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Abstract
Microbial communities are not simply remnants of the past but dynamic entities that continuously evolve under 
the selective pressures of nature, reflecting the intricate and adaptive processes of evolution. The microbiota 
residing in the various regions of the human body has numerous roles in different physiological processes such 
as nutrition, metabolism, immune regulation, etc. In the zeal of achieving empirical insights into the ambit of 
the gut microbiome, the research over the years led to the revelation of reciprocal interaction between the gut 
microbiome and the cognitive functioning of the human body. Dysbiosis in the gut microbial composition disturbs 
the homeostatic cognitive functioning of the human body. This dysbiosis has been associated with various chronic 
diseases, including brain cancer, such as glioma, glioblastoma, etc. This review explores the mechanistic role of 
dysbiosis-mediated progression of brain cancers and their subtypes. Moreover, it demonstrates the regulatory role 
of microbial metabolites produced by the gut microbiota, such as short-chain fatty acids, amino acids, lipids, etc., 
in the tumour progression. Further, we also provide valuable insights into the microbiota mediating the efficiency 
of therapeutic regimens, thereby leveraging gut microbiota as potential biomarkers and targets for improved 
treatment outcomes.
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Background
From the ancient aphoristic sagacity of Hippocrates, stat-
ing “all diseases begin in the gut”, to the modern medical 
research emphasising the importance of the gut in vari-
ous aspects of human health, the intestinal microbiome 
has always played an essential role in the understanding 
of the healthy functioning of the human body [1, 2]. The 
beneficial microorganisms, known as probiotics, colonise 
the gut, where they exhibit various crucial functions such 
as fermentation of dietary fibres and other undigestible 
food components that further lead to the production of 
short-chain fatty acids (SCFAs), enhancing barrier func-
tions of the intestine and immune response regulation 
by generating anti-inflammatory and immunomodula-
tory components [3–6]. Along with these functions, 
they also help in the competitive exclusion of pathogenic 
microorganisms and the production of antimicrobial 
substances, which benefit other parts of the host as well 
[7]. For these microbial communities to exhibit dynamic 
beneficial activity, sustainment and colonisation in the 
gut is highly essential [313] [8]. The process commences 
in the prenatal stage with the translocation of maternal 
microbiota via the amniotic fluid and placenta within the 
uterine environment. This is subsequently influenced by 
the mode of delivery at birth, followed by postnatal nutri-
tional factors, wherein breast milk, enriched with human 
milk oligosaccharides, plays a crucial role in fostering 
the establishment of the infant’s intestinal microbiota. 
This developmental trajectory is further shaped by the 
long-term dietary regimen, encompassing dietary fibres, 
resistant starch, and other saccharides, which contribute 

to the continuous modulation of the gut microbiome 
(Fig. 1) [9–14, 313].

Studies from the last few years have identified the role 
of gut microbiota in human brain health and disease 
[15–19]. The core of this relationship between the gut 
and the brain is the gut-brain axis (GBA), which moder-
ates the bidirectional communication between these two 
organs in the human body [20]. The principal compo-
nents of GBA intercommunication entail the central ner-
vous system (CNS), the peripheral nervous system (PNS), 
including the autonomic nervous system (ANS) and the 
enteric nervous system (ENS), the vagus nerve, the neu-
roendocrine hypothalamic pituitary adrenal (HPA) axis, 
together play integral roles in this bidirectional signal-
ling network. These interactions are mediated through 
various molecular pathways and metabolites, including 
the SCFAs, butyrate, propionic acid, valeric acid, pepti-
doglycans, tryptophan, branched-chain amino acids, etc 
[21–23]. It is evident that the gut microbiome plays a key 
role in maintaining the homeostatic functioning of the 
brain, and any imbalance in the gut microbiome would 
affect brain health. This state of homeostatic imbalance 
of the gut microbes is called dysbiosis [24]. It occurs 
due to several reasons, including intrinsic factors like 
genomic background, health condition of the individual 
and extrinsic factors such as xenobiotics in the body, 
diet, and environmental factors [24, 25]. Dysbiosis is also 
associated with many ailments, such as irritable bowel 
syndrome, obesity, insulin-dependent diabetes melli-
tus, autism spectrum disorders and cancers of the colon, 
stomach, etc [26–30]. In the process of understanding 
and utilising various probiotics and their metabolites 

Fig. 1  The stages of colonising the gut microbiome and various factors affecting it: The gut microbiome is initially colonised during the different stages 
and modes of birth and stages of child life. The factors such as genetics, ethnicity, diet, physical inactivity, obesity, age, smoking and antibiotics affect the 
health and composition of gut microbiota [313]. This figure was created with BioRender.com

 



Page 3 of 35BharathwajChetty et al. Journal of Neuroinflammation          (2025) 22:129 

in benefiting human health, several terms represent-
ing numerous concepts related to the field of probiotics 
have emerged, such as prebiotics, synbiotics, postbiotics, 
psychobiotics and paraprobiotics [31–34]. An emerging 
concept in the context of GBA is psychobiotics, which 
were initially defined as “live organisms which, when 
consumed in adequate amounts, provide a health ben-
efit in patients suffering from psychiatric illness” [31]. It 
was then expanded to envelop the prebiotics as well [35, 
36]. Hence, it is understood that the gut microbiome, as a 
whole, supports and communicates with the brain for the 
homeostatic functioning of the human body.

Brain cancer, one of the rarest cancers, ranks 19th in 
terms of incidence, with 321,476 new cases and 12th 
in terms of mortality, with 248,305 deaths worldwide, 
according to GLOBOCAN 2022 [37]. These cancers are 
unique and have a complex histology with over 100 types 
as classified by the World Health Organization (WHO) 
based on histological and molecular parameters [38]. Gli-
omas account for almost 30% of primary brain tumours 
and 80% of all malignant ones [39]. The WHO has clas-
sified glioma based on its histopathological features as 
low-grade gliomas (grade I & II), anaplastic (grade III), 
and glioblastoma (GBM) (grade IV), indicating different 
malignant stages [40]. GBM, a most frequent and aggres-
sive subtype of glioma, comprises up to 50% of cases, 
originating from glial cells and can arise spontaneously 
as primary GBM or develop from a lower-grade or ana-
plastic astrocytoma, termed secondary GBM [41–45]. 
Primary GBMs usually exhibit epidermal growth factor 
receptor (EGFR) upregulation, phosphatase and tensin 
homolog (PTEN) mutations, p16 deletions and rarely 
MDM2 proto-oncogene (MDM2) amplifications that 
develop in older patients [41, 46, 47]. However, second-
ary GBMs often exhibit tumor protein p53 (TP53) muta-
tions that develop in younger patients [41, 48]. Integrated 
analysis of genetic alterations in signalling pathways 
across 33 cancer types from The Cancer Genome Atlas 
(TCGA) revealed that GBM had a frequency of 86% in 
cell cycle, 77% in receptor-tyrosine kinase (RTK)/rat 
sarcoma (RAS), 57% in phosphatidylinositol-4,5-bispho-
sphate 3-kinase (PI3K), and 48% in p53 pathways [49]. 
Low-grade glioma with iso-citrate dehydrogenase 
(NADP (+))– wildtype (IDH-WT) had a frequency of 
82% in RTK/RAS, 64% in the cell cycle, and 47% in PI3K 
pathways. Low-grade glioma with IDH-Mut-codel had a 
frequency of 99% in Hippo, 66% in wingless-type MMTV 
integration site family (Wnt), 50% in transforming growth 
factor beta (TGFβ), and 45% in cell cycle pathways. Low-
grade glioma with IDH-Mut had a frequency of 92% in 
p53 and 92% in Hippo pathways [49]. The risk factors for 
brain cancer are genetic factors such as gene mutations, 
genetic ancestry, and telomere length, demographic fac-
tors, namely age, sex, race/ethnicity, and socioeconomic 

status, and non-genetic risk factors, including allergies, 
anthropometric factors, head injury, diet, ionizing radia-
tion, organic solvents, smoking, viral infection, structural 
birth defects, and birth weight etc [50–57]. The therapeu-
tic modalities used to treat GBMs are surgery, chemo-
therapy, especially temozolomide, radiotherapy, targeted 
therapy (bevacizumab), immunotherapy, vaccine therapy, 
virotherapy, and focused ultrasound therapy [58, 59].

Despite the availability of these therapeutic approaches, 
the clinical outcomes for patients have not improved, and 
adverse side effects remain a concern [60]. Therefore, 
alternate strategies are needed to enhance the therapeutic 
regimen for GBM. Addressing the challenges and issues 
related to the failure of conventional treatment modali-
ties would lead to the improvement of clinical manage-
ment of this disease. Cancer Research UK (CRUK) has 
listed the key challenges that need to be addressed to 
improve therapeutic efficiency, eventually leading to the 
cure of brain cancer. One aspect involves comprehending 
the characteristics of the intricate tumour microenviron-
ment (TME) to ascertain how its constituents can influ-
ence the effectiveness of different therapeutic approaches 
[61]. Brain TME consists of numerous components, 
including non-cancerous cells such as neurons, oligo-
dendrocytes, astrocytes, pericytes, endothelial cells, and 
fibroblasts, resident immune cells such as tumour-asso-
ciated macrophages (TAMs), tumour infiltrating lym-
phocytes, and microglia and non-cellular components 
namely cellular signalling molecules, exosomes, secreted 
extracellular matrix (ECM) remodelling enzymes and 
other ECM components [62, 63]. Further, it has been 
reported that GBM demonstrates three unique func-
tional and morphologic esoteric niche such as perivascu-
lar, hypoxic, and invasive [64]. Notably, the blood-brain 
barrier (BBB) also has a significant role in the successful 
treatment of brain tumours [65]. The heterogeneity in 
the TME enables it to exhibit various tumour-promoting 
functions such as immune evasion, cell survival, physical 
barriers, etc., ultimately leading to the development of 
multidrug resistance in tumour cells [66]. This drug resis-
tance demonstrates the evolutionary capacity of tumour 
cells and the crosstalk between tumour cells and the 
microenvironment under selective therapeutic pressure 
[67]. The gut microbiota has been shown to regulate the 
various components of the TME, such as dendritic cells, 
tumour-associated neutrophils, TAMs, myeloid-derived 
suppressor cells, cancer-associated fibroblasts, cytokines, 
metabolites, metabolic and immune reprogramming, 
genotoxins, and signalling pathways that further regu-
lates tumour progression [68]. It has also been reported 
that the polymorphic microbiomes, characterised by the 
diversity and variability of the abundant microorganisms, 
expedite the acquisition of other additional hallmarks by 
cancer cells [69]. To shed light on the understanding of 
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the TME in brain cancer, this review explores the mech-
anistic regulation of the GBA in brain cancer subtypes, 
which would also contribute to Sustainable Development 
Goal 3, that stands for Good Health and Well-Being. 
The literature search was conducted using the PubMed 
database to ensure a comprehensive and scientifically 
rigorous review. The search strategy incorporated spe-
cific keywords, including “gut microbiota, gut microbi-
ome, gut-brain axis, brain cancer, glioma, glioblastoma, 
microbial metabolites, and tumour microenvironment”. 
Studies were selected based on their relevance to the 
interplay between gut microbiota and brain tumours, 
with an emphasis on various brain cancer subtypes. Only 
peer-reviewed articles published in English were consid-
ered, including preclinical studies, clinical trials, and rel-
evant meta-analyses. Studies not directly related to brain 
tumours, non-peer-reviewed publications, and articles 
in language other than English were excluded. Studies 
published in English were included to ensure accuracy 
in data interpretation and synthesis, as well as to main-
tain consistency in the analysis. Data were systematically 
extracted to present a balanced discussion, ensuring that 
findings were interpreted within the specific context of 
brain cancer research.

The gut microbiota and GBA in human health
The human microbiome is a vast aggregate of microor-
ganisms present in different regions of the body com-
prising viruses, bacteria, archaea, protozoa, and fungi 
that have evolved along with their hosts over a period 
of time [70, 71]. The Human Microbiome Project aims 
to characterise the microbiota across the whole human 
body and helps to improve the understanding of asso-
ciations between the microbiome and human health 
and disease [72, 73]. The healthy gut microbiota can be 
characterised by high taxa density, microbial gene signa-
tures, and stable functional cores within the microbiome 
[73, 74]. In order to understand the functional charac-
teristics of the gut microbiome, quantitative analysis of 
metagenomic, metatranscriptomic, and metaproteomic 
data revealed the extensive catalogue of 9,879,896 genes 
from sequenced samples [75]. In addition, it has been 
reported that microbial signatures unique to individual 
countries emphasise the influence of environmental fac-
tors and host genetics on microbial composition [75]. 
In fact, each individual possesses a unique core of gut 
microbiota composition that is colonised during differ-
ent stages such as birth, infancy, adulthood and old age 
[76]. Metagenomic analysis and strain-level profiling 
have demonstrated that the initial colonisers of the gut in 
vaginally delivered, healthy neonates are maternal faecal 
bacteria, primarily Bifidobacterium and Bacteroides [77–
81]. Following the completion of breastfeeding, these 
microbial communities are progressively supplanted by 

the dominance of Clostridia [78]. This pattern has been 
consistently observed across populations, indicating a 
biologically regulated process essential to normal human 
development [82]. In contrast, caesarean section-deliv-
ered infants were acquired with Corynebacteria, Staphy-
lococcus, Escherichia, Propionibacterium spp., Shigella, 
and Bacteroides from the mother’s skin and hospital envi-
ronment [83]. The gut microbiota composition in adults 
contained mainly phyla of Bacteroidetes, Firmicutes, and 
Actinobacteria [83]. In old-age individuals, there has 
been a greater abundance of Bacteroides spp. and Clos-
tridium groups [84]. The microbiota present in the gut 
has numerous roles in almost every aspect of human 
biology, including absorption of nutrients from the diet, 
integral maintenance of intestinal barrier, metabolism of 
cholesterol, bile acids transformation, immune and auto-
immune regulation, microbial peptides production, and 
metabolism of drugs [85–97].

Accumulating evidence suggests that the gut micro-
biota has a regulatory role in the brain behaviour. More-
over, the gut microbial composition might be associated 
with other cognitive processes such as mood, learning, 
stress, and neurodegenerative disorders [98–102]. The 
GBA is a bidirectional network of communication that 
links the intestine and brain, including CNS, ANS, ENS, 
and HPA axis [100, 103]. Mechanistically, the brain mod-
ulates the function of the gut by HPA axis, whereas the 
gut influences the CNS by mediating microbial metabo-
lites, gut hormones, and neuroactive substances through 
ENS, vagus nerve, circulatory system, and immune sys-
tem [104–106]. Signalling within the microbiota-GBA 
can transpire through a diverse array of mechanisms. 
Metabolites, especially SCFAs, such as acetate, butyr-
ate, propionate, and lactate, produced by the fermenta-
tion of carbohydrates, reach the systemic circulation 
and regulate various biological processes, including epi-
genetics, gene expression, and immune response [107]. 
Neurotransmitters such as gamma-aminobutyric acid 
(GABA), melatonin, serotonin, acetylcholine, catechol-
amine, and histamine were produced upon modulation 
of CNS by gut microbiota [108, 109]. Alteration of nutri-
ent availability by gut microbiota leads to the release of 
molecules from endocrine cells in the enteric region. For 
instance, galanin, a neuropeptide involved in numer-
ous neurobiological functions, promotes glucocorticoid 
secretion from the adrenal cortex by stimulating the HPA 
axis [103, 110, 111]. In short, the gut microbiota influ-
ences brain function via the regulation of neurotransmit-
ters and neurotrophic factors, maintenance of intestinal 
barrier and tight junction integrity, activation of enteric 
sensory afferents, production of bacterial metabolites, 
and modulation of mucosal immune responses [22]. 
Conversely, the brain affects gut microbiota composi-
tion and function through alterations in mucus and 
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biofilm production, modulation of gastrointestinal motil-
ity, changes in intestinal permeability, and regulation of 
immune function [22].

Dysbiosis of the gut microbiota and brain 
behaviour
A functional and compositional shift in the microbi-
ome that deviates from homeostasis is referred to as gut 
microbial dysbiosis, with various factors contributing 
to this, as shown in Fig.  1. This condition disrupts the 
symbiotic relationship between the host and its micro-
bial community, leading to various health complications 
[112]. Dysbiosis occurs when this balance is disrupted, 
favouring pathogenic bacteria over beneficial species, 
resulting in negative physiological consequences [112]. 
Gut microbiota dysbiosis can disrupt the components 
of the GBA, leading to mood, cognition, and behaviour 
alterations [113]. Stress influences health by altering gut 
microbiota composition, where the autonomic and cir-
culatory systems, bone marrow-mediated adrenergic sig-
nalling, and immune cells transmit psychological stress 
to the gut [114]. The inflammatory response associated 
with stress and depression promotes the proliferation 
of pathogenic bacteria, contributing to dysbiosis and 
increased intestinal permeability [112]. This compro-
mise in intestinal barrier permeability, often referred to 
as ‘leaky gut’, permits bacterial translocation into circu-
lation, triggering systemic inflammation [115, 116]. Both 
chronic and acute stress, such as marital conflict or lab-
oratory-induced stress, have been shown to compromise 
intestinal integrity, particularly in individuals with ele-
vated cortisol levels for the latter [117–119]. Moreover, 
mast cells, along with cortisol, further weaken gut barrier 
dysfunction, amplifying the inflammatory response [119, 
120]. Diet serves as a critical mediator between stress 
and gut dysbiosis [119]. Even mild stressors can pro-
mote unhealthy eating behaviours, while stress-induced 
alterations in gut microbiota may influence food crav-
ings [119]. Stress and depression not only affect dietary 
choices but also modulate metabolic responses to food, 
potentially impacting gut microbial composition. Con-
versely, gut microbiota alterations may further influ-
ence metabolic processes, highlighting the bidirectional 
relationship between diet, stress, and gut health [119]. 
It has been proposed that gut dysbiosis and reduced 
microbial diversity may contribute to dysregulated eating 
behaviours by favouring the metabolic demands of dom-
inant bacterial species [121]. Mechanistic evidence sup-
ports the role of gut microbiota in shaping food choices 
through multiple pathways. Gut bacteria produce bioac-
tive molecules that can mimic or interfere with human 
appetite-regulating peptides and hormones [122, 123]. 
Additionally, they modulate reward pathways by inter-
acting with the appetite-regulating vagus nerve and may 

influence taste receptor expression [124–126]. Further, 
microbial-derived neurotransmitters such as serotonin, 
acetylcholine, and norepinephrine may indirectly affect 
eating behaviour by altering mood [119, 127]. These find-
ings highlight the complex interplay between psychologi-
cal stress, gut health, immune function, and associated 
health consequences.

Dysbiosis in the gut microbiota composition has been 
implicated in various neuropsychiatric and neurodegen-
erative disorders, such as depression, anxiety, autism 
spectrum disorder, Parkinson’s disease and Alzheimer’s 
disease [128–133]. Several mechanistic links underlie this 
connection, primarily involving microbial metabolites, 
inflammatory responses, vagus nerve signalling, and neu-
rotransmitter modulation. The gut microbiota influences 
brain function through microbial-derived metabolites 
such as SCFAs, neurotransmitter precursors, and other 
bioactive compounds [134]. One of the key pathways 
connecting gut dysbiosis to brain function is the produc-
tion of microbial metabolites, particularly SCFAs such as 
acetate, propionate, and butyrate, which are generated 
through the fermentation of dietary fibres by commensal 
bacteria [107, 135–137]. SCFAs exert neuroactive effects 
by modulating the BBB, influencing microglial activity, 
and regulating neurotransmitter synthesis [137, 138]. 
SCFAs can cross the BBB via monocarboxylate trans-
porters on endothelial cells, enhancing BBB integrity by 
upregulating tight junction proteins [137]. Additionally, 
SCFAs contribute to the biosynthesis of neurotransmit-
ters such as GABA, serotonin (5-hydroxytryptamine 
(5-HT)), dopamine, and noradrenaline, thereby affecting 
neuronal communication and behaviour [137, 139–141]. 
Butyrate, for instance, plays a crucial role in maintain-
ing the integrity of the BBB and has been shown to exert 
anti-inflammatory and neuroprotective effects. Mainly, 
butyrate inhibits the proinflammatory mediators such as 
interleukin (IL)-1β, IL-8, IL-6 and tumor necrosis factor 
(TNF)-α and activates the anti-inflammatory cytokine 
IL-10 [142, 143]. Conversely, a reduction in SCFA-pro-
ducing bacteria, as observed in dysbiosis, leads to a “leaky 
gut”, facilitating the translocation of bacterial endotox-
ins such as lipopolysaccharide (LPS) into the systemic 
circulation [144]. Elevated LPS levels trigger systemic 
inflammation by activating toll-like receptor (TLR) 4 on 
immune cells, subsequently inducing the release of pro-
inflammatory cytokines such as IL-6, TNF-α, and IL-1β 
[145–147]. These inflammatory mediators can cross the 
BBB and activate microglia, the resident immune cells of 
the brain, leading to a chronic neuroinflammatory state 
that is strongly implicated in mood disorders and neuro-
degenerative conditions [148, 149].

Another significant mechanism linking gut dysbiosis to 
brain behaviour involves the vagus nerve, a major com-
ponent of the ANS that provides a direct communication 
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channel between the gut and the CNS. Certain beneficial 
gut microbes, such as Lactobacillus and Bifidobacterium, 
have been shown to stimulate the vagus nerve, leading 
to anxiolytic and antidepressant-like effects through the 
modulation of neurotransmitter release and HPA axis 
regulation [124, 150]. Conversely, dysbiosis-associated 
pathogenic bacteria may dampen vagal tone, leading to 
increased stress responses and altered behavioural out-
comes. Moreover, gut microbiota can influence neu-
rotransmitter metabolism either directly by producing 
neurotransmitters such as GABA, serotonin, and dopa-
mine or indirectly by modulating precursor availability 
[108, 151]. Approximately 90% of the body’s serotonin 
is produced in the gut by enterochromaffin cells under 
the influence of gut microbes, with tryptophan metabo-
lism playing a critical role in determining the balance 
between serotonergic and neurotoxic kynurenine path-
way metabolites [152]. Dysbiosis-induced alterations in 
tryptophan metabolism have been linked to depression, 
as increased kynurenine levels can enhance neuroin-
flammation and excitotoxicity via N-methyl-D-aspartate 
(NMDA) receptor activation [153–155]. Additionally, 
gut microbes are known to regulate the synthesis of 
neuropeptides and hormones, including brain-derived 
neurotrophic factor (BDNF), which plays a vital role in 
neuronal plasticity, learning, and memory [156]. Reduced 
BDNF levels have been observed in patients with major 
depressive disorder and neurodegenerative diseases, 
and recent studies suggest that probiotic supplementa-
tion may help restore BDNF expression by modulating 
the gut microbiota composition [157]. Another emerg-
ing mechanism linking gut dysbiosis to brain behaviour 
is the role of microbial-derived amyloids and misfolded 
proteins. Certain gut bacteria, such as Escherichia coli 
and Bacillus subtilis, produce amyloid-like proteins that 
can cross-seed with endogenous amyloid proteins in the 
brain, potentially contributing to neurodegenerative con-
ditions like Parkinson’s and Alzheimer’s diseases [158]. 
This process, known as the “gut-first” hypothesis, sug-
gests that pathological protein aggregates may originate 
in the gut and propagate to the brain via the vagus nerve 
or systemic circulation [159, 160]. Furthermore, gut dys-
biosis has been shown to influence metabolic pathways 
by altering bile acid metabolism, lipid homeostasis, and 
glucose regulation, all of which have implications for 
brain function [161]. Secondary bile acids produced by 
gut bacteria have been reported to modulate neuroin-
flammation and synaptic plasticity through farnesoid X 
receptor (FXR) and Takeda G-protein-coupled receptor 
5 (TGR5) signalling pathways [162]. Metabolic endotox-
aemia, driven by increased intestinal permeability, can 
also exacerbate insulin resistance, which has been linked 
to cognitive impairment and Alzheimer’s disease patho-
genesis [163, 164]. Moreover, recent evidence suggests 

that the gut microbiota can influence circadian rhythms 
through microbial metabolite production and host-
microbe interactions with the suprachiasmatic nucleus 
(SCN) of the hypothalamus [165]. Dysbiosis-induced 
circadian disruptions have been implicated in sleep dis-
turbances, mood disorders, and metabolic dysfunctions 
[165, 166]. Collectively, these mechanistic insights dem-
onstrate the multifaceted role of gut dysbiosis in shaping 
brain behaviour and highlight the therapeutic potential 
of microbiome-targeted interventions, such as probiotics 
and faecal microbiota transplantation (FMT), in mitigat-
ing neuropsychiatric and neurodegenerative conditions. 
Understanding the precise molecular interactions under-
lying the GBA will be crucial for developing person-
alised therapeutic strategies aimed at restoring microbial 
homeostasis and promoting brain health.

Dysbiosis of gut microbiota in GBM based on 
randomisation studies
Dysregulation of microorganisms, especially bacteria in 
the human body, leads to an imbalance in homeostasis, 
leading to immunosuppression and inflammation and 
modulating the therapeutic efficiency of drugs [167]. 
However, the evidence for an association between brain 
tumour cells and differences in the gut microbial compo-
sition has been unexplored. Mendelian randomisation, 
a crucial analytical method for evaluating the causal-
ity of the association between risk factors and pertinent 
clinical outcomes, proves invaluable in instances where 
conducting randomised clinical trials is unfeasible due 
to ethical concerns and associated expenses [168–170]. 
Studies have used this method to decipher the causal 
association between gut microbiota and brain cancer and 
vice-versa (Table  1). For instance, a study utilising the 
open-source genome-wide association studies (GWAS) 
summary statistics revealed that nine different taxa were 
associated with GBM [171]. Amidst them family Pepto-
streptococcaceae and genus Eubacterium brachy group 
were found to increase the risk, whereas the family Rumi-
nococcaceae, genus Anaerostipes, genus Faecalibacterium, 
genus Lachnospiraceae UCG004, genus Phascolarctobac-
terium, genus Prevotella7, and genus Streptococcus had a 
protective role against GBM. After stringent correction, 
it was found that only the family Ruminococcaceae had 
a protective role against GBM [171]. Another study has 
reported Eubacteriumbrachygroup as a risk factor asso-
ciated with GBM [172]. Moreover, Anaerostipes, Fae-
calibacterium, Prevotella7 and Ruminococcaceae were 
found to have a causal association, exhibiting a protec-
tive effect against GBM. It was also reported that Pre-
votella7 had a bidirectional causal association with GBM, 
which could be instrumental in the treatment modali-
ties for GBM [172]. Additionally, another study reported 
that an increase in the family Bacteroidaceae and family 
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Peptococcaceae was correlated with high risk, whereas 
family Ruminococcacea was correlated with a protec-
tive effect against GBM. Likewise, increases in the genus 
Eubacteriumbrachygroup, genus Actinomycetes, genus 
Bacteroides, and genus Ruminiclostridium6 were cor-
related with a high risk of GBM [173]. Another study 
has reported that reverse Mendelian randomisation 
analysis has identified a bidirectional causal relation-
ship between the genus Lactococcus and the metabolite 
pimeloylcarnitine/3-methyladipoylcarnitine (C7-DC). 
This suggests that the occurrence and development of 
GBM can influence the composition of this bacterial 
genus and regulate the metabolite levels, highlighting 
a potential interaction between microbial composition 
and tumour development [174]. It is worth mentioning 
that the family Ruminococcaceae possesses inflammatory 
attributes, producing polysaccharides like glucoman-
nan, which have the capability to prime immune cells 

[171, 175]. It was also reported that Eubacteriumbrachy-
group could be an ideal biomarker to distinguish colorec-
tal cancer (CRC) samples from healthy samples [172, 
176]. Besides, Anaerostipes were also reduced in CRC 
patients compared to healthy controls and had an anti-
tumour effect upon treatment under in vivo conditions 
[177]. Similarly, Prevotella7 has shown to be invaluable in 
prognosis and medical outcomes for CRC patients [178]. 
Moreover, the genus Faecalibaterium has been identi-
fied as one of the primary producers of butyrate in the 
intestine. In vitro studies have demonstrated that butyr-
ate functions as a histone deacetylase (HDAC) inhibitor 
and an immunosuppressive agent. In addition, butyrate 
exhibits antitumour properties by inhibiting cancer cells 
activity and progression [171, 179–181]. These studies 
suggest an association between gut microbiota compo-
sition and the risk of GBM. Further, identifying specific 
bacterial taxa that may exert a protective effect against 

Table 1  Modulation of gut microbiota in brain cancer patients based on findings from randomised studies
Cancer subtype/
Number of 
patients

Microorganism/metabolites Effect on 
glioblastoma

Ref-
er-
ence

Glioblastoma 
patients (n = 91), 
Control subjects 
(n = 218,701)

family Ruminococcaceae, genus Anaerostipes, genus Faecalibacterium, genus LachnospiraceaeUCG004, 
genus Phascolarctobacterium, genus Prevotella7, genus Streptococcus

↓Risk [171]

family Peptostreptococcaceae, genus Eubacteriumbrachy group ↑Risk [171]

Glioblastoma 
patients (n = 91), 
Control subjects 
(n = 218,701)

family Peptostreptococcaceae, family Ruminococcaceae, family Victivallaceae, genus 
Eubacteriumbrachygroup,
genus Eubacteriumruminatiumgroup,
genus Anaerostipes,
genus Faecalibacterium,
genus LachnospiraceaeUCG004,
genus Prevotella7,
genus RikenellaceaeRC9gutgroup,
genus Senegalimassilia

Causal association [172]

Glioblastoma 
patients (n = 162), 
Control subjects 
(n = 256,583)

family Ruminococcaceae ↓Risk [173]
family Bacteroidaceae, family Peptococcaceae, genus Eubacterium (brachy group), genus Actinomyces, 
genus Bacteroides, genus Ruminiclostridium6

↑Risk [173]

Glioblastoma 
patients (n = 91)
Control subjects 
(n = 174,006)

phylum Cyanobacteria, family Erysipelotrichaceae, family Prevotellaceae, genus Eubacterium noda-
tum group, genus Lachnoclostridium

Protective factors [174]

family Rikenellaceae, family Victivallaceae, family Ruminococcus gnavus group, family Lactococcus, fam-
ily Ruminococcaceae UCG002, family Sellimonas, order Desulfovibrionales

↑Risk [174]

Imidazole lactate, N4-acetylcytidine, 1-ribosyl-imidazoleacetate, 1-stearoyl-2-oleoyl-GPE (18:0/18:1), 
1-palmitoyl-2-linoleoyl-GPE (16:0/18:2), Androstenediol (3beta,17beta) monosulfate (2), 1-stearoyl-
2-linoleoyl-GPE (18:0/18:2), 1-stearoyl-2-arachidonoyl-GPE (18:0/20:4), 1-palmitoyl-2-arachidonoyl-
GPE (16:0/20:4), 1-oleoyl-2-arachidonoyl-GPE (18:1/20:4), 1-oleoyl-2-linoleoyl-GPE (18:1/18:2), 
Pimeloylcarnitine/3-methyladipoylcarnitine (C7-DC), Dihomo-linoleoylcarnitine (C20:2), 1-palmitoyl-
2-oleoyl-GPE (16:0/18:1), X-15523

↑Risk [174]

Beta-hydroxyisovalerate, 1-palmitoyl-2-oleoyl-GPE (16:0/18:1), X-21607, Decadienedioic acid (C10:2-
DC), Retinol (Vitamin A) to oleoyl-linoleoyl-glycerol (18:1–18:2)

↓Risk [174]

GBM patients (n = 
243), Control sub-
jects (n = 287,137)

family Victivallaceae, genus Lactococcus ↑Risk [314]
phylum Cyanobacteria Protective factor [314]

Glioma patients 
(n = 3,301)

family Peptostreptococcaceae, genus Coprobacter, genus Olsenella Protective factor [315]
family Verrucomicrobia, family Prevotella7, family Euryarchaeota, genus Adlercreutzia, 
genus Catenibacterium

↑Risk [315]

↑-Increased, ↓-Decreased
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GBM warrants further investigation to develop therapeu-
tic modalities against this disease. However, despite its 
growing application in causal inference, Mendelian ran-
domisation studies are subject to several inherent limita-
tions that must be critically considered when interpreting 
their findings. The findings derived from the studies 
mentioned above were exclusively based on cohorts of 
European descent and Finnish ancestry, thereby limit-
ing their external validity and precluding the generali-
sation of these results to ethnically diverse populations 
[171–174, 314, 315]. Expanding Mendelian randomisa-
tion analyses to encompass multi-ancestry cohorts is 
crucial for enhancing the reliability and generalisability 
of causal inferences. In addition, these investigations pre-
dominantly focused on the GBM subtype of brain cancer, 
thereby restricting the extrapolation of their findings to 
other histological subtypes. To enhance the applicability 
and comprehensiveness of future research, GWAS data 
encompassing additional brain cancer subtypes, along 
with the genetic and clinical characteristics of patients, 
should be incorporated. Further, findings on microbiota 
candidates are confined to the genus level, lacking reso-
lution at the species or strain level, thereby hindering a 
more detailed and refined investigation into their rela-
tionship with brain cancer. Future microbiota GWAS 
studies should employ more advanced shotgun metage-
nomics sequencing analysis pipelines to enhance taxo-
nomic resolution, enabling the identification of microbial 
associations at the species and strain levels [171–174, 
314, 315].

Dysbiosis of gut microbiota in brain cancer 
patients
The gut microbiota is linked to different subtypes of brain 
tumours, such as glioma, GBM etc, through the GBA. 
Identifying diverse gut microbial communities and com-
paring them with normal samples could offer insights 
into the diagnosis and prognosis of this disease (Table 2). 
For instance, a study has reported a difference in the 
microbial diversity among the healthy controls, gliomas 
and meningiomas due to the decrease in α-diversity indi-
ces (Shannon, Simpson and Chao1) [182]. At the phylum 
level, there was an increase in Bacteriodota, Proteobacte-
ria, and Fusobacteria, while Firmicutes showed a 
decrease in gliomas and meningiomas compared to 
healthy controls. Likewise, at the family level, Bacterio-
daceae, Prevotellaceae, and Acidaminococcaceae 
increased while Lachnospiraceae, Ruminococcacea, and 
Selemonadaceae decreased in the gliomas and meningio-
mas compared to healthy controls. In addition, at the 
genus level, Bacteroides, Prevotella, Phascolarctobacte-
rium, Escherichia/Shigella, and Roseburia increased, 
while Agathobacter, Lachnospira and Parasutterella 
decreased in the gliomas and meningiomas compared to 

healthy controls. Moreover, along with microbial diver-
sity, pathways such as metabolism of D-glutamine and 
D-glutamate, endocytosis and nucleotide excision repair 
were decreased in brain tumour patients, especially in 
the glioma group, in comparison with the meningioma 
group [182]. Another study has investigated differences 
in the microbial composition among brain tumour 
patients, including gliomas, meningiomas, pituitary 
tumours, brain metastases, and other brain tumour sub-
types [183]. It was reported that the alpha diversity of the 
gut microbiota was lower in the brain tumour patients, as 
indicated by decreased Shannon, Simpson and Chao1 
indices. However, no significant difference was found in 
the subgroup analysis [183]. The brain tumour group had 
a higher abundance of phylum-level Bacteroidetes, Fuso-
bacteria, and Proteobacteria and a lower abundance of 
Firmicutes and Actinobacteria compared to healthy con-
trols. In addition, Fusobacteria and Proteobacteria exhib-
ited a lower abundance in the benign brain tumour group 
comprising of meningiomas and pituitary tumours com-
pared to the malignant brain tumour group comprising 
of gliomas and brain metastatic brain tumours [183]. 
Likewise, at the family level, Bacteroidaceae, Enterobac-
teriaceae and Fusobacteriaceae were higher, and Lachno-
spiraceae and Akkermanisaceae were lower in the brain 
tumours compared to healthy controls. Moreover, the 
genera Roseburia and Megamonas were higher, and Esch-
erichia/Shigella was lower in benign brain tumours than 
malignant brain tumours [183]. It was also found that 
gram-negative, potentially pathogenic, and oxidative 
stress-tolerant bacteria were abundant and gram-positive 
were lower in the tumour group [183]. Another study 
reported that the Firmicutes to Bacteroides ratio was 
decreased in IDH-WT and IDH-Mut patients compared 
to controls [184]. Fascinatingly, Bacteroidetes, Proteobac-
teria and Verrucomicrobia were increased in the IDH-
WT patients but not in IDH-Mut patients compared to 
controls. Significant increases in the Akkermansia and 
Akkermansiaceae were observed in the IDH-WT patients 
compared to controls but not in IDH-Mut patients [184]. 
Moreover, another study has reported the change in the 
composition of gut microbiota in growth hormone-
secreting pituitary adenoma and nonfunctional pituitary 
adenoma characterised by a significant increase in 
β-diversity compared to controls [185]. Bacteroides, Bifi-
dobacterium, Biautia, Prevotella, and Enterococcus were 
increased, and Escherichia-Shigella and Megamonas were 
decreased compared to the controls. The serum concen-
trations of CD4, CD8 and programmed cell death 1 
ligand 1 (PD-L1) were higher in growth hormone-secret-
ing pituitary adenoma subtypes than in controls [185]. 
Subsequently, another study reported the difference in 
the gut microbial composition of growth hormone-
secreting pituitary adenoma patients, which was 
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characterised by a decrease in the Shannon and Simpson 
indices compared to the healthy controls [186]. Micro-
flora such as Oscillibacter, Blautia, and Rombustia were 
increased in the growth hormone-secreting pituitary 
adenoma patients compared to healthy controls. At the 
species level, Odoribacter splanchnicus and Alistipes sha-
hii were increased and Carnobacterium sp. N15 MGS 
207, Phascolarctobacterium sp. CAG 207 and Bacteroides 
sp. 3_1_19 were decreased in the growth hormone-
secreting pituitary adenomas compared to the healthy 
controls [186]. Also, Alistipes shahii, Odoribacter 

splanchnicus, and Prevotella stercorea were particularly 
enriched in the adenomas, while uncultured phage crAss-
phage, Sutterella wadsworthensis, and Sutterella sp. 
KLE1602 were enriched in the healthy controls. Addi-
tionally, the abundance of microbiota was correlated with 
clinical characteristics of the adenoma patients [186]. 
Fusobacterium genus was positively correlated, and Lach-
nospiraceae incertae sedis and Oscillibacter were nega-
tively correlated with biological and radiological 
remission of the patients. The high abundance of Entero-
bacter was correlated with the higher levels of 

Table 2  Modulation of gut microbiota and metabolites in brain cancer patient samples
Brain cancer subtype Patient samples Modulation of microbiota/metabolite levels Refer-

ences
Glioma Malignant glioma pa-

tients (n = 27), Healthy 
individuals (n = 41)

↑Fusobacterium, Akkermansia, family Bacteroidaceae, family Prevotellaceae, genus Bacteroides, 
genus Prevotella
↓family Lachnospiraceae, family Ruminococcaceae

[182]

Meningioma Benign meningioma 
patients (n = 32), 
Healthy individuals 
(n = 41)

↑Enterobacteriaceae, family Bacteroidaceae, family Prevotellaceae, genus Bacteroides, genus 
Prevotella
↓family Lachnospiraceae, family Ruminococcaceae

[182]

Glioma Glioma patients 
(n = 6), Controls (n = 6)

↓5-Hydroxyindoleacetic acid, Norepinephrine [236]

Brain tumours Brain tumours (Glioma 
patients (n = 23), 
Meningiomas (n = 32), 
Pituitary tumours 
(n = 24), brain metas-
tases (n = 13), others 
brain tumours (n = 9)), 
Healthy controls 
(n = 57)

↑phylum Bacteriodota, phylum Fusobacteria, phylum Proteobacteria, family Bacteroidaceae, 
family Fusobacteriaceae, family Enterobacteriaceae, genus Bacteroides, genus Escherichia/Shi-
gella, genus Fusobacterium, genus Sutterella, Ruminococcus gnavus group
↓phylum Firmicutes, phylum Actinobacteria, phylum Verrucomicrobiota, family Bifidobacteria-
ceae, family Barnesiellaceae, family RF39, family Christensenellaceae, family Clostridia_UCG-014, 
family Lachnospiraceae, family Monoglobaceae, family Ruminococcaceae, family Tissierellales, 
family Akkermansiaceae

[183]

Glioma Glioma patients (IDH-
WT) (n = 39), Controls 
(n = 18)

↑phylum Bacteroidetes, phylum Proteobacteria, phylum Verrucomicrobia, family Akkermansia-
ceae, genus Akkermansia
↓phylum Actinobacteria, phylum Epsilonbacteraeota, phylum Firmicutes

[184]

Glioblastoma Glioblastoma patients 
(n = 25), Healthy 
controls (n = 15)

↑phylum Proteobacteria, family Bacteroidaceae, family Enterobacteriaceae, family Alcaligena-
ceae, genus Bacteroides, genus Escherichia-Shigella, genus Parasutterella, Escherichia coli, Bac-
teroides vulgatus, Enterobacter aerogenes, Klebsiella oxytoca, Clostridium botulinum, Prevotella 
copri, Bacteroides uniformis
↓phylum Firmicutes, family Rikenellaceae, family Veillonellaceae, family Prevotellaceae, genus 
Prevotella_9, genus Ruminococcus_2, genus Faecalibacterium, Dialister succinatiphilus, Rumino-
coccus flavefacien, Bacillus pumilus, Faecalibacterium prausnitzii, Clostridium leptum, Alistipes 
putredinis, Bifidobacterium longum, Lactobacillus gasseri, Lactobacillus casei, Ruminococcus 
gnavus

[256]

Craniopharyngioma Craniopharyngioma 
patients (n = 15), 
Healthy controls 
(n = 15)

↑phylum Bacillota, phylum Bacteroidota, genus Fusobacterium, genus Dorea, genus Rumi-
nococcus, genus Megamonas, genus Clostridium, genus Roseburia, genus Faecalibacterium, 
Clostridium_sp_AT4, Phascolarctobacterium faecium, Bacteroides stercoris, Roseburia intestinalis, 
Caudoviricetes_sp, Romboutsia timonensis, Faecalibacterium prausnitzii, Dialister succinatiphi-
lus, Roseburia inulinivorans
↑Silibinin, Lysopc 20:0, LysoPC 20:2, Tauroursodeoxycholic acid, JWH 018 N-pentanoic acid 
metabolite, Xanthosine
↓Ricinine, EMH, Estazolam, (+/−)10(11)-EpDPA, Rifampicin, beta-Nicotinamide 
mononucleotide

[306]

Brain tumour Serum samples of 
brain tumour patients 
(n = 152) and healthy 
controls (n = 198)

↑Chao1 index, Shannon index, phylum Firmicutes, genus Ruminococcaceae UCG-014, genus 
Lachnospiraceae NK4A136, genus Ruminococcaceae UCG-013, genus Lactobacillus, genus Rumi-
niclostridium 6, genus Peptoclostridium
↓phylum Proteobacteria, phylum Actinobacteria, genus [Eubacterium] coprostanoligenes, 
genus Escherichia-Shigella, genus Blautia, genus Bifidobacterium, genus Streptococcus, 
genus Sphingomonas

[189]

↑-Increased, ↓-Decreased
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preoperative insulin like growth factor (IGF)-1, the ratio 
of change in IGF-1 index, and the ratio of change in nadir 
growth hormone in adenoma patients [186]. In addition, 
another study has reported that discreet microbial com-
munities inhabit tumours that play various roles in physi-
ology [187]. Nejman et al. confirmed the presence of 
bacteria within seven tumour types, including brain 
tumours, using a combination of fluorescence in situ 
hybridisation, immunohistochemistry, culturomics, elec-
tron microscopy, and genomic sequencing [187]. Another 
study has developed an Accu-OptiClearing-based con-
taminant-free 3D pathology protocol that enables com-
prehensive visualisation and quantification of bacterial 
signals across diverse tumour types, facilitating a system-
atic characterisation of the distribution and morphology 
of intratumoural bacteria in situ [188]. Furthermore, this 
study has also established a multi-evidence framework 
integrating 2D and 3D histological analyses to investigate 
these signals within human glioma, providing robust vali-
dation of the presence of intratumoural bacteria in gli-
oma tissues [188]. Another study has reported the 
presence of bacterial extracellular vesicles in the brain 
tissues of brain tumour patients [189]. It has been 
reported that there was an increased abundance of genus 
Bacteroides, and genus Erysipelatoclostridium and a 
decreased abundance of phylum Cyanobacteria, phylum 
Saccharibacteria, genus Bacteroidales S24-7 group, genus 
Chloroplast (c), genus Lachnospiraceae NK4A136 group, 
genus Prevotella 9, and genus Candidatus Saccharimonas 
in the tissues of brain tumour patients compared to the 
controls [189]. Another study has shown that the level of 
metabolites such as 2-methyl butyl carnitine, N-acetyl 
putrescine, amino butanal, carnitine, farnesyl diphos-
phate, shikimate and uridine were significantly higher in 
the cerebrospinal fluid (CSF) of GBM patients compared 
to the CSF of controls [190]. It has also been reported 
that the levels of these metabolites were associated with 
the mutation profile of the GBM patients. GABA, 
2-methylbutylcarnitine, carnitine, deoxycarnitne, propyl-
carnitne, isobutyryl-L-carnitne, lactate and choline levels 
were higher in CSF of TP53-WT GBM patients [190]. 
Cystathionine, nicotinamide, and glycine levels were 
higher, and lactate, GABA and choline were lower in the 
CSF of PTEN-WT GBM patients [190]. Higher levels of 
2-methylbutyrylcarnitine, acetylcholine, and aminobu-
tanal were associated with better survival of GBM 
patients compared to GBM patients with low levels of 
these metabolites. It has also been reported that elevated 
levels of Akkermansia muciniphila might be accountable 
for the increased levels of shikimate in GBM patients 
compared to the controls [184, 190, 191]. These studies 
provide a better understanding that the composition of 
gut microbiota differs between benign and malignant 
tumours compared to normal samples (Fig. 2). Moreover, 

variations in gut microbiota composition were associated 
with the clinical characteristics of the brain cancer 
patients. Further comprehensive studies are required to 
validate these findings, ensuring that alterations in 
microbial composition can be reliably utilised as a diag-
nostic biomarker for brain tumours.

Dysbiosis of gut microbiota in model mice
Various reports have associated the development of gli-
oma as a causative factor for dysbiosis in the gut micro-
bial composition of model mice (Table 3). For instance, a 
study has reported that the development of glioma after 
the implantation of GL261 cells in mice has affected the 
microbial composition, resulting in a significant differ-
ence in the operational taxonomic units (OTU) com-
pared to faecal samples obtained immediately after 
implantation [184]. At the phylum level, Firmicutes and 
Verrucomicrobia decreased and increased, respectively, 
and genus Akkermansia exhibited an increased abun-
dance after tumour cell implantation [184]. Another 
study has reported a difference in the β-diversity between 
control mice and mice implanted with GL261 cells. In 
addition, Firmicutes was decreased, and Bacteroides was 
increased in the tumour mice model [192]. Similarly, 
another study has reported the difference in the micro-
bial composition between the samples of naïve and gli-
oma mice as demonstrated by increased Shannon and 
decreased Simpson index [193]. In addition, the relative 
abundance of genera of bacteria, including Oscillibacter, 
Anaerotruncus, Pseudoflavonifractor, Ruminococcus2, 
Intestinimonas, and Odoribacter were increased, and 
Coprobacter, Anaerofustis, Lactobacillus, and Barnesiella 
were decreased in the glioma compared to naïve mice. It 
has also been reported that there was a vital change in 
the Bacteroidetes and Firmicutes at the phyla levels, and 
Barnesiella, Coprobacter, Lactobacillus, Odoribacter, 
Intestinimonas, Anaerotruncus, and Staphylococcus at the 
genus level in the glioma mice during tumour progres-
sion [193]. Further, another study has reported a decrease 
in Bacteroidetes, especially S24-7 and Actinobacteria and 
an increase in Firmicutes such as Clostridia_Clostridia-
les, Clostridiales_Lachnospiraceae, and Oscillospira dur-
ing the progression of glioma [194]. Moreover, another 
study has also indicated that the development of glioma 
resulted in an abnormality in gut microbial composition, 
brought about by a substantial reduction in β-diversity in 
model mice compared to control mice [192]. It has also 
been reported that Bacteroides were increased, and Fir-
micutes, Verrucomicrobiota, Proteobacteria, Actinobac-
teria and Actinobacteriota were decreased in the model 
mice at the phylum level [192]. These studies unequivo-
cally demonstrate that gut microbiota dysbiosis occurs 
during tumourigenesis. However, the specific role of 
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these dysregulated microbial communities in the patho-
genesis of brain tumours remains elusive and warrants 
further investigation.

Interaction of gut microbiota with brain cancer and 
TME
Although evidence suggests that the dysbiosis of gut 
microbiota has an association with brain cancer, the 
understanding of the interaction between them has been 
less clear. The microbe in the gut interacts with the brain 
cancer cells through various signalling molecules that 
regulate the tumour progression (Table  4) (Fig.  3). For 
instance, the GBM mice model (implanted with GL261 
and CT-2 A cells) supplemented with high glucose drink 
of 20% dextrose before tumour cell inoculation for 5 
weeks improved the survival of mice when compared 
to the normal water [195]. However, when a high glu-
cose drink was supplemented to mice lacking gut micro-
biota, there was no significant difference in the survival 
between mice groups. 16s rRNA sequencing analysis 
revealed a significant difference in the microbial compo-
sition between mice supplemented for 5 weeks and for 2 
weeks and 0 weeks. Rikenellaceae, Desulfovibrionaceae, 
and Odoribacteraceae were increased, and Phophyro-
monadaceae, Lactobacillaceae, and Lachnospiraceae 

were decreased upon high glucose diet supplementa-
tion [195]. However, Desulfovibrionaceae was increased 
upon high glucose diet supplementation irrespective of 
the tumour’s existence. Combination of Desulfovibrio-
naceae and high glucose diet supplementation increased 
the expression levels of immune markers such as pro-
grammed cell death 1 (PD-1), cytotoxic T-lymphocyte 
associated protein 4 (CTLA4) etc., of CD8+ T cells, along 
with interferon-stimulated genes (Isg). These findings 
imply that supplementing tumour mice with a high-glu-
cose diet increased the abundance of Desulfovibrionaceae 
in the gut, thereby modulating the antitumour immune 
response of GBM [195]. Besides, another study also inves-
tigated gut microbiota dysbiosis, promoting significant 
tumour growth in mice upon treatment with antibiotics 
such as ampicillin, vancomycin, neomycin, and metroni-
dazole [194]. After this treatment, the abundance of anti-
biotics treated mice were with Klebsiella, Ochrobactrum 
and Enterobacteriaceae, and untreated mice were with 
Bacteroides, S24-7, and Clostridia_Clostridiales. In addi-
tion, forkhead box P3 (FOXP3) expression was down-
regulated in the brain tissues of antibiotics-treated mice. 
However, recovery of gut microbiota upon FMT reversed 
the dysbiosis of gut microbiota and upregulated FOXP3 
expression [194]. Moreover, another study has shown 

Fig. 2  The modulation of gut microbiota in brain cancer patients and its subtypes [256, 306]. ↑ - increase, ↓ - decrease in the abundance. This figure was 
created with BioRender.com
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that gut microbiota depletion with antibiotics improved 
the survival of the mice bearing tumour cells [196]. It 
has been found that antibiotic treatment increased the 
population of CD45lowCD11b+ and CD45highCD11b+ 
F4/80+ cells in the brain of tumour mice [196]. Further, 
another study has reported that the FMT from growth 
hormone-secreting and nonfunctional pituitary ade-
noma patients in immune-reconstructed germ-free mice 
has increased the tumour volume [185]. It has also been 
reported that this transplantation increased the serum 
PD-L1 level, PD-L1 positive cells, and tumour infiltration 
by CD8+ T cells, which was characterised by the increase 
in the CD3+CD8+ population of cells. Microflora such 
as Bilophila, Lactobacillus, Marvinbryantia, Alistipes, 
Lachnospiraceae_NK4A136_group, Oscillibacter, and 
[Eubacterium]_xylanophilum_group were decreased and 
Anaerostipes, Parasutterella, [Clostridium]_innocuum_
group, Hungatella, Bacteroides, Lachnoclostridium, 
Akkermansia, Blautia, and Flavonifractor were increased 
in the mice transplanted with faecal microbiota from 
growth hormone-secreting pituitary adenoma patients 
compared to the controls [185]. These studies suggest 
that the gut microbiota microenvironment influences the 
host by modulating metabolic pathways and components 
of the immune system. However, the precise molecular 
mechanisms underlying the regulation of these processes 
remain to be elucidated.

Interaction of gut microbiota with brain cancer and 
oncotherapy
Chemoresistance poses a significant challenge in the 
treatment of brain cancers, particularly GBM. This 
resistance is attributed to factors such as the BBB, intra-
tumoural heterogeneity, and adaptive resistance mecha-
nisms [197–199]. GBM cells employ various strategies 
to evade chemotherapy-induced cytotoxicity, including 
the upregulation of drug efflux transporters, activation of 
survival pathways, and alterations in DNA damage repair 
mechanisms [197–199]. Additionally, the TME contrib-
utes to resistance through hypoxia-induced metabolic 
reprogramming and immunosuppressive signalling, fur-
ther complicating therapeutic efforts [197–199]. Temo-
zolomide, an alkylating agent that has been approved 
and used for treating malignant gliomas. It was devel-
oped in the 1980s by the Cancer Research Campaign 
UK [200, 201]. It has been widely used in treating brain 
cancer patients since its approval in 1999 and updated 
in 2023 by the Food and Drug Administration (FDA). 
It has been used either alone or in combination with 
radiation and bevacizumab (Avastin®), an anti-angio-
genic agent, to improve the patient’s survival [202–205]. 
Several reasons mediate the therapeutic potential of 
temozolomide, including glioma stem cells, O-6-meth-
ylguanine-DNA methyltransferase (MGMT) mutations, 
DNA repair mechanisms, protein kinase B (Akt) pathway, 

Table 3  Modulation of gut microbiota and metabolites in murine models of brain cancer
Brain can-
cer subtype

Models Modulation of microbiota Metabolite levels Ref-
er-
ences

Glioma Orthotropic xe-
nograft model

↑Bacteroidota
↓Firmicutes, Verrucomicrobiota, Actinobacteria, 
Actinobacteriota

↑Polyketide sugar unit biosynthesis, Gly-
cosphingolipid biosynthesis, amino acid 
metabolism
↓ABC Transporters

[192]

Glioma C57BL/6 mice 
(GL261 cells)

↑ Oscillibacter, Anaerotruncus, Pseudoflavonifractor, Rumino-
coccus2, Intestinimonas, Odoribacter, Shannon index
↓ Coprobacter, Anaerofustis, Lactobacillus, Barnesiella, 
Simpson index

- [193]

Glioma C57BL/6 N mice 
(GL261 cells)

↑Verrucomicrobia, Bacteriodetes, genus Akkermansia
↓Firmicutes

↑Serotonin 3-methyl valerate, caproate, 
acetylcholine
↓Dihydroxy phenylacetic acid, adenosine, 
histamine, butyrate, propionate, acetate, nor-
epinephrine, 5-hydroxyindoleacetic acid, GABA, 
tryptophan, valerate, aspartic acid

[236]

Glioma C57BL/6 mice 
(GLI261-Luc 
cells)

↑Firmicutes
↓Bacteroidia, Actinobacteria

- [194]

Late-stage 
Glioma

C57BL/6 mice 
(GL621 cells)

- ↑Lithocholic acid
↓Reg3g, Il22, Butyrate, Isobutyrate, Propionate, 
Valerate, Acetate

[196]

Glioma C57BL/6 mice 
(GL261 cells)

↑phylum Verrucomicrobia, family Akkermansiaceae, genus 
Akkermansia
↓Firmicutes to Bacteroides ratio, phylum Firmicutes

- [184]

↑-Increased, ↓-Decreased

ABC: ATP binding casette; Reg3g: regenerating family member 3 gamma; Il: interleukin; GABA: gamma-aminobutyric acid;
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Brain cancer 
subtype

Cancer patients/models Intervention/
treatment

Modulation of microbiota Mechanism of action Refer-
ences

Glioblastoma GL261 syngeneic glioblastoma 
mice

High glucose drink ↑Rikenellaceae strain, De-
sulfovibrionaceae strain, 
Odoribacteraceae strain
↓FR888536_f strain, Phophy-
romonadaceae strain, Lac-
tobacillaceae strain, 
Lachnospiraceae strain

↑CD4+ TC cell/FOXP3+ 
Treg ratio, CD8+ TC cell/
FOXP3+ Treg ratio, IFNγ, 
Isg15 Ifi27l2a, Ifit1, Ifit2, 
Ifit3
↓Isg20, Ifitm1, Ifitm2, 
and Ifitm3

[195]

GL261 syngeneic glioblastoma 
mice

High glucose drink + Desulfovi-
brio vulgaris

↑Desulfovibrio vulgaris ↑Survival [195]

Glioma U87-MG, U251-MG cell lines Serum from Taohong Siwu 
Decoction fed SPF mice

- ↑CSF3, PLAU, UHRF1, 
FOSL1, IL1B, DUSP6, 
MCM2, CCND1, WNT7B, 
MCM5, MCL1, SH2B3, 
MCM3, HNRNPM, 
PALM2AKAP2
↓Proliferation, Colony 
formation, ATF4, FDFT1, 
ADCY8, CYP1B1, EREG, 
FAM114A1, EIF4A2, 
AKR1B1, C14orf132, 
COL1A2, CDKN1A, ASPH, 
DEPP1, AKR1C1, DDIT4

[253]

Glioma Orthotropic xenograft model Temozolomide ↑α-diversity indices of Chao1, 
Shannon, Simpson, Fir-
micutes, Verrucomicrobiota
↓Bacteroidota

- [192]

Luci-GL261 glioma orthotropic 
xenograft model

Temozolomide ↑Alloprevotella, Desulfovibrio, 
Muribaculum
↓Akkermansia

↓IL-1β, TNF-α, %Mac-
rophages, %Cytotxic T 
lymphocytes

[192]

Glioma C57BL/6 mice (GL261 cells) Bifidobacterium lactis + Lactoba-
cillus plantarum

↑Firmicutes/Bacteroidetes 
ratio, Bifidobacterium lactis, 
Lactobacillus plantarum, 
Firmicutes
↓Bacteriodetes,

↑Survival, Neurobehav-
iour, Occludin, PTEN, 
threonic acid, conduritol 
b epoxide 1, ascorbate, 
5-alpha-cholestan-3-one 
1, maltose, 2’-deoxy-
adenosine, succinate 
semialdehyde 1, dehy-
droascorbic acid 1, 4-hy-
droxypyridine, L-dopa 1
↓Tumour volume, Ki67+ 
cells/section, Survivin, 
p-PI3K, N-cadherin, L-kyn-
urenine 1, beta-glutamic 
acid 1, albendazole 1, co-
prostan-3-one, citraconic 
acid 3, glucosaminic acid, 
galactinol, methyl yellow, 
elaidic acid, D-Arabitol

[272]

Table 4  Mechanistic role of gut microbiota in the regulation of brain cancer
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Brain cancer 
subtype

Cancer patients/models Intervention/
treatment

Modulation of microbiota Mechanism of action Refer-
ences

Glioma C57BL/6 mice (GL261 cells) Temozolomide ↑Intestimonas, Anaerotrun-
cus, phylum Verrucomicrobia, 
phylum Deferribateres, genus 
Akkermansia, genus Bifido-
bacterium, genus Coprobacil-
lus, genus Clostridium_XVIII, 
genus Sporobacter, genus 
Romboutsia, genus Bilophila, 
genus Anaerotruncus, genus 
Vampirovibrio, genus Mucispi-
rillum, genus Oscillibacter
↓genus Coprobacter, genus 
Barnesiella

↑Glutathione me-
tabolism, fatty acid 
biosynthesis, mineral 
absorption, cofactor- and 
vitamin- biosynthesis

[193]

Glioma C57BL/6 N mice ABX (Vancomycin + Gentamy-
cin + Sucralose)

↑family Alcaligenaceae, fam-
ily Burkholderiaceae
↓family Prevotellaceae, 
family Rikenellacaea, family 
Helicobacteraceae

↑Tumour volume, CD27+/
CD11b– NK cells, ARG1, 
P2RY12, iNOS mRNA
↓Total NK cells number, 
Shannon index, CD27+/
CD11b+ NK cells

[216]

Glioma C57BL/6 mice (GLI261-Luc 
cells)

Ampicillin, Vancomycin, Neo-
mycin, Metronidazole

↑Ochrobactrum, Klebsiella, 
Enterobacteriaceae
↓Bacteroides, Firmicutes

↑Tumour Volume
↓FOXP3

[194]

C57BL/6 mice (GLI261-Luc 
cells)

Ampicillin, Vancomycin, Neo-
mycin, Metronidazole + Faecal 
microbiota transplantation

↑genus Bacteroides, genus 
S24-7, genus Parabacteroides, 
phylum Bacteriodetes
↓phylum Proteobacteria, 
phylum Cyanobacteria

↓Tumour Volume
↑FOXP3

[194]

Glioma Glioma patient (IDH-WT) 
samples

Temozolomide ↓phylum Verrucomicro-
bia, Akkermansiaceae, 
Akkermansia

- [184]

Malignant 
glioma

Recurrent Malignant Glioma 
patients (n = 15)

Bevacizumab + Temozolomide ↑phylum Actinobacteria, 
phylum Firmicutes, genus 
Fusicatenibacter, genus Rose-
buria, genus Blautia, genus 
Ruminococcus, genus Anaer-
otruncus, genus Clostridium_
IV, genus Anaerostipes, genus 
Erysipelotrichaceae_incer-
tae_sedis, genus Sutterel-
laceae, genus Parasutterella, 
genus Erysipelotrichia, genus 
Erysipelotrichales, genus 
Erysipelotrichaceae, genus Eg-
gerthella, genus Intestinimo-
nas, genus Coriobacteriaceae, 
genus Coriobacteriales, genus 
Dorea, genus Faecalibacteri-
um, genus Ruminococcaceae, 
genus Escherichia_Shigella, 
genus Clostridium_XlVa, 
genus Lachnospiraceae, 
genus Clostridiales, genus 
Clostridia
↓phylum Bacteroidetes, 
phylum Cyanobacteria, genus 
Streptophyta, genus Bacteroi-
des, genus Scardovia, genus 
Veillonella

- [207]

 
Table 4  (continued)
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Brain cancer 
subtype

Cancer patients/models Intervention/
treatment

Modulation of microbiota Mechanism of action Refer-
ences

Glioma C57BL/6 mice (GL261 cells) B. breve, B. longum, B. lactis, 
and B. bifidum in sterile saline 
water (4 × 109 CFU/0.4 ml)

↑phylum Firmicutes, phylum 
Bacteroidetes, phylum Cyano-
bacteria, phylum Actinobac-
teria, genus Bifidobacterium, 
genus Achromobacter, genus 
Anaerococcus, genus Bacillus, 
genus Enterobacter, genus 
Citrobacter, genus Escherich-
ia/Shigella, genus Enhydro-
bacter, genus Acinetobacter,
genus Wautersiell, 
↓phylum Proteobacte-
ria, phylum Myxococ-
cota, genus Raoultella, genus 
Hydrogenophilus

↑Medial survival, Chao1 
index, Shannon index, 
Simpson index, aerobic 
respiration I (cytochrome 
c), fatty acid salvage 
pathway, 1-amino-
propan-2-ol, tyrosine, 
4-methylene-2-pyrro-
lidinecarboxylic acid
↓Tumour volume, phos-
phocholine, 1,2,3,4-tetra-
hydroxybutane levels in 
serum, p-MEK, p-ERK1/2, 
Wnt5a, PD-L1, NF-κB

[273]

Glioma C57BL/6 N mice (GL261 cells) ABX (Vancomycin, Gentamicin) 
and sucralose (0.5%)

- ↑Tumour volume, CD34+ 
vessel-like structures, 
Vasculogenesis, CD31, 
VEGFα, MMP9, CD68, 
CD133+CD34+ cells, Gly-
derivative, leucine, valine, 
lactate
↓IL1β, TNFα, ARG1, 
CD206, speed of 
process movement of 
microglial cells, butyrate, 
propionate, acetate, hy-
poxanthine, beta-xylose, 
trimethylamine, uracil, 
alpha-glucose, nicotin-
ate, beta-galactose, 
propionate, bile salts 1, 
glutamate

[237]

C57BL/6 N mice (CT-2 A cells) ABX (Vancomycin, Gentamicin) 
and sucralose (0.5%)

- ↑Tumour volume, Tu-
mour vasculogenesis

[237]

Malignant 
gliomas

C57BL/6 mice (GL261 cells) Delta-24-RGDOX ↑Actinobacteria, Verruco-
microbia, Bifidobacterium, 
Akkermansia
↓Firmicutes/Bacteroidetes 
ratio

↓Chao1 index, Shannon 
index

[309]

C57BL/6 mice (GL261 cells) Indoximod ↑Turicibacter
↓Firmicutes/Bacteroidetes 
ratio

↑Survival
↓Chao1 index, Shannon 
index

[309]

Glioma BALB/C nude mice (U251 
cells)

Schizophyllum commune fruit-
ing body polysaccharides

↑number of OTUs,  genus 
Akkermansia, genus unclassi-
fied_Oscillospiraceae, genus 
Parabacteroides, genus [Eu-
bacterium]_fissicatena_group, 
unclassified_Lachno-
spiraceae, Akkermansia 
muciniphila, Ligilactobacillus 
murinus, unclassified_Oscil-
lospiraceae, Parabacteroides 
goldsteinii, Phocaeicola 
vulgatus
↓phylum Verrucomicrobiota, 
phylum Bacteroidetes, genus 
Lachnospiraceae_NK4A136_
group, genus Ligilactobacillus

↑E-cadherin, cleaved-
Caspase-3, ARH1
↓Tumour volume, N-
cadherin, Bcl-2, p-PI3K, 
p-Akt

[301]

Table 4  (continued)
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Wnt/β-Catenin pathway, Janus kinase (JAK)/signal trans-
ducer and activator of transcription (STAT) pathway, 
autophagy, epigenetic modifications etc., as discussed 
elsewhere [206]. In line with this, a study has shown that 

temozolomide efficacy in mice-bearing tumour cells was 
associated with microbial composition in the gut [192]. 
Temozolomide treatment exhibited a diverse antitumour 
effect in mice, significantly reducing tumour size in one 

Brain cancer 
subtype

Cancer patients/models Intervention/
treatment

Modulation of microbiota Mechanism of action Refer-
ences

Glioma C57BL/6J mice (GL261 cells) RO water supplemented with 
Ampicillin, Neomycin, Metroni-
dazole, Vancomycin

↑phylum Proteobacteria, 
genus Morganella, genus 
Parasutterella
↓OTU counts, ACE index, 
Shannon index, Chao index, 
phylum Firmicutes, phylum 
Bacteroidetes, phylum, Teneri-
cutes, phylum Actinobacteria, 
phylum Deferribacteres, 
phylum Candidatus_Sac-
charibacteria, genus Lactoba-
cillus, genus Prevotella, genus 
Desulfovibrio

↑Tumour volume, IL-10, 
% of CD206+ TAMs
↓Survival, IFN-γ, IL-2, 
TNF-α, % of CD86+ TAMs, 
CD86+/CD206+ ratio, pro-
pionic acid, butyric acid, 
valeric acid, caproic acid, 
acetic acid (in serum)

[217]

Glioma C57BL/6J mice (GL261 cells) RO water supplemented with 
Ampicillin, Neomycin, Metro-
nidazole, Vancomycin + Faecal 
microbiota transplantation 
(from normal mice)

- ↑Survival
↓Tumour volume

[217]

Glioma C57BL/6J mice (GL261 cells) RO water supplemented with 
Ampicillin, Neomycin, Metro-
nidazole, Vancomycin + SCFAs 
(propionic acid + butyric 
acid + valeric acid)

- ↑Survival, % of TAMs, 
CD86+/CD206+ ratio, % 
of CD86+ TAMs, CD86, 
MHC-II, iNOS/Arg-1 ratio, 
GLUT1, HIF-1α, HK2, 
PKM2, LDHA
↓Tumour volume, 
CD206+ TAMs, CD206

[217]

Optic pathway 
glioma

Nf1OPG mice (germ free) - - ↑RNFL thickness
↓%Ki67+ cells, %Blbp+ 
cells, %Olig2+ cells, Ccl4, 
Ccl5, CD8+ cells, Ccl3, 
TGFβ

[283]

Nf1OPG mice Vancomycin - ↑RNFL thickness
↓%Ki67+ cells, %Blbp+ 
cells, %Olig2+ cells, Ccl4, 
Ccl5, CD8a, CD8+ cells, 
Ccl3, TGFβ

[283]

Nf1OPG mice (germ free) Faecal microbiota transplanta-
tion (from Nf1OPG mice)

- ↑%Ki67+ cells, %Blbp+ 
cells

[283]

Nf1OPG mice Vancomycin + Bacteroides - ↑%Ki67+ cells, %Blbp+ 
cells
↓RNFL thickness

[283]

↑-Increased, ↓-Decreased

AKR1B1: aldo-keto reductase family 1 member B; ARG1: arginase 1; ADCY8: adenylate cyclase 8; AKR1C1: aldo-keto reductase family 1 member C1; ARH: ADP-
ribosylarginine hydrolase; ASPH: aspartate beta-hydroxylase; ATF4: activating transcription factor 4; Bcl-2: BCL2 apoptosis regulator; C14orf132: mitogen-activated 
protein kinase 1 interacting protein 1 like; Ccl: C-C motif chemokine ligand; CCND1: cyclin D1; CDKN1A: cyclin dependent kinase inhibitor 1 A; COL1A2: collagen 
type I alpha 2 chain; CSF3: colony stimulating factor 3; CYP1B1: cytochrome P450 family 1 subfamily B member 1; DDIT4: DNA damage inducible transcript 4; DEPP1: 
DEPP autophagy regulator 1; DUSP6: dual specificity phosphatase 6; EIF4A2: eukaryotic translation initiation factor 4A2; EREG: epiregulin; ERK: extracellular related 
kinase; FAM114A1: family with sequence similarity 114 member A1; FDFT1: farnesyl-diphosphate farnesyltransferase 1; FOSL1: FOS like 1, AP-1 transcription factor 
subunit; FOXP3: forkhead box P3; HIF-1: hypoxia inducible factor 1; HK2: hexokinase 2; HNRNPM: heterogeneous nuclear ribonucleoprotein M; Ifi: interferon alpha 
inducible protein; Ifit: interferon-induced protein with tetratricopeptide repeats; IL: interleukin; iNOS: inducible nitric oxide synthase; Isg: interferon-stimulated 
genes; LDHA: lactate dehydrogenase A; MCM: minichromosome maintenance complex component; MCL1: MCL1 apoptosis regulator; MEK: mitogen-activated 
protein kinase kinase; MMP: matrix metallopeptidase; NF-κB: nuclear factor kappa B subunit; P2RY12: purinergic receptor P2Y12; PALM2AKAP2: paralemmin 2 and 
A-kinase anchoring protein 2 fusion; PD-L1: programmed cell death 1 ligand 1; PI3K - phosphatidylinositol-4,5-bisphosphate 3-kinase; PKM2: pyruvate kinase M1/2; 
PLAU: plasminogen activator, urokinase; PTEN: phosphatase and tensin homolog; SH2B3: SH2B adaptor protein 3; TAMs: tumour associated macrophages; Tc cell: 
cytotoxic T cell; TGFβ: transforming growth factor beta; TNF: tumor necrosis factor; Treg: regulatory T cell; UHRF1: ubiquitin like with PHD and ring finger domains 1; 
VEGF: vascular endothelial growth factor; Wnt: wingless-type MMTV integration site family; Wnt5a: Wnt family member 5a; WNT7B: Wnt family member 7B

Table 4  (continued)



Page 17 of 35BharathwajChetty et al. Journal of Neuroinflammation          (2025) 22:129 

Fig. 3  Impact of the therapeutic regimen administration on gut microbiota and microbial metabolites in brain cancer therapy: Administration of temo-
zolomide, bevacizumab, high glucose diet, probiotics such as Bifidobacterium lactis, Bifidobacterium breve, Bifidobacterium longum, Bifidobacterium bifidum 
and Lactobacillus plantarum changes the dysbiosis in the gut microbial composition. The microbial metabolites produced by the gut microbiota pass 
through the lymphatic, circulatory system, etc., reaching and crossing the blood-brain barrier and modulating the components in the microenvironment, 
ultimately regulating the progression of brain cancer. ↑ - increase, ↓ - decrease in the abundance. This figure was created with BioRender.com
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group while showing no alteration in another, indicat-
ing the presence of a cell subpopulation with resistance 
activity. Gut microbiota composition was significantly 
varied between the sensitive and non-sensitive groups, 
demonstrated by significant differences in β-diversity 
index. Further analysis revealed that Bacteroides, Allopre-
votella, Desulfovibrio, and Muribaculum were increased, 
and Akkermansia was decreased in the non-sensitive 
mice [192]. Another study has reported the modulation 
in the gut microbial composition upon temozolomide 
treatment in glioma mice [193]. At the phylum level, 
Verrucomicrobia was increased, and at the genus level, 
Anaerotruncus, Akkermansia, Bifidobacterium, Copro-
bacillus, Intestimonas, and Clostridium_XVIII were 
increased, and Coprobacter was decreased in temozolo-
mide treated mice when compared to the vehicle-treated 
mice. This increase in gut microbial composition may 
represent an innate anti-tumour response occurring 
during tumourigenesis and play a significant role in the 
host’s anti-tumour defence mechanisms by regulating 
various metabolic pathways [193].

Further, analysis of stool samples from glioma patients 
either possessing IDH-WT or IDH-Mut phenotype 
treated with temozolomide exhibited a non-significant 
decrease in the abundance of phyla Verrucomicrobia, 
phyla Akkermansiaceae, and genus Akkermansia [184]. 
Furthermore, another study has investigated the gut 
microbial composition in recurrent malignant glioma 
patients treated with a combination of bevacizumab and 
temozolomide [207]. The levels of these genera Anaero-
stipes, Anaerotruncus, Blautia, Clostridia, Clostridiales, 
Clostridium_IV, Clostridium_XlVa, Coriobacteriaceae, 
Coriobacteriales, Dorea, Eggerthella, Erysipelotrichaceae, 
Erysipelotrichaceae_incertae_sedis, Erysipelotrichales, 
Erysipelotrichia. Escherichia_Shigella, Faecalibacterium, 
Fusicatenibacter, Intestinimonas, Lachnospiraceae, Para-
sutterella, Roseburia, Ruminococcaceae, Ruminococcus, 
and Sutterellaceae were lower in the group administered 
with bevacizumab and temozolomide when compared to 
the group administered with temozolomide alone [207].

In addition, other therapeutic agents also have a role 
in regulating the intestinal microbiota. A case study has 
been reported that administration of the neurotrophic 
tyrosine receptor kinase (NTRK) inhibitor Larotrec-
tinib as a second-line therapy to a 66-year-old man for 
a month with high-grade glioma resulted in the remod-
elling of both oral and gut bacterial communities [208]. 
This treatment notably reduced the genera Alistipes, 
Anaerostipes, Bifidobacterium, Blautia, Dorea, Faeca-
libacillus, and Mediterraneibacter and increased Clos-
tridium, Fusicatenibacter, Merdicola, and Romboutsia. At 
the species level, there was an increase in the abundance 
of Intestinibacter sp900540355, Phocaeicola plebeius, 
Pseudoruminococcus massiliensis, Rikenella microfusus, 

Barnesiella intestinihominis, CAG-452 sp000434035, 
Bacteroides fragilis, Turicibacter sanguinis, and Alistipes 
communis and decrease in the Bariatricus comes, Faecal-
ibacterium prausnitzii, Intestinimonas butyriciproducens, 
Parvimonas sp001553085, Gemella morbillorum and 
Finegoldia magna [208]. Among these, species belonging 
to the Streptococcus genus were enormously increased 
upon Larotrectinib treatment, whereas Fusobacterium 
vincentii, Mogibacterium timidum, Prevotella oris, and 
Eggerthia catenaformis were drastically reduced in the 
oral microbiota [208]. However, the mechanistic role of 
this modulation in microbial communities has not been 
reported and has to be further elucidated with in vitro or 
in vivo experiments [208]. The findings from the afore-
mentioned studies strongly indicate that the composition 
of the gut microbiota plays a crucial role in modulating 
the therapeutic efficacy of chemotherapy across various 
brain cancer subtypes. Inclusively, the distinct micro-
bial communities present in the gut can influence drug 
metabolism, immune responses, and TME dynamics, 
thereby impacting treatment outcomes.

Gut microbiota-mediated immunomodulation in 
the brain cancer microenvironment
The TME of GBM is highly heterogenous and dynamic, 
containing a series of non-neoplastic cells such as astro-
cytes, endothelial cells, pericytes, immune cells including 
CD4 T cells, CD8 T cells, Treg cells, TAMs, etc [209–214]. 
It is also classified as a cold tumour because of the con-
sistent failures of immunotherapies targeting PD-L1 and 
CTLA4 in GBM [215]. Given the immunosuppressive 
nature of the GBM microenvironment, recent studies 
have explored the role of the gut microbiota in modulat-
ing systemic and local immune responses. The gut micro-
biota plays a crucial role in shaping these responses, 
influencing the TME even in distant organs such as the 
brain. Emerging evidence suggests that gut dysbiosis can 
alter immune cell recruitment, cytokine signalling, and 
metabolic pathways, thereby modulating brain cancer 
progression. Understanding the mechanisms by which 
gut microbes influence immune regulation in the brain 
cancer microenvironment could provide novel thera-
peutic insights, particularly in overcoming the limita-
tions of current immunotherapies. For instance, a study 
has reported that modulation of the microbiota using 
antibiotics can regulate innate immunity by altering the 
population of NK cells in tumour model mice [216]. Also, 
there was a non-tumour specific reduction of CD27+/
CD11b+ and an increase of CD27+/CD11b−, a subset of 
NK cells, in the tumoural and non-tumoural hemisphere, 
bone marrow, and spleen of the model mice [216]. How-
ever, recovery of gut microbiota by interrupting the 
treatment of antibiotics reversed these effects. Antibi-
otic treatment of mice increased the Alcaligenaceae and 
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Burkholderiaceae families and decreased the Rikenel-
lacaea, Prevotellaceae, and Helicobacteraceae families 
[216]. In addition, arginase 1 (ARG1), inducible nitric 
oxide synthase (iNOS) mRNA and purinergic recep-
tor P2Y12 (P2RY12) expression were increased in the 
CD11b+ microglial cells of the brain of antibiotics-treated 
mice [216]. In addition, another study has evaluated the 
impact of gut microbiota dysbiosis on the modulation of 
the immune microenvironment in glioma [217]. The gut 
microbiota dysbiosis induced by the antibiotic supple-
mentation resulted in decreased mRNA levels and tissue 
content of interferon gamma (IFN-γ), IL-2 and TNF-α 
and increased IL-10, a pro-tumour-related cytokine 
[217]. It has also been reported that the antibiotic treat-
ment induces a shift towards immunosuppressive TME 
and promotes polarisation of M2 phenotypes character-
ised by decreased CD86+/CD206+ ratio, percentage of 
CD86+ TAMs and increase in the percentage of CD206+ 
TAMs [217]. Moreover, a study has evaluated the role 
of gut microbiota in the immune modulation of TME in 
the presence of temozolomide [192]. This study reported 
that serum concentrations of IL-1β and TNF-α were 
increased along with macrophage (F4/80) and cytotoxic 
T lymphocytes (CD8α) cells percentage in sensitive mice 
compared to mice non-sensitive to temozolomide. It has 
been previously reported that IL-1β and TNF-α are one 
of the important mediators between the gut microbiota 
and the host inflammatory responses [218, 219]. How-
ever, these effects were reversed in the absence of gut 
microbiota when a cocktail of broad-spectrum antibiotics 
was administered along with temozolomide. These find-
ings suggest that the presence of the distinct microbiota 
can counteract the immunosuppressive TME in sensitive 
mice [192]. Another study has evaluated the role of gut 
microbiota in the anti-tumour immune response of GBM 
[195]. High glucose supplementation to NOD/Shi-SCID, 
IL-2Rγnull (NOG) mice implanted with GL261 cells did 
not improve the survival compared to control drink. In 
addition, CD8+ T cell/FOXP3+ Treg and CD4+ T cell/
FOXP3+ Treg ratios were increased in the high glucose 
drink group compared to the controls [195]. Isgs such 
as Isg15, interferon alpha inducible protein (Ifi)27l2a, 
interferon-induced protein with tetratricopeptide repeats 
(Ifit)1, Ifit2 and Ifit3 were increased, and Isg20, interferon 
induced transmembrane protein (Ifitm)1, Ifitm2, Ifitm3 
were decreased in the CD8+ T cells of high glucose drink 
group. Besides, the bacteria from the family Desulfovibri-
onaceae have regulated the anti-tumour response, par-
ticularly through CD107a+NKG2D+CD4+ T cells [195]. 
Moreover, administration of the anti-PD-1 along with 
high glucose drink supplementation increased the ratio 
of CD4+ T cells to Foxp3+ Treg cells. Also, the expression 

of the interferon-stimulated genes such as Isg15, Ifi27l2a, 
and Isg20 was increased in CD8+ T cells and CD4+ T cells 
[195]. These findings indicate that modulating the gut 
microbiota through supplementation with a high-glucose 
drink may serve as an adjuvant to enhance the efficacy of 
immune checkpoint inhibitors [195]. However, the pre-
cise mechanistic role of the family Desulfovibrionaceae 
in regulating these immune cells requires further eluci-
dation to achieve a comprehensive understanding of this 
process.

Recently, immunotherapy with immune checkpoint 
inhibitors has attained a significant milestone in the 
realm of cancer therapeutics, especially in brain cancer 
[220–223]. While preclinical studies have demonstrated 
the safety and efficacy of anti-PD-1 treatment, a substan-
tial proportion of patients fail to respond favourably to 
this therapy [220, 224–226]. This highlights the impera-
tive need for further research to elucidate the factors 
contributing to therapeutic resistance and to develop 
alternative and combinatory strategies to enhance its 
effectiveness in clinical trials. Addressing the challenge 
of non-responsiveness is crucial to optimise patient out-
comes and maximise the potential benefits of anti-PD-1 
treatment. Interestingly, in accordance with this, a study 
has reported that anti-PD-1 treatment has improved the 
survival of the mice bearing GL261 cells with human-
ised microbiome [227]. These responders have exhib-
ited an increase in the level of CD8+(IFNγ+) T cells, 
CD4+(IFNγ+) T cells and CD8+/Treg ratio compared to 
the non-responders of anti-PD-1 treatment. Bacteroides 
cellulosilyticus and Blautia producta were higher in the 
respondents than in the non-responders. Also, Alistipes 
indistinctus, Blautia hydrogenotrophica, and Eubacte-
rium limosum were unique to responders compared to 
the non-responder group [227]. Another study has iden-
tified Desulfovibrio vulgaris as a key modulator of T-cell 
mediated anti-tumour immune responses in the GBM 
mice model [195]. Treatment with D.vulgaris enhanced 
the synergistic efficacy of anti-PD-1 therapy by increasing 
the survival time of model mice compared to mice when 
treated with anti-PD-1 therapy alone [195]. These studies 
suggest that the gut microbiota plays a pivotal regulatory 
role in the progression of brain tumours by modulating 
the immune microenvironment, either by promoting or 
suppressing the activity of immune cells. Moreover, the 
presence of distinct microbial communities within the 
gut influences the efficacy of immunotherapeutic inter-
ventions in brain cancer and its subtypes. Variations in 
gut microbial composition may contribute to differential 
responses to immune-based therapies, highlighting the 
potential for microbiota-targeted strategies to enhance 
therapeutic outcomes in brain malignancies.
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Interaction of gut microbiota with brain cancer 
through metabolites
Metabolites are diminutive molecules implicated in cell 
signalling, furnishing the substrates necessary for metab-
olism, macromolecular synthesis, and signal transduc-
tion. These metabolites not only furnish the molecules 
to the cell but also regulate various signalling cascades, 
contributing to numerous metabolic disorders and can-
cer [228–232]. Interestingly, abundant microbiota resid-
ing in the intestine can generate copious metabolites 
that influence the regulation of homeostasis and can-
cer [233–235]. Gut microbiota dysbiosis disrupts host 
metabolic homeostasis, altering metabolite profiles and 
dysregulated metabolic pathways. For instance, a study 
has reported that the metabolite levels were modulated 
in the mice upon tumourigenesis compared to control 
mice. It was observed that metabolites such as dihydroxy 
phenylacetic acid, butyrate, adenosine, propionate, hista-
mine, norepinephrine, acetate, GABA, 5-hydroxy indole 
acetic acid, valerate, tryptophan, and aspartic acid were 
decreased and caproate, serotonin 3-methyl valerate, and 
acetylcholine were increased upon tumour growth [236]. 
Another study has revealed that late-stage glioma was 
associated with anomalous changes in the level of metab-
olites in mice implanted with tumour cells [196]. It was 
reported that Reg3g and Il22 were decreased in the ileum 
and jejunum of the mice’s colon. In addition, the amount 
of SCFAs such as butyrate, propionate, isobutyrate, and 
valerate were decreased, and bile acids such as litho-
cholic acid were increased in the cecum of the tumour 
mice [196]. Administration of these caecal metabolites 
from glioma mice to mice treated with antibiotics such 
as amphotericin B, metronidazole, neomycin, ampicillin, 
and vancomycin had worse survival than those received 
from healthy mice [196]. Similarly, another study has 
investigated the potential of gut-derived metabolites in 
modulating the bidirectional crosstalk between neuronal 
and glial cells within the glioma microenvironment [237]. 
Antibiotic treatment to a glioma mice model induced 
dysbiosis of the gut microbiota, leading to increased and 
decreased expression of proangiogenic and inflamma-
tory genes compared to the control mice. This treatment 
enhanced the vasculogenesis in a glioma stem cell-depen-
dent manner as evidenced by the elevated expression of 
CD34+CD31+ vessel-like structures and an increased 
abundance of CD133+CD34+ cells within the tumour 
core and also facilitated the glioma cells to transdiffer-
entiate into endothelial phenotype [237]. Metabolomic 
profiling has elucidated the association of glycine and 
its derivatives with antibiotic treatment-induced tumour 
progression in glioma. Treatment of glioma, microglia, 
and murine endothelial cells with glycine induced the 
acquisition of stem-like properties and a pro-angiogenic 
phenotype within the TME [237]. In addition, inhibition 

of glycine transporter 1 further facilitated tumour pro-
gression and enhanced vasculogenesis in murine models 
[237].

Certain metabolites produced by specific microbial 
strains exert beneficial effects like anti-tumour effects on 
the host by modulating physiological processes, includ-
ing immune regulation and metabolic homeostasis. 
These bioactive compounds might contribute to main-
taining host health and may have therapeutic potential 
in disease management. For instance, Ahmed S et al. 
have characterised and screened the bacterial metabo-
lites’ neuroprotective ability to decrease the secretion of 
proinflammatory IL-6 in GBM astrocytoma cells [238]. 
The U373 cells were exposed to a panel of 50 bacterial 
strains’ cell-free supernatants, among which Parabac-
teroides distasonis (MRx0005) and Megasphaera mas-
siliensis (MRx0029) demonstrated significant efficacy 
in attenuating IL-6 secretion following LPS stimulation. 
These strains were initially isolated from faecal samples 
obtained from healthy donors, with MRx0005 classified 
within the phylum Bacteroidetes and MRx0029 within 
the phylum Firmicutes, both of which represent domi-
nant constituents of the human gut microbiota [238]. 
MRx0005 demonstrated the capacity to reduce levels of 
the pro-inflammatory cytokine IL-8 and inhibit nuclear 
factor kappa B subunit (NF-κB)-Ap1 promoter activa-
tion following LPS induction. In contrast, MRx0029 
elevated IL-8 levels and activated the NF-κB-Ap1 pro-
moter in the absence of induction. Both strains demon-
strated antioxidant capacity, with MRx0029 exhibiting 
superior activity compared to MRx0005 [238]. MRx0029 
also displayed a cell-type-dependent protective effect on 
undifferentiated SH-SY5Y cells against hydrogen per-
oxide (H2O2)-induced reactive oxygen species (ROS) 
cytotoxicity, which is implicated in neuroinflammation 
and neurodegeneration. MRx0029 not only modified 
the morphology of these cells by inducing a differenti-
ated phenotype but also upregulated the expression of 
microtubule associated protein 2 (MAP2) and synapto-
physin (SYP) [238]. Furthermore, MRx0029 predomi-
nantly produced butyric, valeric, and hexanoic acids, 
while MRx0005 primarily produced acetic and propanoic 
acids, further exhibiting their neuroprotective effects 
upon cellular treatment [238]. In addition, another study 
has evaluated the role of SCFAs in the immunomodula-
tion of glioma [217]. Gut microbiota dysbiosis induced by 
antibiotic supplementation reduced the concentrations 
of propionic acid, butyric acid, valeric acid and caproic 
acid in the brain tumour tissues and serum compared 
to controls. In addition, the levels of these metabolites 
were positively correlated with the abundance of the 
phylum Firmicutes and phylum Bacteroidetes and nega-
tively correlated with the phylum Proteobacteria, indicat-
ing that these microbiota might be the source of these 
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metabolites [217]. Besides, supplementation of SCFAs 
mixture including propionic acid, butyric acid, and vale-
ric acid in drinking water to antibiotic-treated GBM mice 
improved the survival of mice and decreased the tumour 
volume. This supplementation restored the antibiotic 
treatment-induced polarisation of TAMs towards M1, 
characterised by an increased CD86+/CD206+ ratio and 
% of CD86+ TAMs and decreased % of CD206+ TAMs 
[217]. This SCFAs-induced M1 polarisation was driven 
by enhanced glycolysis in the TAMs characterised by 
the increased mRNA expression of hypoxia inducible 
factor 1 (HIF-1), glucose transporter 1 (GLUT1), hexo-
kinase 2 (HK2), pyruvate kinase M1/2 (PKM2), and lac-
tate dehydrogenase A (LDHA) along with an increased 
enzymatic activity of PKM2 and LDHA [217]. Further, 
SCFAs supplementation exhibited no anti-tumour effect 
in antibiotic-treated GBM mice lacking macrophages, 
suggesting that the SCFAs-mediated anti-tumour activity 
was dependent on macrophages [217].

Beyond maintaining host health, metabolites pro-
duced by specific microbial strains also influence the 
efficacy of therapeutic regimens in brain cancer. These 
bioactive compounds regulate the treatment outcomes 
by modulating the TME and immune responses. A study 
has demonstrated that temozolomide treatment induces 
metabolic adaptations in mice [193]. The alteration in the 
levels of gut microbial communities following temozolo-
mide treatment may contribute to anti-tumour activity by 
influencing diverse pathways, including sesquiterpenoid 
and triterpenoid biosynthesis, steroid and terpenoids 
biosynthesis, fatty acid biosynthesis and metabolism, glu-
tathione metabolism, mineral absorption, glucose and 
lipid metabolism, anti-inflammatory responses, immu-
nomodulation, and epigenetic regulation through folate 
production [193, 239–246]. It has also been demon-
strated that the upregulation of glutathione and fatty acid 
metabolism following temozolomide treatment might be 
associated with oxidative stress and fatty acid levels [193]. 
In another study, metabolomic analysis revealed the dif-
ference in levels of metabolites related to gut microbiota 
of mice bearing glioma cells sensitive and non-sensitive 
to temozolomide [192]. Further, pathway-based func-
tional prediction from the Kyoto Encyclopaedia of Genes 
and Genomes (KEGG) database revealed that steroid 
biosynthesis, sphingolipid metabolism and tryptophan 
metabolism were varied between the pre-dose faecal 
samples in the above-mentioned groups of mice. Notably, 
it has been reported that the gut microbes could metabo-
lise tryptophan into tryptamine, kynurenine and indole 
derivatives involving the indoleamine 2,3-dioxygenase 1 
(IDO1) and aryl hydrocarbon receptor (AHR) that have 
crucial roles in the immune homeostasis and tumour 
immune microenvironment respectively [247–251]. 
Also, tryptophan hydroxylase 1, a tryptophan metabolic 

enzyme, could promote glioma progression through the 
serotonin/L1 cell adhesion molecule (L1CAM)/NF-κB 
signalling pathway [250, 252]. Besides, the AHR and 
IDO1 mRNA expression were decreased in the brain 
and tumour tissues of mice bearing tumour cells that are 
non-sensitive to temozolomide [192]. In addition, it was 
also reported that the presence of distinct metabolites 
such as the Asn-Pro-Arg, deoxyuridine, DG(14:1/22:6), 
FFA(18:2), Glu-Met, Glycyl-Tryptophan, linolenic acid, 
hyroxyhexadecanoic acid, indole-3-lactic acid, isoleu-
cine, Leu-Glu, MG(18:0), norvaline, oxindole, oxohexa-
decanoic acid, PA (8:0/13:0), PE (18:4), pentadecanoic 
acid, tryptophan, Tyr-Leu-Arg, and uridine was markedly 
associated with pharmacodynamic assessment indices 
such as total flux and tumour inhibition rate [192]. Inter-
estingly, another study has reported that gut microbiota 
plays a crucial role in modulating the efficacy of Tradi-
tional Chinese Medicine [253]. It has been reported that 
coculturing blood serum from Taohong Siwu Decoction-
treated SPF mice with glioma cells markedly suppressed 
the proliferation and clone-forming ability, compared 
to coculture with serum from untreated SPF mice and 
treated germ-free mice. In addition, pathway analysis has 
shown that DNA replication pathway was significantly 
modified, and differential gene analysis revealed that 
colony stimulating factor 3 (CSF3), plasminogen acti-
vator, urokinase (PLAU), ubiquitin like with PHD and 
ring finger domains 1 (UHRF1), FOS like 1, AP-1 tran-
scription factor subunit (FOSL1), IL1B, dual specificity 
phosphatase 6 (DUSP6), minichromosome maintenance 
complex component (MCM)2, cyclin D1 (CCND1), Wnt 
family member 7B (WNT7B), MCM5, MCL1 apopto-
sis regulator (MCL1), SH2B adaptor protein 3 (SH2B3), 
MCM3, heterogeneous nuclear ribonucleoprotein M 
(HNRNPM), and paralemmin 2 and A-kinase anchor-
ing protein 2 fusion (PALM2AKAP2) were upregulated 
and activating transcription factor 4 (ATF4), farnesyl-
diphosphate farnesyltransferase 1 (FDFT1), adenylate 
cyclase 8 (ADCY8), cytochrome P450 family 1 subfam-
ily B member 1 (CYP1B1), epiregulin (EREG), family 
with sequence similarity 114 member A1 (FAM114A1), 
eukaryotic translation initiation factor 4A2 (EIF4A2), 
aldo-keto reductase family 1 member B (AKR1B1), mito-
gen-activated protein kinase 1 interacting protein 1 like 
(C14orf132), collagen type I alpha 2 chain (COL1A2), 
cyclin dependent kinase inhibitor 1 A (CDKN1A), aspar-
tate beta-hydroxylase (ASPH), DEPP autophagy regu-
lator 1 (DEPP1), aldo-keto reductase family 1 member 
C1 (AKR1C1), and DNA damage inducible transcript 4 
(DDIT4) were downregulated in treated SPF mice when 
compared to the untreated mice [253]. Additionally, cell 
division cycle 6 (CDC6) and minichromosome mainte-
nance 10 replication initiation factor (MCM10), which 
are associated with the DNA replication pathway, were 
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also downregulated in treated SPF mice [253]. This study 
demonstrates that the metabolism of the gut microbiota 
plays a crucial role in the anti-tumour response against 
GBM. However, the specific target microorganisms and 
metabolites involved in this mechanism require further 
elucidation. Further, another study has elucidated the 
therapeutic potential of 20-O-β-(d-glucopyranosyl)-
20(S)-protopanaxadiol (CK), a metabolite of oral gin-
seng produced by gut microbiota [254]. Administration 
of CK to C6 rat glioma cells reduced stromal cell-derived 
growth factor 1 (SDF-1) induced invasion and migra-
tion, characterised by the decreased expression of matrix 
metallopeptidase (MMP)9, MMP2, p-protein kinase C 
alpha (PKCα) and p-extracellular-signal-regulated kinase 
(ERK)1/2 [254].

These studies suggest that microbial metabolites exert 
regulatory effects on brain cancer progression through 
the GBA. The interplay between gut microbiota and the 
brain, mediated by various metabolites, may influence 
tumourigenic pathways in the brain. This relationship 
highlights the potential role of gut-derived factors in 
modulating the TME and may provide new avenues for 
therapeutic intervention. Further research is needed to 
elucidate the specific mechanisms through which micro-
bial metabolites influence brain cancer development and 
progression via the GBA.

Clinical significance and applicability
It is now well established that the gut microbiota plays a 
crucial role in modulating the bidirectional communica-
tion between the CNS and the ENS. A plethora of stud-
ies have shown that manipulating the gut microbiome 
leads to amelioration of frontoparietal and subcortical 
brain activity with cognitive function in minimal hepatic 
encephalopathic patients [255]. The GBA, linking the 
gut microbiota and the CNS, could also be implicated in 
the development of brain cancer [256]. Microbiome are 
known to impact inflammation, immunity and response 
to treatments, which are vital factors in progression of 
cancer [257]. Several studies reviewed here have demon-
strated an association between gut microbiota dysbiosis 
and glioma development, with microbial composition 
alterations varying based on treatment strategies. For 
example, a significant increase in alpha diversity was 
observed in GBM patients compared to healthy controls. 
At the phylum level, GBM cohorts exhibited a reduction 
in Firmicutes and a relative increase in Proteobacteria 
[256]. Similarly, in another study, it was reported that 
six different bacterial genera, including Bifidobacterium, 
Bacteroides, Lachnospira, Fusobacterium, Parasutter-
ella, and Escherichia/Shigella could be used as micro-
bial markers to distinguish brain tumours from healthy 

controls with an area under the curve (AUC) of 0.77 
[183]. In addition, another study has developed a bio-
marker panel containing six abundant genera, including 
Fusobacterium, Akkermansia, Escherichia/Shigella, Lach-
nospira, Agathobacter, and Bifidobacterium with an AUC 
of 0.852 [182]. Moreover, another study demonstrated 
that extracellular vesicles of specific bacterial taxa could 
serve as potential biomarkers at different taxonomic lev-
els [189]. At the phylum level, Actinobacteria, Proteobac-
teria, and Firmicutes were recognised as key indicators, 
while at the genus level, Ruminococcaceae UCG-014, 
Turicibacter, Lactococcus, and Lactobacillus, among 
other species, were suggested as potential biomarkers 
for the detection of brain tumours [189]. This suggests 
that gut microbiome analysis could potentially serve as a 
non-invasive diagnostic tool for detecting brain tumours. 
Preclinical studies have demonstrated that chemotherapy 
and immunotherapy induce alterations in gut microbi-
ota composition, which may serve as valuable biomark-
ers for therapeutic monitoring and prognosis in gliomas 
[258]. Notably, understanding these microbiome changes 
is essential for elucidating tumour progression mecha-
nisms, development of specific biomarker strategies and 
optimising therapeutic approaches, potentially contrib-
uting to improved clinical management of the disease. 
Microbial-derived metabolites such as butyrate, propio-
nate, SCFAs, and acetate are known to modulate immune 
activation and response and, thereby, can be associated 
with cancer immunity [259]. Moreover, these metabolites 
can impact the BBB and enter the CNS, which could be 
vital when considering therapeutic efficacy [260, 261]. 
In another study, it was observed that certain metabo-
lites such as norepinephrine and 5-hydroxy indole ace-
tic acid were decreased in glioma patient faecal samples 
compared to controls [236]. Similarly, Herbreteau et al. 
observed a decline in SCFAs such as propionate and ace-
tate, in the cecum of GL261 xenograft mice [196]. There 
are similar instances of decrease in SCFAs producing 
microbiota in the gut in glioma patients which could be 
employed to understand the glioma progression. These 
findings highlight the possible utility of SCFA altera-
tions as biomarkers for disease monitoring and thera-
peutic interventions. Further, SCFAs are also known to 
play a crucial role in modulating immune responses by 
influencing both regulatory and effector T cell function 
through epigenetic and metabolic reprogramming [262]. 
Therefore, further research is warranted to investigate 
the therapeutic potential of SCFAs supplementation via 
microbiota modulation in combination with targeted 
therapies. Such studies could contribute to developing 
novel treatment strategies for brain cancer, enhancing 
therapeutic efficacy and patient outcomes.
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Challenges or limitations
Understanding the role of gut microbiota composition 
in brain tumourigenesis may pave the way for alternate 
novel therapeutic strategies. Microbial flora in tumours 
exhibited to be discrete from those in non-tumoural tis-
sues, either in terms of distinct microbial populations or 
variations in their abundance and can modulate various 
pathological conditions [187]. Detection of these dif-
ferences in the composition of microbial flora remains 
invaluable in these instances. The utilisation of metage-
nomics within clinical settings for disease diagnosis has 
seen a marked increase, attributable to its capacity for 
culture-independent identification [263]. FDA has rec-
ommended the general guidelines for validation of the 
clinical NGS for testing infectious diseases [264]. How-
ever, implementation of these strategies in the clinical 
laboratory for pathogen detection includes many fac-
tors and elements, including less sensitivity with high 
background, laboratory workflow, reference standards, 
challenges in bioinformatic data analysis, cost, and regu-
latory considerations, that makes it to be practical [265]. 
The other challenges linked with the identification of the 
association of gut microbiota with brain cancer is to anal-
yse the difference in the composition between tumour 
patients and healthy controls. Mendelian randomisation 
uses genetic variations to analyse the causal association 
between the gut microbial composition and brain cancer 
subtypes [169]. Even though the Mendelian randomisa-
tion is a powerful analysis, further animal experiments 
are required to unravel the molecular mechanisms and 
validate these findings. Besides, only a limited number of 
brain cancer subtypes, including glioma, GBM, menin-
gioma, and pituitary adenoma, have been investigated for 
their association with gut microbiota as discussed above. 
Moreover, future studies should also investigate gut 
microbial composition across various stages of brain can-
cer patients, as this aspect remains largely unexplored. 
Further, the association between gut microbial composi-
tion and commonalities of brain cancer such as mutation 
frequencies, altered pathways, immune signatures should 
also be explored to progress towards devising better ther-
apeutic strategies. To advance our understanding of the 
complex relationship between gut microbiota and brain 
cancer, it is imperative that we surmount these method-
ological obstacles.

One of the major limitations of clinical trials investigat-
ing the GBA is the relatively small sample sizes, which 
may not sufficiently capture the variability in gut microbi-
ome composition among patients. Ethical considerations 
play a crucial role in the use of antibiotics, probiotics, 
and animal models in clinical trials. While these inter-
ventions hold therapeutic potential, concerns regarding 
patient safety, regulatory approvals, and the reproducibil-
ity of animal model findings must be carefully addressed. 

Following ethical considerations strictly is a good prac-
tice to ensure the responsible translation of microbiota-
based therapies into clinical applications, maintaining 
both scientific integrity and patient welfare. Addition-
ally, differences in study design, patient demographics, 
and treatment protocols contribute to inconsistencies 
in findings. The another critical factor that needs to be 
considered in clinical trials is the race and ethnicity of 
the patients included in the study population [266–268]. 
Considering the impact of geographical factors and eth-
nic background on gut microbiota composition, findings 
from trials involving specific ethnic groups may not nec-
essarily translate to benefits for other ethnic populations 
[75, 269]. To overcome these challenges, future research 
should prioritize large-scale, multicentre, and multifacto-
rial randomised clinical trials. Such studies will improve 
the reliability and generalisability of findings, facilitating 
a deeper understanding of gut microbiome alterations 
in disease progression and therapeutic response. Ulti-
mately, these efforts will be crucial in developing per-
sonalised treatment strategies tailored to diverse patient 
populations.

Future perspectives
Microbiota-based therapeutic strategies for GBM: 
probiotics, FMT, and dietary interventions
The dysbiosis of gut microbiota composition that 
occurred after tumourigenesis can be ameliorated by the 
treatment with probiotics. Accumulating shreds of evi-
dence have examined the beneficial effects of probiotics 
on human health [15–17, 19]. Apart from this, research 
over the years has also reported the complex interplay 
of probiotics and their metabolites in the modulation 
of PI3K/Akt/mechanistic target of rapamycin kinase 
(mTOR) signalling pathways, which is one of the dys-
regulated pathways in various cancers, including brain 
cancers [49, 270, 271]. Employing probiotics for the treat-
ment of brain cancer would be an improved alternative 
therapeutic regimen. For instance, mice bearing GL261 
tumour cells treated with Bifidobacterium lactis and Lac-
tobacillus plantarum via oral gavage reduced the tumour 
volume, and number of Ki67+ cells and improved the sur-
vival time [272]. In addition, this treatment improved the 
neurobehavior of mice characterised by the decreased 
clinical and beam balance test score and ameliorated 
intestinal barrier damage by increasing Occludin protein 
expression. Further, it modulated the PI3K/Akt path-
way by downregulating p-PI3K and Survivin expression 
while upregulating the PTEN expression [272]. Probiotic 
treatment increased the abundance of Firmicutes and 
decreased Bacteroidetes and also increased the level of 
metabolites such as threonic acid, conduritol b epoxide 
1, and ascorbate and decreased the level of D-arabitol 
and elaidic acid compared to the control group [272]. 
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Moreover, a comparable study has investigated the thera-
peutic potential of Bifidobacterium breve, Bifidobacte-
rium longum, Bifidobacterium lactis, and Bifidobacterium 
bifidum in modulating glioma tumour progression [273]. 
Administration of these bacterial strains in a glioma mice 
model has elicited a significant reduction in tumour vol-
ume while prolonging survival, without inducing hepatic 
or renal toxicity. However, it failed to mitigate glioma-
induced disruptions in intestinal barrier integrity [273]. 
This study has also shown that Bifidobacterium strains 
administration has altered the composition of tumour 
microbiota characterised by the increased Chao1, Shan-
non, and Simpson indices. At the phylum level, the 
cohort receiving bacterial administration demonstrated 
an elevated relative abundance of Firmicutes, Bacteroide-
tes, Cyanobacteria, and Actinobacteria, concomitant with 
a decreased prevalence of Proteobacteria in comparison 
to the control group [273]. At the genus level, the admin-
istered group exhibited a significantly higher abundance 
of Enterobacter, Citrobacter, Acinetobacter, Wautersiella, 
Enhydrobacter, and Escherichia/Shigella relative to the 
control group. In addition, it was found that Bifidobacte-
rium demonstrated increased abundance in both gut and 
tumour tissues modulating various serum metabolites 
involved in the modulation of important signalling path-
ways that regulate the tumour progression [273]. Notably, 
administering these bacterial strains attenuated tumour 
progression by suppressing the mitogen-activated pro-
tein kinase kinase (MEK)/ERK signalling cascade, which 
is predominantly implicated in the invasive phenotype of 
glioma cells. This effect was characterised by a marked 
reduction in phosphorylated MEK and ERK1/2 levels, 
alongside the downregulation of Wnt5a mRNA expres-
sion [273]. Another study has demonstrated the cytotoxic 
effect of kefir drink on the GBM cell line U87 [274]. Fur-
ther, probiotics have been enacted in clinical trials involv-
ing patients of other diseases [275–278]. These studies 
demonstrate the therapeutic potential of probiotics in the 
treatment of brain cancer and its subtypes.

FMT involves the transfer of stool from a healthy donor 
into the gastrointestinal tract of a recipient to restore 
a balanced gut microbiome [279–281]. It has demon-
strated high efficacy in treating recurrent Clostridium 
difficile infections unresponsive to standard antibiotic 
therapies [281]. Beyond gastrointestinal disorders, FMT 
is being explored as a potential therapeutic approach for 
extra-intestinal conditions, including metabolic and neu-
rological disorders, due to its capacity to modulate gut 
microbiota composition [279–281]. FMT ameliorates 
the tumour progression in brain cancer by restoring gut 
microbial diversity and modulating systemic immune 
responses. This intervention enhances anti-tumour 
immunity by influencing the GBA, leading to altera-
tions in immune cell infiltration, cytokine signalling, 

and metabolic pathways within the TME [282]. FMT 
from a healthy donor ameliorates the tumour progres-
sion, whereas from a diseased individual exacerbates 
the tumour progression. For instance, the induction of 
gut dysbiosis with antibiotics in the glioma mice model 
promoted tumour growth [194]. Restoration of a bal-
anced gut microbiome with FMT from normal mice has 
reduced tumour growth by upregulating the expression 
of FOXP3 [194]. Another study has reported that the 
FMT in antibiotic-treated mice has reduced the tumour 
volume and significantly improved the survival of the 
GBM mice model [217]. Conversely, FMT from Nf1OPG 
tumour mice to conventionally raised germ-free mice 
has worsened the tumour progression, characterised 
by increased Ki67+ and Blbp+ cells [283]. Findings from 
these in vivo studies suggest that FMT holds significant 
potential as a therapeutic strategy for brain cancer by 
modulating the GBA and influencing the TME. However, 
further comprehensive investigations are required to val-
idate these results, including mechanistic studies to eluci-
date the underlying pathways.

Dietary interventions are crucial in modulating the gut 
microbiota, influencing cancer development and pro-
gression [284, 285]. Specific dietary components, such 
as fibre, polyphenols, and omega-3 fatty acids, promote 
the growth of beneficial microbes, producing SCFAs 
with anti-inflammatory and anti-tumour properties 
[241, 137, 286]. Conversely, high-fat and high-protein 
diets can induce dysbiosis, fostering a pro-tumourigenic 
microenvironment through microbial metabolites such 
as secondary bile acids and trimethylamine-N-oxide 
(TMAO) [287, 288]. Emerging evidence suggests that gut 
microbiota-mediated dietary modulation can enhance 
therapeutic outcomes in cancer. For instance, a study 
has evaluated the impact of dietary component addi-
tion on brain cancer risk using a machine learning model 
[189]. This experiment demonstrated that incorporat-
ing sorghum, brown rice, oil, garlic, fermented beans, 
mealworm, turmeric, cabbage, shiitake mushroom, and 
onion into the diet of high-fat diet-fed mice reduced 
brain tumour risk, whereas the inclusion of pear and bell-
flower increased the risk [189]. It has also been reported 
that including fermented beans reduced brain tumour 
risk, whereas roasted beans increased the risk, highlight-
ing the significant influence of food processing methods 
on brain cancer risk [189]. Another study has reported 
that the consumption of RO water supplemented with 
SCFAs such as propionic acid, butyric acid, and valeric 
acid to the antibiotic-treated mice restored gut micro-
bial homeostasis in antibiotic-treated mice [217]. This 
intervention exerted an anti-tumour effect by inducing 
metabolic reprogramming in macrophages, specifically 
enhancing glycolysis and facilitating polarisation towards 
the M1 phenotype [217]. Moreover, another study has 
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demonstrated enhanced survival rates in a GBM mouse 
model upon supplementing a high glucose drink, sug-
gesting its potential therapeutic benefit [195]. This effect 
is attributed to the modulation of anti-tumour immunity, 
facilitated through alterations in the gut microbiota com-
position. Notably, high glucose drink administration pro-
moted the colonisation of the Desulfovibrionaceae family 
in GBM mice, indicating a possible link between specific 
microbial populations and tumour progression [195]. 
These studies imply that dietary intervention plays a cru-
cial role in brain cancer as a therapeutic regimen.

Further comprehensive investigations are required to 
validate these results, including mechanistic studies to 
elucidate the underlying pathways. Additionally, well-
designed clinical trials are essential to assess the efficacy, 
safety, and translational potential of probiotics, FMT, and 
dietary interventions in brain cancer treatment. Rigor-
ous clinical studies are essential to determine optimal 
dosages, treatment regimens, and long-term outcomes 
in diverse patient populations with brain cancer and its 
subtypes. These clinical trials also need to validate and 
expand the application of these regimens as a therapeutic 
approach, paving the way for their integration into clini-
cal practice.

Artificial intelligence and bioinformatics in microbiome 
research and brain cancer therapy
For several decades, contemporary medicine has pri-
oritised identifying disease-specific diagnostic, pre-
ventive, and therapeutic strategies. While many of 
these approaches have demonstrated efficacy in certain 
patients, their effectiveness has not been universal, as 
the individual-specific factors influencing disease mani-
festation and treatment response have largely remained 
unclear [289]. The variability among individuals, driven 
by environmental and genetic factors, poses a significant 
challenge in developing effective regimens of popula-
tion-based early diagnostic, prognostic, and therapeutic 
assessments [290]. The human microbiome, compris-
ing trillions of microbial inhabitants and diverse micro-
bial communities, including viruses, bacteria, fungi, and 
eukaryotes, colonises human body surfaces and orches-
trates an intricate symphony of physiological processes, 
significantly influencing health and disease states. It has 
also been identified as a contributing factor to varia-
tions among individuals through its unique, individual-
specific signatures [290]. The likelihood of personalised 
medical therapies has accelerated therapeutic and diag-
nostic advancements that include detailed patient pro-
files, including demographics, family history, traditional 
laboratory data and next-generation omics data such as 
genomic, transcriptomic, metabolomic and proteomic 
datasets [291]. The emergence of high-throughput tech-
nologies offers unrivalled opportunities to investigate 

molecular mechanisms in health and disease condi-
tions, however, it also presents challenges due to the high 
dimensionality and collinearity among features [292, 
293]. Conventional statistical methods often prove inad-
equate in handling high-dimensional data, highlighting 
the need for innovative computational approaches capa-
ble of fully leveraging big data in bioinformatics [292, 
294–296]. Artificial intelligence (AI) and bioinformatics 
have revolutionised biomedical research, offering unpar-
alleled capabilities in data analysis, predictive modelling 
and personalised medicine. AI algorithms, especially 
machine learning, deep learning and neural networks, 
have emerged as indispensable tools for taxonomic pro-
filing, functional annotation, and predictive modelling of 
microbial communities [297, 298].

The cancer characterisation of the microbiome data 
involves several steps such as sample collection, sequenc-
ing, taxa assignment and abundance calculation, decon-
tamination, batch effects removal, feature selection, 
model training and validation and inference, as discussed 
elsewhere [299]. This section of the article highlights and 
discusses studies investigating the relationship between 
gut microbiota and brain cancer using AI and other com-
putational algorithms. By examining their methodologies 
and findings, this article aims to provide a clear under-
standing of how these algorithms are applied in this area 
of research. Microbiome studies normally employ 16  S 
rRNA gene-targeted sequencing, whole metagenome 
shotgun sequencing, or other omics technologies to char-
acterise its composition, taxonomy and dynamics [300]. 
The processing, analysis, and interpretation of these 
data require a range of computational tools designed to 
filter, cluster, annotate, and quantify the obtained data 
[300]. The commonly used methods for analysing the 
microbiome profiles at the genus level are OTUs and 
the amplicon sequence variants [182–184, 192, 193, 217, 
253, 299, 301]. Microbiome abundance data used in can-
cer research presents a challenge for machine learning 
models due to its high dimensionality, sparsity, and com-
positional nature [297–299]. Apart from taxonomic pro-
files, the inclusion of functional microbiome data such as 
genes, proteins and metabolites and other microbiome 
data such as SNPs can enhance the machine learning 
models’ performance [302–305]. For instance, in neuro-
blastoma, a brain cancer subtype, Li, Xin et al. have uti-
lised a machine learning-mediated algorithm to evaluate 
the prognosis of the patients with microbial gene abun-
dance score [304]. This group has utilised various algo-
rithms such as Skmer for dissimilarity among samples 
and random forest survival analysis with microbial gene 
abundance score as input for predicting survival. Based 
on the microbial gene abundance score, the patients were 
stratified into different clusters and subsets exhibiting 
differential risk levels [304]. It has been reported that the 
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difference in survival probabilities of these patients was 
influenced by the expression of cAMP responsive ele-
ment binding protein (CREB) and its target genes, such 
as BCL2 apoptosis regulator (Bcl-2), vascular endothelial 
growth factor (VEGF), nerve growth factor (NGF), and 
IGF-2. Also, the low survival probability in the patients 
might be due to the increased activation of CREB, which 
further promotes tumour progression [304]. To achieve 
high accuracy in machine learning models, preprocess-
ing steps such as transformation, normalisation, and 
feature selection of microbial data should be performed 
before providing it as input to the models [299]. The fea-
ture transformation step in preprocessing may involve 
methods such as log transformation, cube-root normali-
sation, rescaling to a unitary scale, or the application of 
Bayesian models (HARMONIES) [299]. Dimensionality 
reduction in microbiome data analysis involves two pri-
mary approaches: feature extraction and feature selec-
tion. Feature extraction methods, such as Principal 
Component Analysis (PCA) and Principal Coordinates 
Analysis (PCoA), transform high-dimensional data into a 
reduced feature set [299]. Feature selection, on the other 
hand, identifies the most relevant features using statisti-
cal tests (e.g., t-test for binary classification, Mann-Whit-
ney U test as a non-parametric alternative, and ANOVA 
for multiclass classification), Minimum Redundancy 
- Maximum Relevance (mRMR) for selecting uncorre-
lated and informative features, and Linear Discriminant 
Analysis Effect Size (LEfSe) for incorporating biological 
relevance [299]. Additionally, tree-based models, includ-
ing random forest and Gradient-Boosted Trees, assign 
feature importance scores, while wrapper and embedded 
methods, such as Least Absolute Shrinkage and Selec-
tion Operator (LASSO) regression and Recursive Feature 
Elimination with Support Vector Machines (SVM-RFE), 
further refine feature selection through model-depen-
dent approaches [299]. After the preprocessing, the data 
would be applied to models for the identification of the 
cancer-related microbiome [299]. The generally used 
machine learning models are support vector machines, 
decision tree-based methods such as random forests and 
boosting, logistic regression, artificial neural networks 
etc [299]. For instance, a study has developed a brain 
tumour diagnostic model and assessed the risk associ-
ated with consuming specific dietary components based 
on microbiome-derived extracellular vesicle data [189]. 
They have employed VSEARCH, a clustering method, 
UCLUST, Quantitative Insights Into Microbial Ecol-
ogy (QIIME) and the Silva 132 database for assigning 
OTUs at the genus and species level [189]. The predic-
tive diagnostic model was developed using the relative 
abundance of microbes at the genus levels as model vari-
ables, which was the result of four methods, stepwise 
selection and LEfSe algorithm either in combination with 

or without age and gender as covariates [189]. The step-
wise and LEfSe algorithms yielded 12 and 29 significant 
microbial genera at the genus level, respectively, and the 
model developed with these algorithms has returned an 
AUC greater than 0.93. Another model, developed using 
the gradient boosting algorithm with microbial extra-
cellular vesicle-analysed data as input, has exhibited the 
highest specificity, sensitivity, and AUC, achieving val-
ues of 1.000, 0.936, and 0.993, respectively [189]. LEfSe 
analysis of serum extracellular vesicle and tissue micro-
biome revealed a total of 30 genera with Ruminococca-
ceae UCG-014 (LDA score > 4.0) and Bacteroidales S24-7 
group, Lachnospiraceae NK4A136, Bacteroides, and Ery-
sipelatoclostridium as significant biomarkers in the brain 
tumours respectively [189]. In addition, the impact of 
diet on the extracellular vesicle microbiome in relation 
to brain tumour risk was evaluated by incorporating diet-
induced changes in genus-level relative abundances in 
high-fat diet-fed mice into stepwise selection and LEfSe 
models [189]. This study suggests that gut microbiota 
regulate human health through circulating extracellular 
vesicles and that these vesicles could serve as potent bio-
markers for the assessment of brain cancer.

Numerous studies discussed in this article have utilised 
these computational algorithms to explore the intricate 
relationship between gut microbiota and brain can-
cer, including its various subtypes. These investigations 
have primarily focused on identifying microbial com-
munity differences and their potential roles in disease 
progression. Among the various analytical techniques 
employed, PCoA has emerged as the most widely used 
feature extraction method for differentiating microbial 
profiles across distinct sample groups [182, 183, 193, 
195, 207, 306]. This method is frequently coupled with 
statistical tools such as non-metric multidimensional 
scaling (NMDS) and analysis of similarities (Anosim), 
which provides an additional dimension of data visu-
alisation, enabling a more comprehensive understanding 
of microbial diversity and clustering patterns [182, 183, 
193, 207, 283, 306]. In addition, to assess significant dif-
ferences in microbial abundance among various experi-
mental groups, the LEfSe algorithm has been extensively 
applied [182, 183, 306, 307]. This robust analytical tool 
identifies differences in microbial abundance among 
various experimental groups, facilitating a deeper insight 
into potential microbial biomarkers associated with brain 
cancer risk and progression [307]. Besides, the Phyloge-
netic Investigation of Communities by Reconstruction of 
Unobserved States (PICRUSt), a bioinformatics tool that 
utilises reference genome databases and phylogenetic 
information, was employed to detect the functional pro-
filing of these altered microbes using various databases 
such as the Greengene database and KEGG, and Cluster 
of Orthologous Groups for biochemical pathway-based 
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information [308]. Microbiome studies have widely 
applied this method to predict pathways involved in host 
health and disease, including brain cancer, by linking 
microbial composition to functional attributes. PICRUSt 
has proven particularly useful in exploring the GBA, as 
it identifies microbial functions that may influence neu-
roinflammatory and oncogenic processes [182, 183, 192, 
193]. Moreover, QIIME2, a widely utilised bioinformatics 
tool, has also been employed to perform various func-
tions, including sequence quality control, taxonomic 
classification, phylogenetic reconstruction, and diversity 
analyses, in the investigation of gut microbiota’s role in 
brain cancer [182, 183, 192, 273, 309]. This open-source 
software enables comprehensive end-to-end analysis of 
diverse microbiome data, facilitating reproducible, scal-
able and interactive analyses and integrating a wide range 
of statistical tools [310, 311]. QIIME2 incorporates a 
decentralised provenance tracking system, which auto-
matically logs each analysis step, ensuring full reproduc-
ibility and transparency in microbiome data science [310, 
311]. These studies suggest that AI and bioinformatics 
algorithms have played a crucial role in advancing the 
investigation of gut microbiota in brain cancer and its 
subtypes. Integrating these computational approaches 
has facilitated the identification of microbial signatures, 
functional pathways, and potential biomarkers associ-
ated with disease onset and progression. AI-driven mod-
els, coupled with sophisticated bioinformatics pipelines, 
have enhanced the accuracy and efficiency of microbi-
ome data analysis, enabling more profound insights into 
the complex interactions between gut microbiota and 
brain tumour development. Future research should fur-
ther explore and refine these analytical tools, focusing on 
developing predictive models that can accurately assess 
the role of gut microbiota in brain cancer progression. 
Such advancements can potentially contribute to per-
sonalised therapeutic strategies and improve diagnostic 
capabilities in neuro-oncology.

Conclusion
The intricate system of molecular interactions has not 
only revolutionised our understanding of cellular com-
munication but has also emphasised the profound sym-
biotic relationship between organisms. The symbiotic 
relationship between eukaryotic cells and bacteria is a 
longstanding practice dating back to ancient times. The 
remarkable exchange of molecules serving as messen-
gers and signals through signalling pathways stands as 
a pivotal cornerstone in the biological landscape. The 
human body harbours a diverse and complex commu-
nity of microbes residing or colonised at different sites. 
This microbiota offers numerous benefits to the host 
through a range of various physiological and pathologi-
cal processes. The GBA is the bridge that connects the 

gut microbial composition and brain health regulation. 
Notably, brain tumourigenesis may cause dysbiosis of 
the gut microbiota, as evidenced in mice model studies 
discussed above. Clinical and randomisation studies have 
shown remarkable structural and functional changes in 
gut microbial composition in tumour patients compared 
to controls. The diverse array of microbiota residing in 
the gut exerts a significant regulatory influence on brain 
tumour cells. This consortium of bacterial genera orches-
trates the modulation of the immune system, facilitating 
communication via an intricate network of metabolites 
and cytokines. Such interactions can lead to the targeted 
eradication of tumour cells, emphasising the microbiota’s 
pivotal role in the body’s defence against neoplastic dis-
eases within the brain. This complex interplay highlights 
the potential for leveraging gut microbiota in developing 
innovative treatments for brain tumours and their sub-
types. Fascinatingly, the presence of specific microbes 
plays a crucial role in conciliating the sensitivity and effi-
cacy of chemotherapeutic drugs. These microorganisms 
can either enhance or diminish the effectiveness of can-
cer treatments, depending on their interaction with the 
drugs. Identifying and understanding these microbial 
species might offer a promising alternative approach to 
overcome therapeutic resistance. In addition, the above-
discussed studies indicate that specific microbial strains, 
such as Desulfovibrio vulgaris, Bifidobacterium lactis, 
Lactobacillus plantarum, B. breve, B. longum, and B. 
bifidum, exhibit anti-tumourigenic effects, whereas Bac-
teroides demonstrate tumour-promoting properties in 
brain cancer and its subtypes. Notably, microbial strains 
with anti-tumour potential are downregulated in brain 
cancer patients, suggesting their potential as biomarkers 
for disease detection and prognosis. Further research is 
warranted to validate these findings, and future clinical 
trials should consider these strains as therapeutic can-
didates, assessing their clinical safety, optimal dosage, 
and efficacy in brain cancer treatment. By targeting or 
administering these microbes, we may improve the suc-
cess rates of therapies and provide more effective treat-
ment options for brain cancer patients. As we continue 
to unravel the complexities of molecular communica-
tion, it becomes increasingly evident that this reciprocal 
exchange is not merely advantageous but essential for the 
well-being and sustainability of both mammalian cells 
and bacteria alike.

Abbreviations
5-HT	� 5-hydroxytryptamine
ADCY8	� Adenylate cyclase 8
AHR	� Aryl hydrocarbon receptor
AI	� Artificial intelligence
AKR1B1	� Aldo-keto reductase family 1 member B
AKR1C1	� Aldo-keto reductase family 1 member C1
Akt	� Protein kinase B
Anosim	� Analysis of similarities



Page 28 of 35BharathwajChetty et al. Journal of Neuroinflammation          (2025) 22:129 

ANS	� Autonomic nervous system
ARG1	� Arginase 1
ASPH	� Aspartate beta-hydroxylase
ATF4	� Activating transcription factor 4
AUC	� Area under the curve
BBB	� Blood-brain barrier
Bcl-2	� BCL2 apoptosis regulator
BDNF	� Brain-derived neurotrophic factor
CD8α	� Cytotoxic T lymphocytes
CDC6	� Cell division cycle 6
CDKN1A	� Cyclin dependent kinase inhibitor 1 A
CK	� 20-O-β-(d-glucopyranosyl)-20(S)-protopanaxadiol
CNS	� Central nervous system
COL1A2	� Collagen type I alpha 2 chain
CRC	� Colorectal cancer
CREB	� cAMP responsive element binding protein
CRUK	� Cancer Research UK
CSF3	� Colony stimulating factor 3
CSF	� Cerebrospinal fluid
CTLA4	� Cytotoxic T-lymphocyte associated protein 4
CYP1B1	� Cytochrome P450 family 1 subfamily B member 1
DDIT4	� DNA damage inducible transcript 4
DEPP1	� DEPP autophagy regulator 1
DUSP6	� Dual specificity phosphatase 6
ECM	� Extracellular matrix
EGFR	� Epidermal growth factor receptor
EIF4A2	� Eukaryotic translation initiation factor 4A2
ENS	� Enteric nervous system
EREG	� Epiregulin
ERK	� Extracellular signal regulated kinase
FAM114A1	� Family with sequence similarity 114 member A1
FDA	� Food and Drug Administration
FDFT1	� Farnesyl-diphosphate farnesyltransferase 1
FMT	� Faecal microbiota transplantation
FOSL1	� FOS like 1, AP-1 transcription factor subunit
FOXP3	� Forkhead box P3
FXR	� Farnesoid X receptor
GABA	� Gamma-aminobutyric acid
GBA	� Gut-brain axis
GBM	� Glioblastoma
GH	� Growth hormone
GLUT1	� Glucose transporter 1
GWAS	� Genome-wide association studies
H2O2	� Hydrogen peroxide
HDAC	� Histone deacetylase
HIF-1	� Hypoxia inducible factor 1
HK2	� Hexokinase 2
HNRNPM	� Heterogeneous nuclear ribonucleoprotein M
HPA	� Hypothalamic pituitary adrenal 
IDH	� Iso-citrate dehydrogenase (NADP(+))
IDO1	� Indoleamine 2,3-dioxygenase 1
Ifi	� Interferon alpha inducible protein
Ifit	� Interferon-induced protein with tetratricopeptide repeats
Ifitm	� Interferon induced transmembrane protein
IFN-γ	� Interferon gamma
IGF-1	� Insulin like growth factor 1
IGF	� Insulin-like growth factor
IL	� Interleukin
iNOS	� Inducible nitric oxide synthase
Isg	� Interferon-stimulated genes
JAK	� Janus kinase
KEGG	� Kyoto Encyclopaedia of Genes and Genomes
L1CAM	� L1 cell adhesion molecule
LASSO	� Least absolute shrinkage and selection operator
LDHA	� Lactate dehydrogenase A
LEfSe	� Linear discriminant analysis effect size
LPS	� Lipopolysaccharide
MAP2	� Microtubule associated protein 2
MCL1	� MCL1 apoptosis regulator
MCM10	� Minichromosome maintenance 10 replication initiation 

factor
MCM	� Minichromosome maintenance complex component

CCND1	� Cyclin D1
MEK	� Mitogen-activated protein kinase kinase
MGMT	� O-6-methylguanine-DNA methyltransferase
MMP	� Matrix metallopeptidase
mRMR	� Minimum redundancy-maximum relevance
mTOR	� Mechanistic target of rapamycin kinase
NGF	� Nerve growth factor
NMDA	� N-methyl-D-aspartate
NMDS	� Non-metric multidimensional scaling
NOG	� NOD/Shi-SCID, IL-2Rγnull
NTRK	� Neurotrophic tyrosine receptor kinase
OTU	� Operational taxonomic units
P2RY12	� Purinergic receptor P2Y12
PALM2AKAP2	� Paralemmin 2 and A-kinase anchoring protein 2 fusion
PCA	� Principal component analysis
PCoA	� Principal coordinates analysis
PD-1	� Programmed cell death 1
PD-L1	� Programmed cell death 1 ligand 1
PI3K	� Phosphatidylinositol-4,5-bisphosphate 3-kinase
PICRUSt	� Phylogenetic Investigation of Communities by 

Reconstruction of Unobserved States
PKCα	� Protein kinase C alpha
PKM2	� Pyruvate kinase M1/2
PLAU	� Plasminogen activator, urokinase
PNS	� Peripheral nervous system
PTEN	� Phosphatase and tensin homolog
RAS	� Rat sarcoma
ROS	� Reactive oxygen species
RTK	� Receptor tyrosine kinase
SCFA	� Short-chain fatty acids
SCN	� Suprachiasmatic nucleus
SH2B3	� SH2B adaptor protein 3
STAT	� Signal transducer and activator of transcription
SVM-RFE	� Recursive Feature Elimination with Support Vector Machines
Tc cell	� Cytotoxic T cell
Treg	� Regulatory T cell
TAMs	� Tumour associated macrophages
TCGA	� The Cancer Genome Atlas
TGFβ	� Transforming growth factor beta
TGR5	� Takeda G-protein-coupled receptor 5
TLR	� Toll-like receptor
TMAO	� Trimethylamine-N-oxide
TME	� Tumour microenvironment
TNF	� Tumor necrosis factor
TP53	� Tumor protein p53
UHRF1	� Ubiquitin like with PHD and ring finger domains 1
VEGF	� Vascular endothelial growth factor
WHO	� World Health Organisation
WNT7B	� Wnt family member 7B
Wnt	� Wingless-type MMTV integration site family
WT	� Wildtype [312]

Acknowledgements
The authors extend their appreciation to the Deanship of Research and 
Graduate Studies at King Khalid University for funding this work through Large 
Research Project under grant number RGP2/552/45. Bandari BharathwajChetty 
(PMRF ID: 1903287) and Aviral Kumar (PMRF ID: 1900812) acknowledge 
the Prime Minister’s Research Fellowship (PMRF) program, Ministry of 
Education (MoE), the Government of India for providing them with the 
fellowship. Pranav Deevi acknowledges the Ministry of Education (MoE), the 
Government of India, for providing him with the fellowship. This work was 
also supported by the Shenzhen Science and Technology Program (Grant No. 
RCBS20221008093243060) and the Shenzhen Medical Research Fund (Grant 
No. A2403044). All the figures were created using BioRender.com. The authors 
acknowledge using AI tools to improve language and readability.

Author contributions
B.B: Writing—original draft preparation, investigation, visualization, figure 
and table preparation. A.K: Writing—original draft preparation. P.D: Writing—
original draft preparation, review and editing. M.A: Writing—review and 
editing; A.A: Writing—review and editing. L.L: Writing—review and editing. 
G.S, L.L and A.B.K: Contributed to the conceptualization, funding, overall 



Page 29 of 35BharathwajChetty et al. Journal of Neuroinflammation          (2025) 22:129 

supervision, supported review development, and overall editing. All authors 
read and approved the final manuscript.

Funding
This work was supported by BT/556/NE/U-Excel/2016 grant awarded 
to Ajaikumar B Kunnumakkara by Department of Biotechnology (DBT), 
Government of India.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not Applicable.

Consent for publication
Not Applicable.

Competing interests
The authors declare no competing interests.

Received: 21 November 2024 / Accepted: 1 April 2025

References
1.	 Lynch SV, Pedersen O. The human intestinal microbiome in health and 

disease. N Engl J Med. 2016;375:2369–79.
2.	 Lyon L. All disease begins in the Gut’: was Hippocrates right? Brain. 

2018;141:e20.
3.	 Pensinger DA, Dobrila HA, Stevenson DM, Hryckowian ND, Amador-Noguez 

D, Hryckowian AJ. Exogenous butyrate inhibits butyrogenic metabolism and 
alters virulence phenotypes in clostridioides difficile. mBio. 2024;15:e0253523.

4.	 Chang YH, Jeong CH, Cheng WN, Choi Y, Shin DM, Lee S, Han SG. Quality 
characteristics of yogurts fermented with short-chain fatty acid-producing 
probiotics and their effects on mucin production and probiotic adhesion 
onto human colon epithelial cells. J Dairy Sci. 2021;104:7415–25.

5.	 Plaza-Diaz J, Ruiz-Ojeda FJ, Gil-Campos M, Gil A. Mechanisms of action of 
probiotics. Adv Nutr. 2019;10:S49–66.

6.	 Latif A, Shehzad A, Niazi S, Zahid A, Ashraf W, Iqbal MW, Rehman A, Riaz T, 
Aadil RM, Khan IM, et al. Probiotics: mechanism of action, health benefits and 
their application in food industries. Front Microbiol. 2023;14:1216674.

7.	 Monteagudo-Mera A, Rastall RA, Gibson GR, Charalampopoulos D, Chatzi-
fragkou A. Adhesion mechanisms mediated by probiotics and prebiotics 
and their potential impact on human health. Appl Microbiol Biotechnol. 
2019;103:6463–72.

8.	 Round JL, Mazmanian SK. The gut microbiota shapes intestinal immune 
responses during health and disease. Nat Rev Immunol. 2009;9:313–23.

9.	 Collado MC, Rautava S, Aakko J, Isolauri E, Salminen S. Human gut colonisa-
tion may be initiated in utero by distinct microbial communities in the 
placenta and amniotic fluid. Sci Rep. 2016;6:23129.

10.	 Dominguez-Bello MG, Costello EK, Contreras M, Magris M, Hidalgo G, Fierer 
N, Knight R. Delivery mode shapes the acquisition and structure of the initial 
microbiota across multiple body habitats in newborns. Proc Natl Acad Sci U S 
A. 2010;107:11971–5.

11.	 Gibson GR, Hutkins R, Sanders ME, Prescott SL, Reimer RA, Salminen SJ, 
Scott K, Stanton C, Swanson KS, Cani PD, et al. Expert consensus document: 
the international scientific association for probiotics and prebiotics (ISAPP) 
consensus statement on the definition and scope of prebiotics. Nat Rev 
Gastroenterol Hepatol. 2017;14:491–502.

12.	 Hasan N, Yang H. Factors affecting the composition of the gut microbiota, 
and its modulation. PeerJ. 2019;7:e7502.

13.	 Hills RD Jr., Pontefract BA, Mishcon HR, Black CA, Sutton SC, Theberge CR. Gut 
microbiome: profound implications for diet and disease. Nutrients. 2019;11.

14.	 Sims IM, Ryan JL, Kim SH. In vitro fermentation of prebiotic oligosaccha-
rides by bifidobacterium lactis HN019 and Lactobacillus spp. Anaerobe. 
2014;25:11–7.

15.	 Abu YF, Singh S, Tao J, Chupikova I, Singh P, Meng J, Roy S. Opioid-induced 
dysbiosis of maternal gut microbiota during gestation alters offspring gut 
microbiota and pain sensitivity. Gut Microbes. 2024;16:2292224.

16.	 Sun J, Chen F, Wu G. Potential effects of gut microbiota on host cancers: focus 
on immunity, DNA damage, cellular pathways, and anticancer therapy. ISME 
J. 2023;17:1535–51.

17.	 Vivarelli S, Salemi R, Candido S, Falzone L, Santagati M, Stefani S, Torino F, 
Banna GL, Tonini G, Libra M. Gut microbiota and cancer: from pathogenesis 
to therapy. Cancers (Basel). 2019;11.

18.	 Zhou X, Xu X, Lu D, Chen K, Wu Y, Yang X, Xiong W, Chen X, Lan L, Li W, et al. 
Repeated early-life exposure to anaesthesia and surgery causes subsequent 
anxiety-like behaviour and gut microbiota dysbiosis in juvenile rats. Br J 
Anaesth. 2023;130:191–201.

19.	 Gopalakrishnan V, Helmink BA, Spencer CN, Reuben A, Wargo JA. The influ-
ence of the gut microbiome on cancer, immunity, and cancer immunother-
apy. Cancer Cell. 2018;33:570–80.

20.	 Mayer EA, Nance K, Chen S. The gut-brain axis. Annu Rev Med. 
2022;73:439–53.

21.	 Breit S, Kupferberg A, Rogler G, Hasler G. Vagus nerve as modulator of the 
brain-gut axis in psychiatric and inflammatory disorders. Front Psychiatry. 
2018;9:44.

22.	 Carabotti M, Scirocco A, Maselli MA, Severi C. The gut-brain axis: interac-
tions between enteric microbiota, central and enteric nervous systems. Ann 
Gastroenterol. 2015;28:203–9.

23.	 Cryan JF, O’Riordan KJ, Cowan CSM, Sandhu KV, Bastiaanssen TFS, Boehme M, 
Codagnone MG, Cussotto S, Fulling C, Golubeva AV, et al. The microbiota-gut-
brain axis. Physiol Rev. 2019;99:1877–2013.

24.	 Martinez JE, Kahana DD, Ghuman S, Wilson HP, Wilson J, Kim SCJ, Lagishetty V, 
Jacobs JP, Sinha-Hikim AP, Friedman TC. Unhealthy lifestyle and gut dysbiosis: 
a better understanding of the effects of poor diet and nicotine on the intesti-
nal microbiome. Front Endocrinol (Lausanne). 2021;12:667066.

25.	 Hrncir T. Gut microbiota dysbiosis: triggers, consequences, diagnostic and 
therapeutic options. Microorganisms. 2022;10.

26.	 DeGruttola AK, Low D, Mizoguchi A, Mizoguchi E. Current understanding 
of dysbiosis in disease in human and animal models. Inflamm Bowel Dis. 
2016;22:1137–50.

27.	 Elias-Oliveira J, Leite JA, Pereira IS, Guimaraes JB, Manso G, Silva JS, Tostes RC, 
Carlos D. NLR and intestinal dysbiosis-associated inflammatory illness: drivers 
or dampers?? Front Immunol. 2020;11:1810.

28.	 Tilg H, Adolph TE, Gerner RR, Moschen AR. The intestinal microbiota in 
colorectal cancer. Cancer Cell. 2018;33:954–64.

29.	 Yu J, Feng Q, Wong SH, Zhang D, Liang QY, Qin Y, Tang L, Zhao H, Stenvang 
J, Li Y, et al. Metagenomic analysis of faecal microbiome as a tool towards 
targeted non-invasive biomarkers for colorectal cancer. Gut. 2017;66:70–8.

30.	 Zarrinpar A, Chaix A, Xu ZZ, Chang MW, Marotz CA, Saghatelian A, Knight R, 
Panda S. Antibiotic-induced microbiome depletion alters metabolic homeo-
stasis by affecting gut signaling and colonic metabolism. Nat Commun. 
2018;9:2872.

31.	 Dinan TG, Stanton C, Cryan JF. Psychobiotics: a novel class of psychotropic. 
Biol Psychiatry. 2013;74:720–6.

32.	 Gibson GR, Roberfroid MB. Dietary modulation of the human colonic micro-
biota: introducing the concept of prebiotics. J Nutr. 1995;125:1401–12.

33.	 Martyniak A, Medynska-Przeczek A, Wedrychowicz A, Skoczen S, Tomasik PJ. 
Prebiotics, probiotics, synbiotics, paraprobiotics and postbiotic compounds 
in IBD. Biomolecules. 2021;11.

34.	 Salminen S, Collado MC, Endo A, Hill C, Lebeer S, Quigley EMM, Sanders ME, 
Shamir R, Swann JR, Szajewska H, Vinderola G. The international scientific 
association of probiotics and prebiotics (ISAPP) consensus statement on 
the definition and scope of postbiotics. Nat Rev Gastroenterol Hepatol. 
2021;18:649–67.

35.	 Bleibel L, Dziomba S, Waleron KF, Kowalczyk E, Karbownik MS. Deciphering 
psychobiotics’ mechanism of action: bacterial extracellular vesicles in the 
spotlight. Front Microbiol. 2023;14:1211447.

36.	 Sarkar A, Lehto SM, Harty S, Dinan TG, Cryan JF, Burnet PWJ. Psychobiot-
ics and the manipulation of bacteria-gut-brain signals. Trends Neurosci. 
2016;39:763–81.

37.	 Bray F, Laversanne M, Sung H, Ferlay J, Siegel RL, Soerjomataram I, Jemal 
A. Global cancer statistics 2022: GLOBOCAN estimates of incidence and 
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2024;74:229–63.

38.	 Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D, 
Cavenee WK, Ohgaki H, Wiestler OD, Kleihues P, Ellison DW. The 2016 world 



Page 30 of 35BharathwajChetty et al. Journal of Neuroinflammation          (2025) 22:129 

health organization classification of tumors of the central nervous system: a 
summary. Acta Neuropathol. 2016;131:803–20.

39.	 Ostrom QT, Price M, Ryan K, Edelson J, Neff C, Cioffi G, Waite KA, Kruchko C, 
Barnholtz-Sloan JS. CBTRUS statistical report: pediatric brain tumor founda-
tion childhood and adolescent primary brain and other central nervous 
system tumors diagnosed in the United States in 2014–2018. Neuro Oncol. 
2022;24:iii1–38.

40.	 Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, Burger PC, Jouvet A, 
Scheithauer BW, Kleihues P. The 2007 WHO classification of tumours of the 
central nervous system. Acta Neuropathol. 2007;114:97–109.

41.	 Kleihues P, Ohgaki H. Primary and secondary glioblastomas: from concept to 
clinical diagnosis. Neuro Oncol. 1999;1:44–51.

42.	 Ohgaki H, Kleihues P. The definition of primary and secondary glioblastoma. 
Clin Cancer Res. 2013;19:764–72.

43.	 Scherer H. Structural development in gliomas. Am J Cancer. 1938;34:333–51.
44.	 Scherer H. A critical review: the pathology of cerebral gliomas. J Neurol 

Psychiatry. 1940;3:147.
45.	 Scherer H. The forms of growth in gliomas and their practical significance. 

Brain. 1940;63:1–35.
46.	 Watanabe K, Sato K, Biernat W, Tachibana O, von Ammon K, Ogata N, 

Yonekawa Y, Kleihues P, Ohgaki H. Incidence and timing of p53 mutations 
during astrocytoma progression in patients with multiple biopsies. Clin 
Cancer Res. 1997;3:523–30.

47.	 Watanabe K, Tachibana O, Sata K, Yonekawa Y, Kleihues P, Ohgaki H. Overex-
pression of the EGF receptor and p53 mutations are mutually exclusive in the 
evolution of primary and secondary glioblastomas. Brain Pathol. 1996;6:217–
23. discussion 223–214.

48.	 Nigro JM, Baker SJ, Preisinger AC, Jessup JM, Hostetter R, Cleary K, Bigner 
SH, Davidson N, Baylin S, Devilee P, et al. Mutations in the p53 gene occur in 
diverse human tumour types. Nature. 1989;342:705–8.

49.	 Sanchez-Vega F, Mina M, Armenia J, Chatila WK, Luna A, La KC, Dimitriadoy S, 
Liu DL, Kantheti HS, Saghafinia S, et al. Oncogenic signaling pathways in the 
cancer genome atlas. Cell. 2018;173:321–e337310.

50.	 Braganza MZ, Kitahara CM, Berrington de Gonzalez A, Inskip PD, Johnson 
KJ, Rajaraman P. Ionizing radiation and the risk of brain and central nervous 
system tumors: a systematic review. Neuro Oncol. 2012;14:1316–24.

51.	 Gohar MK, Ammar MG, Alnagar AA, Abd-ElAziz HA. Serum IgE and allergy 
related genotypes of IL-4R alpha and IL-13 genes: association with glioma 
susceptibility and glioblastoma prognosis. Egypt J Immunol. 2018;25:19–33.

52.	 Gurney JG, Preston-Martin S, McDaniel AM, Mueller BA, Holly EA. Head injury 
as a risk factor for brain tumors in children: results from a multicenter case-
control study. Epidemiology. 1996;7:485–9.

53.	 Lacourt A, Cardis E, Pintos J, Richardson L, Kincl L, Benke G, Fleming S, 
Hours M, Krewski D, McLean D, et al. INTEROCC case-control study: lack of 
association between glioma tumors and occupational exposure to selected 
combustion products, dusts and other chemical agents. BMC Public Health. 
2013;13:340.

54.	 Limam S, Missaoui N, Bdioui A, Yacoubi MT, Krifa H, Mokni M, Selmi B. 
Investigation of Simian virus 40 (SV40) and human JC, BK, MC, KI, and WU 
polyomaviruses in glioma. J Neurovirol. 2020;26:347–57.

55.	 Ostrom QT, Adel Fahmideh M, Cote DJ, Muskens IS, Schraw JM, Scheurer ME, 
Bondy ML. Risk factors for childhood and adult primary brain tumors. Neuro 
Oncol. 2019;21:1357–75.

56.	 Ruder AM, Waters MA, Carreon T, Butler MA, Calvert GM, Davis-King KE, 
Waters KM, Schulte PA, Mandel JS, Morton RF, et al. The upper Midwest health 
study: industry and occupation of glioma cases and controls. Am J Ind Med. 
2012;55:747–55.

57.	 Turner MC, Krewski D, Armstrong BK, Chetrit A, Giles GG, Hours M, McBride 
ML, Parent ME, Sadetzki S, Siemiatycki J, et al. Allergy and brain tumors in the 
INTERPHONE study: pooled results from Australia, Canada, France, Israel, and 
new Zealand. Cancer Causes Control. 2013;24:949–60.

58.	 Rong L, Li N, Zhang Z. Emerging therapies for glioblastoma: current state and 
future directions. J Exp Clin Cancer Res. 2022;41:142.

59.	 Xiong Z, Raphael I, Olin M, Okada H, Li X, Kohanbash G. Glioblastoma vac-
cines: past, present, and opportunities. EBioMedicine. 2024;100:104963.

60.	 Weller M, Wick W, Aldape K, Brada M, Berger M, Pfister SM, Nishikawa R, 
Rosenthal M, Wen PY, Stupp R, Reifenberger G. Glioma. Nat Rev Dis Primers. 
2015;1:15017.

61.	 Aldape K, Brindle KM, Chesler L, Chopra R, Gajjar A, Gilbert MR, Gottardo N, 
Gutmann DH, Hargrave D, Holland EC, et al. Challenges to curing primary 
brain tumours. Nat Rev Clin Oncol. 2019;16:509–20.

62.	 Quail DF, Joyce JA. Microenvironmental regulation of tumor progression and 
metastasis. Nat Med. 2013;19:1423–37.

63.	 Sharma P, Aaroe A, Liang J, Puduvalli VK. Tumor microenvironment in glioblas-
toma: current and emerging concepts. Neurooncol Adv. 2023;5:vdad009.

64.	 Hambardzumyan D, Bergers G. Glioblastoma: defining tumor niches. Trends 
Cancer. 2015;1:252–65.

65.	 Banks WA. From blood-brain barrier to blood-brain interface: new opportuni-
ties for CNS drug delivery. Nat Rev Drug Discov. 2016;15:275–92.

66.	 Li Z, Yin P. Tumor microenvironment diversity and plasticity in cancer multi-
drug resistance. Biochim Biophys Acta Rev Cancer. 2023;1878:188997.

67.	 Junttila MR, de Sauvage FJ. Influence of tumour micro-environment hetero-
geneity on therapeutic response. Nature. 2013;501:346–54.

68.	 Xinyuan T, Lei Y, Jianping S, Rongwei Z, Ruiwen S, Ye Z, Jing Z, Chunfang T, 
Hongwei C, Haibin G. Advances in the role of gut microbiota in the regula-
tion of the tumor microenvironment (Review). Oncol Rep. 2023;50.

69.	 Hanahan D. Hallmarks of cancer: new dimensions. Cancer Discov. 
2022;12:31–46.

70.	 Backhed F, Ley RE, Sonnenburg JL, Peterson DA, Gordon JI. Host-bacterial 
mutualism in the human intestine. Science. 2005;307:1915–20.

71.	 Dethlefsen L, McFall-Ngai M, Relman DA. An ecological and evolutionary per-
spective on human-microbe mutualism and disease. Nature. 2007;449:811–8.

72.	 Human Microbiome Project C. A framework for human Microbiome research. 
Nature. 2012;486:215–21.

73.	 Human Microbiome Project C. Structure, function and diversity of the healthy 
human Microbiome. Nature. 2012;486:207–14.

74.	 Fan Y, Pedersen O. Gut microbiota in human metabolic health and disease. 
Nat Rev Microbiol. 2021;19:55–71.

75.	 Li J, Jia H, Cai X, Zhong H, Feng Q, Sunagawa S, Arumugam M, Kultima JR, 
Prifti E, Nielsen T, et al. An integrated catalog of reference genes in the human 
gut microbiome. Nat Biotechnol. 2014;32:834–41.

76.	 Kennedy PJ, Cryan JF, Dinan TG, Clarke G. Kynurenine pathway metabolism 
and the microbiota-gut-brain axis. Neuropharmacology. 2017;112:399–412.

77.	 Asnicar F, Manara S, Zolfo M, Truong DT, Scholz M, Armanini F, Ferretti P, Gor-
fer V, Pedrotti A, Tett A, Segata N. Studying vertical microbiome transmission 
from mothers to infants by strain-level metagenomic profiling. mSystems. 
2017;2.

78.	 Backhed F, Roswall J, Peng Y, Feng Q, Jia H, Kovatcheva-Datchary P, Li Y, Xia Y, 
Xie H, Zhong H, et al. Dynamics and stabilization of the human gut microbi-
ome during the first year of life. Cell Host Microbe. 2015;17:690–703.

79.	 Korpela K, Costea P, Coelho LP, Kandels-Lewis S, Willemsen G, Boomsma DI, 
Segata N, Bork P. Selective maternal seeding and environment shape the 
human gut microbiome. Genome Res. 2018;28:561–8.

80.	 Nayfach S, Rodriguez-Mueller B, Garud N, Pollard KS. An integrated 
metagenomics pipeline for strain profiling reveals novel patterns of bacterial 
transmission and biogeography. Genome Res. 2016;26:1612–25.

81.	 Shao Y, Forster SC, Tsaliki E, Vervier K, Strang A, Simpson N, Kumar N, Stares 
MD, Rodger A, Brocklehurst P, et al. Stunted microbiota and opportunistic 
pathogen colonization in caesarean-section birth. Nature. 2019;574:117–21.

82.	 Korpela K, de Vos WM. Early life colonization of the human gut: microbes 
matter everywhere. Curr Opin Microbiol. 2018;44:70–8.

83.	 Rinninella E, Raoul P, Cintoni M, Franceschi F, Miggiano GAD, Gasbarrini A, 
Mele MC. What is the healthy gut microbiota composition?? A changing eco-
system across age, environment, diet, and diseases. Microorganisms. 2019;7.

84.	 Claesson MJ, Cusack S, O’Sullivan O, Greene-Diniz R, de Weerd H, Flannery E, 
Marchesi JR, Falush D, Dinan T, Fitzgerald G, et al. Composition, variability, and 
temporal stability of the intestinal microbiota of the elderly. Proc Natl Acad 
Sci U S A. 2011;108(Suppl 1):4586–91.

85.	 Collins SL, Stine JG, Bisanz JE, Okafor CD, Patterson AD. Bile acids and the gut 
microbiota: metabolic interactions and impacts on disease. Nat Rev Micro-
biol. 2023;21:236–47.

86.	 Ghosh S, Whitley CS, Haribabu B, Jala VR. Regulation of intestinal bar-
rier function by microbial metabolites. Cell Mol Gastroenterol Hepatol. 
2021;11:1463–82.

87.	 Haghikia A, Zimmermann F, Schumann P, Jasina A, Roessler J, Schmidt D, 
Heinze P, Kaisler J, Nageswaran V, Aigner A, et al. Propionate attenuates 
atherosclerosis by immune-dependent regulation of intestinal cholesterol 
metabolism. Eur Heart J. 2022;43:518–33.

88.	 Javdan B, Lopez JG, Chankhamjon P, Lee YJ, Hull R, Wu Q, Wang X, Chatterjee 
S, Donia MS. Personalized mapping of drug metabolism by the human gut 
microbiome. Cell. 2020;181:1661–e16791622.



Page 31 of 35BharathwajChetty et al. Journal of Neuroinflammation          (2025) 22:129 

89.	 Jumpertz R, Le DS, Turnbaugh PJ, Trinidad C, Bogardus C, Gordon JI, Krakoff 
J. Energy-balance studies reveal associations between gut microbes, caloric 
load, and nutrient absorption in humans. Am J Clin Nutr. 2011;94:58–65.

90.	 Le HH, Lee MT, Besler KR, Comrie JMC, Johnson EL. Characterization of inter-
actions of dietary cholesterol with the murine and human gut microbiome. 
Nat Microbiol. 2022;7:1390–403.

91.	 Ma Y, Guo Z, Xia B, Zhang Y, Liu X, Yu Y, Tang N, Tong X, Wang M, Ye X, et al. 
Identification of antimicrobial peptides from the human gut microbiome 
using deep learning. Nat Biotechnol. 2022;40:921–31.

92.	 Sato Y, Atarashi K, Plichta DR, Arai Y, Sasajima S, Kearney SM, Suda W, Takeshita 
K, Sasaki T, Okamoto S, et al. Novel bile acid biosynthetic pathways are 
enriched in the microbiome of centenarians. Nature. 2021;599:458–64.

93.	 Sberro H, Fremin BJ, Zlitni S, Edfors F, Greenfield N, Snyder MP, Pavlopoulos 
GA, Kyrpides NC, Bhatt AS. Large-scale analyses of human microbiomes 
reveal thousands of small, novel genes. Cell. 2019;178:1245–e12591214.

94.	 Schluter J, Peled JU, Taylor BP, Markey KA, Smith M, Taur Y, Niehus R, Staffas 
A, Dai A, Fontana E, et al. The gut microbiota is associated with immune cell 
dynamics in humans. Nature. 2020;588:303–7.

95.	 Yao L, D’Agostino GD, Park J, Hang S, Adhikari AA, Zhang Y, Li W, Avila-Pacheco 
J, Bae S, Clish CB, et al. A biosynthetic pathway for the selective sulfonation of 
steroidal metabolites by human gut bacteria. Nat Microbiol. 2022;7:1404–18.

96.	 Zhang W, Lyu M, Bessman NJ, Xie Z, Arifuzzaman M, Yano H, Parkhurst 
CN, Chu C, Zhou L, Putzel GG, et al. Gut-innervating nociceptors 
regulate the intestinal microbiota to promote tissue protection. Cell. 
2022;185:4170–e41894120.

97.	 Zimmermann M, Zimmermann-Kogadeeva M, Wegmann R, Goodman AL. 
Mapping human microbiome drug metabolism by gut bacteria and their 
genes. Nature. 2019;570:462–7.

98.	 Foster JA, Rinaman L, Cryan JF. Stress & the gut-brain axis: regulation by the 
microbiome. Neurobiol Stress. 2017;7:124–36.

99.	 Margolis KG, Cryan JF, Mayer EA. The microbiota-gut-brain axis: from motility 
to mood. Gastroenterology. 2021;160:1486–501.

100.	 Morais LH, Schreiber HLt, Mazmanian SK. The gut microbiota-brain axis in 
behaviour and brain disorders. Nat Rev Microbiol. 2021;19:241–55.

101.	 Novotny M, Klimova B, Valis M. Microbiome and cognitive impairment: can 
any diets influence learning processes in a positive way?? Front Aging Neuro-
sci. 2019;11:170.

102.	 Tognini P. Gut microbiota: a potential regulator of neurodevelopment. Front 
Cell Neurosci. 2017;11:25.

103.	 Appleton J. The gut-brain axis: influence of microbiota on mood and mental 
health. Integr Med (Encinitas). 2018;17:28–32.

104.	 Liu L, Huh JR, Shah K. Microbiota and the gut-brain-axis: implications for new 
therapeutic design in the CNS. EBioMedicine. 2022;77:103908.

105.	 Long-Smith C, O’Riordan KJ, Clarke G, Stanton C, Dinan TG, Cryan JF. Micro-
biota-gut-brain axis: new therapeutic opportunities. Annu Rev Pharmacol 
Toxicol. 2020;60:477–502.

106.	 Mart’yanov SV, Botchkova EA, Plakunov VK, Gannesen AV. The impact of 
norepinephrine on mono-species and dual-species staphylococcal biofilms. 
Microorganisms. 2021;9.

107.	 Dalile B, Van Oudenhove L, Vervliet B, Verbeke K. The role of short-chain fatty 
acids in microbiota-gut-brain communication. Nat Rev Gastroenterol Hepa-
tol. 2019;16:461–78.

108.	 Chen Y, Xu J, Chen Y. Regulation of neurotransmitters by the gut microbiota 
and effects on cognition in neurological disorders. Nutrients. 2021;13.

109.	 Mitra S, Dash R, Nishan AA, Habiba SU, Moon IS. Brain modulation by the gut 
microbiota: from disease to therapy. J Adv Res. 2023;53:153–73.

110.	 Azzam I, Gilad S, Limor R, Stern N, Greenman Y. Ghrelin stimulation by 
hypothalamic-pituitary-adrenal axis activation depends on increasing cortisol 
levels. Endocr Connect. 2017;6:847–55.

111.	 Picciotto MR. Galanin and addiction. Cell Mol Life Sci. 2008;65:1872–9.
112.	 Zeng MY, Inohara N, Nunez G. Mechanisms of inflammation-driven bacterial 

dysbiosis in the gut. Mucosal Immunol. 2017;10:18–26.
113.	 Lu S, Zhao Q, Guan Y, Sun Z, Li W, Guo S, Zhang A. The communication 

mechanism of the gut-brain axis and its effect on central nervous system 
diseases: a systematic review. Biomed Pharmacother. 2024;178:117207.

114.	 Yang T, Ahmari N, Schmidt JT, Redler T, Arocha R, Pacholec K, Magee KL, Mal-
phurs W, Owen JL, Krane GA, et al. Shifts in the gut microbiota composition 
due to depleted bone marrow beta adrenergic signaling are associated with 
suppressed inflammatory transcriptional networks in the mouse colon. Front 
Physiol. 2017;8:220.

115.	 Glaser R, Kiecolt-Glaser JK. Stress-induced immune dysfunction: implications 
for health. Nat Rev Immunol. 2005;5:243–51.

116.	 Kiecolt-Glaser JK, Derry HM, Fagundes CP. Inflammation: depression fans the 
flames and feasts on the heat. Am J Psychiatry. 2015;172:1075–91.

117.	 Kiecolt-Glaser JK, Wilson SJ, Bailey ML, Andridge R, Peng J, Jaremka LM, 
Fagundes CP, Malarkey WB, Laskowski B, Belury MA. Marital distress, depres-
sion, and a leaky gut: translocation of bacterial endotoxin as a pathway to 
inflammation. Psychoneuroendocrinology. 2018;98:52–60.

118.	 Maes M, Kubera M, Leunis JC, Berk M. Increased IgA and IgM responses 
against gut commensals in chronic depression: further evidence for 
increased bacterial translocation or leaky gut. J Affect Disord. 2012;141:55–62.

119.	 Madison A, Kiecolt-Glaser JK. Stress, depression, diet, and the gut microbiota: 
human-bacteria interactions at the core of psychoneuroimmunology and 
nutrition. Curr Opin Behav Sci. 2019;28:105–10.

120.	 Vanuytsel T, van Wanrooy S, Vanheel H, Vanormelingen C, Verschueren S, 
Houben E, Salim Rasoel S, Tomicronth J, Holvoet L, Farre R, et al. Psychological 
stress and corticotropin-releasing hormone increase intestinal permeability 
in humans by a mast cell-dependent mechanism. Gut. 2014;63:1293–9.

121.	 Breton J, Tennoune N, Lucas N, Francois M, Legrand R, Jacquemot J, Goichon 
A, Guerin C, Peltier J, Pestel-Caron M, et al. Gut commensal E. coli proteins 
activate host satiety pathways following nutrient-induced bacterial growth. 
Cell Metab. 2016;23:324–34.

122.	 Aarts E, Ederveen THA, Naaijen J, Zwiers MP, Boekhorst J, Timmerman 
HM, Smeekens SP, Netea MG, Buitelaar JK, Franke B, et al. Gut microbi-
ome in ADHD and its relation to neural reward anticipation. PLoS ONE. 
2017;12:e0183509.

123.	 Tennoune N, Chan P, Breton J, Legrand R, Chabane YN, Akkermann K, Jarv 
A, Ouelaa W, Takagi K, Ghouzali I, et al. Bacterial ClpB heat-shock protein, an 
antigen-mimetic of the anorexigenic peptide alpha-MSH, at the origin of 
eating disorders. Transl Psychiatry. 2014;4:e458.

124.	 Bravo JA, Forsythe P, Chew MV, Escaravage E, Savignac HM, Dinan TG, 
Bienenstock J, Cryan JF. 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.

125.	 Cryan JF, Dinan TG. Mind-altering microorganisms: the impact of the gut 
microbiota on brain and behaviour. Nat Rev Neurosci. 2012;13:701–12.

126.	 Swartz TD, Duca FA, de Wouters T, Sakar Y, Covasa M. Up-regulation of 
intestinal type 1 taste receptor 3 and sodium glucose luminal transporter-1 
expression and increased sucrose intake in mice lacking gut microbiota. Br J 
Nutr. 2012;107:621–30.

127.	 Kaczmarek JL, Musaad SM, Holscher HD. Time of day and eating behaviors are 
associated with the composition and function of the human gastrointestinal 
microbiota. Am J Clin Nutr. 2017;106:1220–31.

128.	 Liang Y, Liu C, Cheng M, Geng L, Li J, Du W, Song M, Chen N, Yeleen TAN, Song 
L, et al. The link between gut microbiome and Alzheimer’s disease: from the 
perspective of new revised criteria for diagnosis and staging of Alzheimer’s 
disease. Alzheimers Dement. 2024;20:5771–88.

129.	 Liu L, Wang H, Chen X, Zhang Y, Zhang H, Xie P. Gut microbiota and its 
metabolites in depression: from pathogenesis to treatment. EBioMedicine. 
2023;90:104527.

130.	 Seo DO, Holtzman DM. Current understanding of the Alzheimer’s 
disease-associated microbiome and therapeutic strategies. Exp Mol Med. 
2024;56:86–94.

131.	 Xiong RG, Li J, Cheng J, Zhou DD, Wu SX, Huang SY, Saimaiti A, Yang ZJ, Gan 
RY, Li HB. The role of gut microbiota in anxiety, depression, and other mental 
disorders as well as the protective effects of dietary components. Nutrients. 
2023;15.

132.	 Zhu M, Liu X, Ye Y, Yan X, Cheng Y, Zhao L, Chen F, Ling Z. Gut micro-
biota: a novel therapeutic target for Parkinson’s disease. Front Immunol. 
2022;13:937555.

133.	 Taniya MA, Chung HJ, Al Mamun A, Alam S, Aziz MA, Emon NU, Islam MM, 
Hong SS, Podder BR, Ara Mimi A, et al. Role of gut microbiome in autism 
spectrum disorder and its therapeutic regulation. Front Cell Infect Microbiol. 
2022;12:915701.

134.	 Sharon G, Sampson TR, Geschwind DH, Mazmanian SK. The central nervous 
system and the gut microbiome. Cell. 2016;167:915–32.

135.	 Kim CH. Complex regulatory effects of gut microbial short-chain fatty acids 
on immune tolerance and autoimmunity. Cell Mol Immunol. 2023;20:341–50.

136.	 Mann ER, Lam YK, Uhlig HH. Short-chain fatty acids: linking diet, the microbi-
ome and immunity. Nat Rev Immunol. 2024;24:577–95.

137.	 Silva YP, Bernardi A, Frozza RL. The role of short-chain fatty acids from gut 
microbiota in gut-brain communication. Front Endocrinol (Lausanne). 
2020;11:25.



Page 32 of 35BharathwajChetty et al. Journal of Neuroinflammation          (2025) 22:129 

138.	 Wenzel TJ, Kwong E, Bajwa E, Klegeris A. Resolution-associated molecular 
patterns (RAMPs) as endogenous regulators of glia functions in neuroinflam-
matory disease. CNS Neurol Disord Drug Targets. 2020;19:483–94.

139.	 Calvani R, Picca A, Lo Monaco MR, Landi F, Bernabei R, Marzetti E. Of microbes 
and minds: a narrative review on the second brain aging. Front Med (Laus-
anne). 2018;5:53.

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

141.	 Sherwin E, Dinan TG, Cryan JF. Recent developments in understanding the 
role of the gut microbiota in brain health and disease. Ann N Y Acad Sci. 
2018;1420:5–25.

142.	 Kazmierczak-Siedlecka K, Marano L, Merola E, Roviello F, Polom K. Sodium 
butyrate in both prevention and supportive treatment of colorectal cancer. 
Front Cell Infect Microbiol. 2022;12:1023806.

143.	 Liu H, Wang J, He T, Becker S, Zhang G, Li D, Ma X. Butyrate: a double-edged 
sword for health?? Adv Nutr. 2018;9:21–9.

144.	 Ghosh SS, Wang J, Yannie PJ, Ghosh S. Intestinal barrier dysfunction, LPS 
translocation, and disease development. J Endocr Soc. 2020;4:bvz039.

145.	 Ciesielska A, Matyjek M, Kwiatkowska K. TLR4 and CD14 trafficking and its 
influence on LPS-induced pro-inflammatory signaling. Cell Mol Life Sci. 
2021;78:1233–61.

146.	 Lu YC, Yeh WC, Ohashi PS. LPS/TLR4 signal transduction pathway. Cytokine. 
2008;42:145–51.

147.	 Yu B, Li Q, Zhou M. LPS–induced upregulation of the TLR4 signaling pathway 
inhibits osteogenic differentiation of human periodontal ligament stem cells 
under inflammatory conditions. Int J Mol Med. 2019;43:2341–51.

148.	 Adamu A, Li S, Gao F, Xue G. The role of neuroinflammation in neurodegen-
erative diseases: current understanding and future therapeutic targets. Front 
Aging Neurosci. 2024;16:1347987.

149.	 Blank M, Enzlein T, Hopf C. LPS-induced lipid alterations in microglia revealed 
by MALDI mass spectrometry-based cell fingerprinting in neuroinflammation 
studies. Sci Rep. 2022;12:2908.

150.	 Gareau MG, Jury J, MacQueen G, Sherman PM, Perdue MH. Probiotic treat-
ment of rat pups normalises corticosterone release and ameliorates colonic 
dysfunction induced by maternal separation. Gut. 2007;56:1522–8.

151.	 Dicks LMT. Gut bacteria and neurotransmitters. Microorganisms. 2022;10.
152.	 Wei L, Singh R, Ghoshal UC. Enterochromaffin cells-gut microbiota crosstalk: 

underpinning the symptoms, pathogenesis, and pharmacotherapy in disor-
ders of gut-brain interaction. J Neurogastroenterol Motil. 2022;28:357–75.

153.	 Chen LM, Bao CH, Wu Y, Liang SH, Wang D, Wu LY, Huang Y, Liu HR, Wu HG. 
Tryptophan-kynurenine metabolism: a link between the gut and brain 
for depression in inflammatory bowel disease. J Neuroinflammation. 
2021;18:135.

154.	 Correia AS, Vale N. Tryptophan metabolism in depression: a narrative review 
with a focus on serotonin and kynurenine pathways. Int J Mol Sci. 2022;23.

155.	 Zong L, Ge M, Wang J, Kuang D, Wei H, Wang Z, Hu Z, Zhao C, Jin Q, Chen M, 
Wang C. Causal association between kynurenine and depression investigated 
using two-sample Mendelian randomization. Sci Rep. 2024;14:1821.

156.	 Tang W, Meng Z, Li N, Liu Y, Li L, Chen D, Yang Y. Roles of gut microbiota in 
the regulation of hippocampal plasticity, inflammation, and hippocampus-
dependent behaviors. Front Cell Infect Microbiol. 2020;10:611014.

157.	 Schneider E, Doll JPK, Schweinfurth N, Kettelhack C, Schaub AC, Yamanbaeva 
G, Varghese N, Mahlmann L, Brand S, Eckert A, et al. Effect of short-term, 
high-dose probiotic supplementation on cognition, related brain functions 
and BDNF in patients with depression: a secondary analysis of a randomized 
controlled trial. J Psychiatry Neurosci. 2023;48:E23–33.

158.	 Sampson T. Microbial amyloids in neurodegenerative amyloid diseases. FEBS 
J. 2023.

159.	 Arnold C. What part does the gut play in Parkinson’s disease? Nat Med. 2020.
160.	 Borghammer P, Van Den Berge N. Brain-first versus gut-first Parkinson’s 

disease: a hypothesis. J Parkinsons Dis. 2019;9:S281–95.
161.	 Utzschneider KM, Kratz M, Damman CJ, Hullar M. Mechanisms linking 

the gut microbiome and glucose metabolism. J Clin Endocrinol Metab. 
2016;101:1445–54.

162.	 Bertolini A, Fiorotto R, Strazzabosco M. Bile acids and their receptors: modula-
tors and therapeutic targets in liver inflammation. Semin Immunopathol. 
2022;44:547–64.

163.	 Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D, Neyrinck AM, Fava 
F, Tuohy KM, Chabo C, et al. Metabolic endotoxemia initiates obesity and 
insulin resistance. Diabetes. 2007;56:1761–72.

164.	 Yoon JH, Hwang J, Son SU, Choi J, You SW, Park H, Cha SY, Maeng S. How can 
insulin resistance cause Alzheimer’s disease? Int J Mol Sci. 2023;24.

165.	 Tofani GSS, Leigh SJ, Gheorghe CE, Bastiaanssen TFS, Wilmes L, Sen P, Clarke 
G, Cryan JF. Gut microbiota regulates stress responsivity via the circadian 
system. Cell Metab. 2025;37:138–e153135.

166.	 Pearson JA, Wong FS, Wen L. Crosstalk between circadian rhythms and the 
microbiota. Immunology. 2020;161:278–90.

167.	 Pickard JM, Zeng MY, Caruso R, Nunez G. Gut microbiota: role in pathogen 
colonization, immune responses, and inflammatory disease. Immunol Rev. 
2017;279:70–89.

168.	 Klungel OH, Martens EP, Psaty BM, Grobbee DE, Sullivan SD, Stricker 
BH, Leufkens HG, de Boer A. Methods to assess intended effects of 
drug treatment in observational studies are reviewed. J Clin Epidemiol. 
2004;57:1223–31.

169.	 Sanderson E, Glymour MM, Holmes MV, Kang H, Morrison J, Munafo MR, 
Palmer T, Schooling CM, Wallace C, Zhao Q, Smith GD. Mendelian randomiza-
tion. Nat Rev Methods Primers. 2022;2.

170.	 Sekula P, Del Greco MF, Pattaro C, Kottgen A. Mendelian randomization as 
an approach to assess causality using observational data. J Am Soc Nephrol. 
2016;27:3253–65.

171.	 Wang S, Yin F, Guo Z, Li R, Sun W, Wang Y, Geng Y, Sun C, Sun D. Association 
between gut microbiota and glioblastoma: a Mendelian randomization 
study. Front Genet. 2023;14:1308263.

172.	 Zeng C, Zhang C, He C, Song H. Investigating the causal impact of gut micro-
biota on glioblastoma: a bidirectional Mendelian randomization study. BMC 
Genomics. 2023;24:784.

173.	 Ju C, Chen Y, Yang L, Huang Y, Liu J. Causal relationship between gut micro-
biota and glioblastoma: a two-sample Mendelian randomization study. J 
Cancer. 2024;15:332–42.

174.	 Yan J, Li B, Luo C. Gut microbiota’s role in glioblastoma risk, with a focus on 
the mediating role of metabolites. Front Neurol. 2024;15:1386885.

175.	 Teng Y, Mu J, Xu F, Zhang X, Sriwastva MK, Liu QM, Li X, Lei C, Sundaram 
K, Hu X, et al. Gut bacterial isoamylamine promotes age-related cogni-
tive dysfunction by promoting microglial cell death. Cell Host Microbe. 
2022;30:944–e960948.

176.	 Rezasoltani S, Aghdaei HA, Jasemi S, Gazouli M, Dovrolis N, Sadeghi A, 
Schluter H, Zali MR, Sechi LA, Feizabadi MM. Oral microbiota as novel bio-
markers for colorectal cancer screening. Cancers (Basel). 2022;15.

177.	 Montalban-Arques A, Katkeviciute E, Busenhart P, Bircher A, Wirbel J, Zeller 
G, Morsy Y, Borsig L, Glaus Garzon JF, Muller A, et al. Commensal clostridiales 
strains mediate effective anti-cancer immune response against solid tumors. 
Cell Host Microbe. 2021;29:1573–e15881577.

178.	 Huh JW, Kim MJ, Kim J, Lee HG, Ryoo SB, Ku JL, Jeong SY, Park KJ, Kim D, Kim 
JF, Park JW. Enterotypical prevotella and three novel bacterial biomarkers in 
preoperative stool predict the clinical outcome of colorectal cancer. Microbi-
ome. 2022;10:203.

179.	 He J, Chu Y, Li J, Meng Q, Liu Y, Jin J, Wang Y, Wang J, Huang B, Shi L, et al. 
Intestinal butyrate-metabolizing species contribute to autoantibody produc-
tion and bone erosion in rheumatoid arthritis. Sci Adv. 2022;8:eabm1511.

180.	 Lopez-Siles M, Duncan SH, Garcia-Gil LJ, Martinez-Medina M. Faecalibacte-
rium prausnitzii: from microbiology to diagnostics and prognostics. ISME J. 
2017;11:841–52.

181.	 Modoux M, Rolhion N, Lefevre JH, Oeuvray C, Nadvornik P, Illes P, Emond P, 
Parc Y, Mani S, Dvorak Z, Sokol H. Butyrate acts through HDAC inhibition to 
enhance Aryl hydrocarbon receptor activation by gut microbiota-derived 
ligands. Gut Microbes. 2022;14:2105637.

182.	 Jiang H, Zeng W, Zhang X, Pei Y, Zhang H, Li Y. The role of gut microbiota in 
patients with benign and malignant brain tumors: a pilot study. Bioengi-
neered. 2022;13:7847–59.

183.	 Li Y, Jiang H, Wang X, Liu X, Huang Y, Wang Z, Ma Q, Dong L, Qi Y, Zhang H, Lu 
G. Crosstalk between the gut and brain: importance of the fecal microbiota in 
patient with brain tumors. Front Cell Infect Microbiol. 2022;12:881071.

184.	 Patrizz A, Dono A, Zorofchian S, Hines G, Takayasu T, Husein N, Otani Y, 
Arevalo O, Choi HA, Savarraj J, et al. Glioma and temozolomide induced 
alterations in gut microbiome. Sci Rep. 2020;10:21002.

185.	 Nie D, Fang Q, Cheng J, Li B, Li M, Wang H, Li C, Gui S, Zhang Y, Zhao P. The 
intestinal flora of patients with GHPA affects the growth and the expression 
of PD-L1 of tumor. Cancer Immunol Immunother. 2022;71:1233–45.

186.	 Lin B, Wang M, Gao R, Ye Z, Yu Y, He W, Qiao N, Ma Z, Ji C, Shi C, et al. Charac-
teristics of gut microbiota in patients with GH-secreting pituitary adenoma. 
Microbiol Spectr. 2022;10:e0042521.

187.	 Nejman D, Livyatan I, Fuks G, Gavert N, Zwang Y, Geller LT, Rotter-Maskowitz 
A, Weiser R, Mallel G, Gigi E, et al. The human tumor microbiome is composed 
of tumor type-specific intracellular bacteria. Science. 2020;368:973–80.



Page 33 of 35BharathwajChetty et al. Journal of Neuroinflammation          (2025) 22:129 

188.	 Zhao JJ, He DA, Lai HM, Xu YY, Luo YH, Li T, Liang JH, Yang XD, Guo LL, Ke YQ 
et al. Comprehensive histological imaging of native microbiota in human 
glioma. J Biophotonics. 2022;15.

189.	 Yang J, Moon HE, Park HW, McDowell A, Shin TS, Jee YK, Kym S, Paek SH, Kim 
YK. Brain tumor diagnostic model and dietary effect based on extracellular 
vesicle microbiome data in serum. Exp Mol Med. 2020;52:1602–13.

190.	 Wang DH, Fujita Y, Dono A, Rodriguez Armendariz AG, Shah M, Putluri N, 
Pichardo-Rojas PS, Patel CB, Zhu JJ, Huse JT, et al. The genomic alterations in 
glioblastoma influence the levels of CSF metabolites. Acta Neuropathol Com-
mun. 2024;12:13.

191.	 Mesnage R, Antoniou MN. Computational modelling provides insight into 
the effects of glyphosate on the Shikimate pathway in the human gut micro-
biome. Curr Res Toxicol. 2020;1:25–33.

192.	 Hou X, Du H, Deng Y, Wang H, Liu J, Qiao J, Liu W, Shu X, Sun B, Liu Y. Gut 
microbiota mediated the individualized efficacy of temozolomide via immu-
nomodulation in glioma. J Transl Med. 2023;21:198.

193.	 Li XC, Wu BS, Jiang Y, Li J, Wang ZF, Ma C, Li YR, Yao J, Jin XQ, Li ZQ. Temozolo-
mide-induced changes in gut microbial composition in a mouse model of 
brain glioma. Drug Des Devel Ther. 2021;15:1641–52.

194.	 Fan Y, Su Q, Chen J, Wang Y, He S. Gut microbiome alterations affect glioma 
development and Foxp3 expression in tumor microenvironment in mice. 
Front Oncol. 2022;12:836953.

195.	 Kim J, Kim Y, La J, Park WH, Kim HJ, Park SH, Ku KB, Kang BH, Lim J, Kwon MS, 
Lee HK. Supplementation with a high-glucose drink stimulates anti-tumor 
immune responses to glioblastoma via gut microbiota modulation. Cell Rep. 
2023;42:113220.

196.	 Herbreteau A, Aubert P, Croyal M, Naveilhan P, Billon-Crossouard S, Neunlist 
M, Delneste Y, Couez D, Aymeric L. Late-stage glioma is associated with del-
eterious alteration of gut bacterial metabolites in mice. Metabolites. 2022;12.

197.	 Sarkar S, Deyoung T, Ressler H, Chandler W. Brain tumors: development, 
drug resistance, and sensitization - an epigenetic approach. Epigenetics. 
2023;18:2237761.

198.	 Dymova MA, Kuligina EV, Richter VA. Molecular mechanisms of drug resis-
tance in glioblastoma. Int J Mol Sci. 2021;22.

199.	 Zhang X, Ding K, Wang J, Li X, Zhao P. Chemoresistance caused by the 
microenvironment of glioblastoma and the corresponding solutions. Biomed 
Pharmacother. 2019;109:39–46.

200.	 Newlands ES, Stevens MF, Wedge SR, Wheelhouse RT, Brock C. Temozolomide: 
a review of its discovery, chemical properties, pre-clinical development and 
clinical trials. Cancer Treat Rev. 1997;23:35–61.

201.	 Stupp R, Gander M, Leyvraz S, Newlands E. Current and future developments 
in the use of temozolomide for the treatment of brain tumours. Lancet 
Oncol. 2001;2:552–60.

202.	 Cohen MH, Johnson JR, Pazdur R. Food and drug administration drug 
approval summary: temozolomide plus radiation therapy for the treatment of 
newly diagnosed glioblastoma multiforme. Clin Cancer Res. 2005;11:6767–71.

203.	 Cohen MH, Shen YL, Keegan P, Pazdur R. FDA drug approval summary: 
bevacizumab (Avastin) as treatment of recurrent glioblastoma multiforme. 
Oncologist. 2009;14:1131–8.

204.	 Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJ, 
Belanger K, Brandes AA, Marosi C, Bogdahn U, et al. Radiotherapy plus 
concomitant and adjuvant temozolomide for glioblastoma. N Engl J Med. 
2005;352:987–96.

205.	 Zhu P, Du XL, Lu G, Zhu JJ. Survival benefit of glioblastoma patients after FDA 
approval of temozolomide concomitant with radiation and bevacizumab: a 
population-based study. Oncotarget. 2017;8:44015–31.

206.	 Singh N, Miner A, Hennis L, Mittal S. Mechanisms of temozolomide resistance 
in glioblastoma - a comprehensive review. Cancer Drug Resist. 2021;4:17–43.

207.	 Zhu J, Su J. Alterations of the gut microbiome in recurrent malignant gliomas 
patients received bevacizumab and temozolomide combination treatment 
and temozolomide monotherapy. Indian J Microbiol. 2022;62:23–31.

208.	 Turco L, Della Monica R, Giordano P, Cuomo M, Biazzo M, Mateu B, Di Liello R, 
Daniele B, Normanno N, De Luca A, et al. Case report: tracing in parallel the 
salivary and gut microbiota profiles to assist larotrectinib anticancer treat-
ment for NTRK fusion-positive glioblastoma. Front Oncol. 2024;14:1458990.

209.	 Alexiou GA, Vartholomatos G, Karamoutsios A, Batistatou A, Kyritsis AP, 
Voulgaris S. Circulating progenitor cells: a comparison of patients with glio-
blastoma or meningioma. Acta Neurol Belg. 2013;113:7–11.

210.	 Fecci PE, Mitchell DA, Whitesides JF, Xie W, Friedman AH, Archer GE, Herndon 
JE 2nd, Bigner DD, Dranoff G, Sampson JH. Increased regulatory T-cell fraction 
amidst a diminished CD4 compartment explains cellular immune defects in 
patients with malignant glioma. Cancer Res. 2006;66:3294–302.

211.	 Gieryng A, Pszczolkowska D, Walentynowicz KA, Rajan WD, Kaminska B. 
Immune microenvironment of gliomas. Lab Invest. 2017;97:498–518.

212.	 Lohr J, Ratliff T, Huppertz A, Ge Y, Dictus C, Ahmadi R, Grau S, Hiraoka N, 
Eckstein V, Ecker RC, et al. Effector T-cell infiltration positively impacts survival 
of glioblastoma patients and is impaired by tumor-derived TGF-beta. Clin 
Cancer Res. 2011;17:4296–308.

213.	 Perng P, Lim M. Immunosuppressive mechanisms of malignant gliomas: 
parallels at non-CNS sites. Front Oncol. 2015;5:153.

214.	 Wainwright DA, Dey M, Chang A, Lesniak MS. Targeting Tregs in malignant 
brain cancer: overcoming IDO. Front Immunol. 2013;4:116.

215.	 Lin H, Liu C, Hu A, Zhang D, Yang H, Mao Y. Understanding the immunosup-
pressive microenvironment of glioma: mechanistic insights and clinical 
perspectives. J Hematol Oncol. 2024;17:31.

216.	 D’Alessandro G, Antonangeli F, Marrocco F, Porzia A, Lauro C, Santoni A, 
Limatola C. Gut microbiota alterations affect glioma growth and innate 
immune cells involved in tumor immunosurveillance in mice. Eur J Immunol. 
2020;50:705–11.

217.	 Zhou M, Wu J, Shao Y, Zhang J, Zheng R, Shi Q, Wang J, Liu B. Short-chain fatty 
acids reverses gut microbiota dysbiosis-promoted progression of glioblas-
toma by up-regulating M1 polarization in the tumor microenvironment. Int 
Immunopharmacol. 2024;141:112881.

218.	 Maciel-Fiuza MF, Muller GC, Campos DMS, do, Socorro Silva Costa P, Peruzzo 
J, Bonamigo RR, Veit T, Vianna FSL. Role of gut microbiota in infectious and 
inflammatory diseases. Front Microbiol. 2023;14:1098386.

219.	 Mendes V, Galvao I, Vieira AT. Mechanisms by which the gut microbiota influ-
ences cytokine production and modulates host inflammatory responses. J 
Interferon Cytokine Res. 2019;39:393–409.

220.	 Marei HE, Hasan A, Pozzoli G, Cenciarelli C. Cancer immunotherapy with 
immune checkpoint inhibitors (ICIs): potential, mechanisms of resistance, 
and strategies for reinvigorating T cell responsiveness when resistance is 
acquired. Cancer Cell Int. 2023;23:64.

221.	 Sampson JH, Maus MV, June CH. Immunotherapy for brain tumors. J Clin 
Oncol. 2017;35:2450–6.

222.	 Vafaei S, Zekiy AO, Khanamir RA, Zaman BA, Ghayourvahdat A, Azimizonuzi H, 
Zamani M. Combination therapy with immune checkpoint inhibitors (ICIs); a 
new frontier. Cancer Cell Int. 2022;22:2.

223.	 Zhao J, Roberts A, Wang Z, Savage J, Ji RR. Emerging role of PD-1 in the 
central nervous system and brain diseases. Neurosci Bull. 2021;37:1188–202.

224.	 Garg AD, Vandenberk L, Van Woensel M, Belmans J, Schaaf M, Boon L, De 
Vleeschouwer S, Agostinis P. Preclinical efficacy of immune-checkpoint 
monotherapy does not recapitulate corresponding biomarkers-based clinical 
predictions in glioblastoma. Oncoimmunology. 2017;6:e1295903.

225.	 Duerinck J, Schwarze JK, Awada G, Tijtgat J, Vaeyens F, Bertels C, Geens W, 
Klein S, Seynaeve L, Cras L et al. Intracerebral administration of CTLA-4 and 
PD-1 immune checkpoint blocking monoclonal antibodies in patients with 
recurrent glioblastoma: a phase I clinical trial. J Immunother Cancer. 2021;9.

226.	 Reardon DA, Brandes AA, Omuro A, Mulholland P, Lim M, Wick A, Baehring 
J, Ahluwalia MS, Roth P, Bahr O, et al. Effect of nivolumab vs bevacizumab in 
patients with recurrent glioblastoma: the checkmate 143 phase 3 random-
ized clinical trial. JAMA Oncol. 2020;6:1003–10.

227.	 Dees KJ, Koo H, Humphreys JF, Hakim JA, Crossman DK, Crowley MR, Nabors 
LB, Benveniste EN, Morrow CD, McFarland BC. Human gut microbial com-
munities dictate efficacy of anti-PD-1 therapy in a humanized microbiome 
mouse model of glioma. Neurooncol Adv. 2021;3:vdab023.

228.	 Baker SA, Rutter J. Metabolites as signalling molecules. Nat Rev Mol Cell Biol. 
2023;24:355–74.

229.	 Figlia G, Willnow P, Teleman AA. Metabolites regulate cell signaling and 
growth via covalent modification of proteins. Dev Cell. 2020;54:156–70.

230.	 Haas R, Cucchi D, Smith J, Pucino V, Macdougall CE, Mauro C. Intermediates 
of metabolism: from bystanders to signalling molecules. Trends Biochem Sci. 
2016;41:460–71.

231.	 Li F, Xu W, Zhao S. Regulatory roles of metabolites in cell signaling networks. J 
Genet Genomics. 2013;40:367–74.

232.	 Liu JY, Wellen KE. Advances into understanding metabolites as signaling 
molecules in cancer progression. Curr Opin Cell Biol. 2020;63:144–53.

233.	 Hao Z, Ding X, Wang J. Effects of gut bacteria and their metabolites on gut 
health of animals. Adv Appl Microbiol. 2024;127:223–52.

234.	 Naliyadhara N, Kumar A, Kumar Gangwar S, Nair Devanarayanan T, Hegde M, 
Alqahtani MS, Abbas M, Sethi G, Kunnumakkara A. Interplay of dietary antioxi-
dants and gut microbiome in human health: what has been learnt thus far? J 
Funct Foods. 2023;100:105365.



Page 34 of 35BharathwajChetty et al. Journal of Neuroinflammation          (2025) 22:129 

235.	 Shreiner AB, Kao JY, Young VB. The gut microbiome in health and in disease. 
Curr Opin Gastroenterol. 2015;31:69–75.

236.	 Dono A, Patrizz A, McCormack RM, Putluri N, Ganesh BP, Kaur B, McCullough 
LD, Ballester LY, Esquenazi Y. Glioma induced alterations in fecal short-chain 
fatty acids and neurotransmitters. CNS Oncol. 2020;9:CNS57.

237.	 Rosito M, Maqbool J, Reccagni A, Giampaoli O, Sciubba F, Antonangeli F, Scav-
izzi F, Raspa M, Cordella F, Tondo L, et al. Antibiotics treatment promotes vas-
culogenesis in the brain of glioma-bearing mice. Cell Death Dis. 2024;15:210.

238.	 Ahmed S, Busetti A, Fotiadou P, Vincy Jose N, Reid S, Georgieva M, Brown S, 
Dunbar H, Beurket-Ascencio G, Delday MI, et al. In vitro characterization of 
gut Microbiota-derived bacterial strains with neuroprotective properties. 
Front Cell Neurosci. 2019;13:402.

239.	 Cani PD, de Vos WM. Next-generation beneficial microbes: the case of Akker-
mansia muciniphila. Front Microbiol. 2017;8:1765.

240.	 Consonni A, Cordiglieri C, Rinaldi E, Marolda R, Ravanelli I, Guidesi E, Elli M, 
Mantegazza R, Baggi F. Administration of bifidobacterium and Lactobacil-
lus strains modulates experimental myasthenia Gravis and experimental 
encephalomyelitis in Lewis rats. Oncotarget. 2018;9:22269–87.

241.	 Li M, van Esch B, Wagenaar GTM, Garssen J, Folkerts G, Henricks PAJ. Pro- and 
anti-inflammatory effects of short chain fatty acids on immune and endothe-
lial cells. Eur J Pharmacol. 2018;831:52–9.

242.	 Loke MF, Chua EG, Gan HM, Thulasi K, Wanyiri JW, Thevambiga I, Goh KL, 
Wong WF, Vadivelu J. Metabolomics and 16S rRNA sequencing of human 
colorectal cancers and adjacent mucosa. PLoS ONE. 2018;13:e0208584.

243.	 Rossi M, Amaretti A, Raimondi S. Folate production by probiotic bacteria. 
Nutrients. 2011;3:118–34.

244.	 Routy B, Le Chatelier E, Derosa L, Duong CPM, Alou MT, Daillere R, Fluckiger 
A, Messaoudene M, Rauber C, Roberti MP, et al. Gut microbiome influences 
efficacy of PD-1-based immunotherapy against epithelial tumors. Science. 
2018;359:91–7.

245.	 Sanchez H, Hossain MB, Lera L, Hirsch S, Albala C, Uauy R, Broberg K, Ronco 
AM. High levels of circulating folate concentrations are associated with DNA 
methylation of tumor suppressor and repair genes p16, MLH1, and MGMT in 
elderly Chileans. Clin Epigenetics. 2017;9:74.

246.	 Wang Z, Wang H, Kang Z, Wu Y, Xing Y, Yang Y. Antioxidant and anti-tumour 
activity of triterpenoid compounds isolated from Morchella mycelium. Arch 
Microbiol. 2020;202:1677–85.

247.	 Agus A, Planchais J, Sokol H. Gut microbiota regulation of tryptophan 
metabolism in health and disease. Cell Host Microbe. 2018;23:716–24.

248.	 Labadie BW, Bao R, Luke JJ. Reimagining IDO pathway inhibition in cancer 
immunotherapy via downstream focus on the Tryptophan-Kynurenine-Aryl 
hydrocarbon axis. Clin Cancer Res. 2019;25:1462–71.

249.	 Platten M, Weller M, Wick W. Shaping the glioma immune microenvironment 
through tryptophan metabolism. CNS Oncol. 2012;1:99–106.

250.	 Roager HM, Licht TR. Microbial tryptophan catabolites in health and disease. 
Nat Commun. 2018;9:3294.

251.	 Yang W, Yu T, Huang X, Bilotta AJ, Xu L, Lu Y, Sun J, Pan F, Zhou J, Zhang W, et 
al. Intestinal microbiota-derived short-chain fatty acids regulation of immune 
cell IL-22 production and gut immunity. Nat Commun. 2020;11:4457.

252.	 Zhang J, Guo Z, Xie Q, Zhong C, Gao X, Yang Q. Tryptophan hydroxylase 1 
drives glioma progression by modulating the serotonin/L1CAM/NF-kappaB 
signaling pathway. BMC Cancer. 2022;22:457.

253.	 Feng S, Wan Q, Wu W, Zhang C, Lu H, Lu X. Effect of gut microbiome regu-
lated Taohong Siwu Decoction metabolism on glioma cell phenotype. Front 
Cell Infect Microbiol. 2023;13:1192589.

254.	 Kim H, Roh HS, Kim JE, Park SD, Park WH, Moon JY. Compound K attenuates 
stromal cell-derived growth factor 1 (SDF-1)-induced migration of C6 glioma 
cells. Nutr Res Pract. 2016;10:259–64.

255.	 Ahluwalia V, Wade JB, Heuman DM, Hammeke TA, Sanyal AJ, Sterling RK, 
Stravitz RT, Luketic V, Siddiqui MS, Puri P, et al. Enhancement of functional 
connectivity, working memory and inhibitory control on multi-modal brain 
MR imaging with rifaximin in cirrhosis: implications for the gut-liver-brain axis. 
Metab Brain Dis. 2014;29:1017–25.

256.	 Ishaq HM, Yasin R, Mohammad IS, Fan Y, Li H, Shahzad M, Xu J. The gut-brain-
axis: a positive relationship between gut microbial dysbiosis and glioblas-
toma brain tumour. Heliyon. 2024;10:e30494.

257.	 Mehrian-Shai R, Reichardt JKV, Harris CC, Toren A. The gut-brain axis, paving 
the way to brain cancer. Trends Cancer. 2019;5:200–7.

258.	 Keane L, Cryan JF, Gleeson JP. Exploiting the gut microbiome for brain 
tumour treatment. Trends Mol Med. 2024.

259.	 Mirzaei R, Afaghi A, Babakhani S, Sohrabi MR, Hosseini-Fard SR, Babol-
havaeji K, Khani Ali Akbari S, Yousefimashouf R, Karampoor S. Role of 

microbiota-derived short-chain fatty acids in cancer development and 
prevention. Biomed Pharmacother. 2021;139:111619.

260.	 Braniste V, Al-Asmakh M, Kowal C, Anuar F, Abbaspour A, Toth M, Korecka A, 
Bakocevic N, Ng LG, Kundu P, et al. The gut microbiota influences blood-brain 
barrier permeability in mice. Sci Transl Med. 2014;6:263ra158.

261.	 Knox EG, Aburto MR, Tessier C, Nagpal J, Clarke G, O’Driscoll CM, Cryan JF. 
Microbial-derived metabolites induce actin cytoskeletal rearrangement and 
protect blood-brain barrier function. iScience. 2022;25:105648.

262.	 Atarashi K, Honda K. Microbiota in autoimmunity and tolerance. Curr Opin 
Immunol. 2011;23:761–8.

263.	 Goldberg B, Sichtig H, Geyer C, Ledeboer N, Weinstock GM. Making the 
leap from research laboratory to clinic: challenges and opportunities 
for Next-Generation sequencing in infectious disease diagnostics. mBio. 
2015;6:e01888–01815.

264.	 : Microbial identification and detection of antimicrobial resistance and 
virulence markers; draft guidance for industry and food and Drug Administra-
tion Staff; Infectious Disease Next Generation Sequencing Based Diagnostic 
Devices, Availability. [2016]. Accessed 08 June 2024 ​h​t​t​p​s​:​​​/​​/​w​w​​w​.​​f​e​d​​e​r​a​l​​r​e​g​​i​s​​t​
e​​r​​.​g​​o​​v​​/​d​​/​2​​​0​1​6​-​1​1​2​3​7

265.	 Chiu CY, Miller SA. Clinical metagenomics. Nat Rev Genet. 2019;20:341–55.
266.	 Fain KM, Nelson JT, Tse T, Williams RJ. Race and ethnicity reporting for 

clinical trials in clinicaltrials.gov and publications. Contemp Clin Trials. 
2021;101:106237.

267.	 Kaufman JS, Merckx J, Cooper RS. Use of racial and ethnic categories in medi-
cal testing and diagnosis: primum non nocere. Clin Chem. 2021;67:1456–65.

268.	 Turner BE, Steinberg JR, Weeks BT, Rodriguez F, Cullen MR. Race/ethnicity 
reporting and representation in US clinical trials: a cohort study. Lancet Reg 
Health Am. 2022;11.

269.	 Andrews K. Racism is the public health crisis. Lancet. 2021;397:1342–3.
270.	 Mohseni AH, Casolaro V, Bermudez-Humaran LG, Keyvani H, Taghinezhad 

SS. Modulation of the PI3K/Akt/mTOR signaling pathway by probiotics 
as a fruitful target for orchestrating the immune response. Gut Microbes. 
2021;13:1–17.

271.	 Eckerdt FD, Bell JB, Gonzalez C, Oh MS, Perez RE, Mazewski C, Fischietti M, 
Goldman S, Nakano I, Platanias LC. Combined PI3Kalpha-mTOR targeting of 
glioma stem cells. Sci Rep. 2020;10:21873.

272.	 Wang L, Li S, Fan H, Han M, Xie J, Du J, Peng F. Bifidobacterium lactis 
combined with Lactobacillus plantarum inhibit glioma growth in mice 
through modulating PI3K/AKT pathway and gut microbiota. Front Microbiol. 
2022;13:986837.

273.	 Fan H, Wang Y, Han M, Wang L, Li X, Kuang X, Du J, Peng F. Multi-omics-based 
investigation of bifidobacterium’s inhibitory effect on glioma: regula-
tion of tumor and gut microbiota, and MEK/ERK cascade. Front Microbiol. 
2024;15:1344284.

274.	 Fatahi A, Soleimani N, Afrough P. Anticancer activity of kefir on glioblastoma 
cancer cell as a new treatment. Int J Food Sci. 2021;2021:8180742.

275.	 Brussow H. Probiotics and prebiotics in clinical tests: an update. F1000Res. 
2019;8.

276.	 Dronkers TMG, Ouwehand AC, Rijkers GT. Global analysis of clinical trials with 
probiotics. Heliyon. 2020;6:e04467.

277.	 Dudek-Wicher R, Junka A, Paleczny J, Bartoszewicz M. Clinical trials of probi-
otic strains in selected disease entities. Int J Microbiol. 2020;2020:8854119.

278.	 McFarland LV, Karakan T, Karatas A. Strain-specific and outcome-specific effi-
cacy of probiotics for the treatment of irritable bowel syndrome: a systematic 
review and meta-analysis. EClinicalMedicine. 2021;41:101154.

279.	 Kim KO, Gluck M. Fecal microbiota transplantation: an update on clinical 
practice. Clin Endosc. 2019;52:137–43.

280.	 Porcari S, Benech N, Valles-Colomer M, Segata N, Gasbarrini A, Cammarota G, 
Sokol H, Ianiro G. Key determinants of success in fecal microbiota transplan-
tation: from microbiome to clinic. Cell Host Microbe. 2023;31:712–33.

281.	 Tariq R, Pardi DS, Bartlett MG, Khanna S. Low cure rates in controlled trials of 
fecal microbiota transplantation for recurrent clostridium difficile infection: a 
systematic review and Meta-analysis. Clin Infect Dis. 2019;68:1351–8.

282.	 Xu H, Cao C, Ren Y, Weng S, Liu L, Guo C, Wang L, Han X, Ren J, Liu Z. Antitu-
mor effects of fecal microbiota transplantation: implications for microbiome 
modulation in cancer treatment. Front Immunol. 2022;13:949490.

283.	 Chatterjee J, Qi X, Mu R, Li X, Eligator T, Ouyang M, Bozeman SL, Rodgers R, 
Aggarwal S, Campbell DE et al. Intestinal bacteroides drives glioma progres-
sion by regulating CD8 + T cell tumor infiltration. Neuro Oncol. 2025.

284.	 Daschner PJ, Ross S, Seifried H, Kumar A, Flores R. Nutrition and microbiome 
interactions in human cancer. J Acad Nutr Diet. 2023;123:504–14.

https://www.federalregister.gov/d/2016-11237
https://www.federalregister.gov/d/2016-11237


Page 35 of 35BharathwajChetty et al. Journal of Neuroinflammation          (2025) 22:129 

285.	 Rinninella E, Raoul P, Cintoni M, Palombaro M, Pulcini G, Gasbarrini A, Mele 
MC. Nutritional interventions targeting gut microbiota during cancer thera-
pies. Microorganisms. 2021;9.

286.	 Nogal A, Valdes AM, Menni C. The role of short-chain fatty acids in the 
interplay between gut microbiota and diet in cardio-metabolic health. Gut 
Microbes. 2021;13:1–24.

287.	 Huang P, Liu Y. A Reasonable diet promotes balance of intestinal microbiota: 
prevention of precolorectal cancer. Biomed Res Int. 2019;2019:3405278.

288.	 Yoo W, Zieba JK, Foegeding NJ, Torres TP, Shelton CD, Shealy NG, Byndloss 
AJ, Cevallos SA, Gertz E, Tiffany CR, et al. High-fat diet-induced colonocyte 
dysfunction escalates microbiota-derived trimethylamine N-oxide. Science. 
2021;373:813–8.

289.	 Zmora N, Zeevi D, Korem T, Segal E, Elinav E. Taking it personally: personal-
ized utilization of the human microbiome in health and disease. Cell Host 
Microbe. 2016;19:12–20.

290.	 Ratiner K, Ciocan D, Abdeen SK, Elinav E. Utilization of the microbiome in 
personalized medicine. Nat Rev Microbiol. 2024;22:291–308.

291.	 Petrosino JF. The microbiome in precision medicine: the way forward. 
Genome Med. 2018;10:12.

292.	 Henke DM, Renwick A, Zoeller JR, Meena JK, Neill NJ, Bowling EA, Meerbrey 
KL, Westbrook TF, Simon LM. Bio-primed machine learning to enhance 
discovery of relevant biomarkers. NPJ Precis Oncol. 2025;9:39.

293.	 Dunkler D, Sanchez-Cabo F, Heinze G. Statistical analysis principles for omics 
data. Methods Mol Biol. 2011;719:113–31.

294.	 Ghosh D, Poisson LM. Omics data and levels of evidence for biomarker 
discovery. Genomics. 2009;93:13–6.

295.	 Hedou J, Maric I, Bellan G, Einhaus J, Gaudilliere DK, Ladant FX, Verdonk F, 
Stelzer IA, Feyaerts D, Tsai AS, et al. Discovery of sparse, reliable omic biomark-
ers with stabl. Nat Biotechnol. 2024;42:1581–93.

296.	 Behera HS, Nayak J, Naik B, Abraham A. Computational intelligence in data 
mining. Springer; 2020.

297.	 Fiannaca A, La Paglia L, La Rosa M, Lo Bosco G, Renda G, Rizzo R, Gaglio 
S, Urso A. Deep learning models for bacteria taxonomic classification of 
metagenomic data. BMC Bioinformatics. 2018;19:198.

298.	 Hernandez Medina R, Kutuzova S, Nielsen KN, Johansen J, Hansen LH, Nielsen 
M, Rasmussen S. Machine learning and deep learning applications in micro-
biome research. ISME Commun. 2022;2:98.

299.	 Teixeira M, Silva F, Ferreira RM, Pereira T, Figueiredo C, Oliveira HP. A review 
of machine learning methods for cancer characterization from microbiome 
data. NPJ Precis Oncol. 2024;8:123.

300.	 Noecker C, McNally CP, Eng A, Borenstein E. High-resolution characterization 
of the human microbiome. Transl Res. 2017;179:7–23.

301.	 Zheng SX, Chen JP, Liang RS, Zhuang BB, Wang CH, Zhang GL, Shi SS, Chen 
J. Schizophyllum commune fruiting body polysaccharides inhibit glioma by 
mediating ARHI regulation of PI3K/AKT signalling pathway. Int J Biol Macro-
mol. 2024;279:135326.

302.	 Casimiro-Soriguer CS, Loucera C, Pena-Chilet M, Dopazo J. Towards a 
metagenomics machine learning interpretable model for understanding the 
transition from adenoma to colorectal cancer. Sci Rep. 2022;12:450.

303.	 Han S, Zhuang J, Pan Y, Wu W, Ding K. Different characteristics in gut microbi-
ome between advanced adenoma patients and colorectal cancer patients by 
metagenomic analysis. Microbiol Spectr. 2022;10:e0159322.

304.	 Li X, Wang X, Huang R, Stucky A, Chen X, Sun L, Wen Q, Zeng Y, Fletcher H, 
Wang C et al. The machine-learning-mediated interface of microbiome and 
genetic risk stratification in neuroblastoma reveals molecular pathways 
related to patient survival. Cancers (Basel). 2022;14.

305.	 Ni Y, Lohinai Z, Heshiki Y, Dome B, Moldvay J, Dulka E, Galffy G, Berta J, Weiss 
GJ, Sommer MOA, Panagiotou G. Distinct composition and metabolic func-
tions of human gut microbiota are associated with cachexia in lung cancer 
patients. ISME J. 2021;15:3207–20.

306.	 Liu C, Liu F, Nie D, Xiao Y, Wu W, Jia Y, Jin L, Qiao N, Cai K, Ru S, et al. Gut micro-
biota composition and metabolic characteristics in patients with craniopha-
ryngioma. BMC Cancer. 2024;24:521.

307.	 Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, Hutten-
hower C. Metagenomic biomarker discovery and explanation. Genome Biol. 
2011;12:R60.

308.	 Langille MG, Zaneveld J, Caporaso JG, McDonald D, Knights D, Reyes JA, Cle-
mente JC, Burkepile DE, Vega Thurber RL, Knight R, et al. Predictive functional 
profiling of microbial communities using 16S rRNA marker gene sequences. 
Nat Biotechnol. 2013;31:814–21.

309.	 Melendez-Vazquez NM, Nguyen TT, Fan X, Lopez-Rivas AR, Fueyo J, Gomez-
Manzano C, Godoy-Vitorino F. Gut microbiota composition is associated 
with the efficacy of Delta-24-RGDOX in malignant gliomas. Mol Ther Oncol. 
2024;32:200787.

310.	 Estaki M, Jiang L, Bokulich NA, McDonald D, Gonzalez A, Kosciolek T, Martino 
C, Zhu Q, Birmingham A, Vazquez-Baeza Y, et al. QIIME 2 enables compre-
hensive end-to-end analysis of diverse microbiome data and comparative 
studies with publicly available data. Curr Protoc Bioinf. 2020;70:e100.

311.	 Kuczynski J, Stombaugh J, Walters WA, Gonzalez A, Caporaso JG, Knight R. 
Using QIIME to analyze 16S rRNA gene sequences from microbial communi-
ties. Curr Protoc Bioinformatics. 2011;Chap. 10:10 17 11–10 17 20.

312.	 Seal RL, Braschi B, Gray K, Jones TEM, Tweedie S, Haim-Vilmovsky L, Bruford 
EA. Genenames.org: the HGNC resources in 2023. Nucleic Acids Res. 
2023;51:D1003–9.

313.	 Tanaka M, Nakayama J. Development of the gut microbiota in infancy and its 
impact on health in later life. Allergol Int. 2017;66:515–22.

314.	 Chen X, Han L, Xu W. Dissecting causal relationships between gut microbiota, 
blood metabolites, and glioblastoma multiforme: a two-sample Mendelian 
randomization study. Front Microbiol. 2024;15:1403316.

315.	 Cui C, Yang T, Wang S, Jia Z, Zhao L, Han X, Sun X, Zong J, Wang S, Chen D. 
Discussion on the relationship between gut microbiota and glioma through 
Mendelian randomization test based on the brain gut axis. PLoS ONE. 
2024;19:e0304403.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Gut microbiota and their influence in brain cancer milieu
	﻿Abstract
	﻿Background
	﻿The gut microbiota and GBA in human health
	﻿Dysbiosis of the gut microbiota and brain behaviour
	﻿Dysbiosis of gut microbiota in GBM based on randomisation studies
	﻿Dysbiosis of gut microbiota in brain cancer patients
	﻿Dysbiosis of gut microbiota in model mice
	﻿Interaction of gut microbiota with brain cancer and TME
	﻿Interaction of gut microbiota with brain cancer and oncotherapy
	﻿Gut microbiota-mediated immunomodulation in the brain cancer microenvironment
	﻿Interaction of gut microbiota with brain cancer through metabolites
	﻿Clinical significance and applicability
	﻿Challenges or limitations
	﻿Future perspectives
	﻿Microbiota-based therapeutic strategies for GBM: probiotics, FMT, and dietary interventions
	﻿Artificial intelligence and bioinformatics in microbiome research and brain cancer therapy

	﻿Conclusion
	﻿References


