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The gut-brain-metabolic axis has emerged as a critical area of research, highlighting 
the intricate connections between the gut microbiome, metabolic processes, and 
cognitive function. This review article delves into the complex interplay between 
these interconnected systems, exploring their role in the development of insulin 
resistance and cognitive decline. The article emphasizes the pivotal influence of 
the gut microbiota on central nervous system (CNS) function, demonstrating how 
microbial colonization can program the hypothalamic–pituitary–adrenal (HPA) 
axis for stress response in mice. It further elucidates the mechanisms by which gut 
microbial carbohydrate metabolism contributes to insulin resistance, a key factor 
in the pathogenesis of metabolic disorders and cognitive impairment. Notably, the 
review highlights the therapeutic potential of targeting the gut-brain-metabolic 
axis through various interventions, such as dietary modifications, probiotics, 
prebiotics, and fecal microbiota transplantation (FMT). These approaches have 
shown promising results in improving insulin sensitivity and cognitive function 
in both animal models and human studies. The article also emphasizes the need 
for further research to elucidate the specific microbial species and metabolites 
involved in modulating the gut-brain axis, as well as the long-term effects and safety 
of these therapeutic interventions. Advances in metagenomics, metabolomics, 
and bioinformatics are expected to provide deeper insights into the complex 
interactions within the gut microbiota and their impact on host health. Overall, this 
comprehensive review underscores the significance of the gut-brain-metabolic 
axis in the pathogenesis and treatment of metabolic and cognitive disorders, 
offering a promising avenue for the development of novel therapeutic strategies 
targeting this intricate system.
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1 Introduction

The gut-brain-metabolic axis represents a complex and 
bidirectional communication network that integrates the gut 
microbiota, the central nervous system (CNS), and metabolic 
processes (Zhang Q. et al., 2022). Emerging evidence suggests that the 
gut microbiota plays a crucial role in modulating insulin resistance 
and cognitive function through various mechanisms (Zhang Q. et al., 
2022; Takeuchi et al., 2023). Understanding the interplay between the 
gut microbiota, insulin resistance, and cognitive function is crucial for 
developing targeted therapeutic interventions to prevent and treat 
metabolic and neurodegenerative disorders (Fekete et al., 2024).

The gut microbiota can influence brain function and metabolic 
processes through neural, endocrine, and immune pathways (Makris 
et al., 2021). Microbial metabolites, particularly short-chain fatty acids 
(SCFAs), have been shown to modulate inflammation, enhance gut 
barrier integrity, and promote neurogenesis (Loh et  al., 2024). 
Butyrate, a SCFA produced by gut bacteria, has been found to improve 
insulin sensitivity and protect against neuroinflammation (Li 
et al., 2022).

Insulin resistance in the brain, often referred to as brain insulin 
resistance, has been associated with cognitive decline and 
neurodegenerative diseases like Alzheimer’s disease (Ye et al., 2022). 
Impaired insulin signaling in the brain leads to decreased glucose 
uptake, increased oxidative stress, and neuroinflammation, 
contributing to synaptic dysfunction and neuronal loss (Martinez-
Montoro et al., 2022). Gut microbiota dysbiosis has been linked to 
increased intestinal permeability and systemic inflammation, which 
can exacerbate insulin resistance and cognitive impairment 
(Rubinstein et al., 2023).

Therapeutic interventions targeting the gut-brain-metabolic 
axis, such as probiotics, prebiotics, dietary modifications, and fecal 
microbiota transplantation (FMT), have shown promise in 
improving insulin sensitivity and cognitive function (Kolobaric 
et al., 2024). However, further research is needed to optimize these 
interventions, understand their long-term effects, and identify the 
most effective strategies for different populations (Zheng 
et al., 2023).

Despite of all of the knowledge in this field of study, the majority 
of the existing research has focused on the general population or 
specific disease states, such as metabolic disorders and 
neurodegenerative diseases (Matheson and Holsinger, 2023). 
However, the role of the gut-brain-metabolic axis in other conditions, 
including psychiatric disorders and neurological diseases, remains 
largely unexplored. Expanding the scope of research to investigate the 
broader implications of this axis could lead to the development of 
more personalized and effective therapeutic strategies (Loh 
et al., 2024).

Current research on the gut-brain-metabolic axis is diverse, 
focusing on various mechanisms through which gut microbiota 
influence insulin resistance and cognitive function (Fekete et  al., 
2024). For instance, it has demonstrated the role of SCFAs in 
modulating inflammatory pathways, while other research highlights 
the influence of gut-derived neurotransmitters on cognitive processes 
(Silva et  al., 2020). However, the landscape of research remains 
fragmented, with varying methodologies and outcomes across 
different studies, leading to ongoing debates about the precise 
mechanisms at play. As such, it is essential to approach conclusions 

with caution and recognize the need for further investigation to build 
a comprehensive understanding of these interactions.

This review aims to provide a comprehensive analysis of the role 
of gut microbiota in insulin resistance and cognitive function, 
highlighting the underlying mechanisms and potential therapeutic 
targets. By elucidating the complex interactions within the gut-brain-
metabolic axis, we can pave the way for personalized approaches to 
prevent and treat metabolic and neurodegenerative disorders.

2 Gut-brain axis: mechanisms of 
interaction

2.1 Gut microbiota and the central nervous 
system

The gut-brain axis facilitates bidirectional communication 
between the gut microbiota and the CNS through neural, endocrine, 
and immune pathways (Forsythe and Kunze, 2013).

2.1.1 Neural pathways
The vagus nerve plays a pivotal role in the neural pathway, serving 

as the primary conduit for communication between the gut and the 
brain (Breit et al., 2018). Through afferent sensory fibers, the vagus 
nerve detects changes in the gut environment, such as microbial 
composition and nutrient availability, and transmits these signals to 
the brainstem (Gershon and Margolis, 2021). Studies have shown that 
activation of the vagus nerve can modulate mood and behavior, 
influencing anxiety and depression (Breit et al., 2018). Additionally, 
gut-derived metabolites, such as SCFAs, can influence vagal afferent 
signaling, further linking gut microbiota to neural pathways (Silva 
et al., 2020).

2.1.2 Endocrine pathways
The hypothalamic–pituitary–adrenal (HPA) axis is central to the 

endocrine communication between the gut and brain (Rusch et al., 
2023). Stress-induced activation of the HPA axis leads to the release 
of cortisol, which can affect gut permeability and alter microbial 
composition (Rusch et al., 2023). In turn, certain gut microbes can 
modulate the release of hormones like ghrelin and leptin, which 
regulate appetite, energy homeostasis, and even cognitive function 
(Han et al., 2021). For example, microbial metabolites such as SCFAs 
and bile acids can influence hormone secretion by interacting with 
enteroendocrine cells in the gut (Masse and Lu, 2023).

2.1.3 Immune pathways
Immune signaling is another crucial component of gut-brain 

communication (Kasarello et al., 2023). The gut-associated lymphoid 
tissue (GALT) plays a key role in immune surveillance and responds 
to microbial antigens (Kasarello et al., 2023). Cytokines released by 
immune cells in the gut can cross the blood–brain barrier or signal 
through the vagus nerve, influencing neuroinflammation and CNS 
function (Kasarello et al., 2023). Dysbiosis, or microbial imbalance, 
has been linked to an increase in pro-inflammatory cytokines, which 
can contribute to neuroinflammatory conditions such as Alzheimer’s 
disease and depression (Leblhuber et al., 2021).

The vagus nerve is a primary conduit for these signals, 
transmitting information from the gut to the brain and vice versa. 
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Gut microbiota can influence brain function by producing 
neurotransmitters such as serotonin, dopamine, and gamma-
aminobutyric acid (GABA), which can cross the blood–brain 
barrier and affect mood, cognition, and behavior (Cryan and 
Dinan, 2012).

Gut microbiota also affects the HPA axis, a major stress response 
system (Rusch et al., 2023). Dysbiosis can lead to altered HPA axis 
activity, resulting in changes in cortisol levels that impact both 
metabolic and cognitive functions (Misiak et al., 2020). Changes in 
HPA axis activity can be assessed through various methods, such as 
measuring cortisol levels in saliva, blood, or hair samples (Wright 
et al., 2015). These assessments provide insight into the relationship 
between dysbiosis and stress response, highlighting how disruptions 
in gut microbiota can influence cortisol production, which in turn 
affects metabolic and cognitive health (Rogers et al., 2016). Long-term 
alterations in cortisol levels due to dysbiosis may contribute to insulin 
resistance, inflammation, and impaired cognitive function (Rogers 
et al., 2016). Additionally, microbial metabolites such as SCFAs play a 
critical role in modulating inflammation and maintaining the integrity 
of the blood–brain barrier, which is crucial for preventing 
neuroinflammation and preserving cognitive function (Braniste 
et al., 2014).

The bidirectional communication between the gut microbiota and 
the host involves complex neural, endocrine, and immune pathways, 
each playing distinct roles in modulating metabolic and 
cognitive functions:

2.1.4 Neural pathways
The gut-brain axis facilitates communication between the gut 

microbiota and the central nervous system (CNS) through the vagus 
nerve (Carabotti et al., 2015). This pathway enables the transmission 
of signals, such as neurotransmitters (e.g., serotonin and dopamine), 
produced by gut microbiota, which can influence mood, cognition, 
and behavior (Chen et al., 2021). Additionally, gut microbiota can 
affect the release of neurotrophic factors that support neuronal health 
and synaptic plasticity, essential for learning and memory (Glinert 
et al., 2022).

2.1.5 Endocrine pathways
Gut microbiota interact with the endocrine system by influencing 

the secretion of various gut hormones, including glucagon-like 
peptide-1 (GLP-1) and peptide YY (PYY) (Zeng et al., 2024). These 
hormones not only regulate appetite and glucose homeostasis but also 
have neuroprotective effects that can enhance cognitive function 
(Suzuki et al., 2011). Dysregulation of these hormones due to altered 
gut microbiota composition has been linked to insulin resistance and 
cognitive decline (Patra et al., 2023).

2.1.6 Immune pathways
The gut microbiota plays a crucial role in modulating the immune 

system, particularly through the production of SCFAs that promote 
anti-inflammatory responses (Wu and Wu, 2012). These metabolites 
can influence systemic inflammation, which is a contributing factor 
in both insulin resistance and neuroinflammation (Vinuesa et al., 
2021). Furthermore, the immune response triggered by gut microbiota 
can affect the permeability of the blood–brain barrier, thereby 
impacting the communication between the gut and the CNS (Tang 
et al., 2020).

By elucidating these pathways, we  can better understand the 
mechanisms through which gut microbiota influence both metabolic 
and cognitive health. Future research should focus on the interplay 
between these pathways to develop targeted interventions that can 
optimize health outcomes.

2.2 Role of microbial metabolites

Microbial metabolites, particularly SCFAs like acetate, propionate, 
and butyrate, are produced through the fermentation of dietary fibers 
by gut bacteria (Abdelhalim, 2024). SCFAs have significant effects on 
host metabolism and brain function (Qian et al., 2022). Butyrate, for 
instance, has anti-inflammatory properties and can enhance insulin 
sensitivity by activating peroxisome proliferator-activated receptor 
gamma (PPAR-γ) and inhibiting histone deacetylases (HDACs), 
which regulate gene expression involved in glucose and lipid 
metabolism (Matheus et al., 2017).

Butyrate also promotes neurogenesis and protects against 
neuroinflammation by inhibiting nuclear factor-kappa B (NF-κB) 
signaling, a key pathway in inflammatory responses (Alpino et al., 
2024). This neuroprotective effect is crucial in maintaining cognitive 
function and preventing neurodegenerative diseases. Additionally, 
SCFAs can influence gut-brain signaling through the gut hormone 
system, including the release of peptides like glucagon-like peptide-1 
(GLP-1) and peptide YY (PYY), which regulate appetite and glucose 
homeostasis (Lai et al., 2024).

3 Dysbiosis and insulin resistance

3.1 Mechanisms of dysbiosis-induced 
insulin resistance

Dysbiosis, characterized by a reduced diversity and altered 
composition of gut microbiota, has been strongly associated with the 
development of insulin resistance (Abildinova et  al., 2024). For 
example, a study demonstrated that individuals with type 2 diabetes 
had significantly lower levels of Firmicutes and increased 
Bacteroidetes, suggesting a microbial imbalance linked to insulin 
resistance (Craciun et al., 2022). Another study identified specific gut 
microbial markers associated with insulin resistance and type 2 
diabetes, further supporting the link between dysbiosis and metabolic 
dysfunction (Wu et  al., 2023). One primary mechanism involves 
increased intestinal permeability, often referred to as “leaky gut” 
(Vanuytsel et al., 2021). Dysbiosis can disrupt the gut barrier function, 
allowing the translocation of lipopolysaccharides (LPS) from gram-
negative bacteria into the bloodstream, leading to metabolic 
endotoxemia (Violi et al., 2023). This endotoxemia triggers systemic 
inflammation, which impairs insulin signaling and promotes insulin 
resistance (Huang et al., 2021; Figure 1).

Inflammatory cytokines such as tumor necrosis factor-alpha 
(TNF-α) and interleukin-6 (IL-6) play a crucial role in this process by 
activating serine kinases that phosphorylate insulin receptor 
substrates, thereby inhibiting their ability to transmit insulin signals 
(Amabebe et  al., 2020). In addition to TNF-α and IL-6, other 
pro-inflammatory cytokines such as interleukin-1β (IL-1β) also 
contribute to insulin resistance by exacerbating inflammatory 
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pathways (Al-Mansoori et al., 2022). These cytokines interact in a 
complex network, amplifying each other’s effects through feedback 
loops that further promote inflammation (Megha et al., 2021). For 
instance, TNF-α can induce the production of IL-6 and IL-1β, which 
in turn perpetuate inflammation by activating downstream signaling 
pathways such as nuclear factor-kappa B (NF-κB) (Brasier, 2010). This 
persistent inflammatory state not only disrupts insulin signaling but 
also contributes to systemic metabolic dysfunction, highlighting the 
intricate and multifaceted role of cytokines in insulin resistance 
(Rehman and Akash, 2016). Moreover, dysbiosis-induced alterations 
in bile acid metabolism can influence insulin sensitivity (Patra et al., 
2023). Bile acids act as signaling molecules that modulate metabolic 
processes through their receptors, such as farnesoid X receptor (FXR) 
and G protein-coupled bile acid receptor 1 (TGR5) (de Aguiar Vallim 
et al., 2013). Dysbiosis can disrupt bile acid homeostasis, leading to 
impaired insulin signaling and glucose metabolism.

3.2 Impact of gut microbiota on glucose 
metabolism

Gut microbiota influence glucose metabolism through various 
pathways, including the regulation of gluconeogenesis and glycolysis 
in the liver (Utzschneider et al., 2016). Certain gut bacteria, such as 
Akkermansia muciniphila, have been shown to improve glucose 
tolerance and insulin sensitivity by modulating mucin production and 
enhancing gut barrier integrity (Xu et al., 2020). Additionally, gut 
microbiota can affect the expression of glucose transporters in the 
intestinal epithelium, influencing glucose absorption and utilization 
(Ridaura et al., 2013).

Studies have demonstrated that FMT from lean donors to 
individuals with metabolic syndrome can improve insulin sensitivity, 
highlighting the potential of gut microbiota manipulation as a 
therapeutic strategy for insulin resistance (Kootte et  al., 2017). 
Furthermore, dietary interventions that promote beneficial gut 
bacteria, such as high-fiber diets, have been shown to improve 
glycemic control and reduce the risk of type 2 diabetes (Deehan and 
Walter, 2016).

4 Insulin resistance and cognitive 
function

4.1 Insulin signaling in the brain

Insulin plays a crucial role in brain function, influencing synaptic 
plasticity, neurotransmitter release, and neuronal survival 
(Kleinridders et al., 2014). Insulin signaling in the brain is mediated 
through the insulin receptor (IR) and insulin-like growth factor-1 
receptor (IGF-1R), which activate downstream pathways such as 
phosphoinositide 3-kinase (PI3K)/Akt and mitogen-activated protein 
kinase (MAPK) (Ferreira et al., 2018). These pathways are essential for 
maintaining cognitive functions, including learning and memory.

Impaired insulin signaling in the brain, often referred to as brain 
insulin resistance, has been associated with cognitive decline and 
neurodegenerative diseases like Alzheimer’s disease (Escobar et al., 
2022). Brain insulin resistance leads to decreased glucose uptake and 
utilization, increased oxidative stress, and neuroinflammation, all of 
which contribute to synaptic dysfunction and neuronal loss (Arnold 
et al., 2018).

FIGURE 1

Gut dysbiosis and increased intestinal permeability leading to disrupted glucose metabolism and cognitive decline.
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4.2 Impact of insulin resistance on 
cognitive function

Insulin resistance is linked to cognitive impairment through 
several mechanisms (Tyagi and Pugazhenthi, 2021). Hyperinsulinemia, 
a compensatory response to peripheral insulin resistance, can lead to 
reduced insulin transport across the blood–brain barrier, resulting in 
decreased insulin availability in the brain (Vogelsang et al., 2018). This 
deficiency impairs glucose metabolism and energy production in 
neurons, contributing to cognitive deficits.

Additionally, insulin resistance is associated with increased 
amyloid-beta (Aβ) production and decreased clearance, a hallmark of 
Alzheimer’s disease pathology (Escobar et  al., 2022). Insulin can 
modulate the activity of enzymes involved in Aβ production and 
degradation, and impaired insulin signaling exacerbates Aβ 
accumulation and neurotoxicity. Moreover, insulin resistance is linked 
to tau hyperphosphorylation, another key feature of Alzheimer’s 
disease, through the dysregulation of glycogen synthase kinase-3β 
(GSK-3β) (Rodriguez-Rodriguez et al., 2017).

5 Microbial metabolites and cognitive 
function

5.1 Role of SCFAs

SCFAs produced by gut microbiota have been shown to influence 
cognitive function through multiple pathways (Qian et  al., 2022). 
SCFAs, such as acetate, propionate, and butyrate, exert their influence 
on cognitive function through several mechanisms (Qian et al., 2022). 
These include modulating the production of neurotransmitters like 
serotonin, gamma-aminobutyric acid (GABA), and dopamine, which 
are crucial for mood regulation and cognitive processes (Gasmi et al., 
2022). SCFAs stimulate the release of gut hormones, such as glucagon-
like peptide-1 (GLP-1), which can cross the blood–brain barrier and 
affect neuronal signaling (Moțățăianu et  al., 2023). Additionally, 
butyrate has been shown to inhibit histone deacetylase, enhancing 
gene expression linked to neuroprotection and cognitive health 
(Jaworska et  al., 2017). Butyrate, in particular, enhances synaptic 
plasticity and memory formation by increasing the expression of 
brain-derived neurotrophic factor (BDNF) and promoting histone 
acetylation, which facilitates gene transcription involved in 
neurogenesis (Li et al., 2022). Butyrate also has anti-inflammatory 
properties, reducing neuroinflammation and protecting against 
cognitive decline (Matt et al., 2018; Figure 2).

SCFAs can also modulate the gut-brain axis by influencing the 
production of gut hormones such as GLP-1 and PYY, which have 
neuroprotective effects and regulate appetite and energy homeostasis, 
as previously described (Lai et al., 2024). Furthermore, SCFAs can 
cross the blood–brain barrier and directly impact brain function by 
interacting with G-protein-coupled receptors (GPCRs) expressed in 
the CNS (Frost et al., 2014).

5.2 Other microbial metabolites

In addition to SCFAs, other microbial metabolites such as 
tryptophan metabolites, bile acids, and neurotransmitters play 

significant roles in cognitive function (Figure  3). Tryptophan 
metabolites, including indole and its derivatives, can modulate the 
gut-brain axis by interacting with the aryl hydrocarbon receptor 
(AhR) and influencing immune responses and neuroinflammation 
(O'Mahony et al., 2015). Alterations in tryptophan metabolism have 
been linked to depression and cognitive impairment, highlighting the 
importance of gut microbiota in mental health.

Bile acids, traditionally known for their role in digestion, also 
function as signaling molecules that can influence brain function. 
Altered bile acid metabolism has been associated with cognitive 
decline and neurodegenerative diseases (Baloni et al., 2020). Bile acids 
can activate TGR5 and FXR receptors in the brain, regulating 
inflammation and synaptic plasticity (de Aguiar Vallim et al., 2013).

Neurotransmitters produced by gut microbiota, such as gamma-
aminobutyric acid (GABA) and serotonin, also significantly impact 
cognitive function. GABA, an inhibitory neurotransmitter, can help 
regulate mood and anxiety levels, while serotonin is crucial for mood 
stabilization and is linked to various cognitive processes. The 
communication between gut-derived neurotransmitters and the 
central nervous system may occur through multiple pathways, 
including direct neural connections and the bloodstream. Recent 
studies suggest that dysregulation of these neurotransmitter levels can 
be associated with mood disorders and cognitive impairments, further 
emphasizing the intricate relationship between gut microbiota and 
mental health.

6 Therapeutic interventions

6.1 Probiotics and prebiotics

Probiotics, live microorganisms that confer health benefits to the 
host, have shown promise in improving insulin sensitivity and 
cognitive function. Specific strains of probiotics, such as Lactobacillus 
and Bifidobacterium, have been shown to reduce inflammation, 
enhance gut barrier integrity, and modulate metabolic pathways 
(Wallace and Milev, 2017). Probiotic supplementation can improve 
glycemic control and reduce markers of insulin resistance in 
individuals with metabolic disorders (Kootte et  al., 2017; Salles 
et al., 2020).

Prebiotics, nondigestible dietary fibers that promote the growth 
of beneficial gut bacteria, also have significant potential in modulating 
the gut-brain-metabolic axis. Prebiotics such as inulin and 
fructooligosaccharides (FOS) can increase SCFA production, improve 
gut barrier function, and reduce systemic inflammation (Bindels et al., 
2015; Costa et  al., 2022). Dietary interventions that incorporate 
prebiotics can enhance insulin sensitivity and cognitive function by 
promoting a healthy gut microbiota composition (Deehan and Walter, 
2016; Zhang et al., 2019).

6.2 Dietary interventions

Diet plays a crucial role in shaping the gut microbiota and 
influencing the gut-brain axis. High-fiber diets, rich in fruits, 
vegetables, and whole grains, promote the growth of beneficial gut 
bacteria and increase SCFA production, which can improve metabolic 
and cognitive health (Patterson et al., 2016). Conversely, diets high in 
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saturated fats and refined sugars can lead to dysbiosis, increased 
intestinal permeability, and systemic inflammation, contributing to 
insulin resistance and cognitive decline (Olson et al., 2018; Baspakova 
et al., 2024).

Intermittent fasting (IF) has emerged as a dietary intervention 
with potential benefits for the gut-brain-metabolic axis. IF involves 
cycles of eating and fasting, which can enhance gut microbiota 
diversity, reduce inflammation, and improve insulin sensitivity 
(Mattson et al., 2014; Guzzetta et al., 2022). IF has also been shown to 
promote neurogenesis and protect against cognitive decline by 
activating adaptive stress response pathways and increasing BDNF 
levels (Mattson et al., 2014).

6.3 FMT

FMT involves the transfer of gut microbiota from a healthy donor 
to a recipient with dysbiosis. FMT has shown promise in treating 
metabolic disorders and improving insulin sensitivity by restoring a 
healthy gut microbiota composition (Kootte et al., 2017). Emerging 
evidence suggests that FMT can also improve cognitive function in 
individuals with neurodegenerative diseases such as Alzheimer’s 
disease (Baunwall et al., 2020; Tixier et al., 2022).

The therapeutic potential of FMT lies in its ability to reestablish a 
balanced gut microbiota, reduce systemic inflammation, and enhance 
gut barrier integrity. However, further research is needed to 
understand the long-term effects and optimize the protocols for FMT 

in treating metabolic and cognitive disorders (Baunwall et al., 2020; 
Tixier et al., 2022).

7 Discussion

The interplay between the gut microbiota, insulin resistance, and 
cognitive function represents a rapidly evolving field with significant 
implications for health and disease (Kossowska et al., 2024). Future 
research should focus on longitudinal studies to better understand the 
causal relationships between gut microbiota composition and changes 
in insulin sensitivity and cognitive outcomes. Investigating the effects 
of dietary interventions on gut microbiota, insulin resistance, and 
cognitive function could provide insights into potential therapeutic 
strategies. Additionally, exploring the mechanisms by which 
gut-derived metabolites influence brain function may open new 
avenues for addressing cognitive decline associated with 
metabolic disorders.

Key mechanisms involve neural, endocrine, immune, and 
metabolic pathways (Dinan and Cryan, 2017). The gut microbiota 
modulates the production of neurotransmitters such as serotonin 
and dopamine, influences gut-derived hormones like GLP-1, 
regulates systemic inflammation, and produces metabolites like 
SCFAs that enhance insulin sensitivity and influence cognitive 
function (Dicks, 2022). This review highlights the multifaceted 
mechanisms through which gut microbiota influence metabolic and 
cognitive processes.

FIGURE 2

The influence of short-chain fatty acids (SCFAs) on cognitive impairment: SCFAs modulate intestinal inflammation and epithelial barrier function, 
indirectly affecting disease progression. Additionally, they directly influence the CNS by regulating energy metabolism, neuroinflammation through 
their receptors, transporters, and histone deacetylases (HDACs).
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7.1 Importance and rationale of this review

This comprehensive review aims to address the aforementioned 
deficiencies by providing a detailed analysis of the current 
understanding of the gut-brain-metabolic axis and its implications for 
insulin resistance and cognitive function. By synthesizing the latest 
research from various disciplines, including microbiology, 
neuroscience, and metabolic health, this review was offered a holistic 
perspective on the complex interplay between the gut microbiota, 
insulin resistance, and cognitive processes.

The findings of this review will be instrumental in guiding future 
research directions and informing the development of novel therapeutic 
interventions. For instance, future studies could explore the potential of 
targeting specific gut microbial species or their metabolites to improve 
insulin sensitivity and cognitive function. Additionally, research could 
focus on designing clinical trials that assess the efficacy of dietary 
modifications or probiotics in enhancing cognitive health in individuals 
with insulin resistance. By elucidating these pathways, we aim to pave 

the way for targeted interventions that leverage the gut-brain axis to 
mitigate cognitive decline. By elucidating the specific mechanisms 
underlying the gut-brain-metabolic axis, researchers and clinicians can 
work toward personalized approaches to prevent and treat metabolic 
and neurodegenerative disorders, ultimately improving the quality of 
life for affected individuals.

7.2 Novel hypotheses on 
gut-brain-metabolic axis

7.2.1 Hypothesis 1: multi-strain probiotic synergy

7.2.1.1 Rationale
Current research often focuses on individual probiotic strains. 

However, considering the complexity of the gut-brain-metabolic axis, 
a combination of multiple probiotic strains might have synergistic 
effects (Kwoji et al., 2021).

FIGURE 3

Interconnected pathways illustrating the influence of microbial metabolites, including short-chain fatty acids (SCFAs), tryptophan, and bile acids, on 
neural, endocrine, immune, and metabolic systems. Arrows denote directional interactions, highlighting potential implications for cognitive function, 
insulin sensitivity, and metabolic health.
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7.2.1.2 Hypothesis
Administering a multi-strain probiotic cocktail can 

synergistically enhance SCFA production, improve gut barrier 
integrity, and modulate neurotransmitter production more 
effectively than single-strain probiotics, leading to improved insulin 
sensitivity and cognitive function (Kwoji et  al., 2021; Dias 
et al., 2022).

7.2.1.3 Pathways involved

7.2.1.3.1 Neural
Multi-strain probiotics promote the production of 

neurotransmitters like serotonin and dopamine via gut microbiota 
metabolites such as SCFAs. These neurotransmitters are crucial for 
cognitive processes, including mood regulation and memory function. 
SCFAs also influence neuroinflammation and the integrity of the 
blood–brain barrier, impacting cognitive function.

7.2.1.3.2 Endocrine
Increased production of gut hormones (GLP-1, PYY).

7.2.1.3.3 Immune
Reduced inflammation through enhanced SCFA production.

7.2.1.3.4 Metabolic
Improved insulin signaling and glucose homeostasis.

7.2.2 Hypothesis 2: personalized nutrition and 
microbiota modulation

7.2.2.1 Rationale
Individual variations in gut microbiota composition and 

metabolic health suggest that personalized dietary interventions could 
be more effective (Li, 2023).

7.2.2.2 Hypothesis
Personalized nutrition plans based on individual gut microbiota 

profiles can more precisely modulate gut microbiota composition, 
enhance SCFA production, and improve cognitive function and 
metabolic health compared to generalized dietary guidelines (Li, 2023; 
Kallapura et al., 2024).

7.2.2.3 Pathways involved

7.2.2.3.1 Neural
Personalized diets that enhance precursor availability for 

neurotransmitters like tryptophan (for serotonin synthesis) can 
improve gut-brain signaling. Individualized nutrition can also 
modulate SCFA production, which in turn influences the release of 
neurotransmitters crucial for cognition.

7.2.2.3.2 Endocrine
Diet-induced modulation of gut hormone levels.

7.2.2.3.3 Immune
Personalized nutrition reducing individual-specific 

inflammatory responses.

7.2.2.3.4 Metabolic
Enhanced insulin sensitivity through targeted dietary  

components.

7.2.3 Hypothesis 3: microbiota-derived exosome 
therapy

7.2.3.1 Rationale
Exosomes are extracellular vesicles that play a crucial role in 

intercellular communication. Gut microbiota-derived exosomes could 
carry bioactive compounds that influence distant organs, including 
the brain (Manzaneque-López et al., 2023; Díez-Sainz et al., 2021; 
Zhang B. et al., 2022; Zhao et al., 2021).

7.2.3.2 Hypothesis
Microbiota-derived exosome therapy can be developed to deliver 

specific microbial metabolites directly to the brain, enhancing 
cognitive function and insulin sensitivity by modulating the gut-brain-
metabolic axis (Manzaneque-López et  al., 2023; Díez-Sainz et  al., 
2021; Zhang B. et  al., 2022; Zhao et  al., 2021). However, several 
technical and safety challenges must be  addressed to realize this 
therapeutic potential.

To overcome technical challenges, researchers should focus on 
optimizing exosome isolation and characterization methods to ensure 
purity and functionality. Advanced techniques such as ultrafiltration 
and size-exclusion chromatography can improve the yield and quality 
of exosomes. Moreover, developing robust delivery systems that 
protect exosomes from degradation and facilitate their transport 
across the blood–brain barrier is crucial.

Regarding safety challenges, comprehensive toxicological studies 
are essential to assess the biocompatibility and potential 
immunogenicity of microbiota-derived exosomes. Conducting 
preclinical trials in relevant animal models will help evaluate the 
therapeutic efficacy and safety profile before progressing to clinical 
trials. By addressing these challenges, microbiota-derived exosome 
therapy may become a viable strategy for enhancing cognitive 
function and metabolic health.

7.2.3.3 Pathways involved

7.2.3.3.1 Neural
Exosomes from microbiota can carry bioactive compounds, 

including neurotransmitters, peptides, and other neuroprotective 
molecules, across the gut-brain axis. This could influence brain 
function by modulating synaptic plasticity, reducing oxidative stress, 
and supporting neurogenesis, ultimately improving cognitive function 
and insulin sensitivity.

7.2.3.3.2 Endocrine
Regulation of HPA axis via exosome-contained 

signaling molecules.

7.2.3.3.3 Immune
Exosomes reducing systemic inflammation by inhibiting 

pro-inflammatory cytokine production, thereby 
improving blood–brain barrier integrity and preventing  
neuroinflammation.

https://doi.org/10.3389/fmicb.2024.1463958
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Abildinova et al. 10.3389/fmicb.2024.1463958

Frontiers in Microbiology 09 frontiersin.org

7.2.3.3.4 Metabolic
Enhanced insulin signaling and metabolic regulation through 

targeted exosome delivery.

7.2.4 Hypothesis 4: microbiota-gut-brain peptide 
modulation

7.2.4.1 Rationale
Peptides produced by gut microbiota can influence gut-brain 

communication and metabolic processes (Lai et  al., 2024; Sun 
et al., 2020).

7.2.4.2 Hypothesis
Enhancing the production of specific gut-derived peptides 

through dietary or probiotic interventions can improve gut-brain 
communication, reduce neuroinflammation, and enhance insulin 
sensitivity and cognitive function (Lai et al., 2024; Sun et al., 2020).

7.2.4.3 Pathways involved

7.2.4.3.1 Neural
Gut-derived peptides can enhance the release of neurotransmitters 

and support synaptic plasticity, crucial for learning and memory. For 
example, the gut peptide ghrelin has been shown to influence 
hippocampal function and cognitive performance, while other 
microbiota-derived peptides may reduce neuroinflammation.

7.2.4.3.2 Endocrine
Modulation of gut-brain peptides impacting hormone release.

7.2.4.3.3 Immune
Anti-inflammatory peptides reducing systemic 

and neuroinflammation.

7.2.4.3.4 Metabolic
Peptides enhancing insulin signaling pathways.

7.3 Therapeutic potential

Therapeutic interventions such as probiotics, prebiotics, dietary 
modifications, and FMT offer promising avenues for modulating the 
gut-brain-metabolic axis. Probiotics have been shown to increase the 
production of SCFAs, such as butyrate, which improve gut barrier 
integrity, reduce neuroinflammation, and enhance insulin sensitivity. 
SCFAs also cross the blood–brain barrier, impacting neurotransmitter 
synthesis and modulating cognitive function. Prebiotics selectively 
stimulate the growth of beneficial bacteria, thereby influencing 
metabolic pathways related to glucose homeostasis and neuroprotection. 
FMT, by restoring a balanced microbiota, can reduce systemic 
inflammation, restore insulin signaling, and improve cognitive 
performance by promoting the production of neuroactive metabolites. 
The efficacy of these interventions in improving insulin sensitivity and 
cognitive function underscores the potential for personalized 
approaches to prevent and treat metabolic and neurodegenerative 
diseases (Kootte et al., 2017; Matt et al., 2018). However, further research 
is needed to optimize these interventions, understand their long-term 
effects, and identify the most effective strategies for different populations.

7.4 Limitations of current therapeutic 
interventions

While therapeutic interventions targeting the gut-brain-metabolic 
axis, such as probiotics, prebiotics, dietary modifications, and FMT 
(Contarino et al., 2023), show promise in regulating insulin resistance 
and cognitive function, several limitations and unresolved issues 
warrant attention:

7.4.1 Variability in individual response
One of the significant challenges is the variability in individual 

responses to these interventions (Almeida et al., 2022). Factors such 
as baseline gut microbiota composition, genetic predispositions, 
dietary habits, and lifestyle can influence how individuals respond to 
therapeutic strategies (Strasser et al., 2021). This variability complicates 
the predictability of outcomes, making it difficult to generalize 
findings across populations.

7.4.2 Lack of standardization
Many probiotic products on the market lack standardization 

concerning strain composition, dosage, and delivery methods 
(Zawistowska-Rojek et  al., 2022). This inconsistency can lead to 
varying efficacy and safety profiles across different studies, limiting the 
ability to draw definitive conclusions about their effectiveness in 
modulating the gut-brain-metabolic axis (Ullah et al., 2021).

7.4.3 Short-term study duration
Most clinical trials assessing the efficacy of therapeutic 

interventions are relatively short-term, often ranging from a few weeks 
to a few months (Biazzo and Deidda, 2022). This limited duration 
raises concerns about the sustainability of benefits observed and the 
potential emergence of adverse effects over longer periods of use 
(Biazzo and Deidda, 2022).

7.4.4 Mechanistic insights
There is still a lack of clear mechanistic understanding of how 

specific interventions exert their effects on the gut-brain-metabolic 
axis (O'Riordan et al., 2022). Without a robust understanding of the 
underlying biological pathways, it is challenging to optimize 
these therapies for maximum efficacy and safety (Chakrabarti 
et al., 2022).

7.4.5 Safety concerns
The long-term safety of interventions, particularly FMT, remains 

an unresolved issue (Dang et al., 2020). Concerns about the transfer 
of pathogenic microorganisms, alterations in gut 
microbiota composition, and unintended metabolic effects necessitate 
further investigation to ensure patient safety (Matzaras et  al.,  
2022).

7.4.6 Regulatory challenges
Regulatory frameworks for probiotics and other microbiota-

targeted therapies can be inconsistent, leading to disparities in product 
quality and safety (Merenstein et al., 2023). This inconsistency can 
hinder the advancement of effective therapies in clinical settings.

By addressing these limitations, future research can focus on 
developing more effective, personalized, and safer therapeutic 
interventions targeting the gut-brain-metabolic axis. Further studies 
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should aim to elucidate the specific microbial species and metabolites 
involved, evaluate long-term effects, and establish standardized 
protocols to enhance the clinical applicability of these interventions.

7.5 Challenges and controversies in 
researching the gut-brain-metabolic axis

Despite the promising findings regarding the role of gut 
microbiota in regulating insulin resistance and cognitive function, 
several challenges and controversies remain in this field:

7.5.1 Variability in microbiota composition
Individual variations in gut microbiota composition can lead to 

inconsistent results across studies. Factors such as diet, genetics, 
environment, and lifestyle can significantly influence microbial 
diversity, making it difficult to establish universal conclusions.

7.5.2 Causality vs. correlation
Much of the current research highlights correlations between gut 

microbiota and metabolic/cognitive outcomes. However, establishing 
causality remains a challenge, as it is unclear whether changes in gut 
microbiota directly cause metabolic and cognitive changes or if they 
are simply a consequence of these conditions.

7.5.3 Methodological differences
The diverse methodologies employed in studies, including 

variations in sampling techniques, analytical methods, and 
experimental designs, can lead to disparate findings. This lack of 
standardization complicates the interpretation and comparison 
of results.

7.5.4 Mechanistic understanding
While there are hypotheses about the mechanisms through which 

gut microbiota affect insulin resistance and cognitive function, more 
research is needed to elucidate these pathways fully. Understanding 
the specific microbial species and metabolites involved in these 
processes is crucial for advancing therapeutic approaches.

7.5.5 Safety and efficacy of interventions
As therapeutic strategies targeting gut microbiota, such as 

probiotics and FMT, gain attention, concerns about their long-term 
safety and efficacy need to be addressed. More rigorous clinical trials 
are necessary to evaluate the potential risks and benefits of 
these interventions.

7.6 Future directions

Future research should focus on elucidating the specific microbial 
species and metabolites involved in modulating insulin resistance and 
cognitive function. To achieve this goal, researchers could employ 
high-throughput sequencing techniques to identify and characterize 
gut microbiota in diverse populations, particularly those with varying 
degrees of insulin resistance and cognitive impairment. Additionally, 
metabolomic analyses can be utilized to profile metabolites produced 
by these microbial communities. Integrating these approaches with 
clinical studies will allow for the exploration of causal relationships 

and the identification of potential biomarkers for early intervention. 
Understanding these specific interactions will be crucial for developing 
targeted therapies aimed at improving metabolic and cognitive health.

Advances in metagenomics, metabolomics, and bioinformatics will 
enable a deeper understanding of the complex interactions within the 
gut microbiota and their impact on host health (Zhang Q. et al., 2022; 
Takeuchi et al., 2023). Additionally, exploring the role of the gut-brain-
metabolic axis in various disease states, including neurodegenerative 
diseases, psychiatric disorders, and metabolic syndromes, will provide 
valuable insights into the underlying mechanisms and potential 
therapeutic targets (Ridaura et al., 2013; Kootte et al., 2017).

Moreover, the long-term effects and safety of therapeutic 
interventions targeting the gut-brain-metabolic axis, such as 
probiotics, prebiotics, and FMT, are not well-established. Longitudinal 
studies are necessary to evaluate the sustainability and potential 
adverse effects of these interventions (Fekete et  al., 2024; Makris 
et al., 2021).

7.7 Future prospective

The gut-brain-metabolic axis represents a promising area of 
research with significant implications for understanding and treating 
metabolic and cognitive disorders. Emerging evidence suggests that 
targeting the gut microbiota through dietary interventions, probiotics, 
prebiotics, and FMT can improve insulin sensitivity and cognitive 
function, offering new avenues for therapeutic strategies.

Future research should focus on identifying the specific microbial 
species and metabolites that play critical roles in modulating the 
gut-brain axis and their impact on metabolic and cognitive health. 
Advances in sequencing technologies and bioinformatics will enable 
a more comprehensive understanding of the gut microbiota and its 
interactions with the host.

Additionally, personalized approaches that consider individual 
variations in gut microbiota composition, genetics, and lifestyle 
factors will be  crucial for optimizing therapeutic interventions. 
Understanding the long-term effects and safety of these interventions, 
particularly FMT, will be essential for their clinical application (Kootte 
et al., 2017; Mattson et al., 2014).

Exploring the role of the gut-brain-metabolic axis in various 
disease states, including neurodegenerative diseases, psychiatric 
disorders, and metabolic syndromes, will provide valuable insights 
into the underlying mechanisms and potential therapeutic targets. 
Ultimately, a better understanding of the gut-brain-metabolic axis will 
pave the way for novel strategies to promote metabolic and cognitive 
health, improving the quality of life for individuals affected by these 
interconnected disorders (Arnold et al., 2018).

8 Conclusion

The gut-brain-metabolic axis is a promising area of research with 
significant implications for understanding and treating metabolic and 
cognitive disorders. This review uniquely synthesizes the latest 
findings on the interplay between gut microbiota, insulin resistance, 
and cognitive function, providing a comprehensive overview of the 
mechanisms involved. Unlike previous studies, this review not only 
highlights key microbial species and metabolites but also identifies 
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gaps in current knowledge and proposes targeted research directions. 
By integrating insights from multiple disciplines, we aim to facilitate 
the development of novel therapeutic strategies that leverage the 
gut-brain axis to improve metabolic and cognitive health. Our findings 
underscore the necessity for future studies to explore the clinical 
applications of these insights, ultimately contributing to the 
advancement of personalized medicine in metabolic and cognitive 
disorders. Targeting the gut microbiota through dietary, probiotic, and 
fecal transplant interventions has the potential to improve insulin 
sensitivity and cognitive function. Future studies should focus on 
identifying the key microbial species and metabolites involved, 
evaluating long-term intervention effects, and exploring the axis’ role 
in diverse disease states. Personalized approaches considering 
individual variations will be crucial. Ultimately, this research can lead 
to novel strategies to promote metabolic and cognitive health.

Author contributions

GA: Conceptualization, Methodology, Resources, Supervision, 
Validation, Writing – original draft, Writing – review & editing. VB: 
Conceptualization, Data curation, Resources, Supervision, Validation, 
Writing – original draft, Writing – review & editing. TV: 
Conceptualization, Methodology, Project administration, Software, 
Writing – review & editing. AA: Conceptualization, Methodology, 
Visualization, Writing – review & editing. NM: Investigation, 
Methodology, Validation, Writing – review & editing. AK: 
Investigation, Methodology, Resources, Validation, Writing – review 
& editing. ZZ: Funding acquisition, Investigation, Project 
administration, Supervision, Writing – review & editing. AT: 

Conceptualization, Methodology, Validation, Visualization, Writing –  
original draft, Writing – review & editing.

Funding

The author(s) declare that financial support was received for the 
research, authorship, and/or publication of this article. This research 
has been funded by the Committee of Science of the Ministry of 
Science and Higher Education of the Republic of Kazakhstan (Grant 
No. AP14871581).

Conflict of interest

Authors Alireza Afshar and Amin Tamadon were employed by 
PerciaVista R&D Co.

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

Publisher’s note

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

References
Abdelhalim, K. A. (2024). Short-chain fatty acids (SCFAs) from gastrointestinal 

disorders, metabolism, epigenetics, central nervous system to cancer - a mini-review. 
Chem. Biol. Interact. 388:110851. doi: 10.1016/j.cbi.2023.110851

Abildinova, G. Z., Benberin, V. V., Vochshenkova, T. A., Afshar, A., Mussin, N. M., 
Kaliyev, A. A., et al. (2024). Global trends and collaborative networks in gut microbiota-
insulin resistance research: a comprehensive bibliometric analysis (2000-2024). Front. 
Med. 11:1452227. doi: 10.3389/fmed.2024.1452227

Al-Mansoori, L., Al-Jaber, H., Prince, M. S., and Elrayess, M. A. (2022). Role of 
inflammatory cytokines, growth factors and Adipokines in Adipogenesis and insulin 
resistance. Inflammation 45, 31–44. doi: 10.1007/s10753-021-01559-z

Almeida, C., Oliveira, R., Baylina, P., Fernandes, R., Teixeira, F. G., and Barata, P. 
(2022). Current trends and challenges of fecal microbiota transplantation-an easy 
method that works for all? Biomedicines 10:2742. doi: 10.3390/biomedicines10112742

Alpino, G. C. A., Pereira-Sol, G. A., Dias, M. M. E., Aguiar, A. S., and Peluzio, M. 
(2024). Beneficial effects of butyrate on brain functions: a view of epigenetic. Crit. Rev. 
Food Sci. Nutr. 64, 3961–3970. doi: 10.1080/10408398.2022.2137776

Amabebe, E., Robert, F. O., Agbalalah, T., and Orubu, E. S. F. (2020). Microbial 
dysbiosis-induced obesity: role of gut microbiota in homoeostasis of energy metabolism. 
Br. J. Nutr. 123, 1127–1137. doi: 10.1017/S0007114520000380

Arnold, S. E., Arvanitakis, Z., Macauley-Rambach, S. L., Koenig, A. M., Wang, H. Y., 
Ahima, R. S., et al. (2018). Brain insulin resistance in type 2 diabetes and Alzheimer 
disease: concepts and conundrums. Nat. Rev. Neurol. 14, 168–181. doi: 10.1038/
nrneurol.2017.185

Baloni, P., Funk, C. C., Yan, J., Yurkovich, J. T., Kueider-Paisley, A., Nho, K., et al. 
(2020). Metabolic network analysis reveals altered bile acid synthesis and metabolism 
in Alzheimer's Disease. Cell Rep Med. 1:100138. doi: 10.1016/j.xcrm.2020.100138

Baspakova, A., Bazargaliyev, Y. S., Kaliyev, A. A., Mussin, N. M., Karimsakova, B., 
Akhmetova, S. Z., et al. (2024). Bibliometric analysis of the impact of ultra-processed foods 
on the gut microbiota. Int. J. Food Sci. Technol. 59, 1456–1465. doi: 10.1111/ijfs.16894

Baunwall, S. M. D., Lee, M. M., Eriksen, M. K., Mullish, B. H., Marchesi, J. R., 
Dahlerup, J. F., et al. (2020). Faecal microbiota transplantation for recurrent 
Clostridioides difficile infection: an updated systematic review and meta-analysis. 
EClinicalMedicine 29-30:100642. doi: 10.1016/j.eclinm.2020.100642

Biazzo, M., and Deidda, G. (2022). Fecal microbiota transplantation as new 
therapeutic avenue for human diseases. J. Clin. Med. 11:4119. doi: 10.3390/jcm11144119

Bindels, L. B., Delzenne, N. M., Cani, P. D., and Walter, J. (2015). Towards a more 
comprehensive concept for prebiotics. Nat. Rev. Gastroenterol. Hepatol. 12, 303–310. doi: 
10.1038/nrgastro.2015.47

Braniste, V., Al-Asmakh, M., Kowal, C., Anuar, F., Abbaspour, A., Toth, M., et al. 
(2014). The gut microbiota influences blood-brain barrier permeability in mice. Sci. 
Transl. Med. 6:263ra158. doi: 10.1126/scitranslmed.3009759

Brasier, A. R. (2010). The nuclear factor-kappa B-interleukin-6 signalling pathway 
mediating vascular inflammation. Cardiovasc. Res. 86, 211–218. doi: 10.1093/cvr/cvq076

Breit, S., Kupferberg, A., Rogler, G., and Hasler, G. (2018). Vagus nerve as modulator 
of the brain-gut Axis in psychiatric and inflammatory disorders. Front. Psych. 9:44. doi: 
10.3389/fpsyt.2018.00044

Carabotti, M., Scirocco, A., Maselli, M. A., and Severi, C. (2015). The gut-brain axis: 
interactions between enteric microbiota, central and enteric nervous systems. Ann. 
Gastroenterol. 28, 203–209

Chakrabarti, A., Geurts, L., Hoyles, L., Iozzo, P., Kraneveld, A. D., La Fata, G., et al. 
(2022). The microbiota-gut-brain axis: pathways to better brain health. Perspectives on 
what we know, what we need to investigate and how to put knowledge into practice. Cell. 
Mol. Life Sci. 79:80. doi: 10.1007/s00018-021-04060-w

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

Contarino, M. F., van Hilten, J. J., and Kuijper, E. J. (2023). Targeting the gut-brain Axis 
with fecal microbiota transplantation: considerations on a potential novel treatment for 
Parkinson's Disease. Mov. Disord. Clin. Pract. 10, S21–S25. doi: 10.1002/mdc3.13621

Costa, G. T., Vasconcelos, Q., and Aragao, G. F. (2022). Fructooligosaccharides on 
inflammation, immunomodulation, oxidative stress, and gut immune response: a 
systematic review. Nutr. Rev. 80, 709–722. doi: 10.1093/nutrit/nuab115

Craciun, C. I., Neag, M. A., Catinean, A., Mitre, A. O., Rusu, A., Bala, C., et al. (2022). 
The relationships between gut microbiota and diabetes mellitus, and treatments for 
diabetes mellitus. Biomedicines 10:308. doi: 10.3390/biomedicines10020308

https://doi.org/10.3389/fmicb.2024.1463958
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.cbi.2023.110851
https://doi.org/10.3389/fmed.2024.1452227
https://doi.org/10.1007/s10753-021-01559-z
https://doi.org/10.3390/biomedicines10112742
https://doi.org/10.1080/10408398.2022.2137776
https://doi.org/10.1017/S0007114520000380
https://doi.org/10.1038/nrneurol.2017.185
https://doi.org/10.1038/nrneurol.2017.185
https://doi.org/10.1016/j.xcrm.2020.100138
https://doi.org/10.1111/ijfs.16894
https://doi.org/10.1016/j.eclinm.2020.100642
https://doi.org/10.3390/jcm11144119
https://doi.org/10.1038/nrgastro.2015.47
https://doi.org/10.1126/scitranslmed.3009759
https://doi.org/10.1093/cvr/cvq076
https://doi.org/10.3389/fpsyt.2018.00044
https://doi.org/10.1007/s00018-021-04060-w
https://doi.org/10.3390/nu13062099
https://doi.org/10.1002/mdc3.13621
https://doi.org/10.1093/nutrit/nuab115
https://doi.org/10.3390/biomedicines10020308


Abildinova et al. 10.3389/fmicb.2024.1463958

Frontiers in Microbiology 12 frontiersin.org

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

Dang, X., Xu, M., Liu, D., Zhou, D., and Yang, W. (2020). Assessing the efficacy and 
safety of fecal microbiota transplantation and probiotic VSL#3 for active ulcerative 
colitis: a systematic review and meta-analysis. PLoS One 15:e0228846. doi: 10.1371/
journal.pone.0228846

de Aguiar Vallim, T. Q., Tarling, E. J., and Edwards, P. A. (2013). Pleiotropic roles of 
bile acids in metabolism. Cell Metab. 17, 657–669. doi: 10.1016/j.cmet.2013.03.013

Deehan, E. C., and Walter, J. (2016). The Fiber gap and the disappearing gut 
microbiome: implications for human nutrition. Trends Endocrinol. Metab. 27, 239–242. 
doi: 10.1016/j.tem.2016.03.001

Dias, J. A. R., Alves, L. L., Barros, F. A. L., Cordeiro, C. A. M., Meneses, J. O., 
Santos, T. B. R., et al. (2022). Comparative effects of using a single strain probiotic and 
multi-strain probiotic on the productive performance and disease resistance in 
Oreochromis niloticus. Aquaculture 550:737855. doi: 10.1016/j.aquaculture.2021.737855

Dicks, L. M. T. (2022). Gut Bacteria and neurotransmitters. Microorganisms 10:9. doi: 
10.3390/microorganisms10091838

Díez-Sainz, E., Milagro, F. I., Riezu-Boj, J. I., and Lorente-Cebrián, S. (2021). Effects 
of gut microbiota–derived extracellular vesicles on obesity and diabetes and their 
potential modulation through diet. J. Physiol. Biochem. 78, 485–499. doi: 10.1007/
s13105-021-00837-6

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

Escobar, Y. H., O'Piela, D., Wold, L. E., and Mackos, A. R. (2022). Influence of the 
microbiota-gut-brain Axis on cognition in Alzheimer's Disease. J. Alzheimers Dis. 87, 
17–31. doi: 10.3233/JAD-215290

Fekete, M., Lehoczki, A., Major, D., Fazekas-Pongor, V., Csipo, T., Tarantini, S., et al. 
(2024). Exploring the influence of gut-brain Axis modulation on cognitive health: a 
comprehensive review of prebiotics, probiotics, and Symbiotics. Nutrients 16:789. doi: 
10.3390/nu16060789

Ferreira, L. S. S., Fernandes, C. S., Vieira, M. N. N., and De Felice, F. G. (2018). Insulin 
resistance in Alzheimer's Disease [Mini review]. Front. Neurosci. 12:830. doi: 10.3389/
fnins.2018.00830

Forsythe, P., and Kunze, W. A. (2013). Voices from within: gut microbes and the CNS. 
Cell. Mol. Life Sci. 70, 55–69. doi: 10.1007/s00018-012-1028-z

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

Gasmi, A., Nasreen, A., Menzel, A., Gasmi Benahmed, A., Pivina, L., Noor, S., et al. 
(2022). Neurotransmitters regulation and food intake: the role of dietary sources in 
neurotransmission. Molecules 28:210. doi: 10.3390/molecules28010210

Gershon, M. D., and Margolis, K. G. (2021). The gut, its microbiome, and the brain: 
connections and communications. J. Clin. Invest. 131:13. doi: 10.1172/jci143768

Glinert, A., Turjeman, S., Elliott, E., and Koren, O. (2022). Microbes, metabolites and 
(synaptic) malleability, oh my! The effect of the microbiome on synaptic plasticity. Biol. 
Rev. Camb. Philos. Soc. 97, 582–599. doi: 10.1111/brv.12812

Guzzetta, K. E., Cryan, J. F., and O'Leary, O. F. (2022). Microbiota-gut-brain Axis 
regulation of adult hippocampal neurogenesis. Brain Plast. 8, 97–119. doi: 10.3233/
BPL-220141

Han, H., Yi, B., Zhong, R., Wang, M., Zhang, S., Ma, J., et al. (2021). From gut 
microbiota to host appetite: gut microbiota-derived metabolites as key regulators. 
Microbiome 9:162. doi: 10.1186/s40168-021-01093-y

Huang, J., Guan, B., Lin, L., and Wang, Y. (2021). Improvement of intestinal barrier 
function, gut microbiota, and metabolic endotoxemia in type 2 diabetes rats by 
curcumin. Bioengineered 12, 11947–11958. doi: 10.1080/21655979.2021.2009322

Jaworska, J., Ziemka-Nalecz, M., Sypecka, J., and Zalewska, T. (2017). The 
potential neuroprotective role of a histone deacetylase inhibitor, sodium butyrate, 
after neonatal hypoxia-ischemia. J. Neuroinflammation 14:34. doi: 10.1186/
s12974-017-0807-8

Kallapura, G., Prakash, A. S., Sankaran, K., Manjappa, P., Chaudhary, P., Ambhore, S., 
et al. (2024). Microbiota based personalized nutrition improves hyperglycaemia and 
hypertension parameters and reduces inflammation: a prospective, open label, 
controlled, randomized, comparative, proof of concept study. Peer J. 12:e17583. doi: 
10.7717/peerj.17583

Kasarello, K., Cudnoch-Jedrzejewska, A., and Czarzasta, K. (2023). Communication 
of gut microbiota and brain via immune and neuroendocrine signaling. Front. Microbiol. 
14:1118529. doi: 10.3389/fmicb.2023.1118529

Kleinridders, A., Ferris, H. A., Cai, W., and Kahn, C. R. (2014). Insulin action in brain 
regulates systemic metabolism and brain function. Diabetes 63, 2232–2243. doi: 10.2337/
db14-0568

Kolobaric, A., Andreescu, C., Jasarevic, E., Hong, C. H., Roh, H. W., Cheong, J. Y., et al. 
(2024). Gut microbiome predicts cognitive function and depressive symptoms in late 
life. Mol. Psychiatry 29, 3064–3075. doi: 10.1038/s41380-024-02551-3

Kootte, R. S., Levin, E., Salojarvi, J., Smits, L. P., Hartstra, A. V., Udayappan, S. D., et al. 
(2017). Nieuwdorp M. Improvement of insulin sensitivity after lean donor feces in 
metabolic syndrome is driven by baseline intestinal microbiota composition. Cell Metab. 
26, 611–619 e6. doi: 10.1016/j.cmet.2017.09.008

Kossowska, M., Olejniczak, S., Karbowiak, M., Mosiej, W., Zielinska, D., and 
Brzezicka, A. (2024). The interplay between gut microbiota and cognitive functioning 
in the healthy aging population: a systematic review. Nutrients 16:852. doi: 10.3390/
nu16060852

Kwoji, I. D., Aiyegoro, O. A., Okpeku, M., and Adeleke, M. A. (2021). Multi-strain 
probiotics: synergy among isolates enhances biological activities. Biology 10:322. doi: 
10.3390/biology10040322

Lai, T. T., Tsai, Y. H., Liou, C. W., Fan, C. H., Hou, Y. T., Yao, T. H., et al. (2024). 
The gut microbiota modulate locomotion via vagus-dependent glucagon-like 
peptide-1 signaling. NPJ Biofilms Microbiomes 10:2. doi: 10.1038/
s41522-024-00477-w

Leblhuber, F., Ehrlich, D., Steiner, K., Geisler, S., Fuchs, D., Lanser, L., et al. (2021). The 
Immunopathogenesis of Alzheimer's Disease is related to the composition of gut 
microbiota. Nutrients 13:361. doi: 10.3390/nu13020361

Li, C. (2023). Understanding interactions among diet, host and gut microbiota for 
personalized nutrition. Life Sci. 312:121265. doi: 10.1016/j.lfs.2022.121265

Li, X., Chen, L.-M., Kumar, G., Zhang, S.-J., Zhong, Q.-h., Zhang, H.-Y., et al. (2022). 
Therapeutic interventions of gut-brain Axis as novel strategies for treatment of alcohol 
use disorder associated cognitive and mood dysfunction [review]. Front. Neurosci. 
16:820106. doi: 10.3389/fnins.2022.820106

Loh, J. S., Mak, W. Q., Tan, L. K. S., Ng, C. X., Chan, H. H., Yeow, S. H., et al. (2024). 
Microbiota-gut-brain axis and its therapeutic applications in neurodegenerative 
diseases. Signal Transduct. Target. Ther. 9:37. doi: 10.1038/s41392-024-01743-1

Makris, A. P., Karianaki, M., Tsamis, K. I., and Paschou, S. A. (2021). The role of the 
gut-brain axis in depression: endocrine, neural, and immune pathways. Hormones 
(Athens) 20, 1–12. doi: 10.1007/s42000-020-00236-4

Manzaneque-López, M. C., Sánchez-López, C. M., Pérez-Bermúdez, P., Soler, C., and 
Marcilla, A. (2023). Dietary-derived exosome-like nanoparticles as bacterial modulators: 
beyond Micro RNAs. Nutrients 15:1265. doi: 10.3390/nu15051265

Martinez-Montoro, J. I., Damas-Fuentes, M., Fernandez-Garcia, J. C., and 
Tinahones, F. J. (2022). Role of the gut microbiome in Beta cell and adipose tissue 
crosstalk: a review. Front. Endocrinol. 13:869951. doi: 10.3389/fendo.2022.869951

Masse, K. E., and Lu, V. B. (2023). Short-chain fatty acids, secondary bile acids and 
indoles: gut microbial metabolites with effects on enteroendocrine cell function and 
their potential as therapies for metabolic disease. Front. Endocrinol. 14:1169624. doi: 
10.3389/fendo.2023.1169624

Matheson, J. T., and Holsinger, R. M. D. (2023). The role of fecal microbiota 
transplantation in the treatment of neurodegenerative diseases: a review. Int. J. Mol. Sci. 
24:1001. doi: 10.3390/ijms24021001

Matheus, V. A., Monteiro, L., Oliveira, R. B., Maschio, D. A., and Collares-Buzato, C. B. 
(2017). Butyrate reduces high-fat diet-induced metabolic alterations, hepatic steatosis 
and pancreatic beta cell and intestinal barrier dysfunctions in prediabetic mice. Exp. 
Biol. Med. (Maywood) 242, 1214–1226. doi: 10.1177/1535370217708188

Matt, S. M., Allen, J. M., Lawson, M. A., Mailing, L. J., Woods, J. A., and Johnson, R. W. 
(2018). Butyrate and dietary soluble Fiber improve Neuroinflammation associated with 
aging in mice [original research]. Front. Immunol. 9:1832. doi: 10.3389/
fimmu.2018.01832

Mattson, M. P., Allison, D. B., Fontana, L., Harvie, M., Longo, V. D., Malaisse, W. J., 
et al. (2014). Meal frequency and timing in health and disease. Proc. Natl. Acad. Sci. USA 
111, 16647–16653. doi: 10.1073/pnas.1413965111

Matzaras, R., Nikopoulou, A., Protonotariou, E., and Christaki, E. (2022). Gut 
microbiota modulation and prevention of Dysbiosis as an alternative approach to 
antimicrobial resistance: a narrative review. Yale J. Biol. Med. 95, 479–494

Megha, K. B., Joseph, X., Akhil, V., and Mohanan, P. V. (2021). Cascade of immune 
mechanism and consequences of inflammatory disorders. Phytomedicine 91:153712. doi: 
10.1016/j.phymed.2021.153712

Merenstein, D., Pot, B., Leyer, G., Ouwehand, A. C., Preidis, G. A., Elkins, C. A., et al. 
(2023). Emerging issues in probiotic safety: 2023 perspectives. Gut Microbes 15:2185034. 
doi: 10.1080/19490976.2023.2185034

Misiak, B., Loniewski, I., Marlicz, W., Frydecka, D., Szulc, A., Rudzki, L., et al. (2020). 
The HPA axis dysregulation in severe mental illness: can we shift the blame to gut 
microbiota? Prog. Neuro-Psychopharmacol. Biol. Psychiatry 102:109951. doi: 10.1016/j.
pnpbp.2020.109951

Moțățăianu, A., Șerban, G., and Andone, S. (2023). The role of short-chain fatty acids 
in microbiota-gut-brain cross-talk with a focus on amyotrophic lateral sclerosis: a 
systematic review. Int. J. Mol. Sci. 24:15094. doi: 10.3390/ijms242015094

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

O'Mahony, S. M., Clarke, G., Borre, Y. E., Dinan, T. G., and Cryan, J. F. (2015). 
Serotonin, tryptophan metabolism and the brain-gut-microbiome axis. Behav. Brain Res. 
277, 32–48. doi: 10.1016/j.bbr.2014.07.027

https://doi.org/10.3389/fmicb.2024.1463958
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1038/nrn3346
https://doi.org/10.1371/journal.pone.0228846
https://doi.org/10.1371/journal.pone.0228846
https://doi.org/10.1016/j.cmet.2013.03.013
https://doi.org/10.1016/j.tem.2016.03.001
https://doi.org/10.1016/j.aquaculture.2021.737855
https://doi.org/10.3390/microorganisms10091838
https://doi.org/10.1007/s13105-021-00837-6
https://doi.org/10.1007/s13105-021-00837-6
https://doi.org/10.1113/JP273106
https://doi.org/10.3233/JAD-215290
https://doi.org/10.3390/nu16060789
https://doi.org/10.3389/fnins.2018.00830
https://doi.org/10.3389/fnins.2018.00830
https://doi.org/10.1007/s00018-012-1028-z
https://doi.org/10.1038/ncomms4611
https://doi.org/10.3390/molecules28010210
https://doi.org/10.1172/jci143768
https://doi.org/10.1111/brv.12812
https://doi.org/10.3233/BPL-220141
https://doi.org/10.3233/BPL-220141
https://doi.org/10.1186/s40168-021-01093-y
https://doi.org/10.1080/21655979.2021.2009322
https://doi.org/10.1186/s12974-017-0807-8
https://doi.org/10.1186/s12974-017-0807-8
https://doi.org/10.7717/peerj.17583
https://doi.org/10.3389/fmicb.2023.1118529
https://doi.org/10.2337/db14-0568
https://doi.org/10.2337/db14-0568
https://doi.org/10.1038/s41380-024-02551-3
https://doi.org/10.1016/j.cmet.2017.09.008
https://doi.org/10.3390/nu16060852
https://doi.org/10.3390/nu16060852
https://doi.org/10.3390/biology10040322
https://doi.org/10.1038/s41522-024-00477-w
https://doi.org/10.1038/s41522-024-00477-w
https://doi.org/10.3390/nu13020361
https://doi.org/10.1016/j.lfs.2022.121265
https://doi.org/10.3389/fnins.2022.820106
https://doi.org/10.1038/s41392-024-01743-1
https://doi.org/10.1007/s42000-020-00236-4
https://doi.org/10.3390/nu15051265
https://doi.org/10.3389/fendo.2022.869951
https://doi.org/10.3389/fendo.2023.1169624
https://doi.org/10.3390/ijms24021001
https://doi.org/10.1177/1535370217708188
https://doi.org/10.3389/fimmu.2018.01832
https://doi.org/10.3389/fimmu.2018.01832
https://doi.org/10.1073/pnas.1413965111
https://doi.org/10.1016/j.phymed.2021.153712
https://doi.org/10.1080/19490976.2023.2185034
https://doi.org/10.1016/j.pnpbp.2020.109951
https://doi.org/10.1016/j.pnpbp.2020.109951
https://doi.org/10.3390/ijms242015094
https://doi.org/10.1016/j.cell.2018.04.027
https://doi.org/10.1016/j.bbr.2014.07.027


Abildinova et al. 10.3389/fmicb.2024.1463958

Frontiers in Microbiology 13 frontiersin.org

O'Riordan, K. J., Collins, M. K., Moloney, G. M., Knox, E. G., Aburto, M. R., 
Fulling, C., et al. (2022). Short chain fatty acids: microbial metabolites for gut-brain axis 
signalling. Mol. Cell. Endocrinol. 546:111572. doi: 10.1016/j.mce.2022.111572

Patra, D., Banerjee, D., Ramprasad, P., Roy, S., Pal, D., and Dasgupta, S. (2023). Recent 
insights of obesity-induced gut and adipose tissue dysbiosis in type 2 diabetes. Front. 
Mol. Biosci. 10:1224982. doi: 10.3389/fmolb.2023.1224982

Patterson, E., Ryan, P. M., Cryan, J. F., Dinan, T. G., Ross, R. P., Fitzgerald, G. F., et al. 
(2016). Gut microbiota, obesity and diabetes. Postgrad. Med. J. 92, 286–300. doi: 
10.1136/postgradmedj-2015-133285

Qian, X. H., Xie, R. Y., Liu, X. L., Chen, S. D., and Tang, H. D. (2022). Mechanisms of 
short-chain fatty acids derived from gut microbiota in Alzheimer's Disease. Aging Dis. 
13, 1252–1266. doi: 10.14336/ad.2021.1215

Rehman, K., and Akash, M. S. (2016). Mechanisms of inflammatory responses and 
development of insulin resistance: how are they interlinked? J. Biomed. Sci. 23:87. doi: 
10.1186/s12929-016-0303-y

Ridaura, V. K., Faith, J. J., Rey, F. E., Cheng, J., Duncan, A. E., Kau, A. L., et al. (2013). 
Gut microbiota from twins discordant for obesity modulate metabolism in mice. Science 
341:1241214. doi: 10.1126/science.1241214

Rodriguez-Rodriguez, P., Sandebring-Matton, A., Merino-Serrais, P., 
Parrado-Fernandez, C., Rabano, A., Winblad, B., et al. (2017). Tau hyperphosphorylation 
induces oligomeric insulin accumulation and insulin resistance in neurons. Brain 140, 
3269–3285. doi: 10.1093/brain/awx256

Rogers, G. B., Keating, D. J., Young, R. L., Wong, M. L., Licinio, J., and Wesselingh, S. 
(2016). From gut dysbiosis to altered brain function and mental illness: mechanisms and 
pathways. Mol. Psychiatry 21, 738–748. doi: 10.1038/mp.2016.50

Rubinstein, M. R., Burgueño, A. L., Quiroga, S., Wald, M. R., and Genaro, A. M. 
(2023). Current understanding of the roles of gut-brain Axis in the cognitive deficits 
caused by perinatal stress exposure. Cells 12:1735. doi: 10.3390/cells12131735

Rusch, J. A., Layden, B. T., and Dugas, L. R. (2023). Signalling cognition: the gut 
microbiota and hypothalamic-pituitary-adrenal axis. Front. Endocrinol. 14:1130689. doi: 
10.3389/fendo.2023.1130689

Salles, B. I. M., Cioffi, D., and Ferreira, S. R. G. (2020). Probiotics supplementation 
and insulin resistance: a systematic review. Diabetol. Metab. Syndr. 12:98. doi: 10.1186/
s13098-020-00603-6

Silva, Y. P., Bernardi, A., and Frozza, R. L. (2020). The role of short-chain fatty acids 
from gut microbiota in gut-brain communication. Front. Endocrinol. 11:25. doi: 10.3389/
fendo.2020.00025

Strasser, B., Wolters, M., Weyh, C., Kruger, K., and Ticinesi, A. (2021). The effects of 
lifestyle and diet on gut microbiota composition, inflammation and muscle performance 
in our aging society. Nutrients 13:2045. doi: 10.3390/nu13062045

Sun, L. J., Li, J. N., and Nie, Y. Z. (2020). Gut hormones in microbiota-gut-brain cross-
talk. Chin. Med. J. 133, 826–833. doi: 10.1097/CM9.0000000000000706

Suzuki, K., Jayasena, C. N., and Bloom, S. R. (2011). The gut hormones in appetite 
regulation. J. Obes. 2011:528401. doi: 10.1155/2011/528401

Takeuchi, T., Kubota, T., Nakanishi, Y., Tsugawa, H., Suda, W., Kwon, A. T., et al. 
(2023). Gut microbial carbohydrate metabolism contributes to insulin resistance. Nature 
621, 389–395. doi: 10.1038/s41586-023-06466-x

Tang, W., Zhu, H., Feng, Y., Guo, R., and Wan, D. (2020). The impact of gut microbiota 
disorders on the blood-brain barrier. Infect. Drug Resist. 13, 3351–3363. doi: 10.2147/
idr.S254403

Tixier, E. N., Verheyen, E., Luo, Y., Grinspan, L. T., Du, C. H., Ungaro, R. C., et al. 
(2022). Systematic review with Meta-analysis: fecal microbiota transplantation for severe 
or fulminant Clostridioides difficile. Dig. Dis. Sci. 67, 978–988. doi: 10.1007/
s10620-021-06908-4

Tyagi, A., and Pugazhenthi, S. (2021). Targeting insulin resistance to treat cognitive 
dysfunction. Mol. Neurobiol. 58, 2672–2691. doi: 10.1007/s12035-021-02283-3

Ullah, H., Tovchiga, O., Daglia, M., and Khan, H. (2021). Modulating gut microbiota: 
an emerging approach in the prevention and treatment of multiple sclerosis. Curr. 
Neuropharmacol. 19, 1966–1983. doi: 10.2174/1570159X19666210217084827

Utzschneider, K. M., Kratz, M., Damman, C. J., and Hullar, M. (2016). Mechanisms 
linking the gut microbiome and glucose metabolism. J. Clin. Endocrinol. Metab. 101, 
1445–1454. doi: 10.1210/jc.2015-4251

Vanuytsel, T., Tack, J., and Farre, R. (2021). The role of intestinal permeability in 
gastrointestinal disorders and current methods of evaluation. Front. Nutr. 8:717925. doi: 
10.3389/fnut.2021.717925

Vinuesa, A., Pomilio, C., Gregosa, A., Bentivegna, M., Presa, J., Bellotto, M., et al. 
(2021). Inflammation and insulin resistance as risk factors and potential therapeutic 
targets for Alzheimer's Disease. Front. Neurosci. 15:653651. doi: 10.3389/
fnins.2021.653651

Violi, F., Cammisotto, V., Bartimoccia, S., Pignatelli, P., Carnevale, R., and 
Nocella, C. (2023). Gut-derived low-grade endotoxaemia, atherothrombosis 
and cardiovascular disease. Nat. Rev. Cardiol. 20, 24–37. doi: 10.1038/
s41569-022-00737-2

Vogelsang, P., Giil, L. M., Lund, A., Vedeler, C. A., Parkar, A. P., Nordrehaug, J. E., et al. 
(2018). Reduced glucose transporter-1 in brain derived circulating endothelial cells in 
mild Alzheimer's disease patients. Brain Res. 1678, 304–309. doi: 10.1016/j.
brainres.2017.10.035

Wallace, C. J. K., and Milev, R. (2017). The effects of probiotics on depressive 
symptoms in humans: a systematic review. Ann. General Psychiatry 16:14. doi: 10.1186/
s12991-017-0138-2

Wright, K. D., Hickman, R., and Laudenslager, M. L. (2015). Hair cortisol analysis: a 
promising biomarker of HPA activation in older adults. Gerontologist 55 Suppl 1, S140–
S145. doi: 10.1093/geront/gnu174

Wu, H. J., and Wu, E. (2012). The role of gut microbiota in immune homeostasis and 
autoimmunity. Gut Microbes 3, 4–14. doi: 10.4161/gmic.19320

Wu, J., Yang, K., Fan, H., Wei, M., and Xiong, Q. (2023). Targeting the gut microbiota 
and its metabolites for type 2 diabetes mellitus. Front. Endocrinol. 14:1114424. doi: 
10.3389/fendo.2023.1114424

Xu, Y., Wang, N., Tan, H. Y., Li, S., Zhang, C., and Feng, Y. (2020). Function of 
Akkermansia muciniphila in obesity: interactions with lipid metabolism, immune 
response and gut systems [review]. Front. Microbiol. 11:219. doi: 10.3389/
fmicb.2020.00219

Ye, J., Wu, Z., Zhao, Y., Zhang, S., Liu, W., and Su, Y. (2022). Role of gut microbiota in 
the pathogenesis and treatment of diabetes mullites: advanced research-based review. 
Front. Microbiol. 13:1029890. doi: 10.3389/fmicb.2022.1029890

Zawistowska-Rojek, A., Zareba, T., and Tyski, S. (2022). Microbiological testing of 
probiotic preparations. Int. J. Environ. Res. Public Health 19:5701. doi: 10.3390/
ijerph19095701

Zeng, Y., Wu, Y., Zhang, Q., and Xiao, X. (2024). Crosstalk between glucagon-like 
peptide 1 and gut microbiota in metabolic diseases. MBio 15:e0203223. doi: 10.1128/
mbio.02032-23

Zhang, Q., Jin, K., Chen, B., Liu, R., Cheng, S., Zhang, Y., et al. (2022). Overnutrition 
induced cognitive impairment: insulin resistance, gut-brain Axis, 
and Neuroinflammation [review]. Front. Neurosci. 16:884579. doi: 10.3389/
fnins.2022.884579

Zhang, F., Ma, T., Cui, P., Tamadon, A., He, S., Huo, C., et al. (2019). Diversity of the 
gut microbiota in dihydrotestosterone-induced PCOS rats and the pharmacologic effects 
of Diane-35, probiotics, and Berberine. Front. Microbiol. 10:175. doi: 10.3389/
fmicb.2019.00175

Zhang, B., Zhao, J., Jiang, M., Peng, D., Dou, X., Song, Y., et al. (2022). The potential 
role of gut microbial-derived exosomes in metabolic-associated fatty liver Disease: 
implications for treatment [Mini review]. Front. Immunol. 13:893617. doi: 10.3389/
fimmu.2022.893617

Zhao, L., Ye, Y., Gu, L., Jian, Z., Stary, C. M., and Xiong, X. (2021). Extracellular 
vesicle-derived mi RNA as a novel regulatory system for bi-directional communication 
in gut-brain-microbiota axis. J. Transl. Med. 19:202. doi: 10.1186/s12967-021-02861-y

Zheng, Y., Bonfili, L., Wei, T., and Eleuteri, A. M. (2023). Understanding the gut-brain 
Axis and its therapeutic implications for neurodegenerative disorders. Nutrients 15:1735. 
doi: 10.3390/nu15214631

https://doi.org/10.3389/fmicb.2024.1463958
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.mce.2022.111572
https://doi.org/10.3389/fmolb.2023.1224982
https://doi.org/10.1136/postgradmedj-2015-133285
https://doi.org/10.14336/ad.2021.1215
https://doi.org/10.1186/s12929-016-0303-y
https://doi.org/10.1126/science.1241214
https://doi.org/10.1093/brain/awx256
https://doi.org/10.1038/mp.2016.50
https://doi.org/10.3390/cells12131735
https://doi.org/10.3389/fendo.2023.1130689
https://doi.org/10.1186/s13098-020-00603-6
https://doi.org/10.1186/s13098-020-00603-6
https://doi.org/10.3389/fendo.2020.00025
https://doi.org/10.3389/fendo.2020.00025
https://doi.org/10.3390/nu13062045
https://doi.org/10.1097/CM9.0000000000000706
https://doi.org/10.1155/2011/528401
https://doi.org/10.1038/s41586-023-06466-x
https://doi.org/10.2147/idr.S254403
https://doi.org/10.2147/idr.S254403
https://doi.org/10.1007/s10620-021-06908-4
https://doi.org/10.1007/s10620-021-06908-4
https://doi.org/10.1007/s12035-021-02283-3
https://doi.org/10.2174/1570159X19666210217084827
https://doi.org/10.1210/jc.2015-4251
https://doi.org/10.3389/fnut.2021.717925
https://doi.org/10.3389/fnins.2021.653651
https://doi.org/10.3389/fnins.2021.653651
https://doi.org/10.1038/s41569-022-00737-2
https://doi.org/10.1038/s41569-022-00737-2
https://doi.org/10.1016/j.brainres.2017.10.035
https://doi.org/10.1016/j.brainres.2017.10.035
https://doi.org/10.1186/s12991-017-0138-2
https://doi.org/10.1186/s12991-017-0138-2
https://doi.org/10.1093/geront/gnu174
https://doi.org/10.4161/gmic.19320
https://doi.org/10.3389/fendo.2023.1114424
https://doi.org/10.3389/fmicb.2020.00219
https://doi.org/10.3389/fmicb.2020.00219
https://doi.org/10.3389/fmicb.2022.1029890
https://doi.org/10.3390/ijerph19095701
https://doi.org/10.3390/ijerph19095701
https://doi.org/10.1128/mbio.02032-23
https://doi.org/10.1128/mbio.02032-23
https://doi.org/10.3389/fnins.2022.884579
https://doi.org/10.3389/fnins.2022.884579
https://doi.org/10.3389/fmicb.2019.00175
https://doi.org/10.3389/fmicb.2019.00175
https://doi.org/10.3389/fimmu.2022.893617
https://doi.org/10.3389/fimmu.2022.893617
https://doi.org/10.1186/s12967-021-02861-y
https://doi.org/10.3390/nu15214631

	The gut-brain-metabolic axis: exploring the role of microbiota in insulin resistance and cognitive function
	1 Introduction
	2 Gut-brain axis: mechanisms of interaction
	2.1 Gut microbiota and the central nervous system
	2.1.1 Neural pathways
	2.1.2 Endocrine pathways
	2.1.3 Immune pathways
	2.1.4 Neural pathways
	2.1.5 Endocrine pathways
	2.1.6 Immune pathways
	2.2 Role of microbial metabolites

	3 Dysbiosis and insulin resistance
	3.1 Mechanisms of dysbiosis-induced insulin resistance
	3.2 Impact of gut microbiota on glucose metabolism

	4 Insulin resistance and cognitive function
	4.1 Insulin signaling in the brain
	4.2 Impact of insulin resistance on cognitive function

	5 Microbial metabolites and cognitive function
	5.1 Role of SCFAs
	5.2 Other microbial metabolites

	6 Therapeutic interventions
	6.1 Probiotics and prebiotics
	6.2 Dietary interventions
	6.3 FMT

	7 Discussion
	7.1 Importance and rationale of this review
	7.2 Novel hypotheses on gut-brain-metabolic axis
	7.2.1 Hypothesis 1: multi-strain probiotic synergy
	7.2.1.1 Rationale
	7.2.1.2 Hypothesis
	7.2.1.3 Pathways involved
	7.2.1.3.1 Neural
	7.2.1.3.2 Endocrine
	7.2.1.3.3 Immune
	7.2.1.3.4 Metabolic
	7.2.2 Hypothesis 2: personalized nutrition and microbiota modulation
	7.2.2.1 Rationale
	7.2.2.2 Hypothesis
	7.2.2.3 Pathways involved
	7.2.2.3.1 Neural
	7.2.2.3.2 Endocrine
	7.2.2.3.3 Immune
	7.2.2.3.4 Metabolic
	7.2.3 Hypothesis 3: microbiota-derived exosome therapy
	7.2.3.1 Rationale
	7.2.3.2 Hypothesis
	7.2.3.3 Pathways involved
	7.2.3.3.1 Neural
	7.2.3.3.2 Endocrine
	7.2.3.3.3 Immune
	7.2.3.3.4 Metabolic
	7.2.4 Hypothesis 4: microbiota-gut-brain peptide modulation
	7.2.4.1 Rationale
	7.2.4.2 Hypothesis
	7.2.4.3 Pathways involved
	7.2.4.3.1 Neural
	7.2.4.3.2 Endocrine
	7.2.4.3.3 Immune
	7.2.4.3.4 Metabolic
	7.3 Therapeutic potential
	7.4 Limitations of current therapeutic interventions
	7.4.1 Variability in individual response
	7.4.2 Lack of standardization
	7.4.3 Short-term study duration
	7.4.4 Mechanistic insights
	7.4.5 Safety concerns
	7.4.6 Regulatory challenges
	7.5 Challenges and controversies in researching the gut-brain-metabolic axis
	7.5.1 Variability in microbiota composition
	7.5.2 Causality vs. correlation
	7.5.3 Methodological differences
	7.5.4 Mechanistic understanding
	7.5.5 Safety and efficacy of interventions
	7.6 Future directions
	7.7 Future prospective

	8 Conclusion

	References

