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Introduction

OSA is a heterogeneous disease with variable physio-pathological and clinical manifestations, and it is associated with numerous co-morbidities (Malhotra et al., 2020). It is a chronic inflammatory disease with a low degree of activity (Toraldo et al., 2013), in which the microbiome is now widely considered to play a role. In the last few decades, research into the microbiome has rapidly evolved and has become a hot topic in basic research, both pre-clinical and clinical. Some recent studies have demonstrated that the gut microbiota (GM), situated in the human gastrointestinal tract and consisting of bacteria, viruses, fungi and protozoa, serves important functions regarding the regulation of the immune and metabolic systems and cerebral physiopathology. It is an example of a dynamic complex system, connected to the organism on a cellular, metabolic, immune and nervous level, a sophisticated network regulated by delicate internal and external equilibria (Collins et al., 2012; Cryan et al., 2019).

The gut microbiota (GM) is composed of microbial symbionts, commensal or mutualistic but also potentially harmful (i.e., pathobionts), whose equilibrium (homeostasis) is crucial to the modulation of various functions and the etiology of numerous diseases (Gill et al., 2006). Two bacterial phyla, Bacteroidetes and Firmicutes, account for 90% of the groups present in the human intestine and are essential for the maintenance of intestinal homeostasis (Cryan and Dinan, 2012; Dinan and Cryan, 2017a). A growing scientific literature supports the existence of bidirectional interaction that unfolds via hormonal, neural and immunological pathways between the brain and the intestine, indicating that this relationship plays a fundamental role in modulating cerebral physiopathology via neuronal development and control of synaptic plasticity (Human Microbiome Project Consortium, 2012; Morais et al., 2021; Romijn et al., 2008; Belkaid and Hand, 2014). Dysbiosis of the microbiota entails alteration of either the bacterial composition, with a reduction in bacterial diversity, or a proliferation of pathological bacteria that triggers the release of pro-inflammatory cytokines. Dysbiosis entails the release of pathological bacterial lipopolysaccharides (LPSs), called PAMPs (Pathogen Associated Molecular Patterns). PAMPs reduce the gene expression of proteins associated with the “tight junctions” of the intestinal epithelium (zonulin-1, occludin, claudin) via the activation of the nuclear factor NF-κB, while the pro-inflammatory cytokines IL-1β, IL-6, and TNF-α are responsible for “minimal persistent inflammation” (Levy et al., 2017; Weiss and Hennet, 2017; Stefano et al., 2018). Experimental studies of model rats have shown that intestinal dysbiosis is implicated in the physio-pathological mechanisms of OSA (Zhang et al., 2022; Badran et al., 2023; Moreno-Indias et al., 2016). Dysbiosis alters the synthesis and degradation of neurotransmitters and the regulation of entero-endocrine signaling pathways that communicate with the central nervous system (CNS) via neurotransmission (Ko et al., 2019a; Zeng et al., 2020).

Here we summarize the possible molecular mechanisms underlying OSA-microbiome interactions and discuss how various factors interact with gut dysbiosis to influence OSA. The physio-pathological mechanisms underlying OSA are intermittent nocturnal hypoxia (IH) and sleep fragmentation (SF), which can induce dysbiosis of the gut microbiota (GM), compromise the intestinal barrier, alter intestinal metabolites and generate neuroinflammation (Kheirandish-Gozal and Gozal, 2019; Tang et al., 2022; Ko et al., 2019b). These mechanisms, once activated, lead to secondary cellular oxidative stress, sympathetic activation and systemic inflammation (Moreno-Indias et al., 2015; Farre et al., 2018; Poroyko et al., 2016; Lavie, 2015).



Discussion


The effects of the microbiota on the brain

There is abundant scientific evidence that on the intestinal level, thanks to their ability to produce molecules and neurotransmitters, bacteria can act directly on the CNS via the vagus nerve, the neuroendocrine system and bacterial metabolites (Cryan and Dinan, 2012; Foster et al., 2017). Dinan et al. demonstrated in animal models that the GM can influence the physiology of the brain by regulating neurotransmission and synaptogenesis. In their study, they characterized the neurobiochemical profile of the forebrains of mice during three key phases of postnatal development, which coincide with the formation of the gut microbiota. They demonstrated that the molecules derived from intestinal microbes are able to cross the blood-brain barrier (BBB) and that the intestinal microbiome can thus influence cerebral neurodevelopmental trajectories (Dinan and Cryan, 2017b; Giuffrè et al., 2020). A recent review and meta-analysis observed increased levels of biomarkers of intestinal barrier dysfunction in patients with OSA, and found that these markers correlate with polysomnographic parameters indicating the seriousness of OSA (Mashaqi et al., 2023).

Previous experimental studies performed in the laboratory using rodent-based OSA models had already suggested that the absorption and barrier functions that regulate the intestinal epithelium are sensitive to the intensity of intermittent hypoxia (IH) and that the depth and intensity of IH can directly compromise the integrity of the intestinal epithelium, thereby altering “tight junctions” and increasing intestinal permeability and the inflammatory process (Xu et al., 1999; Taylor and Colgan, 2007).

The systemic inflammatory mechanisms generated by intestinal dysbiosis that determine the neuroinflammatory response are described below (de Oliveira et al., 2021; Gasmi et al., 2021; Di Tommaso et al., 2021). In detail, signal-ligands released by intestinal gram-negative bacteria during dysbiosis generate molecular structures such as lipopolysaccharides, called Pathogen-Associated Molecular Patterns (PAMPs). PAMPs bind to Pattern Recognition Receptors (PRRs) including Toll-Like Receptors (TLRs), which are found on Antigen-Presenting Cells (APCs) such as dendritic cells, macrophages, and T lymphocytes. This bond between PAMPs and PRRs activates the APCs, which are involved in the epigenetic, immunological and metabolic reprogramming of the entire organism. At the same time, this activation of receptors is responsible for the release of inflammatory cytokines that reduce the gene expression of proteins associated with the tight junctions of the intestinal epithelium (Danyang and Minghua, 2021; Kawai and Akira, 2010). This in turn increases intestinal permeability (involving zonulin-1, occluding, and claudin) and the release of the pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) responsible for systemic inflammation (Montagnani et al., 2023). In addition to the PAMP/TLR4 signaling pathways, PAMPs can activate another inflammatory mechanism by binding to dendritic cells (DCs), which produce the interleukins IL-1 and IL-18. These can generate biologically active molecules such as the inflammasome NLRP3. Inflammasomes modulate a multitude of signals causing chronic pro-inflammatory responses (Chen et al., 2023; Liu et al., 2016; Blevins et al., 2022). Experimental studies conducted in the laboratory on animal models have demonstrated the role of nocturnal intermittent hypoxia (IH) and sleep fragmentation (SF) in causing intestinal dysbiosis, which in turn can intensify the development of the physio-pathological mechanisms of OSA and cause cardiorespiratory and metabolic co-morbidity (O'Connor et al., 2020; Ko et al., 2019a; Wang et al., 2024).



The bio-molecular pathways of the ENS and the brain

Intestinal bacteria produce mainly gamma acid aminobutyric acid (GABA), dopamine (DA), norepinephrine (NE), serotonin (5-HT), and histamine in order to communicate with the enteric nervous system (ENS) (Strandwitz, 2018), but also intermediate compounds such as short-chain fatty acids (SCFAs) (Van De Wouw et al., 2018), tryptophan (Agus et al., 2018), and secondary bile acids (MahmoudianDehkordi et al., 2019). The signals generated by these neurotransmitters and molecules are transported to the brain via the fibers of the vagus nerve (VN). In response, the brain sends return signals to the enterochromaffin cells (ECCs) in the intestinal wall and to the immune system of the intestinal mucosae, again via the fibers of the vagus nerve (Baj et al., 2019). The activation of the VN improves the integrity of the intestinal wall, reduces peripheral inflammation and inhibits the release of pro-inflammatory cytokines such as IL-1β, IL-6 and TNF-α (Tracey and Chavan, 2018). The signals generated by the hypothalamus reach the pituitary and adrenal glands and communicate with the ECCs via the hypothalamic–pituitary–adrenal axis (HPA) (Nicholson et al., 2012). The complex control of entero-endocrine signaling and immune responses maintains the gut microbiota in a state of equilibrium. Although the vagus nerve is in contact with all the layers of the intestinal wall, its fibers do not cross the intestinal wall itself and thus are not in direct contact with the gut microbiota (Bonaz et al., 2018). The signals reach the microbiota via neurons ranging in number between 100 and 500 million belonging to the enteric nervous system (ENS). Although the ENS is associated with the VN, it functions independently from it. Recent laboratory studies have demonstrated that the ENS is dynamic and continuously changing (Rao and Gershon, 2017). The neurons of the ENS represent the biggest nervous system in the human body.

The neurons connected to the gastrointestinal tract (GIT) possess various chemical and mechanosensitive receptors that interact with regulatory hormones and peptides released by enterochromaffin cells (ECCs), also known as Kulchitsky cells. Although these cells represent just 1% of the epithelial cells of the GIT, they play an important role in maintaining the homeostasis of the GIT (Gwak and Chang, 2021). To date, 10 different types of ECCs have been characterized. The receptors on these cells are expressed by enteric neurons, but also by the fibers of the vagus nerve, the brainstem and the hypothalamus (DeSilva and Bloom, 2012; Richards et al., 2014).

The ENS, also called the “brain within the gut” or “second brain” (Goldstein et al., 2013), is composed of the myenteric plexus and inner submucosal plexus. It is structurally similar to the brain and operates on the basis of a similar “chemical platform” (Furness et al., 2014). The modulation and development of the neurons of the ENS is controlled by the gut microbiota. The embryogenic development of enteric neurons is based on the presence of microbial cells, as shown in studies conducted on mice (De Vadder et al., 2018).

The role played by the gut microbiota in association with acetylcholine-type neurotransmitters and neuro-regulatory peptides has been highlighted in recent research conducted on animal models. It has been seen that the secretion of Ach can be stimulated by some species of Lactobacillus (Ohgi et al., 2012; Qiu et al., 2017). Lactobacillus rhamnosus jB-1 changes the expression of GABA A receptors in the brain, and this reduces anxiety and depression (Chang et al., 2020).

Numerous articles demonstrating the production of GABA by the gut microbiota, especially Lactobacillus, Bifidobacterium, and Bacteroides, have been published (Strandwitz et al., 2019; Dover and Halpern, 1972; Quillin et al., 2021; Chen and Trombley, 1995; Jiang et al., 2015). It has been observed that treatment with Lactobacillus increases GABA levels in the hippocampus and the prefrontal cortex (Janik et al., 2016). Acetate, propionate and butyrate are the most abundant SCFAs in the human body. They are produced by the microbiota in the colon and are transferred across the blood-brain barrier (BBB) to the hypothalamus and enter the neuroglial pathways associated with GABA. In addition, SCFAs can modulate neuroinflammation and influence the immune system by regulating the differentiation, recruitment and activation of immune cells including neutrophils, macrophages, and T-cells. They do this via the GPR-41 receptor situated in the ENS, which is able to transfer the signal induced by SCFAs directly to the CNS (Frost et al., 2014). These studies clearly indicate that SCFAs produced by the microbiota play a fundamental role in cerebral processes. Other bacteria of the gut microbiota, such as Parabacteroides, can play a role in the regulation of GABA by altering the GABA: glutamate ratio and by increasing levels of glutamate in the brain. Glutamate is a natural aminoacidic that acts as an excitatory neurotransmitter in the nervous system. It is involved in cognitive functions such as learning and memory, as well as in the control of motor functions and mood (Olson et al., 2018). Dopamine and norepinephrine are directly produced by some gut bacteria such as Bacillus and Serratia, and they directly perform their excitatory functions in the CNS (Tsavkelova et al., 2000).

Some bacterial strains can independently stimulate, by means of their metabolites, the synthesis and release of neurotransmitters by ECCs. The precursors of neurotransmitters synthesized by bacteria and ECCs can enter the bloodstream, cross the blood-brain barrier and participate in the neurotransmitter synthesis cycle in the brain. The ECCs that synapse with vagal neurons are called “neuropod cells” (Dicks, 2022). Located in the intestinal epithelium, these cells synthesize and release neurotransmitters such as glutamate, which can transmit sensory signals to the brain within milliseconds via the vagus nerve. However, the mechanisms by which intestinal dysbiosis alters central neurotransmission and how these interactions influence brain functioning in OSA are not yet fully understood (Chen et al., 2021). A recent paper by Brödel et al. (2024) showed that bacteria can be modified directly in the gut using phage as non-replicative DNA vectors. Although the study was performed on mice, it opens up new prospects for microbiome-targeted therapies.

GABA neurotransmitters (Bak et al., 2006; Hertz, 2006; Struzyńska and Sulkowski, 2004) play an important role in the inhibition of the Central Nervous System (CNS), mediated by the Preoptic Area (POA), especially by slowing central nervous activity. This inhibitory function of GABA serves to balance the excitatory activity of other central neurotransmitters, such as acetylcholine, dopamine and norepinephrine, and disturbance of this balance, mainly nocturnal, contributes to a lack of tone in the hypopharyngeal and hypoglossal muscles and the diaphragm. Fundamentally, GABA helps to maintain the proper balance between excitation and inhibition of the Central Nervous System. A slight increase in inhibition reduces anxiety and its associated symptoms and can restrain potential convulsions. Further alteration of the inhibition process can induce unconsciousness when under general anesthetic and/or hypotonia (Masiulis et al., 2019). The disruption of this delicate inhibitory equilibrium can reduce muscle tone in the respiratory tract, with sedative, relaxant and hypnotic effects. A common denominator in these cases is the control of tone by modulating type-A GABA receptors (Zhu et al., 2018).



The pathophysiology of OSA

Some studies have sought to interpret OSA as a neuro-muscular respiratory disorder (Albdewi et al., 2018; Deak and Kirsch, 2014) caused by an alteration in the release of neurotransmitters, leading to the obstruction of the upper airways due to muscular hypotonia and insufficient dilatory muscle reactivation. The recurrent collapse of the pharyngeal muscles is aggravated by dysregulation of central neurotransmitters in the Central Nervous System and the Autonomic Nervous System, both sympathetic and parasympathetic.

Another recent study (Andrisani and Andrisani, 2023) attributed a causal role in OSA to excessive nocturnal release of inhibitory neurotransmitters, such as GABA, by neurons in the hypothalamic region known as the Preoptic Area (POA). GABA reduces and slows down the activity of neurons in the Ascending Reticular Activating System (ARAS), which controls wakefulness by producing orexin, histamine, serotonin and noradrenaline. The inhibitory function of GABA is crucial for balancing the excitatory effect on muscle tone of other neurotransmitters including acetylcholine, dopamine and noradrenaline. Neurons in the Mesencephalic Trigeminal Nucleus (MTN) also participate in this neurophysiological process by producing the excitatory neurotransmitter glutamate, which in turn activates and positively stimulates the ARAS (Parrino et al., 2021; Allen et al., 2024; Sigel and Steinmann, 2012) (see Figure 1).


[image: Figure 1]
FIGURE 1
 Dysbiosis determines, via the vagus nerve and the Enteric Nervous System (ENS), neuro-inflammation of the brainstem, which causes dysfunction of the neurotransmitters released by the POA and ARAS. This in turn disrupts the cerebral cortex and the respiratory cardiovascular systems, with reduced levels of Norepinephrine, Orexin, Dopamine and excessive GABA production, leading to hypotony in the muscles of the respiratory tract. Based on these findings, we conclude that a dysfunctional POA and MTN with excess GABAergic impulses reduces the sympathetic tone in the ARAS, with increased GABA-driven inhibitory activity in the respiratory muscles.





Conclusion

On the basis of the data presented in the scientific literature examined here, the physio pathological mechanism hypothesized by us represents a new model of OSA pathogenesis that takes account of the complexity of the microbiota and of the above-described anatomo-functional and neuro-physio pathological interrelations.

In accordance with this model therefore, OSA can be explained by temporary nocturnal dysregulation of the activity of central neurotransmitters released by the ARAS. GABA has an inhibitory effect on the synthesis of noradrenaline, this effect being responsible for reducing the muscle tone of pharyngeal muscles. Reduced levels of norepinephrine released by the ARAS contribute to the development of nocturnal respiratory disorders. Reduced levels of orexin, norepinephrine, epinephrine, oxytocin, histamine (a crucial promoter of wakefulness that stimulates positive respiratory and cardiovascular responses) and testosterone (which in men stimulates the respiratory and cardiovascular systems) also play a role in this neuro-physio-pathological process.

Dysbiosis can cause an excess of POA-mediated inhibitory GABAergic impulses. This imbalance can in turn result in insufficient nocturnal activation by the MTN of central excitatory neurotransmitters such as glutamate (Glu), acetylcholine (Ach), histamine, dopamine (DA), norepinephrine (NE), and epinephrine (Epi), as well as neurohormones released by the hypothalamus such as oxytocin (Oxt). The resulting disturbance of nocturnal neurotransmitters can cause hypotonia of the hypopharyngeal and hypoglossal muscles and partial/total obstruction of the upper airway's characteristic of OSA during sleep. However, considerable progress in the study of GABAA receptors notwithstanding, there is a great deal that remains unknown. We have yet to fully establish where they are present and to determine their molecular structure, and we do not have exhaustive knowledge of their many functions. The answers to these questions will not only provide information on the internal functioning of the nervous system, but could also facilitate the development of new targeted treatments.

Lastly, genetic engineering now holds the possibility of deploying a CRISPR-Cas system (Clustered Regularly-Interspaced Short Palindromic Repeats) that will enable modifications to the DNA of dysbiotic intestinal bacterial cells. This “gene editing” makes it possible to modify, remove or add specific DNA sequences, offering an innovative approach to the design of new gene therapies targeting the dysbiotic human microbiome and the regulation of central neurotransmitters. In the near future, big data generated by the omic sciences (genomics, proteomics, metabolomics, metagenomics, phenomics and transcriptomics) will enable a “tailored” approach to diagnosis and plausibly treatment.



Author contributions

DT: Conceptualization, Supervision, Writing – original draft, Writing – review & editing. AP: Conceptualization, Supervision, Writing – original draft, Writing – review & editing. ES: Conceptualization, Supervision, Writing – original draft, Writing – review & editing. FD: Conceptualization, Supervision, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Agus, A., Planchais, J., and Sokol, H. (2018). Gut microbiota regulation of tryptophan metabolism in health and disease. Cell Host Microbe 23, 716–724. doi: 10.1016/j.chom.2018.05.003

 Albdewi, M. A., Liistro, G., and El Tahry, R. (2018). Sleep-disordered breathing in patients with neuromuscular disease. Sleep Breath. 22, 277–286. doi: 10.1007/s11325-017-1538-x

 Allen, M. J., Sabir, S., and Sharma, S. (2024). “GABA Receptor,” in Stat Pearls (Treasure Island (FL): StatPearls Publishing). Available at: https://www.ncbi.nlm.nih.gov/books/NBK526124/ (accessed February 13, 2023).

 Andrisani, G., and Andrisani, G. (2023). Sleep apnea pathophysiology. Sleep Breath. 27, 2111–2122. doi: 10.1007/s11325-023-02783-7

 Badran, M., Khalyfa, A., Ericsson, A. C., Puech, C., McAdams, Z., Bender, S. B., et al. (2023). Gut microbiota mediate vascular dysfunction in a murine model of sleep apnoea: effect of probiotics. Eur. Respir. J. 61:2200002. doi: 10.1183/13993003.00002-2022

 Baj, A., Moro, E., Bistoletti, M., Orlandi, V., Crema, F., Giaroni, C., et al. (2019). Glutamatergic signaling along the microbiota-gut-brain-axis. Int. J. Mol. Sci. 20:1482. doi: 10.3390/ijms20061482

 Bak, L. K., Schousboe, A., and Waagepetersen, H. S. (2006). The glutamate/GABA-glutamine cycle: aspects of transport, neurotransmitter homeostasis and ammonia transfer. J. Neurochem. 98, 641–653. doi: 10.1111/j.1471-4159.2006.03913.x

 Belkaid, Y., and Hand, T. W. (2014). Role of the microbiota in immunity and inflammation. Cell 157, 121–141. doi: 10.1016/j.cell.2014.03.011

 Blevins, H. M., Xu, Y., Biby, S., and Zhang, S. (2022). The NLRP3 inflammasome pathway: a review of mechanisms and inhibitors for the treatment of inflammatory diseases. Front. Aging Neurosis. 14:879021. doi: 10.3389/fnagi.2022.879021

 Bonaz, R., Bazin, T., and Pellissier, S. (2018). The vagus nerve at the interface of the microbiota-gut-brain axis. Front. Neurosci. 12:49. doi: 10.3389/fnins.2018.00049

 Brödel, A. K., Charpenay, L. H., Galtier, M., Fuche, F. J., Terrasse, R., Poquet, C., et al. (2024). In situ targeted base editing of bacteria in the mouse gut. Nature 632, 877–884. doi: 10.1038/s41586-024-07681-w

 Chang, C. H., Lin, C. H., and Lane, H. Y. (2020). D-glutamate and gut microbiota in Alzheimer's disease. Int. J. Mol. Sci. 21:2676. doi: 10.3390/ijms21082676

 Chen, G., and Trombley, P. Q. (1995). Pol ANVD GABA receptors precede glutamate receptors in hypothalamic development, differential regulation by astrocytes. Neurophysiology 74, 1473–1484. doi: 10.1152/jn.1995.74.4.1473

 Chen, Y., Xu, J., and Chen, Y. (2021). Regulation of neurotransmitters by the gut microbiota and effects on cognition in neurological disorders. Nutrients 13:2099. doi: 10.3390/nu13062099

 Chen, Y., Ye, X., Escames, G., Lei, W., Zhang, X., Li, M., et al. (2023). The NLRP3 inflammasome: contributions to inflammation-related diseases. Cell. Mol. Biol. Lett. 28:51. doi: 10.1186/s11658-023-00462-9

 Collins, S. M., Surette, M., and Bercik, P. (2012). The interplay between the intestinal microbiota and the brain. Nat. Rev. Microbiol. 10, 735–742. doi: 10.1038/nrmicro2876

 Cryan, J. F., and Dinan, T. G. (2012). Mind-altering microorganisms: the impact of the gut microbiota on brain and behaviour. Nat. Rev. Neurosci. 13, 701–712. doi: 10.1038/nrn3346

 Cryan, J. F., O'Riordan, K. J., Cowan, C. S. M., Sandhu, K. V., Bastiaanssen, T. F. S., Boehme, M., et al. (2019). The microbiota-gut-brain axis. Physiol. Rev. 99, 1877–2013. doi: 10.1152/physrev.00018.2018

 Danyang, L. I., and Minghua, W. U. (2021). Pattern recognition receptors in health and disease. Nat. Signal Transd. Targ. Ther. 6:291. doi: 10.1038/s41392-021-00687-0

 de Oliveira, G. L. V., Cardoso, C. R. B., Taneja, V., and Fasano, A. (2021). Editorial: Intestinal dysbiosis in inflammatory diseases. Front. Immunol. 12:727485. doi: 10.3389/fimmu.2021.727485

 De Vadder, F., Grasset, E., Holm, L. M., Karsenty, G., MacPherson, A. J., Olofsson, L. E., et al. (2018). Gut microbiota regulates maturation of the adult enteric nervous system via enteric serotonin networks. Proc. Natl. Acad. Sci. USA 115, 6458–6463. doi: 10.1073/pnas.1720017115

 Deak, M. C., and Kirsch, D. B. (2014). Sleep-disordered breathing in neurologic conditions. Clin. Chest Med. 35, 547–556. doi: 10.1016/j.ccm.2014.06.009

 DeSilva, A., and Bloom, S. R. (2012). Gut hormones and appetite control: a focus on PYY and GLP-1 as therapeutic targets in obesity. Gut Liver 6, 10–20. doi: 10.5009/gnl.2012.6.1.10

 Di Tommaso, N., Gasbarrini, A., and Ponziani, F. R. (2021). Intestinal barrier in human health and disease. Int. J. Environ. Res. Public Health 18:12836. doi: 10.3390/ijerph182312836

 Dicks, L. M. T. (2022). Gut bacteria and neurotransmitters. Microorganisms 10:1838. doi: 10.3390/microorganisms10091838

 Dinan, T. G., and Cryan, J. F. (2017a). The microbiome-gut-brain axis in health and disease. Gastroenterol. Clin. 46, 77–89. doi: 10.1016/j.gtc.2016.09.007

 Dinan, T. G., and Cryan, J. F. (2017b). Gut instincts: microbiota as a key regulator of brain development, ageing and neurodegeneration. J. Physiol. 595, 489–503. doi: 10.1113/JP273106

 Dover, S., and Halpern, Y. S. (1972). Utilisation of gamma-aminobutyric acid as the sole carbon and nitrogen source by Escherichia coli k-12 mutants. J. Bacteriol. 109, 835–843. doi: 10.1128/jb.109.2.835-843.1972

 Farre, N., Farre, R., and Gozal, D. (2018). Sleep apnea morbidity: a consequence of microbial-immune cross-talk? Chest 154, 754–759. doi: 10.1016/j.chest.2018.03.001

 Foster, J. A., Rinaman, L., and Cryan, J. F. (2017). Stress the gut-brain axis: regulation by the microbiome. Neurobiol. Stress. 7, 124–136. doi: 10.1016/j.ynstr.2017.03.001

 Frost, G., Sleeth, M. L., Sahuri-Arisoylu, M., Lizarbe, B., Cerdan, S., Brody, L., et al. (2014). The short-chain fatty acid acetate reduces appetite via a central homeostatic mechanism. Nat. Commun. 5:3611. doi: 10.1038/ncomms4611

 Furness, J. B., Callaghan, B. P., Rivera, L. R., and Cho, H. J. (2014). “Microbial endocrinology: the microbiota-gut-brain axis in health and disease,” in Advances in Experimental Medicine and Biology (New York, USA: Springer), 39–71. doi: 10.1007/978-1-4939-0897-4_3

 Gasmi, A., Mujawdiya, P. K., Pivina, L., Doşa, A., Semenova, Y., Benahmed, A. G., et al. (2021). Relationship between gut microbiota, gut hyperpermeability and obesity. Curr. Med. Chem. 28, 827–839. doi: 10.2174/0929867327666200721160313

 Gill, S. R., Pop, M., DeBoy, R. T., Eckburg, P. B., Turnbaugh, P. J., Samuel, B. S., et al. (2006). Metagenomic analysis of the human distal gut microbiome. Science 312, 1355–1359. doi: 10.1126/science.1124234

 Giuffrè, M., Moretti, R., Campisciano, G., da Silveira, A. B. M., Monda, V. M., Comar, M., et al. (2020). You talking to me? Says the enteric nervous system (ENS) to the microbe how intestinal microbes interact with the ENS. J. Clin. Med. 9:3705. doi: 10.3390/jcm9113705

 Goldstein, A. M., Hofstra, R., and Burns, A. J. (2013). Building a brain in the gut: development of the enteric nervous system. Clin. Genet. 83, 307–316. doi: 10.1111/cge.12054

 Gwak, M. G., and Chang, S. Y. (2021). Gut-brain connection: microbiome, gut barrier, and environmental sensors. Immune Netw. 21:e20. doi: 10.4110/in.2021.21.e20

 Hertz, L. (2006). Glutamate, a neurotransmitter–and so much more: a synopsis of Wierzba III. Neurochem. Int. 48, 416–425. doi: 10.1016/j.neuint.2005.12.021

 Human Microbiome Project Consortium (2012). Structure, function and diversity of the healthy human microbiome. Nature 486, 207–214. doi: 10.1038/nature11234

 Janik, R., Thomason, L. A., Stanisz, A. M., Forsythe, P., Bienenstock, J., Stanisz, G. J., et al. (2016). Magnetic resonance spectroscopy reveals oral Lactobacillus promotion of increases in brain GABA, N-acetyl aspartate and glutamate. Neuroimage 125, 988–995. doi: 10.1016/j.neuroimage.2015.11.018

 Jiang, H., Ling, Z., Zhang, Y., Mao, H., Ma, Z., Yin, Y., et al. (2015). Altered fecal microbiota composition in patients with major depressive disorder. Brain Behav. Immun. 48, 186–194. doi: 10.1016/j.bbi.2015.03.016

 Kawai, T., and Akira, S. (2010). The role of pattern-recognition receptors in innate immunity: update on Toll-like receptors. Nat. Immunol. 11, 373–384. doi: 10.1038/ni.1863

 Kheirandish-Gozal, L., and Gozal, D. (2019). Obstructive sleep apnea and inflammation: proof of concept based on two illustrative cytokines. Int. J. Mol. Sci. 20:459. doi: 10.3390/ijms20030459

 Ko, C. Y., Fan, J. M., Hu, A. K., Su, H. Z., Yang, J. H., Huang, L. M., et al. (2019b). Disruption of sleep architecture in Prevotella enterotype of patients with obstructive sleep apnea-hypopnea syndrome. Brain Behav. 9:e01287. doi: 10.1002/brb3.1287

 Ko, C. Y., Liu, Q. Q., Su, H. Z., Zhang, H. P., Fan, J. M., Yang, J. H., et al. (2019a). Gut microbiota in obstructive sleep apnea-hypopnea syndrome: disease-related dysbiosis and metabolic comorbidities. Clin. Sci. 133, 905–917. doi: 10.1042/CS20180891

 Lavie, L. (2015). Oxidative stress in obstructive sleep apnea and intermittent hypoxia-revisited-the bad ugly and good: implications to the heart and brain. Sleep Med. Rev. 20, 27–45. doi: 10.1016/j.smrv.2014.07.003

 Levy, M., Kolodziejczyk, A. A., Thaiss, C. A., and Elinav, E. (2017). Dysbiosis and the immune system. Nat. Rev. Immunol. 17, 219–232. doi: 10.1038/nri.2017.7

 Liu, W., Guo, W. J., Xu, Q., and Sun, Y. (2016). Advances in mechanisms for NLRP3 inflammasomes regulation. Yao Xue Xue Bao. 51, 1505–1512.

 MahmoudianDehkordi, S., Arnold, M., Nho, K., Ahmad, S., Jia, W., Xie, G., et al. (2019). Altered bile acid profile associates with cognitive impairment in Alzheimer's disease—an emerging role for gut microbiome. Alzheimer's Dement. 15, 76–92. doi: 10.1016/j.jalz.2018.07.217

 Malhotra, A., Mesarwi, O., Pepin, J. L., and Owens, R. L. (2020). Endotypes and phenotypes in obstructive sleep apnoea. Curr. Opin. Pulm. Med. 26, 609–614. doi: 10.1097/MCP.0000000000000724

 Mashaqi, S., Rangan, P., Saleh, A. A., Abraham, I., Gozal, D., Quan, S. F., et al. (2023). Biomarkers of gut barrier dysfunction in obstructive sleep apnea: a systematic review and meta-analysis. Sleep Med. Rev. 69:101774. doi: 10.1016/j.smrv.2023.101774

 Masiulis, S., Desai, R., Uchański, T., Serna Martin, I., Laverty, D., Karia, D., et al. (2019). receptor signalling mechanisms revealed by structural pharmacology. Nature 565, 454–459. doi: 10.1038/s41586-018-0832-5

 Montagnani, M., Bottalico, L., Potenza, M. A., Charitos, I. A., Topi, S., Colella, M., et al. (2023). The Crosstalk between gut microbiota and nervous system: a bidirectional interaction between microorganisms and metabolome. Int. J. Mol. Sci. 24:10322. doi: 10.3390/ijms241210322

 Morais, L. H., Schreiber, H. L., and Mazmanian, S. K. (2021). The gut microbiota–brain axis in behaviour and brain disorders. Nat. Rev. Microbiol. 19, 241–255. doi: 10.1038/s41579-020-00460-0

 Moreno-Indias, I., Torres, M., Montserrat, J. M., Sanchez-Alcoholado, L., Cardona, F., Tinahones, F. J., et al. (2015). Intermittent hypoxia alters gut microbiota diversity in a mouse model of sleep apnoea. Eur. Respir. J. 45, 1055–1065. doi: 10.1183/09031936.00184314

 Moreno-Indias, I., Torres, M., Sanchez-Alcoholado, L., Cardona, F., Almendros, I., Gozal, D., et al. (2016). Normoxic recovery mimicking treatment of sleep apnoea does not reverse intermittent hypoxia-induced bacterial dysbiosis and low-grade endotoxemia in mice. Sleep 39, 1891–1897. doi: 10.5665/sleep.6176

 Nicholson, J. K., Holmes, E., Kinross, J., Burcelin, R., Gibson, G., Jia, W., et al. (2012). Host-gut microbiota metabolic interactions. Science 336, 1262–1267. doi: 10.1126/science.1223813

 O'Connor, K. M., Lucking, E. F., Bastiaanssen, T. F. S., Peterson, V. L., Crispie, F., Cotter, P. D., et al. (2020). Prebiotic administration modulates gut microbiota and faecal short-chain fatty acid concentrations but does not prevent chronic intermittent hypoxia-induced apnoea and hypertension in adult rats. Biomedicine 59:102968. doi: 10.1016/j.ebiom.2020.102968

 Ohgi, Y., Futamura, T., Kikuchi, T., and Hashimoto, K. (2012). Effects of antidepressants on alternations in serum cytokines and depressive-like behavior in mice after lipopolysaccharide administration. Pharmacol. Biochem. Behav. 103, 853–859. doi: 10.1016/j.pbb.2012.12.003

 Olson, C. A., Vuong, H. E., Yano, J. M., Liang, Q. Y., Nusbaum, D. K., Hsiao, E. Y., et al. (2018). The gut microbiota mediates the anti-seizure effects of the ketogenic diet. Cell 173, 1728–1741.e13. doi: 10.1016/j.cell.2018.04.027

 Parrino, L., Rausa, F., Azzi, N., Pollara, I., and Mutti, C. (2021). Cyclic alternating patterns and arousals: what is relevant in obstructive sleep apnoea? In memoriam mario giovanni terzano. Curr. Opin. Pulm. Med. 27, 496–504. doi: 10.1097/MCP.0000000000000825

 Poroyko, V. A., Carreras, A., Khalyfa, A., Khalyfa, A. A., Leone, V., Peris, E., et al. (2016). Chronic sleep disruption alters gut microbiota, induces systemic and adipose tissue inflammation and insulin resistance in mice. Sci. Rep. 6:35405. doi: 10.1038/srep35405

 Qiu, W., Wu, M., Liu, S., Chen, B., Pan, C., Yang, M., et al. (2017). Suppressive immunoregulatory effects of three antidepressants via inhibition of the nuclear factor kB activation assessed using primary macrophages of carp (Cyprinus carpio). Toxicol. Appl. Pharmacol. 322, 1–8. doi: 10.1016/j.taap.2017.03.002

 Quillin, S. J., Tran, P., and Prindle, A. (2021). Potential roles for gamma. Aminobutyric acid signalling in bacterial communications. Bioelectricity 3, 120–125. doi: 10.1089/bioe.2021.0012

 Rao, M., and Gershon, M. D. (2017). Neurogastroenterology: the dynamic cycle of life in the enteric nervous system. Nat. Rev. Gatroenterol. Hepatol. 14, 453–454. doi: 10.1038/nrgastro.2017.85

 Richards, P., Parker, H. E., Adriaenssens, A. E., Hodgson, J. M., Cork, S. C., Trapp, S., et al. (2014). Identification and characterization of GLP-1 receptor-expressing cells using a new transgenic mouse model. Diabetes 62, 1224–1233. doi: 10.2337/db13-1440

 Romijn, J. A., Corssmit, E. P., Havekes, L. M., and Pijl, H. (2008). Gut–brain axis. Curr. Opin. Clin. Nutr. Metab. Care 11, 518–521. doi: 10.1097/MCO.0b013e328302c9b0

 Sigel, E., and Steinmann, M. E. (2012). Structure, function, and modulation of GABA(A) receptors. J. Biol. Chem. 287, 40224–40231. doi: 10.1074/jbc.R112.386664

 Stefano, G. B., Pilonis, N., Ptacek, R., Raboch, J., Vnukova, M., Kream, R. M., et al. (2018). Gut, microbiome, and brain regulatory axis: relevance to neurodegenerative and psychiatric disorders. Cell. Mol. Neurobiol. 38, 1197–1206. doi: 10.1007/s10571-018-0589-2

 Strandwitz, P. (2018). Neurotransmitter modulation by the gut microbiota. Brain Res. 1693, 128–133. doi: 10.1016/j.brainres.2018.03.015

 Strandwitz, P., Kim, K. H., Terekhova, D., Liu, J. K., Sharma, A., Levering, J., et al. (2019). GABA-modulating bacteria of the human gut microbiota. Nat. Microbiol. 4, 396–403. doi: 10.1038/s41564-018-0307-3

 Struzyńska, L., and Sulkowski, G. (2004). Relationships between glutamine, glutamate, and GABA in nerve endings under Pb-toxicity conditions. J. Inorg. Biochem. 98, 951–958. doi: 10.1016/j.jinorgbio.2004.02.010

 Tang, S. S., Liang, C. H., Liu, Y. L., Wei, W., Deng, X. R., Shi, X. Y., et al. (2022). Intermittent hypoxia is involved in gut microbial dysbiosis in type 2 diabetes mellitus and obstructive sleep apnea-hypopnea syndrome. World J. Gastroenterol. 28, 2320–2333. doi: 10.3748/wjg.v28.i21.2320

 Taylor, C. T., and Colgan, S. P. (2007). Hypoxia and gastrointestinal disease. J. Mol. Med. 85, 1295–1300. doi: 10.1007/s00109-007-0277-z

 Toraldo, D. M., Peverini, F., De Benedetto, M., and De Nuccio, F. (2013). Obstructive sleep apnoea syndrome: blood viscosity, blood coagulation abnormalities, and early atherosclerosis. Lung 191, 1–7. doi: 10.1007/s00408-012-9427-3

 Tracey, K. J., and Chavan, S. S. (2018). Nerve Stimulation for Treatment of Diseases and Disorders. Washington, DC: US Patent and Trademark Office.

 Tsavkelova, E. A., Botvinko, I. V., Kudrin, V. S., and Oleskin, A. V. (2000). Detection of neurotransmitter amines in microorganisms with the use of high-performance liquid chromatography. Dokl. Biochem. 372, 115–117.

 Van De Wouw, M., Boehme, M., Lyte, J. M., Wiley, N., Strain, C., O'Sullivan, O., et al. (2018). Short-chain fatty acids: microbial metabolites that alleviate stress-induced brain-gut axis alterations. J. Physiol. 596, 4923–4944. doi: 10.1113/JP276431

 Wang, P. P., Wang, L. J., Fan, Y. Q., Dou, Z. J., Han, J. X., Wang, B., et al. (2024). Analysis of the characteristics of intestinal microbiota in patients with different severity of obstructive sleep apnea. Sci. Rep. 14:21552. doi: 10.1038/s41598-024-72230-4

 Weiss, G. A., and Hennet, T. (2017). Mechanisms and consequences of intestinal dysbiosis. Cell. Mol. Life Sci. 74, 2959–2977. doi: 10.1007/s00018-017-2509-x

 Xu, D. Z., Lu, Q., Kubicka, R., and Deitch, E. A. (1999). The effect of hypoxia/reoxygenation on the cellular function of intestinal epithelial cells. J. Trauma 46, 280–285. doi: 10.1097/00005373-199902000-00014

 Zeng, Y. M., Hu, A. K., Su, H. Z., and Ko, C. Y. (2020). A review of the association between oral bacterial flora and obstructive sleep apnea-hypopnea syndrome comorbid with cardiovascular disease. Sleep Breath. 24, 1261–1266. doi: 10.1007/s11325-019-01962-9

 Zhang, Y., Luo, H., Niu, Y., Yang, X., Li, Z., Wang, K., et al. (2022). Chronic intermittent hypoxia induces gut microbial dysbiosis and infers metabolic dysfunction in mice. Sleep Med. Mar. 91, 84–92. doi: 10.1016/j.sleep.2022.02.003

 Zhu, S., Noviello, C. M., Teng, J., Walsh, R. M. Jr, Kim, J. J., and Hibbs, R. E. (2018). Structure of a human synaptic GABAA receptor. Nature 559, 67–72. doi: 10.1038/s41586-018-0255-3

Copyright
 © 2025 Toraldo, Palma Modoni, Scoditti and De Nuccio. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Obstructive sleep apnoea as a neuromuscular respiratory disease arising from an excess of central GABAergic neurotransmitters: a new disease model



		Introduction



		Discussion



		The effects of the microbiota on the brain



		The bio-molecular pathways of the ENS and the brain



		The pathophysiology of OSA







		Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
@ frontiers | Frontiers in Cellular Neuroscience

Obstructive sleep apnoea as a
neuromuscular respiratory
disease arising from an excess of
central GABAergic
neurotransmitters: a new disease
model





OPS/images/fncel-18-1429570-g001.gif











OPS/images/crossmark.jpg
©

|






OPS/images/logo.jpg
& frontiers | Frontiers in Cellular Neuroscience







