
Park et al. Microbiome Res Rep 2022;1:23
DOI: 10.20517/mrr.2022.11

Microbiome Research 
Reports

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 
International License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, 
adaptation, distribution and reproduction in any medium or format, for any purpose, even commercially, as 

long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and 
indicate if changes were made.

www.oaepublish.commrr

Open AccessReview

The gut-immune-brain axis in neurodevelopment 
and neurological disorders
John Chulhoon Park1 , Sin-Hyeog Im1,2,3

1Department of Life Sciences, Pohang University of Science and Technology, Pohang 37673, Republic of Korea.
2Institute for Convergence Research and Education, Yonsei University, Seoul 03722, Republic of Korea.
3ImmunoBiome Inc., POSTECH Biotech Center, Pohang 37673, Republic of Korea.

Correspondence to: Prof. Sin-Hyeog Im, Department of Life Sciences, Pohang University of Science and Technology, Room 427, 
POSTECH Biotech Center, 77 Cheongam-Ro. Nam-Gu., Pohang 37673, Republic of Korea. E-mail: iimsh@postech.ac.kr

How to cite this article: Park JC, Im SH. The gut-immune-brain axis in neurodevelopment and neurological disorders. Microbiome 
Res Rep 2022;1:23. https://dx.doi.org/10.20517/mrr.2022.11

Received: 23 May 2022  First Decision: 21 Jun 2022  Revised: 13 Jul 2022  Accepted: 10 Aug 2022  Published: 17 Aug 2022

Academic Editor: Marco Ventura  Copy Editor: Peng-Juan Wen Production Editor: Peng-Juan Wen

Abstract
The gut-brain axis is gaining momentum as an interdisciplinary field addressing how intestinal microbes influence 
the central nervous system (CNS). Studies using powerful tools, including germ-free, antibiotic-fed, and fecal 
microbiota transplanted mice, demonstrate how gut microbiota perturbations alter the fate of neurodevelopment. 
Probiotics are also becoming more recognized as potentially effective therapeutic agents in alleviating symptoms 
of neurological disorders. While gut microbes may directly communicate with the CNS through their effector 
molecules, including metabolites, their influence on neuroimmune populations, including newly discovered brain-
resident T cells, underscore the host immunity as a potent mediator of the gut-brain axis. In this review, we 
examine the unique immune populations within the brain, the effects of the gut microbiota on the CNS, and the 
efficacy of specific probiotic strains to propose the novel concept of the gut-immune-brain axis.

Keywords: Gut-brain axis, neuroimmunology, neuroinflammation, blood-brain barrier, microbiota, probiotics, 
autism spectrum disorder, Alzheimer’s disease

INTRODUCTION
The last few decades have seen exponential growth in studying human commensal microbes and their 
impacts on our physiology. A few milestone publications established the ability of gut microbes to alter 
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neurological functions, birthing what is today one of the most prominent new fields in biology, the 
microbiota-gut-brain (gut-brain) axis[1]. Since then, numerous clinical and animal studies have revealed the 
link between gut microbiota and neurological outcomes and their capacity to alleviate them 
therapeutically[2,3]. Much of this progress has been driven by behavioral analyses of germ-free (GF) mice that 
lack microflora and antibiotic-treated (ABX) mice, which exhibit abnormal behaviors including reduced 
sociability, fear extinction learning, and anxiety compared to their specific-pathogen-free (SPF) 
counterparts[4-7]. Accordingly, probiotics have gained attention as potential therapeutic modulators, such as 
Lactobacillus reuteri ATCC PTA 6475 or Lactobacillus acidophilus Rosell-11, which can prevent autism 
spectrum disorder (ASD)-associated behaviors in both mice and human ASD patients[8-10]. Moreover, a 
recent study revealed that the fecal microbiota transplantation (FMT) of human ASD patient feces into mice 
induced ASD-associated behaviors in their offspring, hallmarking the centrality of gut microbes in 
neurological disorders[11].

In gut microbiota studies, host immunity is often a critical component that links gut microbes with host 
physiology. Up to 1 × 1014 microbes from over 7000 strains compose the human gut microbiota, which 
closely interacts with the gastrointestinal immune system to maintain homeostasis[12]. Innate immune 
populations such as dendritic cells and macrophages must discern between pathogenic and commensal 
microbial signals to elicit a protective or inflammatory response by adaptive immune cells[12,13]. Beyond 
mediating local immunogenic tolerance, the gut-immune crosstalk can facilitate systemic immune 
reactions, as evidenced by the ability of gut microbe-induced regulatory T cells (Tregs) to prevent 
autoimmune disorders including colitis and experimental autoimmune encephalomyelitis (EAE)[14,15]. 
Conversely, dysbiosis and the accumulation of specific bacterial taxa in the gut can directly exacerbate 
autoimmune diseases such as multiple sclerosis by elevating proinflammatory Th1 and Th17 responses and 
downregulating IL-10 producing Tregs[16]. In this manner, host immunity is a crucial mediator within the 
gastrointestinal tract and the gut-brain axis.

In the central nervous system (CNS), the brain contains a tight immunological microenvironment that 
regulates neurological outcomes[17]. While microglia have traditionally been considered the main brain-
resident immune population, several innate and adaptive immune cells are recognized to reside and 
function within the brain, including CD4 and CD8 T cells[18]. These brain resident lymphocytes can directly 
interact with neurons through cytokines and cell surface receptors and indirectly through modulating 
astrocyte and microglia functions[17,19,20]. The rising evidence in these fields indicates the potential for gut 
microbes to regulate brain-resident immune populations, resulting in altered neuronal activity. This review 
summarizes the current knowledge in each area within the gut-immune-brain axis and highlights their 
interconnected nature. More significant research into this axis may provide a deeper understanding of the 
mechanisms behind neurological disorders, opening up a new avenue for unique therapeutic approaches.

TYPES AND ROLE OF IMMUNE CELLS IN THE CENTRAL NERVOUS SYSTEM
Blood-brain barrier
Classical neuroimmunology was limited by the perception of microglia as the sole immune population due 
to the blood-brain barrier (BBB), which seemed to isolate the brain microenvironment from the rest of the 
peripheral immune system. However, recent studies unveil that peripheral antigens, cytokines, and 
metabolites alter the BBB integrity and cross over to regulate brain-resident immune cell functions[21]. The 
BBB is a selective semipermeable barrier composed of endothelial cells of blood vessels, pericytes, glial cells, 
and extracellular matrix that protect the brain and maintain homeostasis of the microenvironment[22]. Tight 
junctions, transporters, and transcytosis regulate the influx of peripheral molecules across the BBB, and 
peripheral immune cells can be trafficked through chemokine signaling and cell surface adhesion 
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molecules[22,23]. The modern discovery of distinct immune niches within the brain provides new insight into 
the multifaceted regulation of neurodevelopment and neurological disorders [Figure 1].

Innate immune populations
Microglia are the tissue-resident macrophages of the brain and are the fundamental regulators of immune 
surveillance, synapse pruning, and homeostatic maintenance of the central nervous system[24]. CX3CR1+

CD11b+CD45int microglia of the CNS can be distinguished from infiltrating macrophages by the microglia-
specific TMEM119 marker and activation by Iba1 expression levels[25,26]. As the distribution of microglia and 
macrophage populations across the brain differ, each subset constitutes unique roles during homeostasis 
and disease. Microglia can be derived from myeloid progenitors in the embryonic yolk sac or bone marrow-
derived Ly6Chi monocytes that cross the BBB[27,28]. Under homeostasis, most microglia populations are yolk-
sac progenitor-derived endogenous microglia that regulate neuronal growth, organization, synaptic 
maturation, and pruning[29,30]. However, during certain diseased conditions, a high influx of peripheral bone 
marrow-derived monocytes can occur through the BBB, especially during neuro- and systemic 
inflammation[31]. Mainly, sustained systemic inflammation can cause microglia to initiate BBB leakage, 
either through the production of proinflammatory cytokines or phagocytosis of astrocyte end-feet[32,33]. 
Neurological stress, such as repeated social defeat stress, has also been shown to recruit peripheral 
monocytes into the brain, following which their IL-1β production causes stress-induced anxiety[34]. Many 
studies on the functional role of microglia in neurological disorders have utilized selective targeting and 
ablation of microglia using the colony-stimulating factor 1 receptor (CSF1R) inhibitors such as BLZ9445, 
PLX3397, and PLX5622, which can cross the BBB to arrest microglial and macrophage cell growth[35-37].

Astrocytes
Apart from microglia, astrocytes compose the major population of glial cells within the CNS, interweaving 
throughout the entire brain to facilitate a wide array of functions from regulation of synaptic transmissions 
and neural circuits to mediating immune insults to the CNS. The gravity of astrocytes in maintaining CNS 
homeostasis is well illustrated through numerous astrocyte-ablation experiments. For instance, transgenic 
ablation targeting the astrocyte-specific marker glial fibrillary acidic protein (GFAP) has demonstrated 
significant neurodevelopmental deficits, particularly in the cerebellum, resulting in perturbation of cellular 
layers, neuronal degeneration, and severe ataxia[38,39]. Ablation of astrocytes during pathological conditions 
further demonstrates their necessity. In Alzheimer’s disease (AD), pharmacological or transgenic depletion 
of astrocytes results in the increased amyloid-β (Aβ) accumulation with reduced clearance mechanisms, 
highlighting the protective role of astrocytes in AD progression[40,41]. A similar neuroprotective capacity for 
astrocytes was demonstrated in a transgenic astrocyte ablation model of multiple sclerosis, EAE, where the 
absence of astrocytes exacerbated CNS inflammation through the infiltration of macrophages, T cells, and 
neutrophils[42].

Indeed, astrocytes maintain a unique niche within the CNS where they translate between the immunological 
and neuronal activities of the microenvironment. Upon stimulation, astrocytes undergo transcriptional and 
physiological changes collectively known as reactive astrogliosis that primes them to respond to CNS 
insults[43]. One of the hallmark signatures of reactive astrogliosis is the upregulation of GFAP expression by 
astrocytes, which can occur in response to immunological stimuli such as TGFβ, IL1β, IFNγ, and IL6 from 
microglia and leukocytes, LPS and metabolites from the microbiota, and mechanical stimuli from the CNS 
microenvironment[44-46]. The resulting responses from astrocytes are as diverse as the stimuli for reactive 
astrogliosis. Microglia-astrocyte communication is one of the foundational immune crosstalk within the 
CNS to modulate neuroinflammation and maintain homeostasis. This bidirectional relationship is 
demonstrated in numerous neuropathologies. One recent example has been the clearance of Aβ by 
microglia in response to astrocytic IL3 during AD[46-48]. Conversely, microglial signals such as TGFα and 
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Figure 1. Immune populations of the brain microenvironment. The blood-brain barrier regulates the influx of peripheral immune 
populations into the brain. However, recent findings have also identified brain-resident lymphocyte populations in diseased and 
homeostatic brain parenchyma.

VEGF-B have also been shown to control astrogliosis during EAE[46-48]. Furthermore, astrocytes serve a 
critical role in T cell modulation in the context of neuroinflammation. Astrocytic expression of CTLA4, 
CD39, and CD73 can induce T cell suppression. At the same time, the production of cytokines and 
chemokines such as IL12, IL23, IL1β, IL6, TNFα, TGFβ, CXCL1, and CCL2 can result in T cell recruitment 
and polarization towards proinflammatory phenotypes[49,50].

Lymphocytes
The role of lymphocytes in neuroimmunology has long been a puzzling topic. The brain is believed to be an 
immune-privileged site, with many classical neurobiologists expressing skepticism towards the idea of 
lymphocyte residence within the CNS. However, T cell-driven neuroinflammatory disorders such as EAE, 
an animal model for multiple sclerosis (MS), clearly hinted at the functional importance of lymphocytes in 
the neuropathology of the CNS. While still a highly contested subject, numerous studies in the recent 
decade have identified the presence of lymphocytes within the CNS - not only during neuropathology but 
even in healthy brains, pointing to their potential roles in maintaining CNS homeostasis[18].

Meningeal T cells
Meningeal T cells are perhaps the well-accepted group of CNS-resident lymphocytes. CyTOF mass 
cytometry analysis of brain-resident immune cells in homeostatic C57BL/6 mice reveals that most CD45high 
cells are located within the meninges and the choroid plexus compared to the parenchyma[18]. Cytokines 
released by these meningeal T cells contribute to neuropathology. During EAE, meningeal Th17 cells drive 
neuroinflammation by producing proinflammatory IL17A, further recruitment of leukocytes into the 
meninges, and induction of follicular meningeal B cell activation[51,52]. A similar phenomenon is recorded in 
ischemic brain injury models where T cell infiltration and IL17 production drives cerebral infarction[53,54]. 
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IL17A can also be directly recognized by IL17RA expressing hippocampal neurons, which induce 
dysfunctional hippocampal long-term potentiation and significant cognitive impairments[55].

Beyond neuroinflammation, meningeal T cells can regulate healthy neural connectivity, especially in the 
context of social behaviors through IFNγ signaling, as their depletion results in reduced sociability in the 
three-chamber sociability assay[56]. Furthermore, meningeal γδ T cells have been shown to modulate 
homeostatic behaviors by producing IL17A to trigger anxiety-like behaviors in mice[57]. Interestingly, these 
IL17-producing γδ T cells may have a double-sided capacity, as they have also been shown to be necessary 
for standard short-term memory and cognition, implicating the complex and multifaceted role of meningeal 
T cells in healthy and inflamed CNS microenvironments[58].

Parenchymal T cells
Several publications in recent years have verified the existence of T cells within the parenchyma of healthy 
and diseased brains of both mice and humans through immunofluorescence imaging and flow cytometric 
analysis[17,19,59]. In the healthy mouse brain, while CD4+ T cells are the richest within the meninges, more than 
75% of brain-associated CD4+ T cells reside within the parenchyma[19]. Flow cytometric analysis of human 
brain white matter further identified differentiated CD45RA- CD45RO+ CD4+ and CD8+ T cells that highly 
express CD69, representing tissue-resident memory T cells[17,60]. The expression of tissue-homing receptors 
such as CX3CR1, CXCR3, and CCR5, the lack of lymph node-homing CCR7, and blood-brain barrier-
crossing CD49d support the local resident, rather than infiltrating, nature of these T cells[17,59,60]. This is also 
supported by experiments where large quantities of CD45-tagged CD4+ T cells are identified within the 
brain following intravenous injection with CD45-fluorescence-labeled antibodies[19]. Of note, these brain-
resident T cells expressed high levels of PD1 (programmed death-1) and CTLA4 (cytotoxic T lymphocyte-
associated antigen-4), pointing towards a potential neuroprotective mechanism that suppresses 
inflammatory immune activation[17]. Indeed, numerous neuroinflammatory conditions can be exacerbated 
by T cell-sourced effector molecules, such as granzyme-b and IFNγ[61-63]. Apart from their roles during 
neuroinflammation, the importance of brain-resident T cells can be demonstrated by the failure of 
microglial maturation in the absence of CD4+ T cells which results in abnormal neuronal synapses and 
impaired learning behavior[19].

Brain-resident Tregs
In classical immunology, Tregs are the fundamental gatekeepers of immune homeostasis. Remarkably, 
recent studies have identified small populations of resident Tregs within the brain[20,64]. Of the roughly 2000 
CD4+ T cells that can be quantified within the healthy mouse brain, Tregs compose ~150 of them[19]. While 
Tregs are yet to be quantified or functionally analyzed in human brains, analysis of rat brains has also 
determined around 900 Tregs within the cerebellum, composing about 15% of the local CD4+ T cells[64]. This 
suggests that, although few in number, brain-resident Tregs are a conserved population of functionally 
active T cells within the healthy brain. The higher expression of activation markers such as ICOS, CTLA4, 
KLRG1, CD103, and CD69 compared to peripheral Tregs attributed to an activated and memory phenotype, 
which is supported by their highly suppressive capabilities during the in vitro Treg suppression assay and in 
vivo LPS-induced neuroinflammation[19,64]. Furthermore, neuroinflammatory conditions such as murine 
cytomegalovirus or neuromyelitis optica spectrum disorder necessitate Tregs to attenuate leukocyte 
trafficking and proinflammatory cytokine production within the brain[65,66]. Tregs have also been 
demonstrated to interact and restrict glial populations of the CNS. During ischemic stroke, the massive 
accumulation of Tregs into the brain effectively suppresses reactive astrogliosis and microglial IL6 
production[20]. Interestingly, IL2 and IL33 from astrocytes are necessary for Treg maintenance and 
amplification within the brain, underscoring a unique bidirectional relationship between these two 
populations[20,64]. Emerging evidence that Tregs can facilitate non-canonical roles such as organ-specific 
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tissue repair in zebrafish highlight undiscovered capacities for these cells within the CNS[67].

IMPACT OF THE GUT MICROBIOTA ON THE BRAIN
Microbiota alters neurological development and disorders
The notion of an isolated brain during neurodevelopment and neurological disorders is challenged not only 
by the presence of unique residential immune populations but also by gut microbes and their effector 
molecules on the CNS. In the case of autism spectrum disorder (ASD), a neurodevelopmental disorder that 
affects 1 in 44 children in America[68], over a thousand gene mutations are potentially linked to the disorder 
and was considered a solely genetically-driven disorder[69]. However, the high comorbidity between ASD 
and gastrointestinal disorders suggests the role of gut microbiota in ASD pathology. Microbiome 
sequencing studies support this among ASD patients that identify trends in their microbial signatures, such 
as increases in Lactobacillus, Clostridium, and Bacteroides genus and decreases in Bifidobacterium[70,71]. The 
differences observed in ASD patients’ gut microbiomes and the spectral nature of behavioral phenotypes in 
ASD may reveal an intricate association between behaviors, neurological components, and causal 
mechanisms. A recent study dissected the mechanisms driving hyperactivity and social deficits - two 
common behavioral abnormalities associated with ASD in the Cntnap2-/- mouse model for ASD[72]. Through 
a series of eloquent breeding techniques between Cntnap2-/- and Cntnap2+/+ mice, Buffington et al. defined 
the genetic causal for hyperactivity and the gut microbiome’s ability to mediate sociability[72]. Treatment of 
these mice using probiotic L. reuteri ATCC PTA 6475 supported their findings through which the antisocial 
trait of this genetic mouse model was normalized to that of wild-type neurotypical mice, yet remaining 
insufficient to resolve hyperactivity[72].

Recent studies provide a close correlation of gut microbiota with murine sociability. GF mice have been a 
critical tool in identifying the link between gut microflora and neurodevelopment. GF or antibiotic-treated 
(ABX) C57BL/6 mice often display spatial, learning, and contextual memory impairments during behavioral 
tests such as the Morris water maze or fear conditioning and extinction learning assays[5,73]. Such wild-type 
mice that lack microbiota have also been well recorded to have severe social deficits, abnormal motor 
functions, and elevated levels of anxiety[5,6,73-75]. However, it is necessary to note that institutional animal 
facilities and experimental techniques may influence assays for anxiety, as results on anxiety and motor 
activity between GF and specific pathogen-free mice are contested, with some data showing elevated anxiety 
and decreased motor activity in GF mice, and others are demonstrating the opposite[6,73].

Impact of gut microbes and their metabolites on the brain
The mechanism behind these behavioral changes in GF and ABX mice can be organized into two pathways: 
the direct effect on the CNS by the microbes and the immune-mediated [Figure 2]. First, it has been 
demonstrated that the absence of gut microflora can perturb the neural microenvironment. GF mice have 
higher levels of noradrenaline, dopamine, and serotonin in the striatum, which coordinates motor activities, 
and altered synaptic plasticity as measured by expression of nerve growth factor-inducible clone A (NGFI-
A), brain-derived neurotrophic factor (BDNF), and postsynaptic density protein-95 (PSD-95)[6]. 
Transcriptomic analyses of brain regions also identify significant shifts in neuronal pathways, particularly 
related to synapse assembly and organization, calcium signaling pathways, and axonogenesis[5,6,74]. 
Furthermore, GF and ABX mice have elevated c-FOS expression, a marker for neuronal activation, within 
the basolateral amygdala, which may explain the alterations in stress or fear-associated behaviors[4,5].

Interestingly, in many of these studies, recolonization of GF or ABX mice with specific microbes or whole 
microbiomes of donors elucidates a metabolomic mechanism by which the gut microbiota remodel the 
brain. For instance, social deficits in GF mice can be reversed by mono-colonization with Enterococcus 
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Figure 2. Model of the gut-immune-brain axis. Microbes can directly shape the brain microenvironment through their metabolites or 
indirectly through modulation of the host immune system. The absence of microflora in germ-free (GF) or antibiotics-treated (ABX) 
mice have been demonstrated to induce blood-brain barrier (BBB) leakage[85,86]. Segmented filamentous bacteria (SFB) can stimulate 
the production of IL17a by Th17 cells, which drives neuroinflammation[105,108-110]. On the other hand, beneficial probiotics such as L. 
reuteri ATCC PTA 6475 or B. longum subsp. infantis DSM 24737 can protect from neurological disorders through metabolic pathways 
and the induction of immune homeostasis. Brain-to-gut signals through the vagus nerve control colonic regulator T cell (Treg) 
populations to regulate gastrointestinal homeostasis.

faecalis ATCC 19433, as can whole microbiome transplant from healthy human and mouse donors[4,9,11]. 
Other abnormal behaviors such as repetitive behavior and anxiety have also been alleviated by 
Bifidobacterium dentium ATCC 27678 mono-colonization in GF mice through the regulation of serotonin 
signaling[76]. Indeed, Clostridium, Burkholderia, Streptomyces, Pseudomonas, and Bacillus genera are highly 
enriched for tryptophan metabolism and correlate with neurological disorders associated with serotonin[77]. 
The gut microbiome sources many essential metabolites regulating host physiological states, including 
neurodevelopment. This is apparent by assessing the gamma-aminobutyric acid (GABA)/glutamate cycle in 
mice with altered microbiomes. GF mice transplanted with fecal microbiomes from schizophrenia patients 
demonstrate disease-associated behavioral abnormalities driven by reduced glutamate and elevated 
glutamine and GABA levels within the hippocampus[78]. Similarly, in a mouse model for epilepsy, the dietary 
intervention was able to protect mice from seizures by increasing the GABA/glutamate ratio in the 
hippocampus[3]. Treatment with Akkermansia muciniphila ATCC BAA835 and Parabacteroides merdae 
ATCC 43184 revealed a mechanism driven by bacterial cross-feeding between these microbes under the 
ketogenic diet[3]. Bifidobacterium adolescentis has also been identified as a GABA producer, with the B. 
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adolescentis PRL2019 and HD17T2H strains demonstrating abilities to elevate GABA levels in vitro and in 
vivo rat models[79]. Several bacterial strains can produce glutamate, including Lactobacillus plantarum and 
Lactobacillus paracasei, and it has been hypothesized that the gut microbiota can regulate gamma-
glutamylated amino acids[3,80]. The expression of GABA receptors within the CNS can also be modulated, as 
demonstrated by Lactobacillus rhamnosus JB-1 treatment in mice models for anxiety and despair[81]. The 
neurological changes among GF and ABX mice and the association between gut microbiota and 
neurotransmitters attest to a direct pathway in which gut microbes influence the CNS.

Gut microbiota and the blood-brain barrier
Barriers are the first regulation line separating the gut microbiota and the rest of the body. Dysregulation of 
the gut microbiota is identified as an etiopathology for irritable bowel disease and results in gut barrier 
dysfunction and inflammation[82,83]. The disruption of gut barriers allows more significant exposure to 
microbial metabolites and cytokines that drive systemic inflammation[84]. Similarly, increasing evidence 
suggests that the gut microbiota may be responsible for regulating BBB permeability, thus facilitating 
immune insult to the brain. The absence of gut microbes in GF and ABX mice has been shown to induce 
increased BBB permeability marked by decreased expression of tight junction proteins claudin-5 and 
occluding, resulting in cognitive disability[85,86]. Probiotic preparations such as the ProBiotic-4, which 
contains strains belonging to the species Bifidobacterium animalis subsp. lactis, Bifidobacterium bifidum, 
Lactobacillus casei, and L. acidophilus, have also been shown to protect BBB integrity and improve memory 
deficits in murine Alzheimer’s disease model[87]. Microbiota-derived metabolites may drive changes in 
barrier integrity, as mono-colonization with specific short-chain fatty acid (SCFA)-producing bacteria such 
as Clostridium tyrobutyricum DSM 2637 (butyrate-producing) or Bacteroides thetaiotaomicron (acetate and 
propionate producing) in GF mice protect from BBB permeability[85]. Additionally, commensal microbes 
can break down dietary methylamines into trimethylamine, which is converted into trimethylamine-N-
oxide that can enhance BBB integrity and protect from neuroinflammation[88].

Gut microbiota-derived molecules can alter the BBB permeability and cross it to interact with brain-resident 
immune cells directly. One example is lipopolysaccharides (LPS) of Gram-negative bacteria, which have 
been shown to cross into the BBB using transport mechanisms involving lipoprotein receptors[89]. Within 
the brain, LPS can bind to toll-like receptor (TLR) 4 on microglia and astrocytes to induce a 
proinflammatory activation[90,91]. A recent study demonstrated this capacity using a rat model of EAE, in 
which LPS could cross the BBB to shift microglia towards a type 1 IFN response, protecting them from the 
type 2 IFN-mediated EAE[92]. While the full extent of microbial metabolites’ impact on the BBB is yet to be 
understood, emerging findings allude to their interaction as a critical component during neurological 
disorders.

The gut microbiota on microglia
Neuroimmune populations are potent regulators between the gut and the brain. As with many 
neuroimmune events, microglia are the key mediator in reshaping the brain microenvironment in response 
to microbial metabolites. Alzheimer’s disease (AD) is a neurodegenerative disorder often defined by the 
accumulation of Aβ and tau proteins in the brain. Although AD has traditionally only been studied from a 
neurological perspective, recent works implicate an immune and microbial basis in the development of the 
disorder. GF and ABX mouse models for AD are protected from Aβ plaque aggregation and 
neuroinflammation[93,94]. Furthermore, transgenic AD mice compose a distinct microbiome from their wild-
type counterparts, with AD-associated microbiomes shifting with age and disease progression[2]. This is 
expounded in an experiment during which transplant of AD patient’s microbiota into transgenic AD mice 
exacerbates the pathology, highlighting an AD-specific microbiome behind the disorder[95].
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In all of these individual studies, the microglia is the mechanism tying the microbiota with AD. Microglia of 
GF and ABX-treated AD mice have better recruitment and uptake of Aβ deposits, as well as reduced 
inflammatory phenotypes[2,94]. This may be attributed to microbial metabolite profiles in AD patients. For 
instance, metabolomic analysis of serum and fecal samples from AD and healthy individuals have identified 
reduced microbial SCFAs, including formic acid, acetic acid, propanoic acid, butyric acid, 2-methylbutyric 
acid, isovaleric acid, and valeric acid in AD patients[96]. Significant changes within the serotonin pathways 
were also detected, with reductions in numerous tryptophan derivatives in AD patients[96]. Tryptophan 
metabolism, the precursor for serotonin, is a crucial part of microglial activation, as its derivatives are 
ligands for the aryl hydrocarbon receptor (AHR) expressed on microglia and astrocytes[97]. Indeed, 
microbial metabolism of tryptophan has been directly shown to induce microglia activation through the 
AHR to block proinflammatory phenotypes in astrocytes, indicating how microglia translate the gut 
microbiota to impact the brain microenvironment[48].

Additionally, bile acids are beginning to be identified as another messenger between the gut microbiome 
and the brain[98]. Bile acids are predominantly formed in the liver, but the gut microbiota is required to 
metabolize primary bile acids into secondary bile, which has been shown to impact microflora 
composition[98,99]. Primary and secondary bile acids can cross the BBB and interact with the farnesoid 
receptor and Takeda G-protein receptor 5 (TGR5), the latter of which is also expressed by microglia[99,100]. 
Interestingly, TGR5 signaling in microglia has been shown to attenuate IL1β, IL6, and TNFα levels during 
neuroinflammation[101]. In animal studies, the conjugated bile acid tauroursodeoxycholic acid has also 
demonstrated restrained glial activation during AD, resulting in reduced Aβ plaque[102].

T cells within the gut-brain axis
Adaptive immunity is also at the core of many microbiota-associated brain disorders. One of the best 
examples is demonstrated during the maternal immune activation (MIA) model for ASD. Infections and 
severe inflammatory conditions during pregnancy are the risk factors for neurodevelopmental disorders, 
including schizophrenia and ASD[103,104]. The MIA mouse model mimics this phenomenon by triggering an 
IL17A-driven immune response following injection of synthetic double-stranded RNA 
polyinosinic:polycytidylic acid (poly[I:C]), which induces irregular neurodevelopment and ASD-associated 
behavioral abnormalities[105]. This model is suggested to be microbiota-dependent, as MIA offspring are 
marked by gut microbiota dysbiosis and high levels of the microbial metabolite 4-ethylphenyl sulfate, which 
drives anxiety[106]. The microbial role in MIA is further supported by ABX treatment, which protects MIA 
offspring from behavioral deficits[107]. Furthermore, Kim et al. demonstrate that the MIA model is only 
functional in C57BL/6 mice from Taconic Biosciences but not in those from Jackson Laboratories - a 
difference derived from the presence of the commensal microbe segmented filamentous bacteria (SFB)[108]. 
SFB can increase the IL17a pool by stimulating Th17 cells in the intestines, invoking neuroinflammation 
through reception by IL17Ra expressing neurons, microglia, and astrocytes[105,108-110]. Additionally, MIA-
associated microbes can enhance IL17a production in offspring following Citrobacter rodentium infection, 
supporting a close link between maternal immunity and microbiota, consequent offspring 
neurodevelopment, and immune activation[111]. In neuroimmunology, no study yet exists on the effect of gut 
microbes on brain-resident Treg cells. However, the fact that Tregs are essential suppressors of 
neuroinflammation and that brain Tregs express unique genes related to the nervous system, such as 
neuropeptide Y, serotonin receptor 7 (encoding 5-HT7), and amphiregulin (AREG), indicate that they may 
be sensitive to modulation by microbial metabolites[20]. Future studies are necessary to elucidate whether the 
gut microbiota can regulate neurological disorders by activating brain Tregs.
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NEURAL REGULATION OF THE GUT MICROENVIRONMENT
The gut-brain axis constitutes a bidirectional exchange in which signals from the brain can also exert 
changes on the gut microbiome. One of the central pathways for this interaction is mediated by the vagus 
nerve (VN), which constitutes both afferent and efferent neurons and innervates the digestive tract[112]. Gut 
microbiota-to-brain signaling through the VN is well recorded, with microbial metabolites, gastrointestinal 
inflammation, and gut hormones altering brain functions[112-114]. On the other hand, evidence of brain 
regulation of the gut microenvironment is just starting to emerge. These studies have identified the 
intestinal immune system as a mediator of neural signals. Intestinal immune populations discern between 
commensal and pathogenic microbes to maintain immune tolerance and mutualism within the intestinal 
tract[13]. Tregs are at the heart of host-microbe immunity and suppress maladaptive immune activation 
towards commensal microbes. This ability is now attributed to the control of peripheral Tregs by a gut-
brain arc, in which hepatic vagal nerves send sensory input from the gut microenvironment to the 
brainstem and return to the enteric neurons to induce colonic Treg proliferation[115]. Two mechanisms by 
which enteric neurons associate with Tregs have been proposed. The first identified intestinal antigen-
presenting cells that communicate with enteric neurons via muscarinic acetylcholine signaling, as 
demonstrated by the reduction of colonic Treg cells in mice genetically lacking muscarinic acetylcholine 
receptors[115]. Another study corroborates this idea but points towards a direct interaction between enteric 
neurons and Tregs within the colon lamina propria[116]. Yan et al. identified Tregs residing adjacent to 
enteric nerve fibers that secrete IL6 to suppress RORγ+ microbe-responsive Treg proliferation[116]. This 
neuron phenotype is controlled by microbes that induce RORγ+ Tregs, suggesting an intricate gut-immune 
axis reconciled by the brain[116]. Specific brain regions are now recognized to be capable of memorizing and 
retrieving immunological events, including colitis, further highlighting the role of the CNS in maintaining 
gastrointestinal homeostasis[117]. Finally, neurological distress such as chronic stress and depression are well 
observed to cause gastrointestinal dysregulation through the hypothalamic-pituitary-adrenal axis, in which 
endocrine signals can shift the microflora balance[118].

PROBIOTICS-BASED THERAPEUTICS FOR NEUROLOGICAL DISORDERS TARGETING 
NEUROIMMUNE CELLS
With the emergence of the gut-brain axis, many have turned to probiotics as potential therapeutic 
candidates for neurological disorders (a summary of probiotics used in animal and clinical studies can be 
found in Table 1). Probiotics are defined by the FAO/WHO as “live microorganisms which when 
administered in adequate amounts confer a health benefit on the host”[119]. One step further, the term 
“psychobiotics” has recently emerged to describe probiotics that confer improvements on mental health, 
enabling more acute dissection of microbial impacts on cognition, learning, memory, and behavior from 
those on general health[120,121].

Probiotics including L. reuteri ATCC PTA 6475, L. rhamnosus JB-1, and Bifidobacterium longum R0175 are 
well-studied psychobiotic due to their ability to reverse social deficits and high anxiety levels in 
mice[9,81,114,122,123]. Such evidence has been translated into clinical studies of microbes as therapeutics for ASD 
patients. A study in Egypt tested a combination of L. acidophilus, L. rhamnosus, and B. longum in 30 
children with ASD and found improvements in both autism severity as well as gastrointestinal symptoms 
(GS)[124]. Interestingly, psychobiotic efficacy may depend on the severity of GS among ASD patients. A 
recent study in Italy utilized a patented mixture (Visbiome®) of L. paracasei DSM 24733, L. plantarum DSM 
24730, L. acidophilus DSM 24735, Lactobacillus delbruckei subsp. bulgaricus DSM 24734, B. longum subsp. 
infantis DSM 24736, Bifidobacterium longum subsp. infantis DSM 24737, Bifidobacterium breve DSM 24732, 
and Streptococcus thermophilus DSM 24731 found more significant improvements in adaptive functioning, 
developmental pathways, sensory processing, and gastrointestinal function among ASD patients with GS 
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Table 1. Efficacies of probiotics and their neurological impacts during clinical and animal studies

Probiotics used Study 
model Disorder Effect References

Strains belonging to the species: 
L. acidophilus, L. casei, B. bifidum, and L. 
fermentum

Clinical AD Improvement in cognition, shifts in biochemical 
measurements in the serum

Akbari et al.[129]

Strains belonging to the species: 
L. acidophilus, B. bifidum, and B. longum 
with selenium supplementation

Clinical AD Probiotic co-supplementation improves cognitive 
and serum biochemical measures compared to 
placebo or only selenium groups

Tamtaji et al.[131]

ProBiotic-4 (strains belonging to the 
species: B. animalis subsp.lactis, L. casei, 
B. bifidum, and L. acidophilus)

Mouse AD Improves memory deficits, neuronal and synaptic 
injuries, glial activation, protects from leaky 
gastrointestinal and BBB, and lowers 
proinflammatory cytokine levels

Yang et al.[87]

L. helveticus R0052 and B. longum R0175 Clinical 
and rat

Anxiety Probioitic formulation of L. helveticus and B. 
longum reduced anxiety in rats and psychological 
distress in humans

Messaoudi et al.[123]

Visbiome® (L. paracasei DSM 24733, L. 
plantarum DSM 24730, L. acidophilus 
DSM 24735, L. delbruckei  subsp. 
bulgaricus DSM 24734, B. longum DSM 
24736, B. longum subsp. infantis DSM 
24737, B. breve DSM 24732, and S. 
thermophilus DSM 24731)

Clinical ASD In non-gastrointestinal ASD patients: 
improvements in Total Autism Diagnostic 
Observation Schedule (ADOS) Calibrated 
Severity Score and social affect; In ASD patients 
with gastrointestinal symptoms, improvements in 
gastrointestinal symptoms, adaptive functioning, 
and multisensory processing

Santocchi et al.[125]

Strains belonging to the species: 
L. acidophilus, B. bifidum, L. reuteri, and L. 
fermentum

Clinical PD Randomized, double-blind, placebo-controlled 
study with 60 PD patients. Probiotics decreased 
Movement Disorders Society-Unified Parkinson’s 
Disease Rating Scale (MDS-UPDRS). Probiotics 
also lowered high-sensitivity C-reactive protein 
and malondialdehyde levels, with elevations in 
glutathione levels

Tamtaji et al.[135]

Strains belonging to the species: 
L. acidophilus, B. bifidum, L. reuteri, and L. 
fermentum

Clinical PD Randomized, double-blind, placebo-controlled 
study with 50 PD patients. 12-week probiotic 
treatment lowered IL1, IL8, and TNFα levels in 
peripheral blood mononuclear cells (PBMC). TGF
β and PPARγ levels were upregulated in PBMC

Tamtaji et al.[136]

Visbiome® (L. paracasei DSM 24733, L. 
plantarum DSM 24730, L. acidophilus 
DSM 24735, L. delbruckei  subsp. 
bulgaricus DSM 24734, B. longum DSM 
24736, B. longum subsp. infantis DSM 
24737, B. breve DSM 24732, and S. 
thermophilus DSM 24731)

Clinical MS Nine MS patients were treated with probiotics for 
two months. Certain taxa known to be depleted in 
MS, such as Lactobacillus, were restored by 
probiotic treatment. MS-associated dysbiosis was 
attenuated by probiotics. Probiotics caused an 
antiinflammatory immune reaction particular to 
antigen-presenting cells

Tankou et al.[146]

L. reuteri ATCC PTA 6475 Mouse ASD L. reuteri or tetrahydrobiopterin (BH4) can 
improve sociability in the Cntnap2-/-mice through 
enhanced social-reward circuitry, but not 
hyperactivity

Buffington et al.[72]

L. reuteri ATCC PTA 6475 Mouse ASD L. reuteri protects from abnormal social behavior 
in genetic, environment, and idiopathic mouse 
models for ASD through a vagus nerve and 
oxytocin-dependent manner

Sgritta et al.[114]

L. reuteri ATCC-PTA-6475 Mouse ASD L. reuteri improves social behavior and social 
memory through correcting oxytocin levels in 
maternal high-fat diet-induced ASD offspring

Buffington et al.[9]

L. reuteri RC-14 Mouse ASD In the BTBR genetic mouse model for ASD, L. 
reuteri treatment improves sociability and 
repetitive behavior through reduced intestinal 
permeability

Nettleton et al.[122]

Clostridia-dominant spore-forming 
bacteria

Mouse Abnormal 
neurodevelopment

Colonization of ABX mice with Clostridia-
dominant spore-forming bacteria improves 
axonogenesis and sensorimotor behavior

Vuong et al.[74]

Bacteroides fragilis NCTC 9343 Mouse ASD B. fragilis treatment in MIA offspring improves 
communication, repetitive, anxiety, and 
sensorimotor behaviors through modulation of 
serum metabolites but not social behaviors

Hsiao et al.[106]

E. faecalis ATCC 19433 Mouse ASD E. faecalis treatment in ABX mice modulates the 
HPA axis and reduces social stress-induced 
corticosterone levels to promote sociability

Wu et al.[4]
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L. rhamnosus JB-1 Mouse Anxiety L. rhamnosus JB-1 treatment alters GABAB1b 
expression and corticosterone levels to reduce 
anxiety and depression-associated behaviors

Bravo et al.[81]

B. dentium ATCC 27678 Mouse ASD B. dentium treatment in GF mice protects from 
repetitive behavior and high anxiety through 
increased serotonin signaling

Engevik et al.[76]

B. bifidum, B. longum, L. rhamnosus, 
L rhamnosus GG, L. plantarum LP28, and L. 
lactis subsp. Lactis

Mouse PD In the transgenic MitoPark PD mouse model, 
probiotic treatment improves motor functions in 
gait pattern, balance, and coordination. Tyrosine 
hydroxylase expressing neurons in the substantia 
nigra are protected following probiotics treatment

Hsieh et al.[132]

L. rhamnosus GG, B. animalis subsp. lactis 
BB-12, and L. acidophilus LA-5

Mouse PD Probiotics protected from neurotoxicity in 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine PD 
model. In the rotenone-induced PD model, 
probiotics increased neurotrophic factors and 
butyrate

Srivastav et al.[133]

Slab51® (S. thermophilus DSM 32245, B. 
lactis DSM 32246, B. lactis DSM 32247, 
L. acidophilus DSM 32241, L. helveticus 
DSM 32242, L. paracasei DSM 32243, L. 
plantarum DSM 32244, and L. brevis 
DSM 27961

Mouse PD Slab51® improves asymmetrical motor 
performance. Slab51® maintains tyrosine 
hydroxylase levels in dopaminergic neurons 
during PD induction. Probiotics further protect 
from microglia and astrocyte reactivity. BDNF and 
PPARγ levels are also protected by Slab51®

Castelli et al.[134]

L. paracasei DSM 13434, L. plantarum 
DSM 15312, and DSM 15313

Mouse MS In EAE mice, probiotics reduced CNS 
inflammation through Treg induction within the 
mesenteric lymph nodes. TGFβ1, IL27, and IL10 
were also increased

Lavasani et al.[145]

Clinical studies utilizing probiotics have been addressed, with details on strain information, neurological conditions improvements, and 
biomarkers correlations. Animal studies featuring probiotic intervention have also been included and present potential mechanisms of action to 
improve behavior. AD: Alzheimer’s disease; ASD: autism spectrum disorder; PD: Parkinson’s disease; MS: multiple sclerosis; ABX: antibiotic-
treated; MIA: maternal immune activation; GF: germ-free.

compared to those without[125]. This harkens back to the theory that ASD, as a complex spectrum of 
behavioral phenotypes, may have many pathological mechanisms, among which microbiota intervention 
can effectively target[72].

Besides probiotics, clinical studies utilizing FMT further championed the use of gut microbes as 
therapeutics for ASD. A four-week FMT treatment utilizing the Standard Human Gut Microbiota (SHGM) 
in 40 children with ASD demonstrated improvements to GS, behavioral ASD symptoms, and normalization 
of microbiome signatures towards those of control children[126]. A separate clinical trial with 18 ASD patients 
and an eight-week FMT treatment period using SHGM also corroborate these therapeutic efficacies[127]. 
Surprisingly, these improvements were observed two years following the initial study, indicating long-term 
benefits to microbiota-mediated therapeutics[128].

Probiotic therapeutics for neurodegenerative disorders
Clinical studies have also identified microbes capable of therapeutic efficacy in neurodegenerative disorders. 
One study with 60 AD patients revealed that a mixture of strains from L. acidophilus, L. casei, B. bifidum, 
and Lactobacillus fermentum could improve cognitive function and metabolic levels[129]. However, in a 
follow-up study, the group later tested another combination of probiotics composed of L. fermentum, L. 
plantarum, B. animalis subsp. lactis, L. acidophilus, B. bifidum, and B. longum, which was incapable of 
improving memory scores, suggesting that the specific probiotic composition and severity of AD must be 
taken into account[130]. Probiotics are also effective in co-supplementation regimen, as a consortium of L. 
acidophilus, B. bifidum, and B. longum with selenium supplementation could enhance cognitive and 
metabolic profiles compared to selenium only or placebo control groups[131].
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Parkinson’s disease (PD) is another neurodegenerative disorder that affects neuromotor functions. Evidence 
on the efficacy of probiotic treatment on PD is limited. Still, one recent preclinical mouse study suggests 
that mixtures containing B. bifidum, B. longum, L. rhamnosus, L. rhamnosus GG, L. plantarum LP28, and 
Lactococcus lactis subsp. lactis may improve motor coordination and performance[132]. Similar improvements 
in motor behavior protection from neurotoxicity were observed with probiotic cocktails containing L. 
rhamnosus GG, B. animalis subsp. lactis BB-12, and L. acidophilus LA-5, as well as the commercial 
formulation Slab51®, which includes S. thermophilus DSM 32245, B. animalis subsp. lactis DSM 32246, B. 
animalis subsp. lactis DSM 32247, L. acidophilus DSM 32241, Lactobacillus helveticus DSM 32242, L. 
paracasei DSM 32243, L. plantarum DSM 32244, and Lactobacillus brevis DSM 27961[133,134]. Clinical studies 
are also beginning to reveal the potential benefits of probiotic treatment on PD. A study featuring 60 PD 
patients who underwent 12 weeks of probiotic treatment containing a mixture of L. acidophilus, B. bifidum, 
L. reuteri, and L. fermentum reported improvements in motor function[135]. The same group identified this 
probiotic treatment to lower gene expression in inflammatory cytokines, including IL1, IL8, and TNFα, 
indicating an immune-mediated effect of probiotics during PD[136].

Immune-mediated probiotic efficacy
Interestingly, many of these probiotics utilized in neurological disorders also have immunological benefits, 
leading to the hypothesis that probiotic intervention may alleviate neurological symptoms through the host 
immune pathway. For example, strains of B. longum subsp. infantis, including B. longum subsp. infantis 
35624 may affect both immunological and neurological pathways, as it is demonstrated to attenuate serum 
and brain IFNγ, TNFα, and IL6 levels, as well as to increase the serotonin precursor tryptophan in the 
plasma and PSD-95 and BDNF levels in the brain[137,138]. This is highlighted in GF mice, where mono-
colonization with B. longum subsp. infantis can protect them from exaggerated hypothalamic-pituitary-
adrenal stress responses[1]. Furthermore, combination therapy of L. acidophilus ATCC 53544 and B. longum 
subsp. infantis ATCC 15697 during pregnancy protects offspring mice from systemic and 
neuroinflammation, leaky BBB, and astrocyte and microglia activation[139]. Analyses of the gastrointestinal 
tract in these offspring reveal a more robust intestinal integrity that translated to reduced serum IL1β, TNFα, 
and IL6 circulation, elucidating the multifaceted beneficial capacity of probiotics[140].

Moreover, certain probiotics such as L. acidophilus LA257, L. reuteri ATCC 23272, and B. bifidum PRI1 are 
Treg inducers capable of suppressing inflammation in numerous disease models[14,141,142]. This is 
demonstrated in neuroinflammatory and neurological disorders. SCFA from microbes, such as the Treg-
inducing butyrate, can alleviate EAE by attenuating IL17 levels[143,144]. Likewise, a mixture of L. paracasei 
DSM 13434, L. plantarum DSM 15312, and DSM 15313 also induce Treg cells and IL10, leading to 
improvements in EAE[145]. Clinically, the Visbiome® mixture has been shown to protect from MS-associated 
inflammation[146]. While it is yet to be displayed, it is also possible that microbiome-enhanced serotonin 
levels may activate brain-resident Treg cells expressing 5-HT7. In such a manner, probiotics targeting 
immune regulation may be an effective strategy for alleviating neurological disorders, especially those 
driven by neuroinflammation. With advances in the field, we anticipate future publications to better reveal 
the centrality of brain-resident immune cells in mediating the gut-brain axis.

CONCLUSION
The gut-brain axis is an emerging interdisciplinary field that harbors a prominent capacity to change how 
modern biomedicine approach neurodevelopment and neurological disorders. Identifying unique immune 
populations within the brain, such as T cells, demonstrates that the brain is not an isolated environment as 
it once was believed to be but is dynamically shaped by external factors. These CNS-associated T cells can 
shift the brain towards a proinflammatory or antiinflammatory state through close interactions with 
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neurons that directly express cytokine receptors, microglia, and the BBB[19,55,147]. Brain-resident Tregs are a 
newly discovered subset of T cells that regulate neuroinflammation and neurological recovery following 
stroke[20]. Expressing distinct nervous system-related genes such as serotonin receptors and brain Tregs may 
have undiscovered tissue-specific roles within the CNS[20].

First alluded to by comorbidities between gastrointestinal and neurological disorders, evidence from the 
recent decade indicates a close link between the gut microbiota, host immunity, and the CNS. Indeed, GF 
and ABX mouse studies have demonstrated that the absence of microbiome results in abnormal 
neurodevelopment and behaviors often associated with ASD[73]. Furthermore, from ASD to AD, numerous 
animal and clinical studies in recent years have unveiled the ability of microbiota interventions to modulate 
neuroinflammation and neurotransmitter levels. Probiotics have shown efficacy in improving cognition and 
behaviors among ASD and AD patients, and further studies into their mechanisms may lead to more 
comprehensive strategies for targeted therapeutics[124,129]. It is necessary to note that probiotic strains differ in 
their ability to impact the immune system and neurological outcomes[148]. Thus, further strain-specific 
studies of probiotics are necessary to identify their psychobiotic efficacies and mechanisms of action.

Gut immune systems play a crucial role in maintaining the homeostasis of the gut microenvironment and 
act as the intermediaries to the systemic impacts of gut microbes on the host. In vivo experiments in mice 
hint that gut microbes may even regulate immune populations within the CNS. The absence of gut 
microbes in GF and ABX mice results in a leaky BBB, possibly allowing the enhanced infiltration of 
peripheral immune populations into the CNS[85]. On the other hand, probiotics can strengthen the BBB 
integrity and protect from neuroinflammation[88]. It will be interesting to see whether barrier integrity 
between the intestinal tract and the BBB is correlated. Microbes and their SCFAs can also influence the 
functional characteristics of microglia and lymphocytes within the CNS, determining the fate of 
neurological disorders driven by neuroinflammation.

We thus hypothesize that the host immunity is a critical mediator within the gut-brain axis and propose the 
expansion of this field into the gut-immune-brain axis. With further research, a broader understanding of 
the capacity in which immune populations of the CNS reconcile gut microbes with neurodevelopmental 
and neuroinflammatory pathways may provide new avenues for effective therapeutic interventions utilizing 
probiotics.

DECLARATIONS
Authors’ contributions
Conceptualization, investigation, writing, and visualization of the manuscript: Park JC, Im SH
Manuscript editing and funding acquisition: Im SH
Both authors contributed to the article and approved the submitted version.

Availability of data and materials 
Not applicable.

Financial support and sponsorship
This study is funded by ImmunoBiome Inc, Pohang, Republic of Korea.

Conflicts of interest
Im SH is the CEO of the ImmunoBiome but declares no conflicts of interest for this paper. The other author 
declares that the research was conducted without any commercial or financial relationships that could be 
construed as a potential conflict of interest.



Page 15 of Park et al. Microbiome Res Rep 2022;1:23 https://dx.doi.org/10.20517/mrr.2022.11 20

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2022.

REFERENCES
Sudo N, Chida Y, Aiba Y, et al. Postnatal microbial colonization programs the hypothalamic-pituitary-adrenal system for stress 
response in mice. J Physiol 2004;558:263-75.  DOI  PubMed  PMC

1.     

Wang X, Sun G, Feng T, et al. Sodium oligomannate therapeutically remodels gut microbiota and suppresses gut bacterial amino 
acids-shaped neuroinflammation to inhibit Alzheimer's disease progression. Cell Res 2019;29:787-803.  DOI  PubMed  PMC

2.     

Olson CA, Vuong HE, Yano JM, Liang QY, Nusbaum DJ, Hsiao EY. The gut microbiota mediates the anti-seizure effects of the 
ketogenic diet. Cell 2018;174:497.  DOI  PubMed  PMC

3.     

Wu WL, Adame MD, Liou CW, et al. Microbiota regulate social behaviour via stress response neurons in the brain. Nature 
2021;595:409-14.  DOI  PubMed  PMC

4.     

Chu C, Murdock MH, Jing D, et al. The microbiota regulate neuronal function and fear extinction learning. Nature 2019;574:543-8.  
DOI  PubMed  PMC

5.     

Diaz Heijtz R, Wang S, Anuar F, et al. Normal gut microbiota modulates brain development and behavior. Proc Natl Acad Sci U S A 
2011;108:3047-52.  DOI  PubMed  PMC

6.     

Park JC, Im SH. Of men in mice: the development and application of a humanized gnotobiotic mouse model for microbiome 
therapeutics. Exp Mol Med 2020;52:1383-96.  DOI  PubMed  PMC

7.     

Abdellatif B, McVeigh C, Bendriss G, Chaari A. The promising role of probiotics in managing the altered gut in autism spectrum 
disorders. Int J Mol Sci 2020;21:4159.  DOI  PubMed  PMC

8.     

Buffington SA, Di Prisco GV, Auchtung TA, Ajami NJ, Petrosino JF, Costa-Mattioli M. Microbial reconstitution reverses maternal 
diet-induced social and synaptic deficits in offspring. Cell 2016;165:1762-75.  DOI  PubMed  PMC

9.     

Kałużna-Czaplińska J, Błaszczyk S. The level of arabinitol in autistic children after probiotic therapy. Nutrition 2012;28:124-6.  DOI  
PubMed

10.     

Sharon G, Cruz NJ, Kang DW, et al. Human gut microbiota from autism spectrum disorder promote behavioral symptoms in mice. 
Cell 2019;177:1600-1618.e17.  DOI  PubMed  PMC

11.     

Maranduba CM, De Castro SB, de Souza GT, et al. Intestinal microbiota as modulators of the immune system and neuroimmune 
system: impact on the host health and homeostasis. J Immunol Res 2015;2015:931574.  DOI  PubMed  PMC

12.     

Zheng D, Liwinski T, Elinav E. Interaction between microbiota and immunity in health and disease. Cell Res 2020;30:492-506.  DOI  
PubMed  PMC

13.     

Verma R, Lee C, Jeun EJ, et al. Cell surface polysaccharides of Bifidobacterium bifidum induce the generation of Foxp3+ regulatory 
T cells. Sci Immunol 2018;3:eaat6975.  DOI  PubMed

14.     

Ochoa-Repáraz J, Mielcarz DW, Wang Y, et al. A polysaccharide from the human commensal Bacteroides fragilis protects against 
CNS demyelinating disease. Mucosal Immunol 2010;3:487-95.  DOI  PubMed

15.     

Cekanaviciute E, Yoo BB, Runia TF, et al. Gut bacteria from multiple sclerosis patients modulate human T cells and exacerbate 
symptoms in mouse models. Proc Natl Acad Sci U S A 2017;114:10713-8.  DOI  PubMed  PMC

16.     

Smolders J, Heutinck KM, Fransen NL, et al. Tissue-resident memory T cells populate the human brain. Nat Commun 2018;9:4593.  
DOI  PubMed  PMC

17.     

Korin B, Ben-Shaanan TL, Schiller M, et al. High-dimensional, single-cell characterization of the brain’s immune compartment. Nat 
Neurosci 2017;20:1300-9.  DOI  PubMed

18.     

Pasciuto E, Burton OT, Roca CP, et al. Microglia require CD4 T cells to complete the fetal-to-adult transition. Cell 2020;182:625-
640.e24.  DOI  PubMed  PMC

19.     

Ito M, Komai K, Mise-Omata S, et al. Brain regulatory T cells suppress astrogliosis and potentiate neurological recovery. Nature 
2019;565:246-50.  DOI  PubMed

20.     

Parker A, Fonseca S, Carding SR. Gut microbes and metabolites as modulators of blood-brain barrier integrity and brain health. Gut 
Microbes 2020;11:135-57.  DOI  PubMed  PMC

21.     

Daneman R, Prat A. The blood-brain barrier. Cold Spring Harb Perspect Biol 2015;7:a020412.  DOI  PubMed  PMC22.     
Takeshita Y, Ransohoff RM. Inflammatory cell trafficking across the blood-brain barrier: chemokine regulation and in vitro models. 
Immunol Rev 2012;248:228-39.  DOI  PubMed  PMC

23.     

Wake H, Moorhouse AJ, Nabekura J. Functions of microglia in the central nervous system--beyond the immune response. Neuron 
Glia Biol 2011;7:47-53.  DOI  PubMed

24.     

https://dx.doi.org/10.1113/jphysiol.2004.063388
http://www.ncbi.nlm.nih.gov/pubmed/15133062
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1664925
https://dx.doi.org/10.1038/s41422-019-0216-x
http://www.ncbi.nlm.nih.gov/pubmed/31488882
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6796854
https://dx.doi.org/10.1016/j.cell.2018.06.051
http://www.ncbi.nlm.nih.gov/pubmed/30007420
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6062008
https://dx.doi.org/10.1038/s41586-021-03669-y
http://www.ncbi.nlm.nih.gov/pubmed/34194038
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8346519
https://dx.doi.org/10.1038/s41586-019-1644-y
http://www.ncbi.nlm.nih.gov/pubmed/31645720
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6818753
https://dx.doi.org/10.1073/pnas.1010529108
http://www.ncbi.nlm.nih.gov/pubmed/21282636
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3041077
https://dx.doi.org/10.1038/s12276-020-0473-2
http://www.ncbi.nlm.nih.gov/pubmed/32908211
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8080820
https://dx.doi.org/10.3390/ijms21114159
http://www.ncbi.nlm.nih.gov/pubmed/32532137
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7312735
https://dx.doi.org/10.1016/j.cell.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27315483
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5102250
https://dx.doi.org/10.1016/j.nut.2011.08.002
http://www.ncbi.nlm.nih.gov/pubmed/22079796
https://dx.doi.org/10.1016/j.cell.2019.05.004
http://www.ncbi.nlm.nih.gov/pubmed/31150625
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6993574
https://dx.doi.org/10.1155/2015/931574
http://www.ncbi.nlm.nih.gov/pubmed/25759850
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4352473
https://dx.doi.org/10.1038/s41422-020-0332-7
http://www.ncbi.nlm.nih.gov/pubmed/32433595
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7264227
https://dx.doi.org/10.1126/sciimmunol.aat6975
http://www.ncbi.nlm.nih.gov/pubmed/30341145
https://dx.doi.org/10.1038/mi.2010.29
http://www.ncbi.nlm.nih.gov/pubmed/20531465
https://dx.doi.org/10.1073/pnas.1711235114
http://www.ncbi.nlm.nih.gov/pubmed/28893978
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5635915
https://dx.doi.org/10.1038/s41467-018-07053-9
http://www.ncbi.nlm.nih.gov/pubmed/30389931
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6214977
https://dx.doi.org/10.1038/nn.4610
http://www.ncbi.nlm.nih.gov/pubmed/28758994
https://dx.doi.org/10.1016/j.cell.2020.06.026
http://www.ncbi.nlm.nih.gov/pubmed/32702313
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7427333
https://dx.doi.org/10.1038/s41586-018-0824-5
http://www.ncbi.nlm.nih.gov/pubmed/30602786
https://dx.doi.org/10.1080/19490976.2019.1638722
http://www.ncbi.nlm.nih.gov/pubmed/31368397
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7053956
https://dx.doi.org/10.1101/cshperspect.a020412
http://www.ncbi.nlm.nih.gov/pubmed/25561720
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4292164
https://dx.doi.org/10.1111/j.1600-065X.2012.01127.x
http://www.ncbi.nlm.nih.gov/pubmed/22725965
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3383666
https://dx.doi.org/10.1017/S1740925X12000063
http://www.ncbi.nlm.nih.gov/pubmed/22613055


Page 16 of Park et al. Microbiome Res Rep 2022;1:23 https://dx.doi.org/10.20517/mrr.2022.1120

Bennett ML, Bennett FC, Liddelow SA, et al. New tools for studying microglia in the mouse and human CNS. Proc Natl Acad Sci U 
S A 2016;113:E1738-46.  DOI  PubMed  PMC

25.     

Satoh J, Kino Y, Asahina N, et al. TMEM119 marks a subset of microglia in the human brain. Neuropathology 2016;36:39-49.  DOI  
PubMed

26.     

Ginhoux F, Greter M, Leboeuf M, et al. Fate mapping analysis reveals that adult microglia derive from primitive macrophages. 
Science 2010;330:841-5.  DOI  PubMed  PMC

27.     

Li Q, Barres BA. Microglia and macrophages in brain homeostasis and disease. Nat Rev Immunol 2018;18:225-42.  DOI  PubMed28.     
Alliot F, Godin I, Pessac B. Microglia derive from progenitors, originating from the yolk sac, and which proliferate in the brain. 
Brain Res Dev Brain Res 1999;117:145-52.  DOI  PubMed

29.     

Prinz M, Priller J, Sisodia SS, Ransohoff RM. Heterogeneity of CNS myeloid cells and their roles in neurodegeneration. Nat Neurosci 
2011;14:1227-35.  DOI  PubMed

30.     

Sevenich L. Brain-resident microglia and blood-borne macrophages orchestrate central nervous system inflammation in 
neurodegenerative disorders and brain cancer. Front Immunol 2018;9:697.  DOI  PubMed  PMC

31.     

Zhou H, Lapointe BM, Clark SR, Zbytnuik L, Kubes P. A requirement for microglial TLR4 in leukocyte recruitment into brain in 
response to lipopolysaccharide. J Immunol 2006;177:8103-10.  DOI  PubMed

32.     

Haruwaka K, Ikegami A, Tachibana Y, et al. Dual microglia effects on blood brain barrier permeability induced by systemic 
inflammation. Nat Commun 2019;10:5816.  DOI  PubMed  PMC

33.     

McKim DB, Weber MD, Niraula A, et al. Microglial recruitment of IL-1β-producing monocytes to brain endothelium causes stress-
induced anxiety. Mol Psychiatry 2018;23:1421-31.  DOI  PubMed  PMC

34.     

Pyonteck SM, Akkari L, Schuhmacher AJ, et al. CSF-1R inhibition alters macrophage polarization and blocks glioma progression. 
Nat Med 2013;19:1264-72.  DOI  PubMed  PMC

35.     

Elmore MR, Najafi AR, Koike MA, et al. Colony-stimulating factor 1 receptor signaling is necessary for microglia viability, 
unmasking a microglia progenitor cell in the adult brain. Neuron 2014;82:380-97.  DOI  PubMed  PMC

36.     

Spangenberg E, Severson PL, Hohsfield LA, et al. Sustained microglial depletion with CSF1R inhibitor impairs parenchymal plaque 
development in an Alzheimer's disease model. Nat Commun 2019;10:3758.  DOI  PubMed  PMC

37.     

Delaney CL, Brenner M, Messing A. Conditional ablation of cerebellar astrocytes in postnatal transgenic mice. J Neurosci 
1996;16:6908-18.  PubMed  PMC

38.     

Cui W, Allen ND, Skynner M, Gusterson B, Clark AJ. Inducible ablation of astrocytes shows that these cells are required for 
neuronal survival in the adult brain. Glia 2001;34:272-82.  DOI  PubMed

39.     

Davis N, Mota BC, Stead L, et al. Pharmacological ablation of astrocytes reduces Aβ degradation and synaptic connectivity in an ex 
vivo model of Alzheimer’s disease. J Neuroinflammation 2021;18:73.  DOI  PubMed  PMC

40.     

Katsouri L, Birch AM, Renziehausen AWJ, et al. Ablation of reactive astrocytes exacerbates disease pathology in a model of 
Alzheimer’s disease. Glia 2020;68:1017-30.  DOI  PubMed  PMC

41.     

Voskuhl RR, Peterson RS, Song B, et al. Reactive astrocytes form scar-like perivascular barriers to leukocytes during adaptive 
immune inflammation of the CNS. J Neurosci 2009;29:11511-22.  DOI  PubMed  PMC

42.     

Escartin C, Galea E, Lakatos A, et al. Reactive astrocyte nomenclature, definitions, and future directions. Nat Neurosci 2021;24:312-
25.  DOI  PubMed  PMC

43.     

Sofroniew MV, Vinters HV. Astrocytes: biology and pathology. Acta Neuropathol 2010;119:7-35.  DOI  PubMed  PMC44.     
Rothhammer V, Mascanfroni ID, Bunse L, et al. Type I interferons and microbial metabolites of tryptophan modulate astrocyte 
activity and central nervous system inflammation via the aryl hydrocarbon receptor. Nat Med 2016;22:586-97.  DOI  PubMed  PMC

45.     

Jha MK, Jo M, Kim JH, Suk K. Microglia-astrocyte crosstalk: an intimate molecular conversation. Neuroscientist 2019;25:227-40.  
DOI  PubMed

46.     

McAlpine CS, Park J, Griciuc A, et al. Astrocytic interleukin-3 programs microglia and limits Alzheimer’s disease. Nature 
2021;595:701-6.  DOI  PubMed  PMC

47.     

Rothhammer V, Borucki DM, Tjon EC, et al. Microglial control of astrocytes in response to microbial metabolites. Nature 
2018;557:724-8.  DOI  PubMed  PMC

48.     

Sanmarco LM, Polonio CM, Wheeler MA, Quintana FJ. Functional immune cell-astrocyte interactions. J Exp Med 
2021;218:e20202715.  DOI  PubMed  PMC

49.     

Sofroniew MV. Astrocyte reactivity: subtypes, states, and functions in CNS innate immunity. Trends Immunol 2020;41:758-70.  DOI  
PubMed  PMC

50.     

Pikor NB, Astarita JL, Summers-Deluca L, et al. Integration of Th17- and lymphotoxin-derived signals initiates meningeal-resident 
stromal cell remodeling to propagate neuroinflammation. Immunity 2015;43:1160-73.  DOI  PubMed

51.     

Hartlehnert M, Börsch AL, Li X, et al. Bcl6 controls meningeal Th17-B cell interaction in murine neuroinflammation. Proc Natl 
Acad Sci U S A 2021;118:e2023174118.  DOI  PubMed  PMC

52.     

Shichita T, Sugiyama Y, Ooboshi H, et al. Pivotal role of cerebral interleukin-17-producing gammadeltaT cells in the delayed phase 
of ischemic brain injury. Nat Med 2009;15:946-50.  DOI  PubMed

53.     

Benakis C, Brea D, Caballero S, et al. Commensal microbiota affects ischemic stroke outcome by regulating intestinal γδ T cells. Nat 
Med 2016;22:516-23.  DOI  PubMed  PMC

54.     

Di Filippo M, Mancini A, Bellingacci L, et al. Interleukin-17 affects synaptic plasticity and cognition in an experimental model of 55.     

https://dx.doi.org/10.1073/pnas.1525528113
http://www.ncbi.nlm.nih.gov/pubmed/26884166
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4812770
https://dx.doi.org/10.1111/neup.12235
http://www.ncbi.nlm.nih.gov/pubmed/26250788
https://dx.doi.org/10.1126/science.1194637
http://www.ncbi.nlm.nih.gov/pubmed/20966214
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3719181
https://dx.doi.org/10.1038/nri.2017.125
http://www.ncbi.nlm.nih.gov/pubmed/29151590
https://dx.doi.org/10.1016/s0165-3806(99)00113-3
http://www.ncbi.nlm.nih.gov/pubmed/10567732
https://dx.doi.org/10.1038/nn.2923
http://www.ncbi.nlm.nih.gov/pubmed/21952260
https://dx.doi.org/10.3389/fimmu.2018.00697
http://www.ncbi.nlm.nih.gov/pubmed/29681904
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5897444
https://dx.doi.org/10.4049/jimmunol.177.11.8103
http://www.ncbi.nlm.nih.gov/pubmed/17114485
https://dx.doi.org/10.1038/s41467-019-13812-z
http://www.ncbi.nlm.nih.gov/pubmed/31862977
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6925219
https://dx.doi.org/10.1038/mp.2017.64
http://www.ncbi.nlm.nih.gov/pubmed/28373688
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5628107
https://dx.doi.org/10.1038/nm.3337
http://www.ncbi.nlm.nih.gov/pubmed/24056773
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3840724
https://dx.doi.org/10.1016/j.neuron.2014.02.040
http://www.ncbi.nlm.nih.gov/pubmed/24742461
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4161285
https://dx.doi.org/10.1038/s41467-019-11674-z
http://www.ncbi.nlm.nih.gov/pubmed/31434879
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6704256
http://www.ncbi.nlm.nih.gov/pubmed/8824329
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6579279
https://dx.doi.org/10.1002/glia.1061
http://www.ncbi.nlm.nih.gov/pubmed/11360300
https://dx.doi.org/10.1186/s12974-021-02117-y
http://www.ncbi.nlm.nih.gov/pubmed/33731156
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7972219
https://dx.doi.org/10.1002/glia.23759
http://www.ncbi.nlm.nih.gov/pubmed/31799735
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7383629
https://dx.doi.org/10.1523/JNEUROSCI.1514-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19759299
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2768309
https://dx.doi.org/10.1038/s41593-020-00783-4
http://www.ncbi.nlm.nih.gov/pubmed/33589835
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8007081
https://dx.doi.org/10.1007/s00401-009-0619-8
http://www.ncbi.nlm.nih.gov/pubmed/20012068
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2799634
https://dx.doi.org/10.1038/nm.4106
http://www.ncbi.nlm.nih.gov/pubmed/27158906
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4899206
https://dx.doi.org/10.1177/1073858418783959
http://www.ncbi.nlm.nih.gov/pubmed/29931997
https://dx.doi.org/10.1038/s41586-021-03734-6
http://www.ncbi.nlm.nih.gov/pubmed/34262178
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8934148
https://dx.doi.org/10.1038/s41586-018-0119-x
http://www.ncbi.nlm.nih.gov/pubmed/29769726
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6422159
https://dx.doi.org/10.1084/jem.20202715
http://www.ncbi.nlm.nih.gov/pubmed/34292315
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8302447
https://dx.doi.org/10.1016/j.it.2020.07.004
http://www.ncbi.nlm.nih.gov/pubmed/32819810
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7484257
https://dx.doi.org/10.1016/j.immuni.2015.11.010
http://www.ncbi.nlm.nih.gov/pubmed/26682987
https://dx.doi.org/10.1073/pnas.2023174118
http://www.ncbi.nlm.nih.gov/pubmed/34479995
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8433502
https://dx.doi.org/10.1038/nm.1999
http://www.ncbi.nlm.nih.gov/pubmed/19648929
https://dx.doi.org/10.1038/nm.4068
http://www.ncbi.nlm.nih.gov/pubmed/27019327
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4860105


Page 17 of Park et al. Microbiome Res Rep 2022;1:23 https://dx.doi.org/10.20517/mrr.2022.11 20

multiple sclerosis. Cell Rep 2021;37:110094.  DOI  PubMed
Filiano AJ, Xu Y, Tustison NJ, et al. Unexpected role of interferon-γ in regulating neuronal connectivity and social behaviour. Nature 
2016;535:425-9.  DOI  PubMed  PMC

56.     

Alves de Lima K, Rustenhoven J, Da Mesquita S, et al. Meningeal γδ T cells regulate anxiety-like behavior via IL-17a signaling in 
neurons. Nat Immunol 2020;21:1421-9.  DOI  PubMed  PMC

57.     

Ribeiro M, Brigas HC, Temido-Ferreira M, et al. Meningeal γδ T cell-derived IL-17 controls synaptic plasticity and short-term 
memory. Sci Immunol 2019;4:eaay5199.  DOI  PubMed  PMC

58.     

Heindl S, Ricci A, Carofiglio O, et al. Chronic T cell proliferation in brains after stroke could interfere with the efficacy of 
immunotherapies. J Exp Med 2021;218:e20202411.  DOI  PubMed  PMC

59.     

Smolders J, Remmerswaal EB, Schuurman KG, et al. Characteristics of differentiated CD8(+) and CD4(+) T cells present in the 
human brain. Acta Neuropathol 2013;126:525-35.  DOI  PubMed

60.     

Chaitanya GV, Kolli M, Babu PP. Granzyme-b mediated cell death in the spinal cord-injured rat model. Neuropathology 
2009;29:270-9.  DOI  PubMed

61.     

Villegas-Mendez A, Greig R, Shaw TN, et al. IFN-γ-producing CD4+ T cells promote experimental cerebral malaria by modulating 
CD8+ T cell accumulation within the brain. J Immunol 2012;189:968-79.  DOI  PubMed  PMC

62.     

Krämer TJ, Hack N, Brühl TJ, et al. Correction to: depletion of regulatory T cells increases T cell brain infiltration, reactive 
astrogliosis, and interferon-γ gene expression in acute experimental traumatic brain injury. J Neuroinflammation 2019;16:176.  DOI  
PubMed  PMC

63.     

Xie L, Choudhury GR, Winters A, Yang SH, Jin K. Cerebral regulatory T cells restrain microglia/macrophage-mediated 
inflammatory responses via IL-10. Eur J Immunol 2015;45:180-91.  DOI  PubMed  PMC

64.     

Prasad S, Hu S, Sheng WS, Singh A, Lokensgard JR. Tregs Modulate lymphocyte proliferation, activation, and resident-memory T-
cell accumulation within the brain during MCMV infection. PLoS One 2015;10:e0145457.  DOI  PubMed  PMC

65.     

Ma X, Qin C, Chen M, et al. Regulatory T cells protect against brain damage by alleviating inflammatory response in neuromyelitis 
optica spectrum disorder. J Neuroinflammation 2021;18:201.  DOI  PubMed  PMC

66.     

Hui SP, Sheng DZ, Sugimoto K, et al. Zebrafish regulatory T cells mediate organ-specific regenerative programs. Dev Cell 
2017;43:659-672.e5.  DOI  PubMed

67.     

Maenner MJ, Shaw KA, Bakian AV, et al. Prevalence and characteristics of autism spectrum disorder among children aged 8 years - 
autism and developmental disabilities monitoring network, 11 sites, United States, 2018. MMWR Surveill Summ 2021;70:1-16.  DOI  
PubMed  PMC

68.     

Hashem S, Nisar S, Bhat AA, et al. Genetics of structural and functional brain changes in autism spectrum disorder. Transl 
Psychiatry 2020;10:229.  DOI  PubMed  PMC

69.     

Ding HT, Taur Y, Walkup JT. Gut microbiota and autism: key concepts and findings. J Autism Dev Disord 2017;47:480-9.  DOI  
PubMed

70.     

Fung TC, Olson CA, Hsiao EY. Interactions between the microbiota, immune and nervous systems in health and disease. Nat 
Neurosci 2017;20:145-55.  DOI  PubMed  PMC

71.     

Buffington SA, Dooling SW, Sgritta M, et al. Dissecting the contribution of host genetics and the microbiome in complex behaviors. 
Cell 2021;184:1740-1756.e16.  DOI  PubMed  PMC

72.     

Lu J, Synowiec S, Lu L, et al. Microbiota influence the development of the brain and behaviors in C57BL/6J mice. PLoS One 
2018;13:e0201829.  DOI  PubMed  PMC

73.     

Vuong HE, Pronovost GN, Williams DW, et al. The maternal microbiome modulates fetal neurodevelopment in mice. Nature 
2020;586:281-6.  DOI  PubMed  PMC

74.     

Desbonnet L, Clarke G, Shanahan F, Dinan TG, Cryan JF. Microbiota is essential for social development in the mouse. Mol 
Psychiatry 2014;19:146-8.  DOI  PubMed  PMC

75.     

Engevik MA, Luck B, Visuthranukul C, et al. Human-derived Bifidobacterium dentium modulates the mammalian serotonergic 
system and gut-brain axis. Cell Mol Gastroenterol Hepatol 2021;11:221-48.  DOI  PubMed  PMC

76.     

Kaur H, Bose C, Mande SS. Tryptophan metabolism by gut microbiome and gut-brain-axis: an in silico analysis. Front Neurosci 
2019;13:1365.  DOI  PubMed  PMC

77.     

Zheng P, Zeng B, Liu M, et al. The gut microbiome from patients with schizophrenia modulates the glutamate-glutamine-GABA 
cycle and schizophrenia-relevant behaviors in mice. Sci Adv 2019;5:eaau8317.  DOI  PubMed  PMC

78.     

Duranti S, Ruiz L, Lugli GA, et al. Bifidobacterium adolescentis as a key member of the human gut microbiota in the production of 
GABA. Sci Rep 2020;10:14112.  DOI  PubMed  PMC

79.     

Baj A, Moro E, Bistoletti M, Orlandi V, Crema F, Giaroni C. Glutamatergic signaling along the microbiota-gut-brain axis. Int J Mol 
Sci 2019;20:1482.  DOI  PubMed  PMC

80.     

Bravo JA, Forsythe P, Chew MV, et al. Ingestion of Lactobacillus strain regulates emotional behavior and central GABA receptor 
expression in a mouse via the vagus nerve. Proc Natl Acad Sci U S A 2011;108:16050-5.  DOI  PubMed  PMC

81.     

Khan I, Ullah N, Zha L, et al. Alteration of gut microbiota in inflammatory bowel disease (IBD): cause or consequence? Pathogens 
2019;8:126.  DOI  PubMed  PMC

82.     

Yu LC. Microbiota dysbiosis and barrier dysfunction in inflammatory bowel disease and colorectal cancers: exploring a common 
ground hypothesis. J Biomed Sci 2018;25:79.  DOI  PubMed  PMC

83.     

https://dx.doi.org/10.1016/j.celrep.2021.110094
http://www.ncbi.nlm.nih.gov/pubmed/34879272
https://dx.doi.org/10.1038/nature18626
http://www.ncbi.nlm.nih.gov/pubmed/27409813
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4961620
https://dx.doi.org/10.1038/s41590-020-0776-4
http://www.ncbi.nlm.nih.gov/pubmed/32929273
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8496952
https://dx.doi.org/10.1126/sciimmunol.aay5199
http://www.ncbi.nlm.nih.gov/pubmed/31604844
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6894940
https://dx.doi.org/10.1084/jem.20202411
http://www.ncbi.nlm.nih.gov/pubmed/34037669
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8160576
https://dx.doi.org/10.1007/s00401-013-1155-0
http://www.ncbi.nlm.nih.gov/pubmed/23880787
https://dx.doi.org/10.1111/j.1440-1789.2008.00980.x
http://www.ncbi.nlm.nih.gov/pubmed/19170890
https://dx.doi.org/10.4049/jimmunol.1200688
http://www.ncbi.nlm.nih.gov/pubmed/22723523
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3393641
https://dx.doi.org/10.1186/s12974-019-1577-2
http://www.ncbi.nlm.nih.gov/pubmed/31493788
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6731564
https://dx.doi.org/10.1002/eji.201444823
http://www.ncbi.nlm.nih.gov/pubmed/25329858
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4293323
https://dx.doi.org/10.1371/journal.pone.0145457
http://www.ncbi.nlm.nih.gov/pubmed/26720146
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4697843
https://dx.doi.org/10.1186/s12974-021-02266-0
http://www.ncbi.nlm.nih.gov/pubmed/34526069
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8444427
https://dx.doi.org/10.1016/j.devcel.2017.11.010
http://www.ncbi.nlm.nih.gov/pubmed/29257949
https://dx.doi.org/10.15585/mmwr.ss7011a1
http://www.ncbi.nlm.nih.gov/pubmed/34855725
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8639024
https://dx.doi.org/10.1038/s41398-020-00921-3
http://www.ncbi.nlm.nih.gov/pubmed/32661244
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7359361
https://dx.doi.org/10.1007/s10803-016-2960-9
http://www.ncbi.nlm.nih.gov/pubmed/27882443
https://dx.doi.org/10.1038/nn.4476
http://www.ncbi.nlm.nih.gov/pubmed/28092661
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6960010
https://dx.doi.org/10.1016/j.cell.2021.02.009
http://www.ncbi.nlm.nih.gov/pubmed/33705688
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8996745
https://dx.doi.org/10.1371/journal.pone.0201829
http://www.ncbi.nlm.nih.gov/pubmed/30075011
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6075787
https://dx.doi.org/10.1038/s41586-020-2745-3
http://www.ncbi.nlm.nih.gov/pubmed/32968276
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7554197
https://dx.doi.org/10.1038/mp.2013.65
http://www.ncbi.nlm.nih.gov/pubmed/23689536
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3903109
https://dx.doi.org/10.1016/j.jcmgh.2020.08.002
http://www.ncbi.nlm.nih.gov/pubmed/32795610
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7683275
https://dx.doi.org/10.3389/fnins.2019.01365
http://www.ncbi.nlm.nih.gov/pubmed/31920519
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6930238
https://dx.doi.org/10.1126/sciadv.aau8317
http://www.ncbi.nlm.nih.gov/pubmed/30775438
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6365110
https://dx.doi.org/10.1038/s41598-020-70986-z
http://www.ncbi.nlm.nih.gov/pubmed/32839473
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7445748
https://dx.doi.org/10.3390/ijms20061482
http://www.ncbi.nlm.nih.gov/pubmed/30934533
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6471396
https://dx.doi.org/10.1073/pnas.1102999108
http://www.ncbi.nlm.nih.gov/pubmed/21876150
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3179073
https://dx.doi.org/10.3390/pathogens8030126
http://www.ncbi.nlm.nih.gov/pubmed/31412603
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6789542
https://dx.doi.org/10.1186/s12929-018-0483-8
http://www.ncbi.nlm.nih.gov/pubmed/30413188
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6234774


Page 18 of Park et al. Microbiome Res Rep 2022;1:23 https://dx.doi.org/10.20517/mrr.2022.1120

Chakaroun RM, Massier L, Kovacs P. Gut microbiome, intestinal permeability, and tissue bacteria in metabolic disease: perpetrators 
or bystanders? Nutrients 2020;12:1082.  DOI  PubMed  PMC

84.     

Braniste V, Al-Asmakh M, Kowal C, et al. The gut microbiota influences blood-brain barrier permeability in mice. Sci Transl Med 
2014;6:263ra158.  DOI  PubMed  PMC

85.     

Fröhlich EE, Farzi A, Mayerhofer R, et al. Cognitive impairment by antibiotic-induced gut dysbiosis: analysis of gut microbiota-brain 
communication. Brain Behav Immun 2016;56:140-55.  DOI  PubMed  PMC

86.     

Yang X, Yu D, Xue L, Li H, Du J. Probiotics modulate the microbiota-gut-brain axis and improve memory deficits in aged SAMP8 
mice. Acta Pharm Sin B 2020;10:475-87.  DOI  PubMed  PMC

87.     

Hoyles L, Pontifex MG, Rodriguez-Ramiro I, et al. Regulation of blood-brain barrier integrity by microbiome-associated 
methylamines and cognition by trimethylamine N-oxide. Microbiome 2021;9:235.  DOI  PubMed  PMC

88.     

Vargas-Caraveo A, Sayd A, Maus SR, et al. Lipopolysaccharide enters the rat brain by a lipoprotein-mediated transport mechanism in 
physiological conditions. Sci Rep 2017;7:13113.  DOI  PubMed  PMC

89.     

Gorina R, Font-Nieves M, Márquez-Kisinousky L, Santalucia T, Planas AM. Astrocyte TLR4 activation induces a proinflammatory 
environment through the interplay between MyD88-dependent NFκB signaling, MAPK, and Jak1/Stat1 pathways. Glia 2011;59:242-
55.  DOI  PubMed

90.     

Fiebich BL, Batista CRA, Saliba SW, Yousif NM, de Oliveira ACP. Role of microglia TLRs in neurodegeneration. Front Cell 
Neurosci 2018;12:329.  DOI  PubMed  PMC

91.     

Hosang L, Canals RC, van der Flier FJ, et al. The lung microbiome regulates brain autoimmunity. Nature 2022;603:138-44.  DOI  
PubMed

92.     

Harach T, Marungruang N, Duthilleul N, et al. Reduction of Abeta amyloid pathology in APPPS1 transgenic mice in the absence of 
gut microbiota. Sci Rep 2017;7:41802.  DOI  PubMed  PMC

93.     

Mezö C, Dokalis N, Mossad O, et al. Different effects of constitutive and induced microbiota modulation on microglia in a mouse 
model of Alzheimer’s disease. Acta Neuropathol Commun 2020;8:119.  DOI  PubMed  PMC

94.     

Chen C, Liao J, Xia Y, et al. Gut microbiota regulate Alzheimer’s disease pathologies and cognitive disorders via PUFA-associated 
neuroinflammation. Gut ;2022:gutjnl-2021.  DOI  PubMed

95.     

Wu L, Han Y, Zheng Z, et al. Altered gut microbial metabolites in amnestic mild cognitive impairment and Alzheimer’s disease: 
signals in host-microbe interplay. Nutrients 2021;13:228.  DOI  PubMed  PMC

96.     

Ma N, He T, Johnston LJ, Ma X. Host-microbiome interactions: the aryl hydrocarbon receptor as a critical node in tryptophan 
metabolites to brain signaling. Gut Microbes 2020;11:1203-19.  DOI  PubMed  PMC

97.     

Monteiro-Cardoso VF, Corlianò M, Singaraja RR. Bile acids: a communication channel in the gut-brain axis. Neuromolecular Med 
2021;23:99-117.  DOI  PubMed

98.     

Mulak A. Bile acids as key modulators of the brain-gut-microbiota axis in Alzheimer’s disease. J Alzheimers Dis 2021;84:461-77.  
DOI  PubMed  PMC

99.     

Higashi T, Watanabe S, Tomaru K, et al. Unconjugated bile acids in rat brain: analytical method based on LC/ESI-MS/MS with 
chemical derivatization and estimation of their origin by comparison to serum levels. Steroids 2017;125:107-13.  DOI  PubMed

100.     

McMillin M, Frampton G, Tobin R, et al. TGR5 signaling reduces neuroinflammation during hepatic encephalopathy. J Neurochem 
2015;135:565-76.  DOI  PubMed  PMC

101.     

Nunes AF, Amaral JD, Lo AC, et al. TUDCA, a bile acid, attenuates amyloid precursor protein processing and amyloid-β deposition 
in APP/PS1 mice. Mol Neurobiol 2012;45:440-54.  DOI  PubMed

102.     

Atladóttir HO, Thorsen P, Østergaard L, et al. Maternal infection requiring hospitalization during pregnancy and autism spectrum 
disorders. J Autism Dev Disord 2010;40:1423-30.  DOI  PubMed

103.     

Han VX, Patel S, Jones HF, et al. Maternal acute and chronic inflammation in pregnancy is associated with common 
neurodevelopmental disorders: a systematic review. Transl Psychiatry 2021;11:71.  DOI  PubMed  PMC

104.     

Choi GB, Yim YS, Wong H, et al. The maternal interleukin-17a pathway in mice promotes autism-like phenotypes in offspring. 
Science 2016;351:933-9.  DOI  PubMed  PMC

105.     

Hsiao EY, McBride SW, Hsien S, et al. Microbiota modulate behavioral and physiological abnormalities associated with 
neurodevelopmental disorders. Cell 2013;155:1451-63.  DOI  PubMed  PMC

106.     

Saunders JM, Moreno JL, Ibi D, et al. Gut microbiota manipulation during the prepubertal period shapes behavioral abnormalities in 
a mouse neurodevelopmental disorder model. Sci Rep 2020;10:4697.  DOI  PubMed  PMC

107.     

Kim S, Kim H, Yim YS, et al. Maternal gut bacteria promote neurodevelopmental abnormalities in mouse offspring. Nature 
2017;549:528-32.  DOI  PubMed  PMC

108.     

Das Sarma J, Ciric B, Marek R, et al. Functional interleukin-17 receptor A is expressed in central nervous system glia and 
upregulated in experimental autoimmune encephalomyelitis. J Neuroinflammation 2009;6:14.  DOI  PubMed  PMC

109.     

Luo H, Liu HZ, Zhang WW, et al. Interleukin-17 regulates neuron-glial communications, synaptic transmission, and neuropathic pain 
after chemotherapy. Cell Rep 2019;29:2384-2397.e5.  DOI  PubMed

110.     

Kim E, Paik D, Ramirez RN, et al. Maternal gut bacteria drive intestinal inflammation in offspring with neurodevelopmental 
disorders by altering the chromatin landscape of CD4+ T cells. Immunity 2022;55:145-158.e7.  DOI  PubMed  PMC

111.     

Bonaz B, Bazin T, Pellissier S. The vagus nerve at the interface of the microbiota-gut-brain axis. Front Neurosci 2018;12:49.  DOI  
PubMed  PMC

112.     

https://dx.doi.org/10.3390/nu12041082
http://www.ncbi.nlm.nih.gov/pubmed/32295104
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7230435
https://dx.doi.org/10.1126/scitranslmed.3009759
http://www.ncbi.nlm.nih.gov/pubmed/25411471
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4396848
https://dx.doi.org/10.1016/j.bbi.2016.02.020
http://www.ncbi.nlm.nih.gov/pubmed/26923630
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5014122
https://dx.doi.org/10.1016/j.apsb.2019.07.001
http://www.ncbi.nlm.nih.gov/pubmed/32140393
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7049608
https://dx.doi.org/10.1186/s40168-021-01181-z
http://www.ncbi.nlm.nih.gov/pubmed/34836554
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8626999
https://dx.doi.org/10.1038/s41598-017-13302-6
http://www.ncbi.nlm.nih.gov/pubmed/29030613
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5640642
https://dx.doi.org/10.1002/glia.21094
http://www.ncbi.nlm.nih.gov/pubmed/21125645
https://dx.doi.org/10.3389/fncel.2018.00329
http://www.ncbi.nlm.nih.gov/pubmed/30333729
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6176466
https://dx.doi.org/10.1038/s41586-022-04427-4
http://www.ncbi.nlm.nih.gov/pubmed/35197636
https://dx.doi.org/10.1038/srep41802
http://www.ncbi.nlm.nih.gov/pubmed/28176819
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5297247
https://dx.doi.org/10.1186/s40478-020-00988-5
http://www.ncbi.nlm.nih.gov/pubmed/32727612
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7389451
https://dx.doi.org/10.1136/gutjnl-2021-326269
http://www.ncbi.nlm.nih.gov/pubmed/35017199
https://dx.doi.org/10.3390/nu13010228
http://www.ncbi.nlm.nih.gov/pubmed/33466861
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7829997
https://dx.doi.org/10.1080/19490976.2020.1758008
http://www.ncbi.nlm.nih.gov/pubmed/32401136
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7524279
https://dx.doi.org/10.1007/s12017-020-08625-z
http://www.ncbi.nlm.nih.gov/pubmed/33085065
https://dx.doi.org/10.3233/JAD-210608
http://www.ncbi.nlm.nih.gov/pubmed/34569953
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8673511
https://dx.doi.org/10.1016/j.steroids.2017.07.001
http://www.ncbi.nlm.nih.gov/pubmed/28689738
https://dx.doi.org/10.1111/jnc.13243
http://www.ncbi.nlm.nih.gov/pubmed/26179031
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5031412
https://dx.doi.org/10.1007/s12035-012-8256-y
http://www.ncbi.nlm.nih.gov/pubmed/22438081
https://dx.doi.org/10.1007/s10803-010-1006-y
http://www.ncbi.nlm.nih.gov/pubmed/20414802
https://dx.doi.org/10.1038/s41398-021-01198-w
http://www.ncbi.nlm.nih.gov/pubmed/33479207
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7820474
https://dx.doi.org/10.1126/science.aad0314
http://www.ncbi.nlm.nih.gov/pubmed/26822608
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4782964
https://dx.doi.org/10.1016/j.cell.2013.11.024
http://www.ncbi.nlm.nih.gov/pubmed/24315484
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3897394
https://dx.doi.org/10.1038/s41598-020-61635-6
http://www.ncbi.nlm.nih.gov/pubmed/32170216
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7070045
https://dx.doi.org/10.1038/nature23910
http://www.ncbi.nlm.nih.gov/pubmed/28902840
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5870873
https://dx.doi.org/10.1186/1742-2094-6-14
http://www.ncbi.nlm.nih.gov/pubmed/19400960
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2689857
https://dx.doi.org/10.1016/j.celrep.2019.10.085
http://www.ncbi.nlm.nih.gov/pubmed/31747607
https://dx.doi.org/10.1016/j.immuni.2021.11.005
http://www.ncbi.nlm.nih.gov/pubmed/34879222
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8755621
https://dx.doi.org/10.3389/fnins.2018.00049
http://www.ncbi.nlm.nih.gov/pubmed/29467611
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5808284


Page 19 of Park et al. Microbiome Res Rep 2022;1:23 https://dx.doi.org/10.20517/mrr.2022.11 20

Agirman G, Yu KB, Hsiao EY. Signaling inflammation across the gut-brain axis. Science 2021;374:1087-92.  DOI  PubMed113.     
Sgritta M, Dooling SW, Buffington SA, et al. Mechanisms underlying microbial-mediated changes in social behavior in mouse 
models of autism spectrum disorder. Neuron 2019;101:246-259.e6.  DOI  PubMed  PMC

114.     

Teratani T, Mikami Y, Nakamoto N, et al. The liver-brain-gut neural arc maintains the Treg cell niche in the gut. Nature 
2020;585:591-6.  DOI  PubMed

115.     

Yan Y, Ramanan D, Rozenberg M, et al. Interleukin-6 produced by enteric neurons regulates the number and phenotype of microbe-
responsive regulatory T cells in the gut. Immunity 2021;54:499-513.e5.  DOI  PubMed  PMC

116.     

Koren T, Yifa R, Amer M, et al. Insular cortex neurons encode and retrieve specific immune responses. Cell 2021;184:6211.  DOI  
PubMed

117.     

Makris AP, Karianaki M, Tsamis KI, Paschou SA. The role of the gut-brain axis in depression: endocrine, neural, and immune 
pathways. Hormones (Athens) 2021;20:1-12.  DOI  PubMed

118.     

Hill C, Guarner F, Reid G, et al. Expert consensus document. The International Scientific Association for Probiotics and Prebiotics 
consensus statement on the scope and appropriate use of the term probiotic. Nat Rev Gastroenterol Hepatol 2014;11:506-14.  DOI  
PubMed

119.     

Dinan TG, Stanton C, Cryan JF. Psychobiotics: a novel class of psychotropic. Biol Psychiatry 2013;74:720-6.  DOI  PubMed120.     
Bermúdez-Humarán LG, Salinas E, Ortiz GG, Ramirez-Jirano LJ, Morales JA, Bitzer-Quintero OK. From probiotics to 
psychobiotics: live beneficial bacteria which act on the brain-gut axis. Nutrients 2019;11:890.  DOI  PubMed  PMC

121.     

Nettleton JE, Klancic T, Schick A, et al. Prebiotic, probiotic, and synbiotic consumption alter behavioral variables and intestinal 
permeability and microbiota in BTBR mice. Microorganisms 2021;9:1833.  DOI  PubMed  PMC

122.     

Messaoudi M, Lalonde R, Violle N, et al. Assessment of psychotropic-like properties of a probiotic formulation (Lactobacillus 
helveticus R0052 and Bifidobacterium longum R0175) in rats and human subjects. Br J Nutr 2011;105:755-64.  DOI  PubMed

123.     

Shaaban SY, El Gendy YG, Mehanna NS, et al. The role of probiotics in children with autism spectrum disorder: a prospective, open-
label study. Nutr Neurosci 2018;21:676-81.  DOI  PubMed

124.     

Santocchi E, Guiducci L, Prosperi M, et al. Effects of probiotic supplementation on gastrointestinal, sensory and core symptoms in 
autism spectrum disorders: a randomized controlled trial. Front Psychiatry 2020;11:550593.  DOI  PubMed  PMC

125.     

Li N, Chen H, Cheng Y, et al. Fecal microbiota transplantation relieves gastrointestinal and autism symptoms by improving the gut 
microbiota in an open-label study. Front Cell Infect Microbiol 2021;11:759435.  DOI  PubMed  PMC

126.     

Kang DW, Adams JB, Gregory AC, et al. Microbiota Transfer Therapy alters gut ecosystem and improves gastrointestinal and autism 
symptoms: an open-label study. Microbiome 2017;5:10.  DOI  PubMed  PMC

127.     

Kang DW, Adams JB, Coleman DM, et al. Long-term benefit of Microbiota Transfer Therapy on autism symptoms and gut 
microbiota. Sci Rep 2019;9:5821.  DOI  PubMed  PMC

128.     

Akbari E, Asemi Z, Daneshvar Kakhaki R, et al. Effect of probiotic supplementation on cognitive function and metabolic status in 
Alzheimer’s disease: a randomized, double-blind and controlled trial. Front Aging Neurosci 2016;8:256.  DOI  PubMed  PMC

129.     

Agahi A, Hamidi GA, Daneshvar R, et al. Does severity of Alzheimer’s disease contribute to its responsiveness to modifying gut 
microbiota? Front Neurol 2018;9:662.  DOI  PubMed  PMC

130.     

Tamtaji OR, Heidari-Soureshjani R, Mirhosseini N, et al. Probiotic and selenium co-supplementation, and the effects on clinical, 
metabolic and genetic status in Alzheimer’s disease: a randomized, double-blind, controlled trial. Clin Nutr 2019;38:2569-75.  DOI  
PubMed

131.     

Hsieh TH, Kuo CW, Hsieh KH, et al. Probiotics alleviate the progressive deterioration of motor functions in a mouse model of 
Parkinson’s disease. Brain Sci 2020;10:206.  DOI  PubMed  PMC

132.     

Srivastav S, Neupane S, Bhurtel S, et al. Probiotics mixture increases butyrate, and subsequently rescues the nigral dopaminergic 
neurons from MPTP and rotenone-induced neurotoxicity. J Nutr Biochem 2019;69:73-86.  DOI  PubMed

133.     

Castelli V, d’Angelo M, Lombardi F, et al. Effects of the probiotic formulation SLAB51 in in vitro and in vivo Parkinson’s disease 
models. Aging (Albany NY) 2020;12:4641-59.  DOI  PubMed  PMC

134.     

Tamtaji OR, Taghizadeh M, Daneshvar Kakhaki R, et al. Clinical and metabolic response to probiotic administration in people with 
Parkinson’s disease: a randomized, double-blind, placebo-controlled trial. Clin Nutr 2019;38:1031-5.  DOI  PubMed

135.     

Borzabadi S, Oryan S, Eidi A, et al. The effects of probiotic supplementation on gene expression related to inflammation, insulin and 
lipid in patients with Parkinson’s disease: a randomized, double-blind, placebocontrolled trial. Arch Iran Med 2018;21:289-95.  
PubMed

136.     

Desbonnet L, Garrett L, Clarke G, Bienenstock J, Dinan TG. The probiotic Bifidobacteria infantis: an assessment of potential 
antidepressant properties in the rat. J Psychiatr Res 2008;43:164-74.  DOI  PubMed

137.     

Jena PK, Setayesh T, Sheng L, Di Lucente J, Jin LW, Wan YY. Intestinal microbiota remodeling protects mice from western diet-
induced brain inflammation and cognitive decline. Cells 2022;11:504.  DOI  PubMed  PMC

138.     

Lu J, Lu L, Yu Y, Baranowski J, Claud EC. Maternal administration of probiotics promotes brain development and protects 
offspring's brain from postnatal inflammatory insults in C57/BL6J mice. Sci Rep 2020;10:8178.  DOI  PubMed  PMC

139.     

Yu Y, Lu J, Oliphant K, Gupta N, Claud K, Lu L. Maternal administration of probiotics promotes gut development in mouse 
offsprings. PLoS One 2020;15:e0237182.  DOI  PubMed  PMC

140.     

Park JS, Choi JW, Jhun J, et al. Lactobacillus acidophilus improves intestinal inflammation in an acute colitis mouse model by 
regulation of Th17 and Treg cell balance and fibrosis development. J Med Food 2018;21:215-24.  DOI  PubMed

141.     

https://dx.doi.org/10.1126/science.abi6087
http://www.ncbi.nlm.nih.gov/pubmed/34822299
https://dx.doi.org/10.1016/j.neuron.2018.11.018
http://www.ncbi.nlm.nih.gov/pubmed/30522820
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6645363
https://dx.doi.org/10.1038/s41586-020-2425-3
http://www.ncbi.nlm.nih.gov/pubmed/32526765
https://dx.doi.org/10.1016/j.immuni.2021.02.002
http://www.ncbi.nlm.nih.gov/pubmed/33691135
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8133394
https://dx.doi.org/10.1016/j.cell.2021.11.021
http://www.ncbi.nlm.nih.gov/pubmed/34890554
https://dx.doi.org/10.1007/s42000-020-00236-4
http://www.ncbi.nlm.nih.gov/pubmed/32827123
https://dx.doi.org/10.1038/nrgastro.2014.66
http://www.ncbi.nlm.nih.gov/pubmed/24912386
https://dx.doi.org/10.1016/j.biopsych.2013.05.001
http://www.ncbi.nlm.nih.gov/pubmed/23759244
https://dx.doi.org/10.3390/nu11040890
http://www.ncbi.nlm.nih.gov/pubmed/31010014
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6521058
https://dx.doi.org/10.3390/microorganisms9091833
http://www.ncbi.nlm.nih.gov/pubmed/34576728
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8469248
https://dx.doi.org/10.1017/S0007114510004319
http://www.ncbi.nlm.nih.gov/pubmed/20974015
https://dx.doi.org/10.1080/1028415X.2017.1347746
http://www.ncbi.nlm.nih.gov/pubmed/28686541
https://dx.doi.org/10.3389/fpsyt.2020.550593
http://www.ncbi.nlm.nih.gov/pubmed/33101079
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7546872
https://dx.doi.org/10.3389/fcimb.2021.759435
http://www.ncbi.nlm.nih.gov/pubmed/34737978
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8560686
https://dx.doi.org/10.1186/s40168-016-0225-7
http://www.ncbi.nlm.nih.gov/pubmed/28122648
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5264285
https://dx.doi.org/10.1038/s41598-019-42183-0
http://www.ncbi.nlm.nih.gov/pubmed/30967657
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6456593
https://dx.doi.org/10.3389/fnagi.2016.00256
http://www.ncbi.nlm.nih.gov/pubmed/27891089
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5105117
https://dx.doi.org/10.3389/fneur.2018.00662
http://www.ncbi.nlm.nih.gov/pubmed/30158897
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6104449
https://dx.doi.org/10.1016/j.clnu.2018.11.034
http://www.ncbi.nlm.nih.gov/pubmed/30642737
https://dx.doi.org/10.3390/brainsci10040206
http://www.ncbi.nlm.nih.gov/pubmed/32244769
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7226147
https://dx.doi.org/10.1016/j.jnutbio.2019.03.021
http://www.ncbi.nlm.nih.gov/pubmed/31063918
https://dx.doi.org/10.18632/aging.102927
http://www.ncbi.nlm.nih.gov/pubmed/32155131
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7093198
https://dx.doi.org/10.1016/j.clnu.2018.05.018
http://www.ncbi.nlm.nih.gov/pubmed/29891223
http://www.ncbi.nlm.nih.gov/pubmed/30041526
https://dx.doi.org/10.1016/j.jpsychires.2008.03.009
http://www.ncbi.nlm.nih.gov/pubmed/18456279
https://dx.doi.org/10.3390/cells11030504
http://www.ncbi.nlm.nih.gov/pubmed/35159313
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8834507
https://dx.doi.org/10.1038/s41598-020-65180-0
http://www.ncbi.nlm.nih.gov/pubmed/32424168
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7235088
https://dx.doi.org/10.1371/journal.pone.0237182
http://www.ncbi.nlm.nih.gov/pubmed/32764797
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7413491
https://dx.doi.org/10.1089/jmf.2017.3990
http://www.ncbi.nlm.nih.gov/pubmed/29336663


Page 20 of Park et al. Microbiome Res Rep 2022;1:23 https://dx.doi.org/10.20517/mrr.2022.1120

Karimi K, Inman MD, Bienenstock J, Forsythe P. Lactobacillus reuteri-induced regulatory T cells protect against an allergic airway 
response in mice. Am J Respir Crit Care Med 2009;179:186-93.  DOI  PubMed

142.     

Arpaia N, Campbell C, Fan X, et al. Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation. 
Nature 2013;504:451-5.  DOI  PubMed  PMC

143.     

Cignarella F, Cantoni C, Ghezzi L, et al. Intermittent fasting confers protection in CNS autoimmunity by altering the gut microbiota. 
Cell Metab 2018;27:1222-1235.e6.  DOI  PubMed  PMC

144.     

Lavasani S, Dzhambazov B, Nouri M, et al. A novel probiotic mixture exerts a therapeutic effect on experimental autoimmune 
encephalomyelitis mediated by IL-10 producing regulatory T cells. PLoS One 2010;5:e9009.  DOI  PubMed  PMC

145.     

Tankou SK, Regev K, Healy BC, et al. A probiotic modulates the microbiome and immunity in multiple sclerosis. Ann Neurol 
2018;83:1147-61.  DOI  PubMed  PMC

146.     

Nishihara H, Soldati S, Mossu A, et al. Human CD4+ T cell subsets differ in their abilities to cross endothelial and epithelial brain 
barriers in vitro. Fluids Barriers CNS 2020;17:3.  DOI  PubMed  PMC

147.     

McFarland LV, Evans CT, Goldstein EJC. Strain-specificity and disease-specificity of probiotic efficacy: a systematic review and 
meta-analysis. Front Med (Lausanne) 2018;5:124.  DOI  PubMed  PMC

148.     

https://dx.doi.org/10.1164/rccm.200806-951OC
http://www.ncbi.nlm.nih.gov/pubmed/19029003
https://dx.doi.org/10.1038/nature12726
http://www.ncbi.nlm.nih.gov/pubmed/24226773
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3869884
https://dx.doi.org/10.1016/j.cmet.2018.05.006
http://www.ncbi.nlm.nih.gov/pubmed/29874567
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6460288
https://dx.doi.org/10.1371/journal.pone.0009009
http://www.ncbi.nlm.nih.gov/pubmed/20126401
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2814855
https://dx.doi.org/10.1002/ana.25244
http://www.ncbi.nlm.nih.gov/pubmed/29679417
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6181139
https://dx.doi.org/10.1186/s12987-019-0165-2
http://www.ncbi.nlm.nih.gov/pubmed/32008573
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6996191
https://dx.doi.org/10.3389/fmed.2018.00124
http://www.ncbi.nlm.nih.gov/pubmed/29868585
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5949321

