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Gut microorganisms have been shown to significantly impact on central function and studies that have associated brain disorders with specific bacterial genera have advocated an anomalous gut microbiome as the pathophysiological basis of several psychiatric and neurological conditions. Thus, our knowledge of brain-to-gut-to microbiome communication in this bidirectional axis seems to have been overlooked. This review examines the known mechanisms of the microbiome-to-gut-to-brain axis, highlighting how brain-to-gut-to-microbiome signaling may be key to understanding the cause of disrupted gut microbial communities. We show that brain disorders can alter the function of the brain-to-gut-to-microbiome axis, which will in turn contribute to disease progression, while the microbiome-to gut-to brain direction presents as a more versatile therapeutic axis, since current psychotropic/neurosurgical interventions may have unwanted side effects that further cause disruption to the gut microbiome. A consideration of the brain-to-gut-to-microbiome axis is imperative to better understand how the microbiome-gut-brain axis overall is involved in brain illnesses, and how it may be utilized as a preventive and therapeutic tool.

Keywords
behavior, brain injury, gut bacteria, host genes, immunity


1 Introduction

The last three decades have witnessed the emergence of an abundance of compelling evidence for a complex relationship between enteric microbiota and brain function, and the involvement of the microbiome-to-gut-to-brain axis in the pathophysiology and treatment of several brain disorders is a frequent consideration. Initial rodent studies demonstrated how gut microbes could produce neurotransmitter-related compounds (Yurdaydin et al., 1995) and influence emotional behaviors (Lyte et al., 1998; Sudo et al., 2004). On the basis of these pivotal findings, investigations over the years have shown that the gut microbiome can have an impact on cognition, mood, personality, and overall psychological wellbeing in healthy states, as well as neuropsychological and neurological disorders, such as anxiety, depression, autism spectrum disorders, bipolar disorder, schizophrenia, eating disorders, Parkinson’s disease, dementia, migraines, and epilepsy (Davidson et al., 2018; Groen et al., 2018; Naveed et al., 2021; Socała et al., 2021; McGuinness et al., 2022; Sumich et al., 2022). However, within these data neither cause nor effect are evident, but changes in gut microbial structure could be interpreted as the pathological basis of brain dysfunction (Capuco et al., 2020; Sonali et al., 2022). Although this is a possibility, appreciation of the bi-directionality of the microbiome-to-gut-to-brain axis is often overlooked.

Several investigations have demonstrated associations between changes in the gut microbiome and psychiatric conditions (Jang et al., 2020). For instance, Madan et al. (2020) reported that depression and anxiety severity in hospitalized patients were negatively associated with gut bacteria alpha-diversity and richness, and that these parameters changed during depression remission at discharge. Altered microbiome diversity and the abundance of specific bacterial genera have also been reported in schizophrenia (see Ju et al., 2023 for review), and some of these observations overlap with findings in mood disorders. Therefore, the role of the gut microbiome in psychiatric disorders is not clear-cut, and there is notable variation in reports of microbiome profiles in any one illness. In a systematic review, McGuinness et al. (2022) found that there was no evidence for changes in alpha-diversity in major depression, bipolar disorder and schizophrenia, though there are some consistencies with reporting microbial community composition (beta-diversity). Of course, gut microbiome changes are not limited to severe psychiatric conditions. In their study on personality traits and the gut microbiome in healthy adults, Kim et al. (2018) reported that high Openness was correlated with a richer and more diverse microbiome, and higher Agreeableness was associated with higher alpha-diversity. Additionally, high Neuroticism was correlated with an increased abundance of specific bacterial taxa. Conversely, lower microbial diversity has been associated with better cognitive performance in healthy infants (Carlson et al., 2018), though in later life a reduced diversity is associated with cognitive decline in a healthy population (Canipe et al., 2021).

Notwithstanding the aforementioned complexities, human association studies have led to a pervasive theory suggesting that disruption of the normal colonization of bacteria in the mammalian gut may underlie the pathogenesis of several psychiatric and neurological conditions. The term “dysbiosis” has often been used to describe an apparent alteration of gut microbial profiles in an illness. For instance, the structure of the microbiome in subjects with depression has been shown to be different to that of healthy controls (Capuco et al., 2020; Sonali et al., 2022), and so this disorder has been associated with dysbiosis. A more specific definition has stated dysbiosis as a reduction of commensal bacteria and an increase of pathogenic E. coli strains (Jones et al., 2014). However, the term is misleading given that the structure of the microbiome is dynamic and many microbial species respond to various non-pathological stimuli (Hooks and O’Malley, 2017; Brüssow, 2020). Diet has a significant impact on the configuration of the gut microbiome and in view of the above examples of mood disorders for instance, depressed individuals’ dietary habits, such as eating less or having more ‘fast foods’ because the motivation to prepare healthy substantial meals is reduced. This would ultimately influence the composition of gut microbial communities which may then impact further on host metabolism and brain function (Lyte, 2018). Significant fluctuations in dietary habits and/or reduced nutrient eating disorders also have a substantial effect on the gut microbiome (Ghenciulescu et al., 2021). Mood and personality traits are also likely to impact on sociability which has been shown to be important for the transfer and acquisition of beneficial bacteria (Münger et al., 2018; Johnson et al., 2022). Alpha-diversity and richness as predictors of mood disorder remission reported by Madan et al. (2020), may also be secondary to treatment response of the host whose dietary and social behaviors would change.

It is important, therefore, to be clear on how mental states can underlie changes in the gut microbiome, along the brain-to-gut-to-microbiome axis (BGMA), while keeping in mind the influence of enteric microbiome on brain function via the microbiome-to-gut-to-brain axis (MGBA). This review will highlight the potential host mediators of altered gut microbial communities, which undoubtedly overlap with those proposed to influence the communication along the MGBA. That is, the integrity of host immunity, the neuroendocrine stress response, brain-to-gut vagus nerve activity, through which the enteric microbiome may signal to the brain (Sonali et al., 2022), are some avenues through which altered brain function might alter gut microbial colonization.



2 Brain mechanisms

Although the mechanisms of brain-to-gut modulation are not fully understood, the known effects of brain activity on the gut can conceivably alter microbial populations in the following ways:


2.1 Stress hormones

Stress seems to have a major impact on the gut microbiome. Activation of the hypothalamic-pituitary-adrenal (HPA) axis by environmental and physiological stressors, induces a cascade of events which culminates in the secretion of several hormones (Farzi et al., 2018; Vagnerová et al., 2019). Indeed, dexamethasone (an anti-inflammatory corticosteroid similar to cortisol in action) has been shown to change bacterial composition in the ileum of rats in a dose-dependent manner, with lower doses associating with more coliform bacteria and higher doses associating with more aerobes and lactobacilli (Ünsal et al., 2008). Although the exact mechanisms underlying these changes are not fully understood, activation of the HPA axis seems to increase intestinal permeability which is likely to impact on gut microbiome (De Punder and Pruimboom, 2015; Farzi et al., 2018; Misiak et al., 2020). For example, the administration of dexamethasone in rats caused a significant increase in bacterial adherence to the intestinal mucosa, which was also associated with permeability changes (Spitz et al., 1994). The secretion of the catecholamine stress hormone, norepinephrine, also increases bacterial adhesion to the intestinal mucosa by augmenting the microbes’ sequestration of iron (Lyte et al., 2011). Parenthetically, the phenomenon of increased intestinal permeability or ‘leaky gut’ has not been causally linked to disease (Quigley, 2016; Camilleri, 2021), and its involvement in the pathogenesis of brain disorders is not being suggested. Rather, if it occurs in a stressed individual it may change gut microbiome structure and function.

The neuroendocrine stress response has been reported to be exaggerated in several psychiatric illnesses, particularly mood disorders (Cowen, 2016). Adverse childhood experiences and life events are risk factors for major depression and anxiety disorders which are often co-morbid (Elmore and Crouch, 2020; Byansi et al., 2023). High levels of circulating cortisol in response to unpleasant experiences would therefore alter the gut microbiome, according to the above evidence, in addition to imparting detrimental effects on the brain. Altered structure of microbial communities inevitably influences host metabolism, which will then exacerbate peripheral and central dysfunction. However, rodent models of behavioral despair and anxiety following early-life/adult stress tend to advocate a primary role of the gut microbiome in the pathophysiology of mood disorders: In this instance, healthy mice or rats administered fecal matter/gut microbes from stressed animals develop depressive-like and anxious behaviors (Li et al., 2019). Stress-induced memory impairments can also be transferred between animals through microbiome transplants which illustrates the importance of gut microbes in the modulation of more complex brain functions (Kraimi et al., 2022). These data certainly provide strong evidence for altered gut communities changing host behavior, but, arguably, it is the host which provides an initial trigger for altering gut microbiome structure and function or, in the case of peri-natal stress, maternal physiology influencing the microbiome development in offspring (Yeramilli et al., 2023).



2.2 Brain injury, inflammation and neuropathology

Intuitively, the best evidence for top-down modulation of the gut microbiome would come from studies of neurological injuries, such as traumatic brain injury (TBI), ischemic stroke, haemorrhagic cerebrovascular lesions, among others (Panther et al., 2022). Injury may result in chronic gastrointestinal dysfunction through disrupted communication between the autonomic and enteric nervous systems (Kharrazian, 2015). Patients with TBI often have problems with gastric emptying (Kao et al., 1998) and studies in mice have demonstrated that intestinal smooth muscle contractility is reduced after head injury (Olsen et al., 2013). Changes in GI motility may lead to increased intestinal permeability (Kharrazian, 2015; Sundman et al., 2017) and consequently altered gut microbiome (see above). Life-style changes after brain injury are also important factors that may change the gut microbiome structure and gut physiology particularly if mobility is affected. Limited movement would impact on individuals’ daily routines, social interactions and energy needs thence dietary habits (Temkin et al., 2009; Toglia and Golisz, 2017; Quintard and Ichai, 2019).

In animal models, modifications in enteric microbial communities have been observed soon after experimental TBI (Wang et al., 2023), and this again may have been induced by stress hormones affecting gut permeability (Mizoguchi et al., 2023). Altered microbiome profiles can be also triggered by ischemic stroke (Tan et al., 2021), which is supported by evidence from rodent mechanistic studies (Pluta et al., 2021). Arguably, the susceptibility to stroke could be reduced through the maintenance of a healthy microbiome, which benefits host metabolism and ultimately cardiovascular integrity and repair (Benakis et al., 2020; Lu et al., 2022). In this instance, the primary pathology may indeed be a perturbed microbiome caused by, for example, aging of the host, though this may also be due to changes in age-related gut physiology (Spychala et al., 2018; Chidambaram et al., 2022). Nevertheless, it is important to note that a central origin for anomalous microbial colonization of the gut does not preclude the involvement of the gut microbiome in the early stages of brain illnesses.

Central or local-mediated disruption of healthy microbial colonization in the gut may lead to the proliferation of pathogenic bacteria and initiation of the inflammatory response. The release of inflammatory cytokines could, for instance, increase the permeability of the blood-brain barrier (Salim et al., 2012), which will allow them to enter the brain. The cytokines would then activate the microglia/neuroinflammatory responses which, in turn, attract activated peripheral cells (T cells and monocytes) to the brain, leading to the production of additional inflammatory molecules (Miller et al., 2013; Małkiewicz et al., 2019; Bourgognon and Cavanagh, 2020). These effects may be also compounded by the infiltration of metabolites from pathogens, or microbes themselves, into the brain, particularly if intestinal permeability is elevated (Tang et al., 2020). Under these conditions, augmenting colonization of beneficial bacteria and/or enhancing their interaction with the host gut, for instance, through the intake of pre- or probiotics, would suppress the proinflammatory response and allow recovery of the host (Di Vincenzo et al., 2023). However, in some conditions, primary inflammation may arise from the brain, which would affect peripheral physiology and lead to altered microbiome structure.

A recent analysis of immune-related gene expression in post mortem brain samples from several neuropsychiatric disorders demonstrated neuroimmune dysregulation was more prominent in neurological disorders, particularly Alzheimer’s disease (AD), than in psychiatric disorders (Chen et al., 2022). Therefore, specific neuropathologies associated with AD and Parkinson’s disease (PD), may be an initial trigger of the proinflammatory response which ultimately impacts on systemic functions and gut microbes. It is also noteworthy that the same study reported clustering of innate immune transcripts between autism spectrum disorder (ASD) and neurological disorders (AD, PD) rather than psychiatric disorders (bipolar disorder [BD], schizophrenia [SCZ], major depressive disorder [MDD]) (Chen et al., 2022). The grouping of ASD with neurological diseases is unexpected, given that it is considered to be a neurodevelopmental disorder. However, people with ASD reportedly have more neurological and immunological problems compared to healthy individuals or other brain disorders (de los Robinson-Agramonte et al., 2022). Structural organization of gut microbial communities has been reported in ASD (Taniya et al., 2022), AD (Chandra et al., 2023), and PD (Li et al., 2023), though the above considerations support the notion that disruption of central processes leads to gut microbiome alterations via inflammation rather than vice versa. Parenthetically, complement 4A protein, which is integral for the normal functioning of the immune complement system, has been reported to be a risk factor for schizophrenia in Genome Wide Association Studies (GWAS) (Gu et al., 2022) and was also identified in the aforementioned analysis by Chen et al. (2022). This may suggest that host genetics influencing immunity may contribute to changes in the gut microbiome observed in psychosis (Munawar et al., 2021; Nuncio-Mora et al., 2023), although the several genes which have been associated with schizophrenia may also contribute to a disrupted gut microbiome (Martins-Silva et al., 2021).



2.3 Behavioral aspects

The behavior of an individual is a fundamental consideration when associating changes in the microbiome with brain disorders. People with BD, SCZ and MDD are often at risk of weight gain and metabolic syndrome, which is associated with an increased incidence of diabetes, cancer, and coronary heart disease (Vancampfort et al., 2015). Although some metabolic dysfunction can be attributed to psychotropic medication (Serretti and Mandelli, 2010; De Hert et al., 2011), lifestyle factors such as physical inactivity and dietary habits play a crucial role in the pathogenesis of metabolic syndrome in severe mental illnesses. In general, people with a severe psychiatric disorder have a poorer diet (higher calorie intake; more processed foods with higher salt and sugar content; less fruit, vegetables, and fiber) compared to the general population (Firth et al., 2018; Teasdale et al., 2019). A recent study demonstrated that people with severe mental illness had disordered (night eating) and unhealthy (high intake of sugary foods) eating habits compared to healthy people, in spite of their knowledge of healthy nutrition and normal cooking skills (Mötteli et al., 2023). However, these observations have not been limited to severe mental illnesses where, arguably, medication may play a role (Tomizawa et al., 2021; Minichino et al., 2023). It is plausible that certain personality traits, such as impulsivity and poor inhibitory control, are related to unhealthier nutritional behaviors (Intiful et al., 2019; Esposito et al., 2021) which will, in turn, modulate the microbiome.




3 Gut physiology: neurotransmitters and genes

In addition to stress hormones, neurotransmitters are also key players in bidirectional communication of the gut-to-brain axis. Serotonin, dopamine, epinephrine, and norepinephrine can have a significant impact on the gut: they can affect intestinal motility, blood circulation, nutrient absorption, the gastrointestinal innate immune system, and the microbiome (Mittal et al., 2017; Yang et al., 2021). Both dopamine and norepinephrine have been shown to increase in vitro Escherichia coli O157:H7 adherence to the caecal epithelium (Chen et al., 2003), while the administration of serotonin in mice infected with Pseudomonas aeruginosa increased intestinal bacterial load, biofilm formation and host mortality (Mittal et al., 2017). Gut physiological factors such as mucus and the mucin glycosylation profiles, therein impact the composition of the gut microbial communities, as they provide attachment sites and nutrients for microorganisms (Schroeder, 2019; Paone and Cani, 2020). Several neurotransmitters have been shown to stimulate the expression and secretion of mucin 2 (MUC2/Muc2) (Paone and Cani, 2020), thus influencing the mucus profile and, consequently, the mucus-associated bacteria. Gastrointestinal motility plays a big role in the regulation of mucus levels. When the enteric nervous system is impaired, mucus renewal can be compromised, leading to elevated mucus volume and viscosity and to a consequent overgrowth of bacteria (Herath et al., 2020).

Serotonin is an important regulator of esophageal and GIT motility, and its receptors are mainly expressed in enteric smooth muscle cells (Yang et al., 2021). Increased gut motility improves nutrient absorption after feeding while also enhancing insulin secretion (Yabut et al., 2019), though excess serotonin has been shown to promote intestinal and colonic motility in rats, which induces pathophysiological conditions similar to those of irritable bowel syndrome (IBS) in humans (Waclawiková et al., 2021; Guzel and Mirowska-Guzel, 2022). People with IBS have a lower frequency of the ‘migrating motor complex’ (a gut motility wave pattern), and exhibit overgrowth of bacteria in the small intestine (Pimentel et al., 2002; Herath et al., 2020). Stress is also associated with increased colon motility and a decreased large intestinal transit time, promoting shedding of bacteria and influencing microbiome density and composition (Rostagno, 2009; Marin et al., 2017). In the latter instances, it is possible that the gut microbes themselves mediate the enteric response to stress. Lyte et al. (2020) have demonstrated that intestinal concentrations of serotonin in male germ-free mice did not change following restraint stress, but increased when these mice were colonized with normal mouse microbiota. This effect may not be limited to the serotonin system as earlier work demonstrated that gut microbiome increases concentrations of free catecholamines in the gut lumen, which affects intestinal function such as water absorption (Asano et al., 2012). It is likely, therefore, that the structure of the gut microbiome has a strong influence on the enteric stress response which may predicate an individual’s susceptibility or resilience to stress-related disorders. Irrespective of the directionality of host-microbiome interactions, clinical investigations support the notion that gut pathologies influence brain function given the high prevalence of co-morbid depression in conditions such as IBS, and the partial alleviation of symptoms with probiotics (Kennedy et al., 2014).

Overall, support for the bi-directionality of microbiome-brain communication is robust, and key evidence for the BGMA and MGBA directions are summarized in Tables 1, 2, respectively. It is also noteworthy that an important factor that is often overlooked in studies of the MGBA is host genetics, as this may influence the gut micro-environment and conditions for healthy microbial colonisation. In a study of genetic markers influencing gut microbiome and psychiatric disorders, Martins-Silva et al. (2021) reported several genes that were both associated with specific gut microbial communities and schizophrenia. One of these genes, SIPA1L3, is highly expressed in the gut, and although its function is not fully understood, it has also been associated with IgA nephropathy, a disorder where Immunoglobulin A protein accumulates in the kidney (He et al., 2021). The latter study also demonstrated the association between this gene and changes in the gut microbiome in IgA nephropathy. This would suggest that SIPA1L3 has a strong influence on host immune system, which impacts on gut colonization. This suggestion is supported by a recent study showing that exogenously applied interleukin-22 alters the gut microbiome in mice and humans (Mar et al., 2023), and so conceivably other host interleukins and cytokines may have a similar effect.


TABLE 1 Examples of brain-to-gut-to-microbiome communication, showing how changes in brain activity (brought on by neuropathology, psycho-pathophysiology, altered diet, pharmacotherapies) may lead to the disruption/alteration of the gut microbiome.
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TABLE 2 Examples of microbiome-to-gut-to-brain communication, showing how changes in the gut milieu (brought on by pathology, pharmacotherapies, altered diet) and microbiome modulation strategies (biotics, faecal microbiota transplantation) alter the microbiome and may lead to brain changes.
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4 Defining directionality of the MGBA

Research into the MGBA has been bountiful and clearly supports the potential for pre-, pro-, syn- or post-biotics to improve the treatment of psychiatric and neurological disorders (Dahiya and Nigam, 2022; Ansari et al., 2023). It has been easy to assume, therefore, that the underlying pathophysiology’s of brain disorders may be routed in an initial alteration in the structure of the gut microbiome, though it is difficult to prove this without further evidence from the very early stages of disease or even life. Faecal transplant experiments in animals undoubtedly show that altered microbial communities and/or other microbial factors (metabolites, toxins) in the faecal matter convey some emotional/cognitive dysfunction seen in the disease (Li et al., 2019), but this is not evidence for the origins of the illness. Using an example from above, intake of a sugary diet by people with a severe mental illness may increase proteobacteria communities (de Oliveira Neves et al., 2020; Satokari, 2020). The elevation of these microbes alone in mice affects behaviour (Cuesta et al., 2022). For brain disorders, therefore, the MGBA mainly presents more as a versatile therapeutic pathway that could improve neural function in several illnesses. The broad therapeutic range of dietary supplements that affect gut bacteria might reflect their overall beneficial actions on, or “normalization” of, host metabolism.

It is noteworthy that specific biological pathways that are targeted to treat brain disorders are not necessarily implicated in the pathophysiology of the illness. For instance, hyperfunction of central dopamine neurotransmission and hypofunction of glutamate (NMDA) receptors are proposed to underlie the pathophysiology of schizophrenia, yet second generation antipsychotics mainly block serotonin-2 receptors (Li et al., 2016; Egerton et al., 2020). Using the latter example, the gut microbiome may be analogous to the serotonin system which can be manipulated to affect other central pathways. Indeed, through their beneficial effect on host metabolism as mentioned above, the enteric microbiome may affect many neurotransmitter systems and render the brain more receptive to several psychotropic interventions. Precedents for this supposition are found in studies reporting that prebiotics or probiotics, in conjunction with standard pharmacotherapies, further improve mental well-being (Kao et al., 2018; Nikolova et al., 2023).

In the other direction, treating brain illnesses would have positive effects on the gut microbiome via the BGMA, which may in turn augment recovery. However, at present, the most common treatment for brain disorders are pharmacotherapies that, in spite of an alleviation of core symptoms (in some), may have direct detrimental effects on the gut microbiome (Misera et al., 2023). In this regard, the manipulation of the BGMA is not as holistically beneficial to the host as nurturing the gut microbiome, though this likely reflects the very limited availability of treatments that directly target the brain. Therefore, within the context of psychiatric and neurological disorders, changes in the gut microbiome are more likely to result from a disruption in the BGMA whereas the MGBA presents as having a greater therapeutic potential (see Figure 1).


[image: image]

FIGURE 1
The bi-directional microbiome-gut-brain axis in health and disease. (A) Brain dysfunction may lead to the disruption of brain-to-gut-to-microbiome signals, host behaviors and dietary habits that ultimately affect the normal colonization of the gut microbiome. Host genes may influence intestinal function and the microenvironment which may then impact on the structure/composition of the microbiome. The origins of brain disorders may be also linked to host genetics. A pre-existing abnormality in the gut microbiome may lead to heightened inflammation and cause disruption of the gut-to-brain communication, aggravating brain dysfunction. (B) Normalizing microbial community structure and function would augment host immunity and improve metabolism that would counter-balance the detrimental effects of brain dysfunction, in spite of dysbiosis not being the primary site of pathology. Rehabilitation of brain pathology would normalize brain-to-gut-to-microbiome signals and lead to a diminished inflammatory response, contributing to the improvement of the gut community. However, current treatments have side-effects that may include a disruption of the gut microbiome and normal gut health.




5 Conclusion

The bidirectional mechanisms of the BGMA/MGBA are still underexplored, compromising the understanding of altered gut microbiome profiles in psychiatric and neurological disorders. On the one hand, the pathophysiology of brain illnesses may disrupt normal BGMA functioning that ultimately alters microbial communities that will in turn contribute to the progression of the disease. There is also the possibility that a pre-existing abnormality in the gut microbiome may be required for central pathological signals to have their full effect. On the other hand, the MGBA direction may constitute a more comprehensive therapeutic axis where ‘correction’ of altered gut microbiome structure may help the brain recover and prevent further harm, while also contributing to the general wellbeing of the host. Thus, the BGMA:MGBA ratio in terms of directionality will be disproportionate in a disordered brain, and an alteration in MGBA activity may restore equilibrium. Arguably, current neuropsychotropic treatments in conjunction with gut microbiome nurturing strategies, may go further to normalize the BGMA/MGBA imbalance in several brain disorders. This review, therefore, further highlights the need for a greater consideration of the bi-directionality of the MGBA when assessing gut microbial communities in brain disorders, and that their perceived alteration in disease is not necessarily indicative of their causal role in central dysfunction. Nonetheless, the accessibility and influence of the gut microbiome on host physiology advocates their manipulation as a universal strategy to augment and maintain optimal brain health.
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colon (e.g. Lactobacillus, Bacillus, symptoms (Dahiya and Nigam, 2022; Ansari et al., 2023; Chandra et al., 2023;
Bifidobacterium) Nikolova et al., 2023)

Prebiotic intake Increased number of beneficial bacteria in the Improved mood, sleep quality, cognition, stress and neuropathology

colon (e.g. Lactobacillus, Bacillus,
Bifidobacterium)

symptoms (Kao et al.,, 2018; Dahiya and Nigam, 2022; Taniya et al., 2022;
Ansari et al., 2023; Nuncio-Mora et al., 2023)

Faecal microbiota transplantation

Microbiome becomes similar to that of donor (if
donor exhibits dysbiosis, receiver develops
dysbiosis; if donor presents healthy microbiome,

receiver acquires healthy microbiome)

Brain changes similar to condition of donor (if donor presents neuropathol-
ogy, receiver develops neuropathology; if donor is healthy, receiver exhibits
improvement of neuropathology) (Li et al., 2019; Kraimi et al., 2022; Taniya
et al., 2022; Chandra et al., 2023)

IBS, irritable bowel syndrome.
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Condition/intervention

Brain changes

Microbiome changes

TBI Neuropathology Altered relative abundance of bacterial communities (Wang et al., 2023)
Ischaemic stroke Neuropathology Reduction of SCFAs-producing bacteria (Tan et al., 2021)
Stress hormone release (e.g. catecholamines) Psychological stress Increased bacterial adhesion (pathobionts) to intestinal mucosa (Chen et al.,

2003, Lyte et al., 2011)

Chronic stress

Psycho-pathophysiology

Reduced o and p diversities and generally increased Bacteroidetes abundance
(Kraimi et al., 2022)

Depression and anxiety

Psycho-pathophysiology

Reduced bacterial richness and diversity (Madan et al., 2020)

(less healthy dietary patterns resulting from

mental illness)

to specific brain disorders

AD Neuropathology Altered bacterial communities and decreased diversity (Chandra et al., 2023)

PD Neuropathology Altered bacterial communities, reduction of SCFAs-producing bacteria and
decreased diversity (Li et al., 2023)

Sz Psycho-pathophysiology Reduced B diversity and altered bacterial communities (generally increased
Lactobacillus and Megasphaera) (Nuncio-Mora et al., 2023)

ASD Psycho-pathophysiology Altered bacterial communities and proliferation of pathobionts (Taniya et al.,
2022)

Altered diet Pathophysiological changes according Altered relative abundance of bacterial communities, reduction of beneficial

bacteria and increased proteobacteria (Teasdale et al., 2019, de Oliveira Neves
et al., 2020, Satokari, 2020)

Social interaction

Activation of brain areas involved in
social cognition
Potential psychological stress (derived

from social stressors)

Increased similarity of microbiome and heightened bacterial transmis-
sion between individuals who interact often (Miinger et al, 2018)
Altered bacterial communities and reduction of beneficial bacteria as a

consequence of social stress (Miinger et al., 2018)

Psychotropics (antidepressants, antipsychotics,
anxiolytics)

Improved psychological symptoms
(mood, psychosis, mental wellbeing)

Reduced bacterial diversity (higher doses correlated with less diversity)
(Tomizawa et al., 2021, Misera et al., 2023)

Pharmacotherapies (analgesics,
anticonvulsants)

Improved neuropathology symptoms

Reduction of SCFAs-producing bacteria and other beneficial bacteria (Misera
et al., 2023)

TBI, traumatic brain injury; AD, Alzheimer’s disease; PD, Parkinson’s disease; SZ, schizophrenia; ASD, autism spectrum disorder; SCFAs, short-chain fatty acid.
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