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ABSTRACT
Metformin is an oral hypoglycemic agent and it is the primary medication for managing 
hyperglycemia. The relationship between metformin, gut microbiota and their combined 
effects on metabolic health and cognitive function remains inadequately explored, particularly 
concerning the modulation of gut microbes by metformin. Metformin recognized for its role 
in diabetes management, emerging evidence highlights its influence on gut microbiota and 
suggesting that its therapeutic effects extend beyond the gastrointestinal tract. The review 
delves into metformin’s capacity to modulate epigenetic pathways, including DNA methylation 
and histone modifications, thereby regulating gene expression related to inflammation and 
metabolism and modification of Key beneficial microbes, such as Akkermansia muciniphila 
and various Lactobacillus species, promoting systemic health through the production of 
SCFAs and modulation of gut-brain axis signaling. The role of gut microbiota in influencing 
neuroinflammation, cognitive function and metabolic health is well-explored in this 
review, revealing metformin’s potential to enhance cognitive performance, protect against 
neurodegenerative disorders and reduce neuroinflammation. This review provides critical 
insights into the mechanistic underpinnings of metformin’s actions, paving the way for future 
research on its broader applications in metabolic and cognitive health.

Keywords: Cognitive functions, Epigenetic pathways, Gut microbes, Metabolic functions, 
Metformin.

INTRODUCTION

Metformin has served as an oral hypoglycemic agent and remains 
the primary medication for managing hyperglycemia. Current 
research is exploring its potential for various other uses beyond 
its initial approval. Significant findings indicate that metformin 
can act as an adjunct therapy in the treatment of several cancers, 
including breast, blood, colorectal, endometrial, melanoma and 
bone cancers. Its applications also extend to treating obesity and 
liver conditions like Non-Alcoholic Fatty Liver Disease (NAFLD). 
More recently, attention has shifted to its effects on cardiovascular 
conditions, such as vascular diseases, atherosclerosis, pulmonary 
arterial hypertension and arrhythmias. Emerging uses include its 
potential role in anti-aging therapies and kidney diseases. While 
metformin is often contraindicated in patients with significant 
renal impairment due to its association with diabetes, research 
into its AMPK signalling pathway suggests it may improve 
renal function and positively influence all the aforementioned 

conditions (Lv and Guo, 2020) (Bu et al., 2022). Additionally, it 
is being considered as an alternative for managing gestational 
diabetes, with studies indicating that it may be comparable 
to insulin therapy in controlling hyperglycemia (Paschou 
et al., 2023). In the context of Polycystic Ovary Syndrome 
(PCOS), metformin is utilized to decrease insulin resistance. 
It is viewed as a second-line treatment option for patients with 
hyperglycemia, following the use of oral contraceptives (Kim, 
2021). In addition, metformin has proven to be highly effective 
in treating tuberculosis, thanks to its antimicrobial effects (Malik 
et al., 2018). Continued investigations are revealing additional 
potential uses for metformin, largely due to its exceptional 
mechanisms, including the ability to alter the composition of 
gut microbiota (Mueller et al., 2021). This review aims to explore 
the intricate relationship between metformin, gut microbiota 
and their collective impact on metabolic health and cognitive 
function, providing insights into the multifaceted roles of this 
medication beyond traditional diabetes management. Emerging 
evidence suggests that the influence of metformin on gut 
microbiota extends beyond the gastrointestinal tract, impacting 
systemic health through mechanisms involving epigenetic 
regulation and neuroimmune pathways. Metformin's ability to 
modulate epigenetic processes, such as DNA methylation and 
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histone modifications, facilitates the expression of genes involved 
in inflammation and metabolism. Additionally, its effects on 
the gut-brain axis underscore the potential of metformin to 
reduce neuroinflammation and enhance cognitive function by 
promoting beneficial microbial metabolites.

Impact of Metformin on Gut Microbiota
Metformin in GIT

Recent studies suggest that metformin primarily targets the 
gut rather than the liver. In experiments where metformin was 
administered intravenously, no significant glucose-lowering effect 
was observed, further supporting the notion that metformin acts 
locally in the gut rather than exerting solely systemic effects. This 
hypothesis is linked to the OCT 1, a protein present in intestinal 
cell lines, which is likely involved in the absorption of metformin. 
Alterations in this protein can lead to gastrointestinal intolerance.

Metformin impact on gut microbiota

The gut harbors a diverse array of bacteria and metformin 
treatment significantly enhances the abundance of beneficial 
gut microbiota, which plays a vital role in promoting gut. Key 
beneficial microbes, including Akkermansia muciniphila, 
Butyricimonas, Parabacteroides and various Lactobacillus species 
(such as Lactobacillus intestinalis and Lactobacillus johnsonii), 
are increased. This contributes to improved intestinal integrity, 
enhanced metabolic processes and the production of SCFAs. 
Other beneficial genera, including Christensenella, Alloprevotella, 
Romboutsia, Anaerotruncus, Roseburia, Alistipes and Coprococcus, 
further promote gut homeostasis and reduce pro-inflammatory 
markers.

Reduction of harmful bacteria by metformin

Metformin treatment effectively reduces several harmful bacteria 
associated with gut dysbiosis, such as Clostridium perfringens 
and Escherichia coli, which are linked to pathogenic infections. 
The decrease in inflammation-associated genera, including 
Desulfovibrio, Papillibacter, Dorea and Muribaculum, alongside 
pathogenic bacteria like Proteus and Klebsiella, underscores 
metformin's role in mitigating gut-related infections. This 
modification of the gut microbiome, through the suppression 
of harmful genera such as Acinetobacter, Achromobacter and 
Azorhiziphilus, highlights metformin's protective effects and 
its potential to maintain a balanced gut microbiota, ultimately 
supporting overall metabolic health and reducing inflammation 
(Lee et al., 2021).

SAFAs and metabolic benefits

Metformin influences the composition of gut microbiota 
by directly impacting bacterial growth and modifying the 
intestinal environment. It promotes the proliferation of bacteria 
that produce SCFAs in individuals with T2DM, resulting in 
increased SCFA levels in the colon, which ultimately enhances 

host metabolism (Mueller et al., 2021). Propionate has been 
well-studied as a substrate for hepatic gluconeogenesis. Evidence 
suggests that propionate is converted to glucose through intestinal 
gluconeogenesis before reaching the liver, providing metabolic 
benefits in maintaining energy balance. This is demonstrated by 
reduced adiposity and body weight despite similar food intake 
levels, alongside improved glucose regulation, characterized 
by decreased hepatic glucose output. Thus, SCFAs improving 
glucose regulation by reducing hepatic glucose and activation 
of intestinal gluconeogenesis and heightened GLP-1 secretion, 
which is potential for glycemic control by influencing intestinal 
gluconeogenesis.

Influence on bile and FXR signaling

Metformin reduces levels of Bacteroides fragilis, a bacterium 
that inhibits bile salt hydrolase activity, resulting in increased 
secondary bile acids such as GUDCA. This effect suppresses the 
activation of intestinal FXR signaling, thereby enhancing glucose 
homeostasis (Sun et al., 2018).

Enhancing intestinal mucosal barrier

The alterations in gut microbiota induced by metformin are 
vital for its anti-inflammatory effects. Recent studies show 
that metformin enhances the protective role of the intestinal 
mucosal barrier by increasing the abundance of Akkermansia 
muciniphila and the count of goblet cells, which leads to a thicker 
mucus layer that alleviates intestinal inflammation. Moreover, 
metformin raises the relative abundance of Lactobacillus spp. and 
Akkermansia spp., effectively correcting the microbial imbalance 
and colonic inflammation caused by experimental colitis, while 
also maintaining the integrity of the mucus barrier (Ke et al., 
2021).

Anti-tumor effects via gut microbes

Metformin effects on the gut microbiome also contribute to its 
anti-tumor properties. Oral administration of metformin, as 
opposed to intraperitoneal injection, was found to inhibit tumor 
growth in mice on a high-fat diet. Furthermore, the transfer 
of gut bacteria from metformin-treated mice to other mice 
significantly reduced tumor progression, linked to an increase 
in SCFA-producing bacteria and a reduction in the expression 
of genes involved in cholesterol synthesis within the tumor 
(Broadfield et al., 2022).

Impact on small intestinal microbiome

Metformin extended the lifespan of C. elegans in co-culture 
with Escherichia coli, possibly due to the metabolite agmatine 
derived from gut microbiota. However, the relationship between 
metformin’s lifespan-extending effects in T2DM patients and 
elevated agmatine levels remains hypothetical. Most clinical 
observations concerning the impact of metformin on gut 
microbiota mainly focus on changes in fecal microbiota. 
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However, metformin also affects the microbiome in the small 
intestine, inducing distinct modifications in the microbiota of 
the duodenum, jejunum and ileum in rodent models. The shifts 
in microbial composition in the small bowel correspond with 
changes in the activity of genes related to glucose and fatty acid 
absorption in the intestines, enhancing the beneficial metabolic 
effects of metformin. Consequently, the microbiota across 
various segments of the gastrointestinal tract may serve different 
functions (Cheng et al., 2024). Figure 1 represents the various 
pathways where metformin influence on gut microbes.

Epigenetic pathways

The beneficial effects of metformin on gut microbiota extend 
beyond the gut, influencing systemic health through various 
mechanisms. Among these, its ability to modulate epigenetic 
pathways, particularly those involved in inflammation and 
metabolism, has gained significant attention. Epigenetic pathways 
are biological mechanisms that regulate gene expression without 
altering the underlying DNA sequence. These pathways involve 
chemical modifications to DNA, such as methylation, or to 
histone proteins, which compact and organize DNA in the 
nucleus, affecting gene accessibility (Handy et al., 2011). These 
modifications can activate or deactivate genes, depending on the 
type and location of the modification. The main mechanisms 
include DNA methylation, which typically silences gene 
expression by adding methyl groups to cytosine residues and 
histone modifications, such as acetylation, which generally 
promotes gene expression by loosening chromatin structure.

Influence on DNA methylation and Histone 
Acetylation

Metformin has been shown to modulate DNA methylation and 
increase histone acetylation through inhibiting HDACs, thus 
promoting the expression of genes involved in anti-inflammatory 
and metabolic pathways (Chen et al., 2015).

Change in SCFAs through Epigenetic effects

Metformin reshapes the gut microbiota, particularly promoting 
the growth of beneficial bacteria such as Akkermansia muciniphila 
and Bifidobacterium species. These bacteria produce Short-Chain 
Fatty Acids (SCFAs), including acetate, propionate and butyrate, 
through the fermentation of dietary fibers. By increasing the 
abundance of SCFA-producing bacteria, metformin enhances 
Fiber fermentation, leading to greater SCFA production, which 
contributes to its metabolic and anti-inflammatory effects 
(Herman et al., 2022). SCFAs themselves are also known to 
influence epigenetic pathways, particularly through inhibiting 
HDACs, which leads to increased histone acetylation and 
anti-inflammatory gene expression. Additionally, bacterial 
communities in the gut directly influence epigenetic 
reprogramming via DNA methylation, further affecting host 
metabolism. This interaction between the gut microbiota and 
epigenetic changes creates a feedback loop, where changes in gene 
expression can influence microbial composition and vice versa.

Epigenetic impact on inflammation

Histone modification reduces inflammation by decreasing the 
expression of inflammatory mediators such as TNF-α and IL-1β. 
A less inflammatory gut environment supports the growth of 
beneficial microbes, while reducing pro-inflammatory bacteria 
and the increase in SCFAs helps maintain intestinal pH.

Impact of SCFAs on Neuroprotection

SCFAs not only act locally in the gut but can also cross the 
blood-brain barrier, where they impact brain health by inhibiting 
HDACs and reducing neuroinflammation. SCFAs can also inhibit 
HDACs and reduce NF-κB activity in microglia, contributing 
to neuroprotection and the suppression of neuroinflammatory 
responses and metformin is known to inhibit NF-κB through 
AMPK activation, further promoting neuroprotection. These 
epigenetic modifications continue to suppress inflammation 

Figure 1:  Metformin influence on gut microbes.
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in the brain, providing protection against neurodegeneration 
(Sharma et al., 2020).

Regulation of gene Expression by Non-coding RNAs

The regulation of gene expression in epigenetic mechanism by 
non-coding RNAs (e.g., miRNAs), are also affected by metformin. 
MiRNAs play a crucial role in fine-tuning gene expression (Hsu 
et al., 2021) and metformin has been shown to modulate the 
levels of several miRNAs involved in inflammation, metabolism 
and cellular stress responses, contributing to its broad-spectrum 
therapeutic effects. Figure 2 represents the metformin modulation 
of epigenetic and gut microbes pathways

Metformin Influences Neuroimmune Pathways 
Through Microbial Modulation

Influence on Gut-Brain Axis (GBA) and immune cells

The GBA serves as a crucial communication network linking 
the CNS and the gastrointestinal tract. This intricate system 
encompasses a variety of interactions between the enteric 
nervous system, autonomic nervous system, immune system, 
gut microbiota and neuroendocrine signaling pathways. 
Recent studies highlight the role of metformin in regulating 
immune cell activation by modulating gut immune cells, such 
as macrophages and dendritic cells, which subsequently leads to 
cytokine production (Gurtan and Sharp, 2013). The activation 
of peripheral immune cells has the potential to traverse the 
BBB, contributing to neuroinflammation. Metformin has been 
shown to mitigate neuroinflammation through its modulatory 
effects on these immune cells. Immune cells, particularly 
intestinal macrophages and regulatory T cells play pivotal roles 
in maintaining gut health and providing protection against 
inflammation. Metformin's ability to influence the composition 
of gut microbiota, including modulation of Akkermansia 
muciniphila and other beneficial microbes, underscores its 
potential in reducing neuroinflammation and promoting overall 
gut-brain health. Several neurodegenerative diseases, including 
AD and MS, have been linked to immune responses that are 
driven by gut microbiota (Lin et al., 2023).

Multiple Sclerosis (MS) and gut Dysbiosis

MS, as an autoimmune condition, is often characterized by 
gut dysbiosis and systemic inflammation. In patients with MS, 
inflammation originating from the gut can migrate to the brain, 
leading to increased neuroinflammation. Research indicates 
that gut microbes may trigger T-cell activation, which heightens 
the autoimmune assault on the myelin sheath (Tiwari et al., 
2023). Notably, decreased levels of Faecalibacterium prausnitzii 
are associated with heightened inflammation, suggesting a link 
between gut microbial composition and inflammatory responses 
(Hoffman et al., 2023).

Alzheimer Disease (AD) and gut Microbiota

Cognitive decline and memory impairment observed in AD are 
primarily attributed to the presence of amyloid beta plaques and 
tau protein tangles within the brain. Gut microbiota significantly 
influence systemic inflammation and chronic inflammation 
stemming from disrupted gut microbiomes can adversely affect 
the brain's immune cells (Zhou et al., 2022), especially microglia, 
thereby contributing to the accumulation of amyloid plaques and 
tau tangles (Chaudhry et al., 2023). SCFAs, including butyrate and 
propionate produced by beneficial gut bacteria (Chen et al., 2015), 
are recognized for their neuroprotective properties, including the 
reduction of neuroinflammation and enhancement of brain health. 
In the context of AD pathology, a leaky gut (Hansen et al., 2018) 
allows inflammatory mediators, such as lipopolysaccharides, to 
penetrate the BBB, exacerbating inflammation within the brain. 
Alterations in gut microbiota characterized by a reduction in 
Bifidobacterium and Lactobacillus, alongside an increase in 
pathogenic bacteria such as Proteobacteria, are correlated with 
elevated systemic and neuroinflammation.

Linking Metabolic Health through microbial 
modulation
Gut microbiota and metabolic health

Akkermansia muciniphila and Bifidobacterium, known for 
enhancing gut barrier function and reducing inflammation, play 
a vital role in metabolic health. Pro-inflammatory cytokines 
such as TNF-α and IL-6 are linked to insulin resistance, obesity 
and other metabolic disorders. By reducing these markers, 

Figure 2:  Metformin modulation of epigenetic pathways.
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inflammation is lessened, thereby improving overall metabolic 
health (Krishaa et al., 2023).

Bile acid metabolism and Gut-Derived hormones

Metformin has been shown to influence bile acid metabolism 
through its effects on gut microbiota, impacting bile acid receptors 
like FXR, which are involved in glucose and lipid metabolism. 
Regulating these receptors, metformin may improve lipid profiles 
and insulin sensitivity. It also supports glucose metabolism by 
increasing the secretion of gut-derived hormones like GLP-1, 
which enhances insulin secretion (Isop et al., 2023).

Indole derivatives and Insulin sensitivity

Recent studies have linked indole derivatives, produced by 
gut bacteria via tryptophan metabolism, to improved insulin 
sensitivity and reduced inflammation. Metformin may enhance or 
inhibit specific bacterial pathways involved in indole production. 
Moreover, bacterial enzymes like β-glucuronidase could influence 
metformin’s bioavailability by altering its pharmacokinetics in the 
gut, suggesting that metformin’s interaction with gut microbes 
may vary between individuals depending on their unique 
microbial enzyme activity (Hyun et al., 2013).

Horizontal gene Transfer and Microbial Ecosystem

Furthermore, metformin may facilitate HGT among microbial 
species, allowing certain bacteria to acquire genetic traits 
that enhance carbohydrate metabolism or promote antibiotic 
resistance. This selective pressure could inadvertently lead to 
the development of microbial ecosystems that regulate glucose 
homeostasis (Cheng et al., 2024) and lipid metabolism more 
effectively.

Metformin Role in Meta-Metabolism

Metformin’s influence may extend to creating an integrated 
meta-metabolism, wherein microbial metabolic activities 
synergize with the host’s cells, resulting in a more efficient 
metabolic system. Moreover, metformin might indirectly 
affect bacteriophages -viruses that infect bacteria-by altering 
the gut environment in ways that either promote or suppress 
bacteriophage activity, leading to shifts in bacterial populations 
that enhance metabolic health (Hannachi and Camoin-Jau, 2021).

Linking Cognitive Health through microbial 
modulation
SCFAs and Neuroinflammation

Metformin's modulation of gut microbiota promotes the 
growth of beneficial bacteria that produce metabolites like 
SCFAs, particularly butyrate. Butyrate crosses the BBB (Hsu et 
al., 2021) and inhibits pro-inflammatory pathways in the brain, 
potentially reducing chronic neuroinflammation associated with 
neurodegenerative diseases such as Alzheimer’s and Parkinson’s. 

This reduction in neuroinflammation helps protect cognitive 
function (Krishaa et al., 2023).

Neurotransmitters and Cognitive Function

Gut bacteria produce neurotransmitters like serotonin, 
dopamine and GABA, (Dicks, 2022) which are essential for 
cognitive functions like memory, learning and mood regulation. 
Metformin encourages the growth of bacteria, such as 
Lactobacillus and Bifidobacterium, that enhance the production 
of these neurotransmitters, improving mood, reducing anxiety 
and positively impacting cognitive performance (Rosell-Díaz and 
Fernández-Real, 2024).

Gut Microbiota and BBB integrity

Gut microbiota also influence the permeability of the BBB, which 
protects the brain from harmful substances. A weakened BBB 
is linked to cognitive decline and neurodegenerative disorders. 
By enhancing the production of SCFAs like butyrate, metformin 
may strengthen the BBB. Furthermore, metformin affects BDNF, 
a protein crucial for neurogenesis and synaptic plasticity. Higher 
BDNF levels are associated with improved memory and learning 
and metformin’s effect on gut microbiota may increase SCFA 
production, indirectly boosting BDNF levels and enhancing 
cognitive performance (Fang et al., 2020).

MicroRNAs and Brain Gene Expression

miRNAs produced by gut microbes may be transported to the 
brain, where they can regulate gene expression in neurons. 
Metformin’s effect on gut bacteria could influence the release of 
these microbial miRNAs, altering brain cell function (Gurtan and 
Sharp, 2013). The gut mycobiome, comprising fungi like Candida 
and Saccharomyces, also interacts with bacteria to influence 
cognitive health and metformin may shift the balance of these 
fungal populations, affecting neuroactive metabolite production. 
Gut microbiota exhibit circadian rhythms (Hu et al., 2022), 
which impact metabolic and cognitive processes like memory 
and attention. Metformin may help regulate these microbial 
fluctuations to optimize cognitive performance (Li et al., 2018).

Cognitive function through Bacterial 
Communication

Extracellular Vesicles (EVs) released by gut microbes carry 
bioactive molecules such as proteins and lipids to the brain and 
metformin may alter the production or content of these EVs, 
affecting brain inflammation, synaptic activity, or neurogenesis. 
The quorum-sensing mechanisms used by bacteria to 
communicate and coordinate activity may also have an impact 
on cognitive function. Metformin might influence these bacterial 
communication pathways, leading to changes in the release of 
neuroactive compounds that affect mood, cognitive flexibility, or 
even creativity (Xiang et al., 2024).
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Metformin and Glymphatic system

Metformin’s effects on gut microbiota may also indirectly 
influence the glymphatic system, which clears waste from the 
brain, potentially enhancing the removal of toxic proteins like 
amyloid-beta and improving cognitive function. Gut bacteria 
interact with the brain’s suprachiasmatic nucleus, which regulates 
circadian rhythms and produce gasotransmitters like hydrogen 
sulfide and nitric oxide that act as signaling agents in both the 
gut and brain. (Gheibi et al., 2020) Metformin may modulate the 
production of these gases, influencing brain neurotransmission 
and neuroplasticity.

Future Prospectives

Investigation of the molecular mechanisms by which metformin 
alters gut microbiome composition and its subsequent impact on 
metabolic pathways. Additionally, assessing individual differences 
in gut microbiota profiles could help predict therapeutic outcomes. 
Longitudinal studies are needed to evaluate the long-term effects 
of metformin on cognitive health, particularly among populations 
at risk for neurodegenerative diseases. Furthermore, exploring 
interactions between metformin and dietary components 
may enhance its therapeutic effects, while examining the role 
of non-coding RNAs can provide insights into mediating 
inflammation and metabolism. Research should also delve into 
gut-brain axis dynamics influenced by microbial metabolites 
and investigate epigenetic changes induced by metformin. The 
potential role of bacteriophages in gut microbiota modulation 
warrants further exploration, alongside the development of 
targeted therapies that replicate metformin's benefits. Finally, 
conducting clinical trials across diverse populations will optimize 
treatment strategies and help determine the generalizability of 
metformin's effects.

CONCLUSION

Metformin has demonstrated a multitude of beneficial properties 
through its modulation of gut microbes, influencing various 
pathways that are pivotal for both metabolic and cognitive 
health. Clinical research has yielded positive results for several 
mechanisms, A including the enhancement of beneficial 
microbial populations, which in turn may influence Short-Chain 
Fatty Acid (SCFA) production and improve insulin sensitivity. 
These interactions highlight the potential of metformin in 
harnessing gut microbiota to modulate epigenetic pathways, 
affecting gene expression related to metabolic functions and 
inflammation. Moreover, the neuroimmune pathways activated 
by metformin suggest a promising link between gut health 
and cognitive function. By reducing neuroinflammation and 
enhancing neuroprotection, metformin may offer therapeutic 
benefits for neurological conditions, potentially influencing 
cognitive outcomes in affected individuals. However, numerous 
aspects of metformin's effects remain to be explored, necessitating 

further investigation into specific mechanisms and hypotheses. 
Both animal and human studies should be prioritized to address 
these unexplored dimensions of gut microbial modulation and 
its implications for metabolic and cognitive health. Although 
metformin's metabolic functions are well-established in clinical 
practice, its neurological effects require more extensive research 
before being fully integrated into standard treatment protocols. 
Continued investigation in this area is crucial to unlocking the 
full potential of metformin in promoting comprehensive health 
outcomes, thereby paving the way for innovative therapeutic 
strategies targeting metabolic and cognitive disorders.
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