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ABSTRACT

Background: Metformin remains the first-line pharmacotherapy for type 2 diabetes mellitus (T2DM), traditionally
understood to act through hepatic glucose suppression and improved insulin sensitivity. However, mounting evidence
indicates that metformin significantly influences the gut microbiota, which may underlie some of its metabolic and
gastrointestinal effects

Aim: This review explores metformin’s mechanisms of action via gut microbial modulation, its clinical effects, and side-
effect implications, drawing upon recent primary and review literature.

Methods: We performed comprehensive searches in databases including PubMed and Google Scholar,using terms such as
metformin, mechanisms of metformin, gut microbiota, side effects of metformin, metformin mechanisms gut, and related
combinations. We included studies published up to mid-2025, prioritizing human clinical trials, systematic reviews, and
mechanistic animal studies.

Results: Compelling evidence shows that metformin alters gut microbial composition—increasing taxa like Akkermansia
muciniphila, Escherichia, and SCFA-producers—while reducing others. These shifts are linked to improved barrier integrity,
altered bile acid signaling (e.g., FXR inhibition, GLP-1 increase), enhanced SCFA production, modulated metabolite profiles
(e.g., BCAA, aromatic amino acids), and altered host glucose flux. Clinically, these microbiome changes likely contribute
to metformin’s glucose-lowering, weight-modulating, and anti-inflammatory effects but may also underpin gastrointestinal
side effects.

Conclusion: The gut microbiota is a significant mediator of both beneficial and adverse effects of metformin. Ongoing and
future research—especially RCTs and mechanistic human studies—will be critical for harnessing this interaction
therapeutically.
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1. Introduction

Metformin, a biguanide synthesized in the 1920s and clinically adopted mid-20th century, has remained
foundational in T2DM management and is recognized as an’essential medicine” by the World Health
Organization. [1]

The first documented evidence of metformin’s clear hypoglycemic effect was published in 1957, based
on data from hospitalized diabetic patients. This study reported only mild subjective side effects and no signs
of hypoglycemia—a complication commonly associated at the time with sulphonylurea therapy. Subsequent
research into insulin resistance and the discovery of a novel mechanism involving activation of adenosine
monophosphate-activated kinase (AMPK) established metformin as an antidiabetic medication with distinctive
benefits, supporting its widespread use. Beyond diabetes, metformin is now also being investigated for its
potential anti-cancer properties and possible effects on lifespan extension [2] though these aspects are outside
the scope of this review.

Metformin was traditionally regarded as an inhibitor of hepatic gluconeogenesis through mechanisms
involving mitochondrial complex I inhibition, AMP-activated protein kinase (AMPK) activation, and
suppression of cAMP/PKA signaling. Recent research, however, highlights its broader pharmacological profile,
with extra-hepatic effects—particularly modulation of the gut microbiota—emerging as important contributors
to its glucose-lowering and systemic metabolic benefits. [3, 4]

The human gut microbiota—comprising bacteria, viruses, fungi, and more—exerts metabolic, immune,
and barrier functions. Dysbiosis (imbalance) has been implicated in metabolic diseases like T2DM. Despite
decades of widespread clinical use, the precise mechanisms underlying metformin’s therapeutic and adverse
effects remain incompletely understood [5]. In particular, the interaction between metformin and the gut
microbiota has emerged as a key research problem, as it may critically influence both efficacy and tolerability.

Clarifying this relationship is essential to improve understanding of metformin’s clinical actions,
optimize therapeutic use, and potentially minimize side effects.

1.1 Aim of the study
The aim of the study is to analyze the effects of metformin on the gut microbiome and its clinical effects.

1.2. Method

We systematically searched PubMed and Google Scholar using keyword combinations including
»~metformin”, ,mechanisms of metformin”, ,,gut microbiota”, ,side effects of metformin”, ,, metformin
mechanisms gut” ,,short-chain fatty acids™, and ,,bile acids”, focusing on literature published up to mid-2025.
The search encompassed reviews, clinical trials, systematic analyses, and mechanistic animal studies.
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2. Metformin Pharmacology and Gut Interaction

2.1 Classical Mechanisms

Metformin exerts its glucose-lowering effects through multiple mechanisms. It inhibits mitochondrial
complex I, which reduces ATP production and activates AMP-activated protein kinase (AMPK), leading to
suppression of hepatic gluconeogenesis. In addition, metformin modulates cyclic AMP and glucagon-driven
signaling pathways, an effect that can occur independently of AMPK. The drug also influences bile acid
transport and signaling by reducing FXR activity, potentially through increased luminal bile acids, which in
turn enhances GLP-1 secretion via TGRS receptors in intestinal L-cells. Furthermore, metformin can act
through the PEN2-AMPK-v-ATPase axis to stimulate GLP-1 release in a manner that does not depend on
AMPK. Finally, it engages cholinergic M3 and gastrin-releasing peptide receptor pathways, contributing to
the stimulation of incretin secretion and improving overall glycemic control. [3, 4, 6, 7]

2.2 Gastrointestinal Concentration & Absorption

Metformin is absorbed inefficiently in the stomach and colon but accumulates in the small intestine at
concentrations up to 30 to 300 times higher than those in plasma. Its oral bioavailability is approximately 50
to 60 percent, with about 30 percent of the administered dose excreted unchanged in the feces. [8] Absorption
is influenced by gastric motility and can be reduced by high-fat meals. [9] Interestingly, oral administration
produces stronger metabolic effects than an equivalent intravenous dose, indicating that the gut plays a central
role in mediating its therapeutic actions. [10]

3. Intestinal Microbiota: Composition and Function

3.1 Normal microbiota

The human intestinal microbiota is a highly diverse ecosystem composed of trillions of microorganisms,
primarily bacteria, but also archaea, fungi, viruses, and protozoa. Its composition is shaped by multiple factors,
including genetics, diet, age, environment, and drug exposure [11]. In healthy individuals, the dominant
bacterial phyla are Firmicutes and Bacteroidetes, followed by Actinobacteria, Proteobacteria, and
Verrucomicrobia [12, 13]. A balanced microbial community is a key marker of intestinal health, as
disturbances in microbial composition, or dysbiosis, are often linked with metabolic, inflammatory, and
infectious diseases [14]. Although each person’s microbiota is unique, a resilient and functionally redundant
microbial network is generally considered a hallmark of a healthy gut ecosystem [13].

3.2 Microbiota function

Beyond their structural diversity, intestinal microbes play crucial roles in maintaining host physiology.
They contribute to the fermentation of complex dietary fibers, producing short-chain fatty acids such as
butyrate, acetate, and propionate, which regulate intestinal barrier integrity, energy metabolism, and immune
responses [12]. The microbiota also participates in bile acid transformation, shaping both metabolic signaling
and immune regulation [15]. Additionally, microbial communities synthesize vitamins, modulate
inflammatory pathways, and protect against pathogens through colonization resistance [14]. In essence, the
intestinal microbiota operates as a metabolic and immunological organ that supports overall host health, while
imbalances in these functions can predispose to disease [13].

4. Results

4.1 Taxa and Functional Changes

Evidence from both human cohorts and animal models demonstrates that metformin induces profound
and characteristic shifts in the composition and metabolic activity of the gut microbiota, which extend its
antidiabetic effects far beyond the classical inhibition of hepatic gluconeogenesis. [1, 5, 16] One of the most
consistent findings is the marked enrichment of Akkermansia muciniphila, a mucin-degrading bacterium
within the Verrucomicrobia phylum, whose abundance correlates with improved glucose tolerance, reduced
systemic inflammation, and enhanced mucus layer integrity [1, 16]. Metformin also increases several
beneficial saccharolytic taxa, including Bifidobacterium, Blautia, Butyrivibrio, and certain Prevotella species,
which are key producers of short-chain fatty acids (SCFAs) such as acetate, propionate, and butyrate. These
metabolites exert pleiotropic effects—serving as energy sources for colonocytes, reinforcing tight junction
protein expression, stimulating GLP-1 release via enteroendocrine signaling, and dampening pro-inflammatory
cytokine production [1, 16]. At the same time, context-dependent changes are observed within Bacteroides,
with some species expanding while others decline, and a recurrent decrease in Bacteroides fragilis has been
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associated with improved bile acid metabolism and reduced lipopolysaccharide-mediated inflammation [16].
Conversely, several studies note an increase in Enterobacteriaceae, particularly Escherichia/Shigella, which
may contribute to gastrointestinal side effects in susceptible individuals [16, 17]. Reductions in Intestinibacter
and Clostridioides difficile are also frequently reported, and in murine models, metformin consistently
decreases certain Clostridia and Proteobacteria populations, with notable sex-dependent differences in
microbiome remodeling [1, 8].

Functionally, these taxonomic rearrangements reshape the microbial metabolic network in ways that
favor host metabolic health. Enhanced SCFA production supports epithelial barrier repair by stimulating mucin
synthesis, tightening intercellular junctions, and reducing intestinal permeability, thereby limiting
translocation of bacterial endotoxins into the bloodstream [1]. Metformin-driven enrichment of bacteria with
bile salt hydrolase activity modifies the bile acid pool toward species such as glycoursodeoxycholic acid
(GUDCA) [1, 16]. Parallel shifts in amino acid and aromatic compound metabolism—such as decreased
phenylalanine and glyoxylate pathways alongside increased arginine, proline, and arachidonic acid
derivatives—may further enhance energy balance and anti-inflammatory responses [18]. Systems-level
metabolic modeling reinforces these findings, showing that metformin-responsive microbial communities
engage in increased cross-feeding of butyrate, propionate, and other bioactive metabolites, changes that are
positively associated with HbAlc reduction in type 2 diabetes patients [8]. Collectively, these alterations
illustrate that metformin’s therapeutic benefits are partly mediated through the restoration of gut microbial
balance, strengthening of the intestinal barrier, and modulation of host-microbe metabolic crosstalk, making
the gut microbiota a central player in its clinical efficacy [1, 16].

4.2 Mechanistic Pathways via Microbiome

One of the key mechanisms by which metformin exerts its metabolic effects involves the bile acid—
FXR—-GLP-1 axis. By promoting the growth of Bacteroides fragilis and increasing the bile acid metabolite
glycoursodeoxycholic acid (GUDCA), metformin inhibits the farnesoid X receptor (FXR). This inhibition, in
turn, enhances the secretion of glucagon-like peptide-1 (GLP-1), thereby improving glucose homeostasis [4].
In addition to bile acid signaling, emerging evidence suggests that metformin directly alters intestinal glucose
handling. A recent 2025 study demonstrated that metformin facilitates a bidirectional flux of glucose from the
circulation into the intestinal lumen, where it becomes available for utilization by gut microbiota. This finding
highlights a novel metabolic interplay between host glucose metabolism and the intestinal microbial
community [19].

4.3 Overall Summary

Domain Findings

Microbiome Metformin increases Akkermansia, SCFA-producers; decreases certain pathogens and
composition taxa.

Mechanisms Modulates bile acid signaling, incretin release (GLP-1), intestine—glucose flux, SCFA

and harmful metabolite production.

Enhances insulin sensitivity, reduces inflammation, contributes to gut-related side
effects.

Responses vary by individual microbiota, diet, dosage; promising area for precision
interventions.

Effects

Variability

5. Discussion

5.1 Metabolic Benefits

The clinical benefits of metformin appear to be closely linked to microbiome-mediated changes [5, 20].
One important mechanism involves the enhancement of incretin secretion, particularly glucagon-like peptide-
1 (GLP-1), which contributes to improved appetite regulation and glycemic control [1, 16]. In addition,
alterations in the gut microbiota promote the production of short-chain fatty acids (SCFAs) and other
metabolites that enhance insulin sensitivity and support metabolic homeostasis [1, 20]. Another significant
effect of these microbiota shifts is the strengthening of gut barrier integrity. which helps to reduce endotoxemia
and lower systemic inflammation [1, 16]. Together, these mechanisms provide a plausible explanation for the
broad metabolic improvements associated with metformin therapy [1, 20].
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5.2 Gastrointestinal Side Effects

Gastrointestinal intolerance is one of the most common adverse effects of metformin therapy, typically
manifesting as diarrhea, bloating, and flatulence. These symptoms are thought to arise, at least in part, from
microbial fermentation and the increased production of gases such as hydrogen sulfide by bacterial species
that are enriched during metformin treatment, which may exacerbate abdominal discomfort [4, 18]. The
severity of gastrointestinal side effects can vary depending on the formulation of the drug. Evidence from
systematic reviews and meta-analyses indicates that modified-release formulations are associated with
markedly fewer gastrointestinal complaints compared with immediate-release metformin, making them a
preferable option for patients with intolerance [21]. Recent reviews also emphasize that these side effects,
while common, are usually dose-dependent and tend to diminish over time, although they remain an important
factor limiting adherence in some patients [22].

5.3 Individual Variability

The response to metformin is increasingly recognized as being influenced by the interplay between gut
microbiome composition, dietary factors, and host physiology. Variability in microbial communities can shape
the production of metabolites such as short-chain fatty acids and branched-chain amino acids, which in turn
may modulate both therapeutic efficacy and gastrointestinal tolerability [18]. Emerging evidence suggests that
personalized dietary strategies designed to optimize microbial metabolite profiles could enhance the clinical
benefits of metformin while reducing adverse effects. Such approaches highlight the need to consider host—
microbiome—diet interactions as key determinants of individual treatment outcomes [22].

6. Conclusion and Future Directions

In summary, the gut microbiota emerges as a central mediator of metformin’s metabolic and
gastrointestinal effects. Understanding the precise microbial taxa, metabolites, and host pathways involved
could unlock improved tolerability, personalized therapies, and new drug targets.

Future research should prioritize controlled clinical trials that assess the effects of metformin in
combination with microbiome- and nutrition-based interventions. Longitudinal multi-omics studies in diverse
human cohorts are also needed to delineate causal pathways linking the gut microbiota, host metabolism, and
metformin response. In addition, the development of microbiota-targeted co-therapies, such as probiotics or
dietary adjustments, represents a promising strategy to enhance therapeutic efficacy while minimizing
gastrointestinal side effects.
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