonin inhibits sympathetic vasodilatory tone by potentiating GABAA receptor activity and inhibiting the activity of
hypothalamic paraventricular nucleus (PVN) pre-sympathetic neurons, and this inhibition is mediated by GABAA receptors. In Alz-
heimer’s disease (AD), melatonin allows AD patients to enter REM sleep more quickly by modulating GABA receptors [87]. Melatonin
also regulates GABA in PMS, effectively alleviating PMS symptoms such as sleep disturbances, depression, and cognitive impairment
[88,89] (Fig. 6).

5. Relationship between GABA and other medications for insomnia

Although Cognitive Behavioral Therapy (CBT) is the recommended first-line treatment for insomnia, it has always been difficult to
carry out in clinical practice due to high time costs, consultation fees, lack of specialized doctors, and poor patient compliance. Except
for some people in developed countries or regions, most people around the world prefer to accept medication to treat their insomnia.
The medications that are currently effective in the treatment of insomnia include serotonin, norepinephrine, dopamine, orexin,
melatonin, histamine, and adenosine, in addition to the GABA class of drugs. Although some studies claim that benzodiazepines in-
crease health risks, benzodiazepines - the GABA class of drugs - as the only FDA-approved medications for clinical use in the treatment
of insomnia, have advantages that cannot be replaced or surpassed by any other medication.

Table 1

Pathways of GABA antioxidant.
Pathways Effect References
GSK-3p levels promotion [76]
Nuclear mass ratio of the transcription factor NRF2 promotion [76]
Free radicals ROS inhibition [14,76]
Malondialdehyde concentration inhibition [15,79]
Glutathione peroxidase promotion [15]
Catalase activities promotion [15]
Oxidative stress damage inhibition [15]




W. Zhu et al. Heliyon 10 (2024) e40665

o | ®
Melatonin

Fig. 6. Mechanism of mutual regulation of GABA and melatonin.

GABA

First, other new insomnia treatment drugs have been found to be superior in only one specific aspect during research, and not
superior to the GABA class of drugs in key areas of efficacy, safety, and so on. A Lancet study comparing insomnia medications noted
that in acute insomnia, dexzopiclone, an anti-insomnia medication that targets GABA receptors, performed best in terms of improving
sleep quality, tolerability (discontinuation due to any adverse event), and acceptability (discontinuation for any reason); in long-term
insomnia, safety is a concern. The histamines Doxepin and seltorexant, although tolerated to some extent, have yet to excel in terms of
efficacy, safety, and acceptability. Melatonin and the melatonin-like hypnotic ramelteon, on the other hand, have not been seen to be of
overall benefit [90].

Second, GABA analogs have been shown to be highly effective in improving insomnia with a wide range of actions, and the
functions of many subunits have been reported (Table 2). The GABA class of drugs includes benzodiazepines and Z-drugs. Benzodi-
azepines are often used not only for the treatment of insomnia, but also for a variety of indications, including generalized anxiety
disorder, panic disorder, social phobia, and seizures. For the short-term treatment of insomnia, benzodiazepines with moderate half-
lives, such as temazepam and chlordiazepoxide, have better acceptability than short- or long-acting compounds [91]. Z-drugs (e.g.,
zolpidem, zaleplon, eszopiclone) are commonly used for the short-term treatment of insomnia. These medications can significantly
improve symptoms of difficulty falling asleep and are associated with a lower risk of drug dependence and reduced daytime drowsiness
compared to traditional benzodiazepines. However, long-term use may lead to side effects and dependence. Z-drugs work through a
similar mechanism to benzodiazepines, primarily by enhancing the activity of the neurotransmitter y-aminobutyric acid (GABA) to
produce sedative and hypnotic effects [92,93].

Finally, most of the GABA-based drugs currently commonly used in the clinic were not developed by targeting but discovered by
chance, and we should study the anti-insomnia mechanism of GABA more deeply and develop more GABA-targeted drugs in order to
circumvent the existing known side effects as much as possible and to improve the safety of the clinical use of GABA-based anti-
insomnia drugs.

Table 2
The roles of select GABA receptor subunits.
Receptor Post-activation effects References
subunit
gabaax 1 Sedation, Amnesia [94]
gabaax 2 Anxiolysis [95]
gabaaa 3 Anxiolysis [95]
gabaaa 5 Amnesia, Learning/memory [96]
gabaax 6 Trigeminal-related Pain, Migraine,Essential tremor, schizophrenia,stress-associated disorders, depression, Anxiety disorders, [97-99]
Alcohol use disorder
gabaafil schizophrenia, bipolar disorder, Major depression [100]
gabaap2 Sedation, Effects of anesthetic, epilepsy [101]
gabaap3 Effects of anesthetics, epilepsy [35,97]
gabaay2 Anxiety, epilepsy [102]
gabaay3 alcohol dependence [103]
gabaad Effects of anesthetics, Learning/memory
gabaae Epilepsy [104]
gabaan the female reproductive system, Ovarian, breast, gastric, cervical, and pancreatic cancers [105,106]
gabaa6 Bipolar disorder, Migraine,essential tremor [107-109]
gababl Depression,anti-obesity,anticonvulsant effects(epilepsy), drug addiction, [110-113]
gabab 2 alleviate the anxiety, [114]
gabaapl/ alcohol dependence, sleep disorders, memory and learning facilitation, anxietyrelated disorders, [115]
gabacpl
gabaap2/ analgesia [116]
gabacp2
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6. Research perspectives on GABA in insomnia

GABA is an important inhibitory neurotransmitter that balances neural hyperexcitability during insomnia. There is evidence that
the use of GABA-rich functional foods can improve symptoms of depression, insomnia, cognitive impairment, and memory loss
(Table 3). GABA preparations have great research value and broad application prospects as biomarkers or drugs for the treatment of
insomnia. But how to translate the theoretical strategy into practical treatment? Based on animal models it is not difficult to find that it
is feasible to improve or reverse the onset of insomnia by enhancing the expression of GABA-mediated corollary signaling pathways
such as drugs developed by targeting some GABA receptor subunits. However, there is a lack of evidence-based support for the safety of
GABA drugs, leading to skepticism and limited clinical use. Even though these drugs are FDA-approved, doctors are hesitant to pre-
scribe them, resulting in an increase in the avoidance of these medications.On the other hand, GABA drugs (benzodiazepines such as
diazepam, eszopiclone, and alprazolam, etc.) do have some adverse effects such as withdrawal, fatigue, etc., which are not suitable for
long-term use; however, the research and development of targeted GABA drugs (non-benzodiazepines such as dexrazopipilone tablets)
has greatly reduced such adverse effects, which shows us the direction of improvement and hope. Therefore, in the future, we should
not only enhance the clinical safety testing of existing GABA analogs, but also focus on the research and development of targeted drugs.
To this end, we must continue to dig deeper into the mechanism of GABA in the treatment of insomnia.

It is now known that GABA regulates macrophages, astrocytes and microglia to inhibit the release of inflammatory factors.
Mechanistic studies have identified a common key signal in this process of inhibiting inflammation in all three: NF-xB signaling. So
what exactly is the role of NF-xB signaling and how does it play its role? In addition, microglia are the immune cells of the brain, and
when activated, both pro- and anti-inflammatory genes are upregulated, both inhibiting and promoting inflammation, so how does
GABA fit into this to achieve inhibition of inflammatory factor release? Although some studies have suggested that it may be related to
NF-«kB signaling [70,72], the exact mechanism is unclear.

In addition, GABA has been found to inhibit neuronal damage by increasing the activation of Akt, GSK-3p and ERK, significantly
reducing neuronal damage; maintain the redox state of neuronal cells through the regulation of glycogen synthase kinase (GSK)-3f and
the antioxidant-related nuclear factor redox-related factor 2 (NRF2), which play a neuroprotective role. The neuroprotective effects of
GABA are closely related to the regulation of inflammation, autophagy, and redox reactions, but how do these three interconnections
affect each other, and how does GABA link the three? There are no relevant reports yet.

In conclusion, there is a lack of clinical drug safety studies in insomnia patients, especially in the application of GABA formulations.
Therefore, we urgently need more translational work to maximize the clinical potential of GABA analogs in insomnia disorders. In
addition, we also hope to make more efforts in the study of mechanisms related to insomnia diseases, so as to expand the understanding
of the molecular pathogenesis of insomnia diseases, and to provide new ideas for the future development of safer GABA-targeted drugs
for the treatment of insomnia diseases.

7. Conclusion

GABA is the major inhibitory neurotransmitter in the brain and has an important balancing effect on neural hyperexcitability and
neurological damage in insomnia. This paper reviews the chemical structure, each binding site, and the roles of different receptor
subunits of the GABAA receptor, a pentameric chloride ion-gated channel, and the G protein-coupled GABAB receptor. The mecha-
nisms of neuroprotective effects exerted by GABA in inhibiting neuroinflammation and repairing oxidative damage, as well as the
association with melatonin, were elucidated. However, there is still a lack of clinical trials on existing GABA drugs and further mo-
lecular mechanism studies on GABA, a lack of studies on NF-kB signaling, a key molecule in GABA inhibition of inflammation, a lack of
exploration of the relationship between GABA and melatonin circadian rhythms, a lack of studies on the mechanism of action of the
newly discovered GABAB receptor and a more limited study on the mechanism of action of the GABAB receptor. The research on the
mechanism of action of GABAB receptor is also limited.

In the future, more clinical trials should be conducted to evaluate the safety of GABA analogs in current use, and more epidemi-
ologic investigations should be conducted to follow up and validate the relevance of GABA analogs to insomnia treatment. In addition,
more attention should be paid to the molecular mechanism of action of GABA in the future, such as to the key inhibitory inflammatory
molecule NF-«B signaling, the corresponding mechanism of GABA and melatonin circadian rhythm, and the mechanism of action of
GABAC receptor and GABAB receptor.

Just like the success of the GABA-targeted drug dexzopiclone tablets, we believe that exploratory research on the mechanism of
GABA treatment for insomnia will aid in the development of more targeted drugs, which will be of great significance to the insomnia
population.

Table 3

Effects of GABA in different products on the nervous system.
Source Effect References
Gaba-rich Monascus-fermented product Preventing depression [117]
Gaba powder from natural fermentation using lactic acid bacteria Prevention of sleep disorder [24]
Gaba-enriched fermented Laminaria japonica product Preventing cognitive impairment in the elderly [118]
GABA-rich fermented milk Relieves anxiety and improves sleep [119]
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