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Abstract 

Nowadays, a growing amount of evidence has indicated the correlation between a variety of neurological 

illnesses and the gut microbiome. The gut microbiome plays an important role in the gut-brain axis (GBA), the 

bidirectional crosstalk between the gastrointestinal tract (GI) and the central nervous system. The objective of 

this review is to summarize the factors related to the GBA and the CNS functions as well as the processes 

behind the relationship. The interaction between the CNS, the enteric nervous system (ENS), and many other 

systems, links the emotional and cognitive functions of the CNS to the GI functions. The hypothalamic pituitary 

adrenal axis (HPA) contributes most to the stress by modulating the adaptive responses. Although most 

evidence supporting the roles of gut microbiome are from experiments conducted in animals, there is clinical 

evidence showing the improvement in the condition of some neurological disorder patients when prescribed 

antibiotics. Psychological stressors of varying durations can influence the components and total biomass of the 

gut microbiota via host-gut microbiota signaling. Chemical signalling is one of the mechanisms behind GBA. 

One of which being the short chain fatty acids (SCFAs), made by the fermentation process of the gut bacteria, 

can affect the host's illness and behaviour. Moreover, Neuronal pathways connect the gut and the brain 

physically through the vagus nerve. The gut microbiota also plays a critical role in the formation and expression 

of the peripheral immune system and the growth of the brain's intrinsic immune system. Immune cells and their 

inflammatory molecules have been linked to both migraine attack and the stomach's visceral pain. Thereby, the 

impact of CNS on microbiota composition and function is controlled by the disruption of the normal 

luminal/mucosal environment. 

Keywords: Hypothalamic pituitary adrenal axis (HPA); gut-brain axis (GBA); short chain fatty acids (SCFAs). 

1. Introduction  

The term representing the interaction between the gastrointestinal system (GI) and the central nervous system 

(CNS) is gut-brain axis (GBA) [1]. While the brain modulates the GI tract, including both sensory and secretion, 

through factors of hormone, the GI system may as well directly and indirectly affect the CNS [2, 3]. The 

hypothalamic pituitary adrenal axis (HPA) influences the gut functions through the mediation of the stress 

responses by hormonal factors [4, 5].  
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The gut system affects the brain functions in many directions such as cognition and behavior [6]. Thereby, the 

dysfunction of GBA has been connected to several neurological disorders, namely mood and anxiety disorders, 

multiple sclerosis, Alzheimer disease, Parkinson disease, and migraine [1, 5]. Furthermore, neurotransmitters 

consisting of serotonin, calcitonin gene-related peptide (CGRP),  dopamine, and gamma-aminobutyric acid have 

been said to be involved in the GBA [7]. Inflammatory molecules, neuropeptides,  gut microbiota composition, 

stress hormones, and dietary elements are among the components that influence the correlations between 

migraine and GBA [2, 3, 8]. This review aims to present the GBA-related factors which cause migraine and the 

mechanism behind the relationship. Thereby, based on this knowledge, new solutions resolving the migraine 

symptoms may be found in the future. 

2. Gut-brain axis 

The bidirectional crosstalk of the CNS and the enteric nervous system (ENS), connects the cognitive and 

emotional roles of the CNS to the gastrointestinal functions [9, 10]. The complex communication within the 

GBA has been revealed not to only regulate the gastrointestinal homeostasis, but also impact higher cognitive 

functions [9]. The main responsibilities of the gut-brain crosstalk are to regulate gut functions and connect 

peripheral intestinal roles and processes such as intestinal permeability, immune activation, enteric reflex, and 

entero-endocrine signaling with the centers of the brain, controlling cognitive function and feelings. The 

mechanism behind the communication of the gut-brain crosstalk involves neuro-immuno-endocrine molecules 

[11, 12]. The CNS, both brain and spinal cord, the autonomic nervous system (ANS), the ENS and the HPA axis 

are the systems involved [13, 14]. The autonomic nervous system (ANS), consisting of the parasympathetic and 

sympathetic limps operate both efferent and afferent signals [15]. The afferent signals include those starting at 

the lumen and transmitted to the CNS through spinal, enteric, and vagal routes while the efferents signals are 

channeled to the intestinal wall, from the CNS [10, 16]. The HPA, a part of the limbic system, the part of the 

brain which is responsible for emotion responses and memory, contributes the most to the stress efferent axis by 

coordinating the adaptive responses to stress-related triggers [17, 18]. The system can be activated from the 

environmental stress and the rise in the level of  systemic pro-inflammatory cytokines [3, 19, 20]. The triggers 

activate the hypothalamus to produce corticotropin-releasing factor (CRF) which then stimulates the pituitary 

gland to secrete adrenocorticotropic hormone (ACTH) [13, 21]. ACTH triggers the zona fasciculata of the 

adrenal cortex to release cortisol, one of the main stress hormones which influences multiple human organs, 

such as the brain [9, 22]. Thereby, both hormonal and neural pathways of interaction connect the brain to the 

intestinal functional effector cells, such as immune cells, enterochromaffin cells, enteric brain cells, interstitial 

cells of Cajal smooth muscle cells, and epithelial cells [23-25]. The gut flora influence these same cells as well 

which then give birth to the concept of microbiome GBA [26-28]. 

3. Role of microbiota in GBA 

The gut microbiota has been proved by evidence from experimental and clinical studies that it plays a vital role 

in the GBA [29, 30]. While the enteric microbiota interact with the intestinal cells and ENS, the neuroendocrine 

and metabolic pathways also allow it to directly interact with CNS [22, 31]. In humans, evidence proving the 

gastrointestinal microbe-brain interaction arose from the observation of patients with hepatic encephalopathy, a 
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nervous system disorder due to severe liver disease [32, 33]. Prescribing oral antibiotics to the patients allows 

them to recover fast [8, 34]. Furthermore, specific microbiota alterations are observed in sutistic patients 

depending on the severity of the disease [35, 36]. Thus, the evidence indicates the responsibilities of microbiota 

in affecting depressive-like behaviors and anxiety [21, 37, 38]. 

Functional gastrointestinal disorders (FGID), which are greatly involved with affective disorders, cause 

dysbiosis [39-41]. There has been evidence suggesting that both brain-gut and gut-brain functions are 

interrupted [42]. On the other hand, Irritable bowel syndrome (IBS), the gut-brain dysfunctions are more 

dominant [43, 44]. The disruption of GBA leads to changes in intestinal movement and secretion, causing the 

cells of the immune system and entero-endocrine to be altered and visceral hypersensitivity [39]. Microbiota 

interact with a variety of the different pathophysiological IBS targets which are supported by multiple evidence; 

IBS patients show unstable and indiverse gut microbiome, the growth of post-infectious IBS,the possibility of 

association with bacterial proliferation in the small intestine and the efficacy of certain probiotics and non-

systemic antibiotics [45]. Moreover, by transferring the gut microbiome of IBS patients to germ-free (GF) mice, 

visceral hypersensitivity phenotype becomes visible in the previously GF mice [15, 46]. The dysfunction of both 

GBA and the gut microbiota in the pathophysiology of IBS has led to the suggestion that FGID can be classified 

as a microbiome-GBA disorder [47, 48]. 

4. Gut microbiota to the brain 

GBA refers to a system of interconnection consisting of numerous biological systems which enables 

bidirectional crosstalk between gut microbes and the brain [4, 49]. This communication is critical for animals' 

microbial, central nervous, and gastrointestinal systems to maintain homeostasis [2, 50]. Direct and indirect 

signaling pathways are present in these biological networks, and they are carried out by neurotransmitters, 

neuronal networks, and the immune system, among other mechanisms. Knowing the diversity of biological 

systems included, it is likely that many pathways and processes synchronize to modulate multiple aspects of 

disease pathogenesis, and additional study is in demand in order to decipher the process [51]. 

5. From brain to gut microbiota 

Psychological stressors of varying durations influence the components and total biomass of the gut microbiota 

[52]. Indeed, short-term stressors also affect the microbiota, being exposed to a social stressor for only two 

hours can dramatically alter the gut microbiota composition and decrease the proportional amount of the 

significant microbiota phyla [53]. These impacts are believed to be regulated via the ANS and HPA, directly and 

indirectly via host-gut microbiota signaling [54]. In conjunction with the endogenous pain-modulator pathways, 

these efferent neural pathways comprise what is known as the "emotional motor system" [55].  

The direct effect is influenced by the release of signaling molecules by neurons, immune cells, and 

enterochromaffin cells under the control of the brain, which may affect the microbiota [42]. Neurotransmitter 

receptors on bacteria enable the interaction between CNS effectors and microbes [27, 54]. It has been reported 

in several studies that bacteria contain binding sites for enteric neurotransmitters, which are produced by the 
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host, and that these binding sites can impact the function of microbiota components, thereby increasing the 

body's susceptibility to inflammatory and infection stimuli [56]. Pseudomonas fluorescens has been found to 

have a high affinity for the GABA system, with binding characteristics familiar to those of a neural receptor 

[56]. A receptor for epinephrine/norepinephrine produced by the host, in which adrenergic antagonists 

specifically inhibit, can be found on Escherichia coli O157:H7 [57-59]. Additionally, the brain take part in 

modulating gut functions such as intestinal fluid handling, acid, bicarbonate, and mucus secretion, motility, and 

mucosal immune response, which are all necessary for the preservation of the mucus layer and biofilm, which 

are composed of diverse  metabolic niches and microhabitats involved with the mucosa [60, 61]. The disruption 

of the normal mucosal environment caused by a dysfunction of GBA can then impact the gut microbiota [62]. 

Stress alters the amount and quality of mucus secreted [63, 64]. Dogs' postprandial gastric and intestinal motility 

is affected by acoustic stress, which causes a temporary slowing of gastric emptying and delays the retrieval of 

the migrating motor complex pattern [7, 15, 65]. Through the central secretion of CRF, psychological stress also 

raised the number of times of cecocolonic spike-burst activity occur [66]. Prebiotics and dietary fibres, in 

particular, can be profoundly affected by regional and world-wide alterations in GI transit [67, 68]. Changing 

intestinal permeability, which allows bacteria to perforate the epithelium and trigger an immune reaction in the 

mucous membranes, may also affect microbiota composition and role, according to some theories about brain 

function [69]. Colonic paracellular permeability is raised by acute stress via increased interferon-g production 

and a fall in ZO-2 and occluding mRNA expression [70]. The brain, via the ANS, can also influence immune 

function. This disproportion in histamine and tryptase secretion is caused by the sympathetic branch modulating 

the amount, activity and degranulation of mast cells [71]. On the other hand, some mast cell mediators as CRF 

can raise epithelial permeability to bacteria, allowing germs to reach immune cells in the lamina propria [72]. 

Additionally, increased susceptibility to colitis and depression can be observed in adult rats, which developed 

colonic barrier dysfunction with association to corticotropin-releasing hormone (CRH) receptors, after 

experiencing mild stress related to neonatal maternal separation [73]. Bilateral olfactory bulb removal caused 

depression-like behaviour in mice, which was linked to increased central CRF expression and levels of seratonin 

and changes in colonic motility and the intestinal microbial profile [14]. Furthermore, effect of stress on the 

microbiota habitat is an increase in the release of a-defensin, an antimicrobial peptide, by Paneth cells [28, 74]. 

6. Chemical signalling between the gut and the brain 

When the gut flora communicates with the nervous system, it can assist in modulating the animal host behaviour 

and homeostasis [75]. This crosstalk can take place through both direct and indirect signalling [76]. For 

example, short-chain fatty acids (SCFAs) are lipids made by bacteria in your intestine when fermenting food 

like fibre [77]. In preclinical models, these lipids can affect CNS by affecting neuroplasticity, the immune 

system, and gene expression. SCFAs can affect illness and behaviour [77]. The activity of a neuronal factor 

correlated to depression, brain-derived neurotrophic factor, was discovered to be modified by SCFA sodium 

butyrate treatment (BDNF) [78]. According to the same research team, the chronic treatment of exogenous 

sodium butyrate to mice for 28 days causes a drastic reduction in depressive-like symptoms [78]. The enteric 

microbiota also has an indirect chemical signalling effect on the nervous system and behaviour, as demonstrated 

by microbial regulation of the neuroendocrine system [75, 78]. Enteroendocrine cells (EECs) in the gut lining, 
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which produce hormones such as glucagon-like peptide 1, can modulate their hosts' hunger and feeding habits 

[79]. This is accomplished by regulating gut microorganisms' generation of endocrine signals (GLP1) [80]. Mice 

without an endogenous microbiota, dubbed GF mice, consume less food than typical mice with complete 

microbiota [81]. The production of GLP1 is lower in GF mice , as well as antibiotic-treated mice, compared to 

those conventionally colonized, indicating that the gut bacteria can influence this endocrine-mediated behaviour 

[80]. In response to the bacterial metabolite indole, Gastrointestinal L cells, which stimulates colonic vagal 

afferent activity, secrete the hormone GLP1, which has been shown to affect rats' levels of food intake and 

hunger [80, 81]. Additionally, the gut microbiota regulates neurotransmitter concentrations in model systems, 

implying that microbes operate as mediators for the nervous system's traditional signaling chemicals [82]. 

Microorganisms in the gut can synthesise neurotransmitters and induce neurotransmitter production in their 

animal hosts [54, 83]. So, the neurotransmitter gamma-aminobutyric acid is produced by microorganisms like 

Parabacteroides, Bifidobacterium, Bacteroides, and Escherichia spp (GABA) [74]. 

7. Neuronal pathways for gut–brain interactions 

Neuronal pathways connect the gut and the brain physically [84]. The vagus nerve, which runs from the 

hindbrain to the gut and ENS, is the most well-known of these neural networks [85]. The gut flora plays a role in 

the maturation and activity of ANS, although this area of research is still relatively unexplored at this time [86]. 

There are fewer nerves that connect the colonic epithelium to the brain in GF mice, but these nerves can be 

restored by the growth of bacteria in the colon [84]. Furthermore, the gut microbiota has an effect on the 

formation of gut neuroglia in mice, which are essential for gut homeostasis and neural network upkeep [84]. 

According to recent findings,Through chemical transmission, the gut bacteria can impact the activity of enteric 

neurons [84]. For example, activating aryl hydrocarbon receptors in matured mice can control gut motility by 

affecting the ENS [16, 87]. 

8. Gut microbiota–brain signalling through the immune system  

CNS and the gut flora, directly and indirectly, affect the immune system [11]. The gut flora plays a critical role 

in the formation and performance of the peripheral immune system, and it is essential to understand how it 

works [12, 88]. Additionally, the microbiota is required for the proper growth, maturation, and stimulation of 

microglia, the brain's intrinsic immune cells [89]. In comparison to conventional mice, GF mice had more 

immature microglia in many brain locations, according to cell morphology and transcriptional signals of 

maturation in microglia; this conclusion is backed by study in antibiotic-treated mice [84]. Microglia-mediated 

immune programming appears to be dependent on indicators from bacterial metabolism, as evidenced by the 

restoration of microglial morphology and function in GF mice following treatment with bacterial-derived 

SCFAs [88]. Microglial function and development may require the presence of intricate microbiota and/or 

particular bacterial taxonomic groups, as the ability to restore microglial deficits in GF mice was restored when 

a complex microbiota was transferred to the mice [90, 91]. Another study found that giving GF mice a 

combination of four Bifidobacterium species may impact microglia growth and stimulation via transcriptional 

methods [91]. While microglial morphology and gene expression changes are more prominent during the 

embryonic and adult phases of GF mice, the influence of gut microbiota on microglia appears to be gender and 
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time-specific [76]. Thus, future studies examining the microbiota's impact on neurons should take sex into 

account as a significant biological variable [76]. Notably, altered microglia function has been associated with 

stress, behavioural, and neurodegenerative disorders, suggesting that microglial influences on the gut 

microbiome may influence human neurological illnesses [76]. Additionally, the gut microbiota and the brain 

communicate via circulating cytokines via the systemic immune system [12]. An increased level of peripheral 

inflammation is observed in several neuropsychiatric disorders, including anxiety, depression, and an autism 

spectrum disorder. Cytokines and chemokines can be synthesized by microglia and perivascular macrophages or 

directly transported across the blood-brain barrier (BBB) into the CNS [92]. The gut flora affect the 

permeability of the BBB, as evidenced by reports that GF mice have higher BBB permeability compared to 

conventional mice, which may be partly resulted from the decrease in the expression of tight-junction proteins 

such as claudin 5 and occludin, among other things [92]. Alterations to the BBB integrity caused by infections, 

autoimmune diseases, and injuries increase the brain's accessibility to circulatory system-borne microbial 

products and increase the brain's susceptibility to subsequent pathology [92]. Many neuropathological diseases 

have increased BBB permeability, underlining the potential importance of linkages between systemic immunity 

and brain outcomes [93]. 

9. The involvement of inflammation in migraine headache and role of gut microbiome 

Immune cells and their inflammatory molecules such as interleukin (IL)-1, IL-6, and IL-18, tumour necrosis 

factor-alpha (TNF-α), and interferon-gamma (IFN-γ) have been linked to the stomach as afferent ending 

sensitizers and stimulators of visceral pain [54]. Moreover, proinflammatory cytokines such as IL-1, IL-6, IL-8, 

and TNF-α have been connected to migraine pain and have been shown to be elevated during migraine attacks 

[20, 94].  Most studies examining the gut microbiota's role in various disorders employ "germ-free" murine 

models [95]. Since these organisms are raised in a sterile environment, they lack microbiota [96]. The 

significance of the immune system in GBA and microscopic pathobiology is also backed by researches referring 

that an increased level of nociception induced by inflammatory triggers can be reduced in GF mice in 

comparison with conventional mice [97]. This finding emphasizes the critical role of gut microbiota in priming 

the host for adjustment to environmental stress factors that cause pain [97, 98].  

Notably, the gut microbiota composition has a significant influence on GBA [97]. This occurs through two 

distinct mechanisms: indirect signalling, which includes neurotransmitters, inflammatory molecules, and 

hormones derived from the microbiota, and direct connection to activating vagus nerve end terminals [99]. 

Additionally, the mechanism is bidirectional in this case, as the CNS can influence enteric microbiota via the 

parasympathetic and the sympathetic nervous systems as well as the  relase of neuroendocrine peptides [100, 

101]. Psychological and physical stressors can alter the profile of the intestinal microbiota [18]. These stressors 

cause the secretion of CRH in the hypothalamus, which causes cortisol to be secreted by the adrenal glands [15, 

102, 103]. They may also cause changes in the intestines' permeability by altering the intestines' microbiota 

profile. Finally, dysbiosis may result from these events [14, 104]. 
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10. Conclusion 

Gut microbiota is of vital importance in the gut-nervous system axis of communication. It engages with the CNS 

through the regulation of brain chemistry and exerting influence over neuroendocrine systems participating in 

stress response, anxiety, and memory function. Numerous of these indicators are shown to be strain-specific, 

meaning that certain probiotic strains may play a function in the treatment of neurologic disorders as a new 

adjuvant method. On the flip side, the gut microbiota can also be altered by the psychological stressors of 

different durations. Thereby, the composition and total biomass of the gut flora may be changed due to stressors. 

Additionally, the impact of CNS on microbiota profile is almost certainly controlled by an interruption of the 

typical luminal/mucosal environment, which can be rebuilt through probiotics and possibly through diet. This 

interaction can be seen in clinical practice in functional gastrointestinal disorders (FGID), particularly IBS, 

which is now recognised as a microbiome-GBA disorder. GBA not only impacts the CNS but also the immune 

system directly and indirectly which highlights the importance of GBA to human physical and mental health. 

References 

[1] M. M. Naghibi and R. Day, "The microbiome, the gut–brain axis and migraine," Gastrointestinal 

nursing, vol. 17, no. 8, pp. 38-45, 2019. 

[2] Q. Ma, C. Xing, W. Long, H. Y. Wang, Q. Liu, and R.-F. Wang, "Impact of microbiota on central 

nervous system and neurological diseases: the gut-brain axis," Journal of neuroinflammation, vol. 16, 

no. 1, pp. 1-14, 2019. 

[3] T. Cerdó, E. Diéguez, and C. Campoy, "Impact of gut microbiota on neurogenesis and neurological 

diseases during infancy," (in eng), Curr Opin Pharmacol, vol. 50, pp. 33-37, 02 2020, doi: 

10.1016/j.coph.2019.11.006. 

[4] M. Arzani et al., "Gut-brain Axis and migraine headache: a comprehensive review," (in eng), J 

Headache Pain, vol. 21, no. 1, p. 15, Feb 13 2020, doi: 10.1186/s10194-020-1078-9. 

[5] A. Risbud, M. Abouzari, and H. R. Djalilian, "Migraine and the Gut Microbiome," in Gut–Brain 

Connection, Myth or Reality? Role of The Microbiome in Health and Disease: World Scientific, 2022, 

pp. 325-337. 

[6] H.-E. Tan et al., "The gut–brain axis mediates sugar preference," Nature, vol. 580, no. 7804, pp. 511-

516, 2020. 

[7] J. F. Cryan et al., "The microbiota-gut-brain axis," Physiological reviews, 2019. 

[8] S. Liang, X. Wu, and F. Jin, "Gut-brain psychology: rethinking psychology from the microbiota–gut–

brain axis," Frontiers in integrative neuroscience, vol. 12, p. 33, 2018. 



International Journal of Formal Sciences: Current and Future Research Trends (IJFSCFRT) (2022) Volume 13, No  1, pp 167-181 

174 
 

[9] A. C. Guerrero, V. Shah, D. Mishra, J. Mittal, and M. Mirsaeidi, "Crosstalk Between Gut and Brain via 

Neurotransmitters," in Gut–Brain Connection, Myth or Reality? Role of The Microbiome in Health and 

Disease: World Scientific, 2022, pp. 49-70. 

[10] M. Sharma, J. Prakash, P. Yadav, K. Srivastava, and K. Chatterjee, "Gut–brain axis: Synergistic 

approach," Industrial Psychiatry Journal, vol. 30, no. Suppl 1, p. S297, 2021. 

[11] R. Dantzer, "Neuroimmune interactions: from the brain to the immune system and vice versa," 

Physiological reviews, vol. 98, no. 1, pp. 477-504, 2018. 

[12] C. Pellegrini, L. Antonioli, R. Colucci, C. Blandizzi, and M. Fornai, "Interplay among gut microbiota, 

intestinal mucosal barrier and enteric neuro-immune system: a common path to neurodegenerative 

diseases?," Acta neuropathologica, vol. 136, no. 3, pp. 345-361, 2018. 

[13] Q. Wu et al., "Gut microbiota modulates stress-induced hypertension through the HPA axis," Brain 

Research Bulletin, vol. 162, pp. 49-58, 2020. 

[14] A. Farzi, E. E. Fröhlich, and P. Holzer, "Gut Microbiota and the Neuroendocrine System," (in eng), 

Neurotherapeutics, vol. 15, no. 1, pp. 5-22, 01 2018, doi: 10.1007/s13311-017-0600-5. 

[15] K. Vagnerová et al., "Interactions between gut microbiota and acute restraint stress in peripheral 

structures of the hypothalamic–pituitary–adrenal axis and the intestine of male mice," Frontiers in 

immunology, vol. 10, p. 2655, 2019. 

[16] S. Fried, E. Wemelle, P. D. Cani, and C. Knauf, "Interactions between the microbiota and enteric 

nervous system during gut-brain disorders," Neuropharmacology, vol. 197, p. 108721, 2021. 

[17] R. Russo et al., "Gut-brain Axis: Role of Lipids in the Regulation of Inflammation, Pain and CNS 

Diseases," (in eng), Curr Med Chem, vol. 25, no. 32, pp. 3930-3952, 2018, doi: 

10.2174/0929867324666170216113756. 

[18] G. Molina-Torres, M. Rodriguez-Arrastia, P. Roman, N. Sanchez-Labraca, and D. Cardona, "Stress and 

the gut microbiota-brain axis," Behavioural pharmacology, vol. 30, no. 2, pp. 187-200, 2019. 

[19] Z. Zhao et al., "Association of Migraine with Its Comorbidities and Food Specific Immunoglobulin G 

Antibodies and Inflammatory Cytokines: Cross-Sectional Clinical Research," Journal of Pain 

Research, vol. 14, p. 2359, 2021. 

[20] L. Singh, A. Kaur, M. S. Bhatti, and R. Bhatti, "Possible molecular mediators involved and mechanistic 

insight into fibromyalgia and associated co-morbidities," Neurochemical research, vol. 44, no. 7, pp. 

1517-1532, 2019. 

[21] A. Wilkowska, Ł. P. Szałach, and W. J. Cubała, "Gut Microbiota in Depression: A Focus on 



International Journal of Formal Sciences: Current and Future Research Trends (IJFSCFRT) (2022) Volume 13, No  1, pp 167-181 

175 
 

Ketamine," Frontiers in Behavioral Neuroscience, vol. 15, 2021. 

[22] M. Samtiya, T. Dhewa, and A. K. Puniya, "Probiotic Mechanism to Modulate the Gut-Brain Axis 

(GBA)," in Microbiome-Gut-Brain Axis: Springer, 2022, pp. 237-259. 

[23] X. Zhao, H. Wang, Z. Zhang, H. Jin, and Y. Gong, "Effects of ethyl acetate extract of Salsola collina 

on brain-gut peptides and interstitial cells of gastric Cajal in rats with diabetic gastroparesis," Iranian 

Journal of Basic Medical Sciences, vol. 23, no. 9, p. 1218, 2020. 

[24] M. Mischopoulou, M. D’Ambrosio, E. Bigagli, C. Luceri, G. Farrugia, and G. Cipriani, "Role of 

macrophages and mast cells as key players in the maintenance of gastrointestinal smooth muscle 

homeostasis and disease," Cellular and Molecular Gastroenterology and Hepatology, 2022. 

[25] B. Waclawiková, A. Codutti, K. Alim, and S. El Aidy, "Gut microbiota-motility interregulation: 

insights from in vivo, ex vivo and in silico studies," Gut microbes, vol. 14, no. 1, p. 1997296, 2022. 

[26] S. K. Aurora, S. B. Shrewsbury, S. Ray, N. Hindiyeh, and L. Nguyen, "A link between gastrointestinal 

disorders and migraine: Insights into the gut–brain connection," Headache: The Journal of Head and 

Face Pain, vol. 61, no. 4, pp. 576-589, 2021. 

[27] S. Ahlawat and K. K. Sharma, "Gut–organ axis: a microbial outreach and networking," Letters in 

applied microbiology, vol. 72, no. 6, pp. 636-668, 2021. 

[28] C. Moschopoulos, P. Kratimenos, I. Koutroulis, B. V. Shah, A. Mowes, and V. Bhandari, "The 

neurodevelopmental perspective of surgical necrotizing enterocolitis: the role of the gut-brain axis," 

Mediators of Inflammation, vol. 2018, 2018. 

[29] K. Gao, C.-l. Mu, A. Farzi, and W.-y. Zhu, "Tryptophan metabolism: a link between the gut microbiota 

and brain," Advances in Nutrition, vol. 11, no. 3, pp. 709-723, 2020. 

[30] S. Chandra et al., "Healthy gut, healthy brain: the gut microbiome in neurodegenerative disorders," 

Current Topics in Medicinal Chemistry, vol. 20, no. 13, pp. 1142-1153, 2020. 

[31] R. S. Eshraghi, C. Davies, R. Iyengar, L. Perez, R. Mittal, and A. A. Eshraghi, "Gut-induced 

inflammation during development may compromise the blood-brain barrier and predispose to autism 

spectrum disorder," Journal of clinical medicine, vol. 10, no. 1, p. 27, 2021. 

[32] J. Chen et al., "A retrospective study of sepsis-associated encephalopathy: epidemiology, clinical 

features and adverse outcomes," BMC Emergency Medicine, vol. 20, no. 1, pp. 1-7, 2020. 

[33] M. Boziki et al., "The trimebutine effect on Helicobacter pylori-related gastrointestinal tract and brain 

disorders: A hypothesis," Neurochemistry International, vol. 144, p. 104938, 2021. 



International Journal of Formal Sciences: Current and Future Research Trends (IJFSCFRT) (2022) Volume 13, No  1, pp 167-181 

176 
 

[34] D. S. Ningthoujam, N. Singh, and S. Mukherjee, "Possible Roles of Cyclic Meditation in Regulation of 

the Gut-Brain Axis," Frontiers in psychology, vol. 12, pp. 768031-768031, 2021. 

[35] M. Mora-Ortiz, A. Oregioni, and S. P. Claus, "Functional characterisation of gut microbiota and 

metabolism in Type 2 diabetes indicates that Clostridiales and Enterococcus could play a key role in 

the disease," bioRxiv, p. 836114, 2019. 

[36] K. Suganya and B.-S. Koo, "Gut–Brain Axis: Role of Gut Microbiota on Neurological Disorders and 

How Probiotics/Prebiotics Beneficially Modulate Microbial and Immune Pathways to Improve Brain 

Functions," International Journal of Molecular Sciences, vol. 21, no. 20, p. 7551, 2020. 

[37] G. Lach, H. Schellekens, T. G. Dinan, and J. F. Cryan, "Anxiety, depression, and the microbiome: a 

role for gut peptides," Neurotherapeutics, vol. 15, no. 1, pp. 36-59, 2018. 

[38] K. S. Smith, M. W. Greene, J. R. Babu, and A. D. Frugé, "Psychobiotics as treatment for anxiety, 

depression, and related symptoms: a systematic review," Nutritional neuroscience, vol. 24, no. 12, pp. 

963-977, 2021. 

[39] R. Collyer, A. Clancy, and T. Borody, "Faecal microbiota transplantation alleviates symptoms of 

depression in individuals with irritable bowel syndrome: a case series," Medicine in Microecology, vol. 

6, p. 100029, 2020. 

[40] S.-i. Hagiwara, E. Kaushal, S. Paruthiyil, P. J. Pasricha, B. Hasdemir, and A. Bhargava, "Gastric 

corticotropin-releasing factor influences mast cell infiltration in a rat model of functional dyspepsia," 

PLoS One, vol. 13, no. 9, p. e0203704, 2018. 

[41] R. A. T. Mars, M. Frith, and P. C. Kashyap, "What is the best strategy for moving microbiome-based 

therapies for functional gastrointestinal disorders into the clinic?: Is microbiome ready for clinical 

practice?," Gastroenterology, vol. 160, no. 2, p. 538, 2021. 

[42] S. Banskota and W. I. Khan, "Gut-derived serotonin and its emerging roles in immune function, 

inflammation, metabolism and the gut–brain axis," Current Opinion in Endocrinology & Diabetes and 

Obesity, vol. 29, no. 2, pp. 177-182, 2022. 

[43] A. Shin, G. A. Preidis, R. Shulman, and P. C. Kashyap, "The gut microbiome in adult and pediatric 

functional gastrointestinal disorders," Clinical Gastroenterology and Hepatology, vol. 17, no. 2, pp. 

256-274, 2019. 

[44] Y. Sun et al., "The intervention of unique plant polysaccharides-Dietary fiber on depression from the 

gut-brain axis," International Journal of Biological Macromolecules, vol. 170, pp. 336-342, 2021. 

[45] M. Lu et al., "Chang-Kang-Fang Ameliorates Experimental Diarrhea Predominant Irritable Bowel 



International Journal of Formal Sciences: Current and Future Research Trends (IJFSCFRT) (2022) Volume 13, No  1, pp 167-181 

177 
 

Syndrome by Regulating Gut Microbiota and Gut-Brain Axis," 2020. 

[46] L. Kang et al., "The gut microbiome modulates nitroglycerin-induced migraine-related hyperalgesia in 

mice," Cephalalgia, p. 03331024211050036, 2021. 

[47] H. Kaur, C. Bose, and S. S. Mande, "Tryptophan metabolism by gut microbiome and gut-brain-axis: an 

in silico analysis," Frontiers in neuroscience, p. 1365, 2019. 

[48] R. Enaud et al., "The mycobiome: a neglected component in the microbiota-gut-brain axis," 

Microorganisms, vol. 6, no. 1, p. 22, 2018. 

[49] H. Luan, X. Wang, and Z. Cai, "Mass spectrometry‐based metabolomics: Targeting the crosstalk 

between gut microbiota and brain in neurodegenerative disorders," Mass spectrometry reviews, vol. 38, 

no. 1, pp. 22-33, 2019. 

[50] N. Abdullah, M. Defaye, and C. Altier, "Neural control of gut homeostasis," (in eng), Am J Physiol 

Gastrointest Liver Physiol, vol. 319, no. 6, pp. G718-G732, 12 01 2020, doi: 

10.1152/ajpgi.00293.2020. 

[51] B. Greenwood-Van Meerveld, A. C. Johnson, and D. Grundy, "Gastrointestinal Physiology and 

Function," (in eng), Handb Exp Pharmacol, vol. 239, pp. 1-16, 2017, doi: 10.1007/164_2016_118. 

[52] R. Abdel-Haq, J. C. M. Schlachetzki, C. K. Glass, and S. K. Mazmanian, "Microbiome–microglia 

connections via the gut–brain axis," Journal of Experimental Medicine, vol. 216, no. 1, pp. 41-59, 

2019. 

[53] J. Maiuolo et al., "The contribution of gut microbiota–Brain axis in the development of brain 

disorders," Frontiers in neuroscience, vol. 15, p. 170, 2021. 

[54] G. R. Nicolas and P. V. Chang, "Deciphering the chemical lexicon of host–gut microbiota 

interactions," Trends in pharmacological sciences, vol. 40, no. 6, pp. 430-445, 2019. 

[55] G. Scalese and C. Severi, "The pathophysiology of gut–brain connection," in The Complex Interplay 

Between Gut-Brain, Gut-Liver, and Liver-Brain Axes: Elsevier, 2021, pp. 3-16. 

[56] X. Hou, C. Rong, F. Wang, X. Liu, Y. Sun, and H.-T. Zhang, "GABAergic system in stress: 

implications of GABAergic neuron subpopulations and the gut-vagus-brain pathway," Neural 

Plasticity, vol. 2020, 2020. 

[57] S. Salaheen, S. W. Kim, J. S. Karns, E. Hovingh, B. J. Haley, and J. A. S. Van Kessel, "Metagenomic 

analysis of the fecal microbiomes from Escherichia coli O157: H7-shedding and non-shedding cows on 

a single dairy farm," Food Control, vol. 102, pp. 76-80, 2019. 



International Journal of Formal Sciences: Current and Future Research Trends (IJFSCFRT) (2022) Volume 13, No  1, pp 167-181 

178 
 

[58] K. Saito, R. Suzuki, Y. Koyanagi, H. Isogai, H. Yoneyama, and E. Isogai, "Inhibition of 

enterohemorrhagic Escherichia coli O157: H7 infection in a gnotobiotic mouse model with 

pre‑colonization by Bacteroides strains," Biomedical reports, vol. 10, no. 3, pp. 175-182, 2019. 

[59] R. Fatima and M. Aziz, "Enterohemorrhagic Escherichia Coli (EHEC)," StatPearls; StatPearls 

Publishing: Treasure Island, FL, USA, 2019. 

[60] H. Li et al., "Pediococcus pentosaceus IM96 Exerts Protective Effects against Enterohemorrhagic 

Escherichia coli O157: H7 Infection In Vivo," Foods, vol. 10, no. 12, p. 2945, 2021. 

[61] M. Koupaei, H. Saderi, S. M. A. Marashi, H. Fathizadeh, and P. Owlia, "Evaluation of the effect of 

Saccharomyces cerevisiae on the expression of enterotoxin genes in Escherichia coli O157: H7 

(EHEC) and Escherichia coli H10407 (ETEC)," Microbial Pathogenesis, p. 105450, 2022. 

[62] K.-S. Lee, Y.-J. Jeong, and M.-S. Lee, "Escherichia coli Shiga toxins and gut microbiota interactions," 

Toxins, vol. 13, no. 6, p. 416, 2021. 

[63] W. Bahlouli et al., "Stress-induced intestinal barrier dysfunction is exacerbated during diet-induced 

obesity," (in eng), J Nutr Biochem, vol. 81, p. 108382, 07 2020, doi: 10.1016/j.jnutbio.2020.108382. 

[64] L. Dumitrescu et al., "Oxidative stress and the microbiota-gut-brain axis," Oxidative medicine and 

cellular longevity, vol. 2018, 2018. 

[65] M. Cerquetella et al., "Is irritable bowel syndrome also present in dogs?," Tierärztliche Praxis Ausgabe 

K: Kleintiere/Heimtiere, vol. 46, no. 03, pp. 176-180, 2018. 

[66] B. S. Sivamaruthi, N. Suganthy, P. Kesika, and C. Chaiyasut, "The role of microbiome, dietary 

supplements, and probiotics in autism spectrum disorder," International journal of environmental 

research and public health, vol. 17, no. 8, p. 2647, 2020. 

[67] X. Qi et al., "Sex specific effect of gut microbiota on the risk of psychiatric disorders: A Mendelian 

randomisation study and PRS analysis using UK Biobank cohort," The World Journal of Biological 

Psychiatry, vol. 22, no. 7, pp. 495-504, 2021. 

[68] J. Pulikkan, A. Mazumder, and T. Grace, "Role of the gut microbiome in autism spectrum disorders," 

Reviews on Biomarker Studies in Psychiatric and Neurodegenerative Disorders, pp. 253-269, 2019. 

[69] J. Wang et al., "Dietary 25-hydroxyvitamin D improves intestinal health and microbiota of laying hens 

under high stocking density," Poultry Science, vol. 100, no. 7, p. 101132, 2021. 

[70] X. Zhao et al., "Tight junctions and their regulation by non-coding RNAs," International Journal of 

Biological Sciences, vol. 17, no. 3, p. 712, 2021. 



International Journal of Formal Sciences: Current and Future Research Trends (IJFSCFRT) (2022) Volume 13, No  1, pp 167-181 

179 
 

[71] D. Raj, B. Tomar, A. Lahiri, and S. R. Mulay, "The gut-liver-kidney axis: Novel regulator of fatty liver 

associated chronic kidney disease," Pharmacological research, vol. 152, p. 104617, 2020. 

[72] L. W. Yu, G. Agirman, and E. Y. Hsiao, "The Gut Microbiome as a Regulator of the Neuroimmune 

Landscape," Annual Review of Immunology, vol. 40, 2022. 

[73] A. C. Meyyappan, E. Forth, C. J. K. Wallace, and R. Milev, "Effect of fecal microbiota transplant on 

symptoms of psychiatric disorders: a systematic review," BMC psychiatry, vol. 20, no. 1, pp. 1-19, 

2020. 

[74] P. Strandwitz et al., "GABA-modulating bacteria of the human gut microbiota," (in eng), Nat 

Microbiol, vol. 4, no. 3, pp. 396-403, 03 2019, doi: 10.1038/s41564-018-0307-3. 

[75] M. Carabotti, A. Scirocco, M. A. Maselli, and C. Severi, "The gut-brain axis: interactions between 

enteric microbiota, central and enteric nervous systems," Annals of gastroenterology: quarterly 

publication of the Hellenic Society of Gastroenterology, vol. 28, no. 2, p. 203, 2015. 

[76] L. H. Morais, H. L. Schreiber, and S. K. Mazmanian, "The gut microbiota–brain axis in behaviour and 

brain disorders," Nature Reviews Microbiology, vol. 19, no. 4, pp. 241-255, 2021. 

[77] B. Dalile, L. Van Oudenhove, B. Vervliet, and K. Verbeke, "The role of short-chain fatty acids in 

microbiota–gut–brain communication," Nature reviews Gastroenterology & hepatology, vol. 16, no. 8, 

pp. 461-478, 2019. 

[78] M. Lanza et al., "SCFA Treatment Alleviates Pathological Signs of Migraine and Related Intestinal 

Alterations in a Mouse Model of NTG-Induced Migraine," Cells, vol. 10, no. 10, p. 2756, 2021. 

[79] M. Kadian and A. Kumar, "Psychobiotics for Manipulating Gut–Brain Axis in Alzheimer’s Disease," 

in Probiotic Research in Therapeutics: Springer, 2022, pp. 135-153. 

[80] P. Richards, N. A. Thornberry, and S. Pinto, "The gut–brain axis: Identifying new therapeutic 

approaches for type 2 diabetes, obesity, and related disorders," Molecular Metabolism, vol. 46, p. 

101175, 2021. 

[81] M. Romaní-Pérez, C. Bullich-Vilarrubias, I. López-Almela, R. Liébana-García, M. Olivares, and Y. 

Sanz, "The Microbiota and the Gut–Brain Axis in Controlling Food Intake and Energy Homeostasis," 

International Journal of Molecular Sciences, vol. 22, no. 11, p. 5830, 2021. 

[82] T. Zhao et al., "PAYCS Alleviates Scopolamine-Induced Memory Deficits in Mice by Reducing 

Oxidative and Inflammatory Stress and Modulation of Gut Microbiota-Fecal Metabolites-Brain 

Neurotransmitter Axis," Journal of Agricultural and Food Chemistry, 2022. 

[83] A. Adak and M. R. Khan, "An insight into gut microbiota and its functionalities," Cellular and 



International Journal of Formal Sciences: Current and Future Research Trends (IJFSCFRT) (2022) Volume 13, No  1, pp 167-181 

180 
 

Molecular Life Sciences, vol. 76, no. 3, pp. 473-493, 2019. 

[84] C. Benakis, C. Martin-Gallausiaux, J.-P. Trezzi, P. Melton, A. Liesz, and P. Wilmes, "The 

microbiome-gut-brain axis in acute and chronic brain diseases," Current opinion in neurobiology, vol. 

61, pp. 1-9, 2020. 

[85] V. Osadchiy, C. R. Martin, and E. A. Mayer, "The gut–brain axis and the microbiome: mechanisms and 

clinical implications," Clinical Gastroenterology and Hepatology, vol. 17, no. 2, pp. 322-332, 2019. 

[86] M. Schiller, T. L. Ben-Shaanan, and A. Rolls, "Neuronal regulation of immunity: why, how and 

where?," Nature Reviews Immunology, vol. 21, no. 1, pp. 20-36, 2021. 

[87] A. M. Holland, A. C. Bon-Frauches, D. Keszthelyi, V. Melotte, and W. Boesmans, "The enteric 

nervous system in gastrointestinal disease etiology," (in eng), Cell Mol Life Sci, vol. 78, no. 10, pp. 

4713-4733, May 2021, doi: 10.1007/s00018-021-03812-y. 

[88] E. R. Guzman-Bautista, K. Suzuki, S. Asami, and S. Fagarasan, "Bacteria-immune cells dialog and the 

homeostasis of the systems," Current Opinion in Immunology, vol. 66, pp. 82-89, 2020. 

[89] S. B. Chidambaram et al., "Gut dysbiosis, defective autophagy and altered immune responses in 

neurodegenerative diseases: Tales of a vicious cycle," Pharmacology & therapeutics, p. 107988, 2021. 

[90] S. M.-S. Tran and M. H. Mohajeri, "The role of gut bacterial metabolites in brain development, aging 

and disease," Nutrients, vol. 13, no. 3, p. 732, 2021. 

[91] C. M. K. Lynch, G. Clarke, and J. F. Cryan, "Powering up microbiome-microglia interactions," Cell 

metabolism, vol. 33, no. 11, pp. 2097-2099, 2021. 

[92] W. Tang, H. Zhu, Y. Feng, R. Guo, and D. Wan, "The Impact of Gut Microbiota Disorders on the 

Blood–Brain Barrier," Infection and Drug Resistance, vol. 13, p. 3351, 2020. 

[93] A. A. Scalise, N. Kakogiannos, F. Zanardi, F. Iannelli, and M. Giannotta, "The blood–brain and gut–

vascular barriers: from the perspective of claudins," Tissue Barriers, vol. 9, no. 3, p. 1926190, 2021. 

[94] M. S. de Abreu et al., "Psychoneuroimmunology and immunopsychiatry of zebrafish," 

Psychoneuroendocrinology, vol. 92, pp. 1-12, 2018. 

[95] V. V. Giau, S. Y. Wu, A. Jamerlan, S. S. A. An, S. Kim, and J. Hulme, "Gut microbiota and their 

neuroinflammatory implications in Alzheimer’s disease," Nutrients, vol. 10, no. 11, p. 1765, 2018. 

[96] F. Sarubbo, V. Cavallucci, and G. Pani, "The Influence of Gut Microbiota on Neurogenesis: Evidence 

and Hopes," Cells, vol. 11, no. 3, p. 382, 2022. 



International Journal of Formal Sciences: Current and Future Research Trends (IJFSCFRT) (2022) Volume 13, No  1, pp 167-181 

181 
 

[97] H. Kaur, Y. Singh, S. Singh, and R. B. Singh, "Gut microbiome-mediated epigenetic regulation of 

brain disorder and application of machine learning for multi-omics data analysis," Genome, vol. 64, no. 

4, pp. 355-371, 2021. 

[98] G. A. Higgins, S. Hong, and J. W. Wiley, "The role of epigenomic regulatory pathways in the gut-brain 

axis and visceral hyperalgesia," Cellular and Molecular Neurobiology, pp. 1-16, 2021. 

[99] L.-J. Sun, J.-N. Li, and Y.-Z. Nie, "Gut hormones in microbiota-gut-brain cross-talk," Chinese medical 

journal, vol. 133, no. 07, pp. 826-833, 2020. 

[100] B. M. Arneth, "Gut–brain axis biochemical signalling from the gastrointestinal tract to the central 

nervous system: gut dysbiosis and altered brain function," Postgraduate medical journal, vol. 94, no. 

1114, pp. 446-452, 2018. 

[101] S.-Z. Wang, Y.-J. Yu, and K. Adeli, "Role of gut microbiota in neuroendocrine regulation of 

carbohydrate and lipid metabolism via the microbiota-gut-brain-liver axis," Microorganisms, vol. 8, no. 

4, p. 527, 2020. 

[102] Y. Zhang et al., "Study on the mechanism of regulating the hypothalamic cortical hormone releasing 

hormone/corticotropin releasing hormone type I receptor pathway by vibro-annular abdominal massage 

under the brain–intestine interaction in the treatment of insomnia," Medicine, vol. 100, no. 19, 2021. 

[103] V. Caputi and M. C. Giron, "Microbiome-Gut-Brain Axis and Toll-Like Receptors in Parkinson's 

Disease," (in eng), Int J Mol Sci, vol. 19, no. 6, 06 06 2018, doi: 10.3390/ijms19061689. 

[104] V. de J R De-Paula, A. S. Forlenza, and O. V. Forlenza, "Relevance of gutmicrobiota in cognition, 

behaviour and Alzheimer's disease," (in eng), Pharmacol Res, vol. 136, pp. 29-34, 10 2018, doi: 

10.1016/j.phrs.2018.07.007. 

 


