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Abstract

The root of metabolic disease lies in the gastrointestinal tract, where nutrient absorption
occurs. Within this environment, a diverse community of microorganisms exerts effects
that extend beyond the intestinal barrier. Akkermansia muciniphila (A. muciniphila), one
such bacterium, has been associated with enhanced intestinal integrity, reduced intestinal
inflammation, weight loss, and improved insulin sensitivity, mediated through mucus
fermentation, production of short-chain fatty acids (SCFAs), bacterial proteins, and ex-
tracellular vesicles (EVs). Research in this field is promising, yet far from perfect. Its
clinical applicability remains limited by factors such as strain variability, scarcity of human
intervention studies, and the lack of established causality. While associations have been
consistently observed in both rodent and human studies, causality has thus far been demon-
strated only in animal models. This issue is of critical importance, as metabolic disease
remains highly prevalent, carries systemic consequences, and imposes a substantial burden
on healthcare systems, underscoring the urgent need for alternative therapeutic strategies.
The aim of this narrative review is to synthesize current knowledge on A. muciniphila and
to highlight the key limitations consistently reported in the literature. By addressing these
factors, the review seeks to provide realistic perspectives on its therapeutic potential and to
outline directions for future research.
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1. Introduction

Obesity and diabetes mellitus collectively constitute a substantial global health bur-
den, contributing to the escalating prevalence of metabolic, cardiovascular, and neoplastic
disorders [1-3]. The incidence of both conditions continues to rise worldwide, driven
largely by sedentary behaviors and chronic caloric excess [4]. Moreover, current therapeu-
tic approaches have varying effectiveness in halting their progression at the population
level, highlighting the need for alternative or adjuvant therapies capable of mitigating
their consequences [5,6].
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The intestinal microbiome—comprising a diverse community of microorganisms in-
cluding bacteria, viruses, and fungi—interacts with the gastrointestinal tract through a wide
range of metabolites, forming a highly complex ecosystem [7,8]. This ecosystem depends on
a delicate balance to maintain dynamic symbiosis between microbial populations and the
human host [9]. Within this context, A. muciniphila, a Gram-negative bacterium naturally
present in the human gut, has been repeatedly associated with improved metabolic profiles,
including enhanced insulin sensitivity, weight regulation, and reduced inflammation [10].

Despite these promising associations, the clinical translation of A. muciniphila remains
“far from perfect”—current evidence remains largely correlational, and numerous limita-
tions constrain its applicability in clinical practice, such as strain variability, the scarcity
of human studies, the lack of established causality in humans, and the methodological
challenges that complicate interpretation [11]. In other words, although preclinical and
associative human data suggest potential benefits, significant gaps in evidence and practical
hurdles prevent its reliable application in clinical practice.

The aim of this narrative review is to critically assess the metabolic benefits attributed
to A. muciniphila while explicitly highlighting the limitations that underpin its “far from
perfect” status. By integrating these considerations, the review seeks to provide realistic
perspectives on therapeutic potential and to guide future research directions.

2. A Symbiotic Relationship

A symbiotic relationship is established between the host and the intestinal micro-
biota, and this interaction is mediated primarily through the intestinal barrier—a complex,
multilayered defense system located at the interface between the external environment
and the internal milieu [12,13]. The first line of defense is the physical barrier formed
by mucus, which is secreted by goblet cells that belong to a tightly connected epithelial
layer bound together by tight junctions [14]. This mucus nourishes beneficial bacteria,
which are part of the microbiome, while protecting against the translocation of pathogenic
microorganisms [15]. Below the mucus layer lies the epithelial barrier, which functions as
the second line of defense and cooperates with resident immune cells—including dendritic
cells, macrophages, B cells, and T cells—to regulate host protection. Through coordi-
nated interaction, these cells contribute to the recognition and neutralization of harmful
pathogens and to maintain mucosal immune homeostasis [12]. In pathological conditions
such as intestinal inflammation, autoimmune diseases, and cancer, the junctions between
intestinal epithelial cells can become compromised, facilitating the passage of harmful
bacteria and their toxins across the intestinal wall into the bloodstream, thereby promoting
systemic inflammation [16-19].

2.1. A. muciniphila-Taxonomy and General Characteristics

Isolated first from human fecal matter in 2004, A. muciniphila, the most well-
characterized member of the phylum Verrucomicrobia, has been confirmed by multiple taxo-
nomic and genomic studies as an anaerobic, Gram-negative bacterium, a mucin-degrading
bacterium with a low tolerance to oxygen, that constitutes approximately 3% (1% to 4%) of
the gut microbial population [20,21]. Its colonization of the gut starts during the first year
of life, through breast milk, and its presence has been documented in all life stages. It
is mostly found on the outer mucus layer of the intestinal tract, and it’s most abundant
in the caecum [22]. Genomic analyses have revealed substantial intra-species diversity,
identifying multiple phylogroups or lineages within A. muciniphila [23].
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2.2. Mucus Degradation

The intestinal mucus layer is composed primarily of water, inorganic ions, and mucin
glycoproteins, among which MUC2 represents the predominant structural component.
A. muciniphila is highly specialized to utilize mucin as a principal carbon and nitrogen
source. This process is enabled by an extensive enzymatic repertoire, including glyco-
side hydrolases (GHs), sulfatases, and polysaccharide lyases (PLs), which collectively
remove sulfate residues, cleave O-glycosidic bonds, and depolymerize the mucin ma-
trix [22]. The metabolic degradation of mucin yields monosaccharides, oligosaccharides,
and SCFAs—notably acetate and propionate—which function as key microbial-derived
metabolites with effects on both host physiology and the surrounding microbiota. En-
zymatic turnover of mucin also promotes compensatory mucus secretion by goblet cells,
thereby contributing to sustained epithelial barrier renewal. Beyond its metabolic activity, A.
muciniphila exerts direct regulatory effects on epithelial homeostasis. Through ADP-heptose—
dependent activation of the alpha kinase 1/TRAF-interacting protein with FHA domain
(ALPK1/TIFA) pathway, it upregulates MUC2, as well as the anti-apoptotic genes bac-
uloviral IAP repeat-containing protein 3 (BIRC3) and tumor necrosis factor alpha-induced
protein 3 (TNFAIP3), enhancing epithelial cell viability and limiting paracellular perme-
ability [22,24]. These actions have been associated with attenuation of lipopolysaccharide
(LPS)-induced low-grade inflammation and improved insulin sensitivity. Furthermore, A.
muciniphila reinforces barrier integrity by increasing the expression of major tight-junction
proteins, including ZO-1 (zonula ocludens-1), occludin, and claudin-3, thereby strength-
ening mucosal cohesion [22,24]. However, this activity must be tightly regulated, as both
excessive degradation and mucus accumulation can lead to thinning or thickening of
the mucus layer, which promotes inflammation, bacterial translocation, and colorectal
pathology [25]. Experimental studies have shown that high densities of A. muciniphila
can reduce mucus content and compromise barrier function, while moderate levels main-
tain a balanced mucus turnover, highlighting the importance of enzymatic regulation for
intestinal homeostasis [26-28].

2.3. Metabolic Signaling via SCFAs

Dietary undigested carbohydrates, mucin glycoproteins, and fibers are fermented by
gut bacteria, producing metabolites such as trimethylamine and SCFAs. Among these
microbes, A. muciniphila is a major contributor to SCFA production, particularly acetate
and propionate, through the fermentation of mucin and dietary polysaccharides [11,29,30].
These SCFAs serve as energy substrates for colonocytes, support epithelial integrity, and
modulate immune responses by interacting with intestinal epithelial and immune cells.
Such effects are mediated, in part, through G-protein-coupled receptors (GPR41 and
GPR43), which are expressed on enterocytes, colonocytes, enteroendocrine cells, neu-
trophils, and neurons [31]. Accumulating evidence indicates that A. muciniphila abundance
correlates with SCFA levels and beneficial metabolic outcomes [32-34]. SCFAs support
metabolic health by slowing gastric emptying, increasing satiety, and promoting insulin
secretion through the stimulation of intestinal L cells to produce incretin hormones such as
glucagon-like peptide-1 (GLP-1), the same peptide targeted by antidiabetic drugs that have
proven effective for weight loss Although the magnitude of SCFA-induced GLP-1 secretion
relative to pharmacological interventions has not been directly compared, accumulating
evidence from over 50 experimental and clinical studies highlights their significant role in
energy homeostasis, glucose regulation, and metabolic health [32,35,36].



Int. J. Mol. Sci. 2025, 26, 11602

40f 15

2.4. Amuc Proteins: Molecular Mediators

Bacteria are known to produce various toxins and proteins that influence the host in
diverse ways, and A. muciniphila is no exception [37,38]. This species secretes a family of
proteins that have recently been studied in isolation, including Amuc_1100, Amuc_1434,
and Amuc_1409, which act as signaling molecules mediating several of the bacterium’s
beneficial effects [11,39-41]. Animal studies have demonstrated that these proteins ex-
ert favorable metabolic and intestinal outcomes even when administered independently,
following bacterial pasteurization. Zheng et al. [42] reported that Amuc_1100, a protein de-
rived from A. muciniphila, promotes the browning of adipocytes by upregulating genes such
as peroxisome proliferator-activated receptor y (PPAR-y), peroxisome proliferator-activated
receptor gamma coactivator 1o (PGClw), and fibroblast growth factor 21 (FGF21), while
enhancing fatty acid 3-oxidation via acyl-CoA oxidase 1 (Acox1). These molecular changes
result in increased lipolysis and suppressed adipogenesis. Collectively, these findings sug-
gest that Amuc_1100 mediates a substantial portion of the anti-obesity effects observed with
A. muciniphila supplementation, underscoring its central role in the bacterium’s metabolic
benefits. Similarly, Kang et al. [39] showed that Amuc_1409 protects against intestinal injury
by promoting intestinal stem cell proliferation and epithelial renewal, while Meng et al. [40]
found that Amuc_1434 inhibits the growth of colorectal neoplastic cells. These findings are
promising, as they suggest the possibility of isolating specific proteins to achieve targeted
therapeutic effects. Such an approach could theoretically retain the beneficial outcomes
observed with A. muciniphila, presented in Figure 1, while minimizing or avoiding the
potential adverse effects hypothesized with an excess of whole-bacterium administration,
such as inflammatory bowel disease and neurodegenerative disorders [43-46]. In addition,
A. muciniphila secretes P9-protein, which modulates host metabolism by binding to intercel-
lular adhesion molecule-2 (ICAM-2), enhancing uncoupling protein-1 (UCP-1)-dependent
thermogenesis in brown adipose tissue and stimulating GLP-1 secretion from intestinal L
cells. Through these pathways, P9 may indirectly support redox homeostasis and reduce
oxidative stress, although direct evidence of its effects on oxidative stress regulatory mech-
anisms is still limited [https://link.springer.com/article/10.1186/s12967-025-07149-7]
(accessed on 25 November 2025).
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Figure 1. Schematic representation of the key mechanisms associated with A. muciniphila (summarized
from the concepts discussed in the text). Up arrow = Increased; Down arrow = decreased.
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2.5. A. muciniphila Abundance: Diet, Aging, and Antibiotics

Fluctuations in the abundance of A. muciniphila have been observed in association
with aging, dietary changes, intestinal and systemic diseases, and antibiotic use [11].
Currently, its assessment relies on molecular techniques such as 16S rRNA gene sequenc-
ing, shotgun metagenomics, and metatranscriptomics; however, these methods have no-
table limitations, as high stool concentrations do not necessarily correlate with effective
mucosal colonization [11,47-49].

Caloric restriction, along with supplements such as pomegranate extract, resveratrol,
polydextrose, sodium butyrate, and inulin, has been reported to raise A. muciniphila levels,
while diets low in fermentable carbohydrates tend to reduce them [50-52]. Overall, greater
intake of dietary fibers—particularly soluble fibers like inulin—consistently supports the
abundance of A. muciniphila [53].

The relationship between antibiotics and A. muciniphila is nuanced, and current litera-
ture depicts a complex and sometimes contradictory landscape. Broad-spectrum antibiotics
do not distinguish between harmful and beneficial bacteria, and their use is commonly
associated with dysbiosis [54,55]. Nonetheless, A. muciniphila has demonstrated resistance
to fluoroquinolones [56]. Han et al. [57] reported in a 2025 study that penicillin exposure
may select for specific A. muciniphila variants in the gut, while simultaneously diminishing
the bacterium’s metabolic benefits in diet-induced obesity models. In contrast, Liu et al. [58]
found that administration of Amuc_1100 reduced intestinal inflammation and improved
symptoms in a mouse model of acute antibiotic-associated diarrhea induced by lincomycin
and ampicillin, compared with controls.

Becken et al. [59] cultured mucophilic bacteria from 123 fecal samples collected from
49 donors and isolated 71 new strains of A. muciniphila. These strains differed in their
growth patterns, oxygen utilization, affinity for epithelial cells, and secretion of various
metabolites [60,61]. Such variability may explain why some studies report inconsistent
metabolic effects, with a few even suggesting potential adverse associations, such as
an increased risk of colon cancer or neurodegenerative diseases [62,63]. These findings
highlight the need for further research to identify which strains exert beneficial effects and
which are most suitable for specific pathological contexts.

3. A. muciniphila in Obesity: Insights and Evidence
3.1. Animal Studies on Obesity and Human Studies on Obesity

Obesity lies at the base of a pyramid, supporting other conditions such as diabetes,
atherosclerosis, and neoplastic diseases that build upon it, ultimately leading to the apex,
where morbidity and mortality reside [64-66]. Dietary interventions, pharmacological
treatments, and surgical approaches currently represent the main therapeutic strategies,
each with varying degrees of effectiveness [6]. However, treatment failure is often driven
by psychological factors, including the influence of highly processed, addictive foods on
appetite and food preferences, which ultimately affect energy balance [67].

The influence of the microbiome has recently been explored, yielding promising
results and suggesting that caloric intake may not be the sole dietary factor capable of
modulating body weight [68]. The complexity and relative novelty of this field necessitated
extensive research to elucidate the intricate interactions between bacteria and the host. The
inherently invasive nature of early experimental approaches positioned animal studies
at the forefront of this research, enabling investigators to determine whether sufficient
mechanistic evidence existed to justify further exploration in humans.

Liu et al. [69] administered the antioxidant quercetin to a mouse model of obesity to
evaluate its effects on metabolic parameters. Mice fed a high-fat diet in the intervention
group showed a significant increase in the A. muciniphila population, which was associated
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with a reduction in body weight and fat mass percentage compared to mice on the same
diet that did not receive the supplement. In the second part of the study, the authors
examined whether these effects could be replicated by supplementing the mice for 10 weeks
with A. muciniphila itself. Similar results were observed, with reductions in body weight
and improvements in metabolic parameters such as insulin sensitivity. These results
were also reproduced by Yang et al. [70], in which a 12-week supplementation with A.
muciniphila led to reduced low-grade inflammation, preservation of the intestinal barrier—
as demonstrated by histological analysis—and prevention of hepatic lipid accumulation,
along with decreases in body weight and improved insulin sensitivity.

Everard et al. [71] showed that mice with obesity and type 2 diabetes had a lower
abundance of A. muciniphila, which increased following prebiotic administration. Moreover,
direct supplementation with A. muciniphila once again resulted in an improved metabolic
profile. In contrast, the group receiving heat-killed A. muciniphila did not exhibit the
same benefits, leading the authors to conclude that bacterial viability is essential for its
effects. However, results remain inconclusive regarding this aspect, as other studies have
reported comparable benefits following the administration of pasteurized bacteria [72,73],
and Plovier et al. [74] even demonstrated an enhanced efficiency for the administration of
pasteurized A. muciniphila in mice, with effects partially mediated by the bacterial mem-
brane protein Amuc_1100, which interacts with host Toll-like receptor 2 (TLR2) receptors,
modulating metabolism without requiring live bacteria.

3.2. Human Studies on Obesity

Fatty acid 3-oxidation is impaired in individuals with obesity as a consequence of the
reduced capacity of both the liver and skeletal muscle to oxidize stored energy [75]. This
impairment increases the demand for additional glucose intake, which is subsequently
stored rather than properly oxidized for energy. Acylcarnitines are compounds that rise in
the bloodstream as a result of fatty acid oxidation [76]. In subjects undergoing plasma sam-
pling before and after exercise, acylcarnitine levels increase markedly, reflecting enhanced
fatty acid oxidation [77]. In a study by Depommier et al. [78], acylcarnitine concentrations
were found to increase in the intervention group that received a supplement containing
A. muciniphila, suggesting that supplementation mimics the metabolic effects of exercise.
Notably, supplementation also promoted the utilization of ketone bodies as an energy
source, as indicated by elevated levels of acetoacetate and 3-hydroxybutyrate. These ketone
bodies are associated with a more favorable redox state, leading to reduced oxidative
stress, inflammation, and enhanced carnitine/acylcarnitine-dependent fatty acid transport
into mitochondria [79].

Cao et al. [80] randomized 40 overweight and obese subjects to receive either a Chi-
nese herbal supplement or a placebo. Although the supplement did not contain probiotics,
an increase in the abundance of A. muciniphila and Enterococcus faecium, along with a de-
crease in Proteobacteria, was observed. The primary outcome of the study was a reduction
in body weight and BMI, which was significantly more pronounced in the intervention
group—72.22% of participants in this group lost more than 5% of their body weight within
three months, compared with 36.84% in the placebo group. The supplement also signifi-
cantly reduced metabolic biomarkers, including low-density lipoprotein (LDL) cholesterol
and blood glucose, to a greater extent than the placebo. Whether these beneficial changes
resulted directly from the supplement itself or from the associated shifts in microbiome
composition remains uncertain. A limitation of this study lies in the presence of multiple
confounding factors: all participants received guidelines on exercise and healthy eating,
and were encouraged to adopt lifestyle changes. Although these recommendations were
provided to both groups, the lack of strict control over these variables limits the strength
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of the conclusions, as lifestyle remains the predominant determinant of weight manage-
ment [65]. Nonetheless, this study contributes to a broader understanding in which A.
muciniphila once again emerges as a marker of improved metabolic health [81,82].

4. A. muciniphila and Diabetes: Current Understanding
4.1. Animal Studies

Beyond its growing prevalence, diabetes carries a substantial health and economic bur-
den, being a major risk factor for cardiovascular disease, renal failure, neuropathy, retinopa-
thy, and other disabling complications that markedly impair quality of life [83]. Lifestyle
factors—particularly diet—play a central role in both the development and management
of diabetes, influencing glucose metabolism, insulin sensitivity, and systemic inflamma-
tion [84]. In recent years, attention has increasingly shifted toward the gut microbiome as a
potential modulator of these processes [85]. Alterations in intestinal microbial composition
have been associated with impaired glucose homeostasis and chronic inflammation, sug-
gesting that targeting the microbiome through dietary interventions or supplementation
may open new perspectives for the prevention and treatment of diabetes [86].

When LPS pass through the gaps between epithelial cells, they activate the nuclear
factor-kB (NF-«B) and Jun N-terminal kinase (JNK) signaling pathways, which in turn
promote both local and systemic inflammation [87,88]. By maintaining intestinal integrity,
A. muciniphila helps counteract this translocation [89]. Furthermore, it regulates lipid and
glucose metabolism by suppressing lipogenic genes, including sterol regulatory element-
binding protein 1c (SREBP1c) and fatty acid translocase (CD36), thereby enhancing insulin
sensitivity and overall metabolic efficiency [90]. A meta-analysis of 15 studies by Liu
et al. [91] concluded that, in animal studies, A. muciniphila administration prevents the
onset of type 2 diabetes and obesity.

EVs are lipid bilayer structures secreted by gut microbiota. Many bacterial species
continuously release these spherical vesicles, which contain a diverse array of components,
including proteins, lipids, nucleic acids, and lipopolysaccharides [92]. Far from being
inert, EVs exert biological effects that can be either beneficial or harmful, depending on
their bacterial origin [92,93]. Choi et al. [94] demonstrated that in vivo administration of
stool-derived EVs from high-fat diet (HFD)-fed mice induced insulin resistance and glucose
intolerance compared with those from regular diet (RD)-fed mice. Notably, Pseudomonas
panacis-derived EVs disrupted insulin signaling in both skeletal muscle and adipose tissue.
Conversely, Chelakkot et al. [95] reported that fecal samples from healthy individuals
contained higher levels of A. muciniphila-derived EVs (AmEVs) than those from patients
with type 2 diabetes, and in HFD-induced diabetic mice, the administration of AmEVs
improved tight junction integrity, reduced weight gain, and enhanced glucose tolerance.
Furthermore, while AmEVs decreased gut permeability, Escherichia coli-derived EVs showed
no such effect, highlighting the species-specific functionality of bacterial EVs.

4.2. Human Studies

Depommier et al. [96] published a randomized double-blind placebo-controlled pilot
study in 2019 that investigated the effect of a 3-month supplementation with A. muciniphila
in overweight and obese individuals with insulin resistance but without diabetes. Even
though the number of participants was low, A. muciniphila significantly improved insulin
sensitivity compared to placebo. Compared to baseline, plasma LPS and the activity
of dipeptidyl peptidase-IV (DPP-IV) decreased in the intervention group, suggesting
two potential mechanisms for the decreased insulin resistance: decreased endotoxemia and
increased glucagon-like peptide 1 (GLP-1), respectively. Furthermore, the supplementation
was safe and did not change the overall microbiome at the end of the study compared to
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baseline. Further studies with a higher number of subjects are needed to assess whether
the outcomes will be the same.

After a 12-week administration of a probiotic containing A. muciniphila, Perraudeau
et al. [97] observed in a small cohort of diabetic subjects that, although there were no
changes in body weight, lipid parameters, homeostatic model assessment (HOMA) index,
or inflammatory markers such as C-reactive protein (CRP), interleukin-6 (IL-6), and tumor
necrosis factor-alpha (TNF-«), postprandial glucose handling improved, with a significant
decrease in glucose area under the curve (AUC). The study has several limitations, the
most notable being the inclusion of heterogeneously treated subjects, some of whom were
receiving metformin or sulfonylureas. This variability complicates the interpretation of the
findings and may limit their applicability to the general population.

Wang et al. [98] showed that in subjects with type 1 diabetes, the addition of a probiotic
supplement to conventional insulin therapy enriched the intestinal microbial composi-
tion, with increases in Bifidobacterium animalis, Lactobacillus salivarius, and A. muciniphila
compared to insulin therapy alone. These changes were accompanied by a decrease in
pro-inflammatory cytokines such as IL-8, IL-17, and TNF-«, as well as an improvement
in glycemic control that persisted even three months after discontinuing the intervention.
Although type 1 and type 2 diabetes have distinct pathophysiological mechanisms, the ob-
servation that alterations in microbial composition appear to influence both suggests a more
intricate interplay between inflammation, the immune system, and metabolic regulation.
At the core of this interaction lies the gut microbiome, which exerts regulatory effects across
all three systems. Figure 2 illustrates the associations between A. muciniphila and various
human diseases, including metabolic, neurodegenerative, and gastrointestinal disorders.

AKKERMANSIA
MUCINIPHILA

Diabetes | Inf_lammatoq bowel
disease

Dyslipidemia

Liver Steatosis

Figure 2. Implications of Akkermansia muciniphila in various diseases (discussed in the text).

5. Current Limitations

Despite the promising findings regarding A. muciniphila, several limitations should
be considered when interpreting the results (See Box 1). These constraints highlight areas
where further research is needed to validate the observed effects and to translate pre-
clinical and early clinical evidence into robust, generalizable conclusions. First, many
clinical studies involve small sample sizes, limiting statistical power and generalizability.
Second, heterogeneity in participant characteristics, including concurrent medications, di-
etary habits, and metabolic status, complicates the interpretation of results. Third, most
studies rely on stool abundance as a proxy for intestinal colonization, which may not
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accurately reflect the bacterium’s activity or distribution along the gastrointestinal tract.
Fourth, the optimal dosing, formulation, and duration of supplementation remain unde-
fined, and long-term safety data are limited. Finally, mechanistic pathways in humans
are still not fully elucidated, emphasizing the need for comprehensive studies integrating
clinical, microbial, and molecular analyses.

Although evidence supports the beneficial effects of A. muciniphila, its overgrowth
may, in certain contexts, enhance susceptibility to enteric infections by promoting pathogen
virulence, as shown in mouse models where elevated levels were associated with increased
intestinal galactosylation and reduced group 3 innate lymphoid cells (ILC3s), resulting in
higher Citrobacter rodentium virulence [https://www.nature.com/articles/s41564-025-019
33-9] (accessed on 25 November 2025).

Box 1. Limitations regarding A. muciniphila.

Absence of human studies demonstrating causality

Limited translational value of rodent findings

Uncontrolled lifestyle-related confounders

Insufficient evidence on the efficacy of A. muciniphila supplementation
Indirect assessment, as stool abundance may not reflect colonic levels
Strain variability, with heterogeneous effects among A. muciniphila isolates
Potential safety concerns

Influence of host genetics on microbial colonization

6. Materials and Methods
6.1. Research Strategy

Keywords such as “A. muciniphila,” “Obesity,” “Diabetes,” “Metabolic disease,” “Mi-
crobiome,” “Short chain fatty acids,” along with various Boolean combinations of these
terms, were used to conduct a comprehensive literature search across PubMed, ScienceDi-
rect, Google Scholar, and journals such as MDPI and Frontiers. Animal studies were
reviewed first, followed by human studies, with all publications from 2015 to 2025 included
to ensure the novelty of the evidence. The Section 1 of this review focuses on the micro-
biome and the unique characteristics of A. muciniphila, while the second synthesizes data
from both animal and human studies. Given the narrative nature of this review, no formal
risk of bias tools were applied. References were organized using Zotero, and artificial
intelligence tools were employed to check grammar and ensure clarity and coherence of
the text.

6.2. Inclusion and Exclusion Criteria

Study selection followed predefined inclusion and exclusion criteria. Only peer-
reviewed studies examining the microbiome, A. muciniphila, and their relevance to
metabolic disease were included. Exclusion criteria comprised non-peer-reviewed ma-
terials, duplicate publications, studies with insufficient or incomplete data, and studies
published outside the predetermined time interval.

6.3. Study Selection

The initial search yielded 2020 results. After applying filters for publication time-
frame and full-text availability, 1375 records remained. Following title and abstract screen-
ing, 96 studies were selected for inclusion based on relevance and novelty. Additionally,
two further studies published outside the specified timeframe (2004 and 2013) were in-
cluded, due to their foundational contributions to understanding lipolysis and the differen-
tial effects of live versus pasteurized A. muciniphila. These studies were deemed essential
for providing historical and mechanistic context.
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7. Conclusions

The association between A. muciniphila and improvements in metabolic health has
been replicated in numerous studies; however, while correlations have been observed in
both rodent and human research, causation has only been partially demonstrated in the
former. Establishing causality in humans may be virtually impossible, as it would require
strict control of all dietary and lifestyle factors. Even if a causal role for A. muciniphila is
confirmed, supplementation would still need to be rigorously tested for efficacy, particu-
larly considering the potential side effects discussed in previous sections. Limitations in
assessment methods may also affect results, as the stool abundance of A. muciniphila does
not necessarily reflect its presence throughout the gut, given that some bacteria may transit
without colonizing. Future studies should prioritize large, controlled trials, optimized
dosing strategies, and mechanistic investigations to clarify its effects on glucose metabolism,
insulin sensitivity, and gut barrier function. Standardized monitoring of gut colonization
and activity will be essential to translate microbiome-based therapies into clinical practice.
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HFD High-fat diet

AmEVs A. muciniphila-derived EVs
RD Regular diet

DPP-IV Dipeptidyl peptidase-IV
HOMA Homeostatic model assessment

CRP C-reactive protein



Int. J. Mol. Sci. 2025, 26, 11602 11 0f 15

IL-6 Interleukin-6

TNF-o Tumor necrosis factor-alpha
AUC Area under the curve

IL-8 Interleukin-8

IL-17 Interleukin-17

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Jani¢, M.; JaneZz, A.; El-Tanani, M.; Rizzo, M. Obesity: Recent Advances and Future Perspectives. Biomedicines 2025, 13, 368.
[CrossRef]

NCD Risk Factor Collaboration (NCD-RisC). Worldwide Trends in Diabetes Prevalence and Treatment from 1990 to 2022: A
Pooled Analysis of 1108 Population-Representative Studies with 141 Million Participants. Lancet 2024, 404, 2077-2093. Erratum in
Lancet 2025, 405, 1146. [CrossRef]

Sun, H.; Saeedi, P; Karuranga, S.; Pinkepank, M.; Ogurtsova, K.; Duncan, B.B.; Stein, C.; Basit, A.; Chan, ].C.N.; Mbanya, ].C.; et al.
IDF Diabetes Atlas: Global, regional and country-level diabetes prevalence estimates for 2021 and projections for 2045. Diabetes
Res. Clin. Pract. 2022, 183, 109119. Erratum in Diabetes Res. Clin. Pract. 2023, 204, 110945. [CrossRef]

Zhang, H.; Zhou, X.-D.; Shapiro, M.D.; Lip, G.Y.H.; Tilg, H.; Valenti, L.; Somers, V.K,; Byrne, C.D.; Targher, G.; Yang, W.; et al.
Global Burden of Metabolic Diseases, 1990-2021. Metabolism 2024, 160, 155999. [CrossRef] [PubMed]

Chong, K.; Chang, ].K.; Chuang, L. Recent Advances in the Treatment of Type 2 Diabetes Mellitus Using New Drug Therapies.
Kaohsiung J. Med. Sci. 2024, 40, 212-220. [CrossRef] [PubMed]

Elmaleh-Sachs, A.; Schwartz, ].L.; Bramante, C.T.; Nicklas, ].M.; Gudzune, K.A,; Jay, M. Obesity Management in Adults A Review.
JAMA 2023, 330, 2000-2015. [CrossRef] [PubMed]

Ogunrinola, G.A.; Oyewale, ].O.; Oshamika, O.O.; Olasehinde, G.I. The Human Microbiome and Its Impacts on Health. Int. ].
Microbiol. 2020, 2020, 8045646. [CrossRef]

Pérez, J.C. Fungi of the Human Gut Microbiota: Roles and Significance. Int. |. Med. Microbiol. 2021, 311, 151490. [CrossRef]

de Vos, WM,; Tilg, H.; Van Hul, M.; Cani, P.D. Gut Microbiome and Health: Mechanistic Insights. Gut 2022, 71, 1020-1032.
[CrossRef]

Yan, J.; Sheng, L.; Li, H. Akkermansia muciniphila: Is It the Holy Grail for Ameliorating Metabolic Diseases? Gut Microbes 2021,
13,1984104. [CrossRef]

Aja, E.; Zeng, A.; Gray, W.; Connelley, K.; Chaganti, A.; Jacobs, ].P. Health Effects and Therapeutic Potential of the Gut Microbe
Akkermansia muciniphila. Nutrients 2025, 17, 562. [CrossRef] [PubMed]

Chelakkot, C.; Ghim, J.; Ryu, S.H. Mechanisms Regulating Intestinal Barrier Integrity and Its Pathological Implications. Exp. Mol.
Med. 2018, 50, 103. [CrossRef]

Di Tommaso, N.; Gasbarrini, A.; Ponziani, ER. Intestinal Barrier in Human Health and Disease. Int. |. Environ. Res. Public Health
2021, 18, 12836. [CrossRef]

Neurath, M.F,; Artis, D.; Becker, C. The Intestinal Barrier: A Pivotal Role in Health, Inflammation, and Cancer. Lancet Gastroenterol.
Hepatol. 2025, 10, 573-592. [CrossRef]

Matar, A.; Damianos, J.A.; Jencks, K.J.; Camilleri, M. Intestinal Barrier Impairment, Preservation, and Repair: An Update.
Nutrients 2024, 16, 3494. [CrossRef]

Di Vincenzo, F; Del Gaudio, A.; Petito, V.; Lopetuso, L.R.; Scaldaferri, F. Gut Microbiota, Intestinal Permeability, and Systemic
Inflammation: A Narrative Review. Intern. Emerg. Med. 2024, 19, 275-293. [CrossRef]

An, J.; Liu, Y.,; Wang, Y.; Fan, R.; Hu, X,; Zhang, F,; Yang, J.; Chen, J. The Role of Intestinal Mucosal Barrier in Autoimmune
Disease: A Potential Target. Front. Immunol. 2022, 13, 871713. [CrossRef]

Ilchmann-Diounou, H.; Menard, S. Psychological Stress, Intestinal Barrier Dysfunctions, and Autoimmune Disorders: An
Overview. Front. Immunol. 2020, 11, 1823. [CrossRef]

Jackson, D.N.; Theiss, A.L. Gut Bacteria Signaling to Mitochondria in Intestinal Inflammation and Cancer. Gut Microbes 2019,
11, 285-304. [CrossRef] [PubMed]

Rodrigues, V.F; Elias-Oliveira, J.; Pereira, I.S.; Pereira, ].A.; Barbosa, S.C.; Machado, M.S.G.; Carlos, D. Akkermansia muciniphila and
Gut Immune System: A Good Friendship That Attenuates Inflammatory Bowel Disease, Obesity, and Diabetes. Front. Immunol.
2022, 13, 934695. [CrossRef] [PubMed]

Zhang, T; Li, Q.; Cheng, L.; Buch, H.; Zhang, F. Akkermansia muciniphila Is a Promising Probiotic. Microb. Biotechnol. 2019,
12,1109-1125. [CrossRef] [PubMed]

Niu, H.; Zhou, M.; Zogona, D.; Xing, Z.; Wu, T.; Chen, R.; Cui, D.; Liang, F.; Xu, X. Akkermansia muciniphila: A Potential Candidate
for Ameliorating Metabolic Diseases. Front. Immunol. 2024, 15, 1370658. [CrossRef] [PubMed]


https://doi.org/10.3390/biomedicines13020368
https://doi.org/10.1016/S0140-6736(24)02317-1
https://doi.org/10.1016/j.diabres.2021.109119
https://doi.org/10.1016/j.metabol.2024.155999
https://www.ncbi.nlm.nih.gov/pubmed/39151887
https://doi.org/10.1002/kjm2.12800
https://www.ncbi.nlm.nih.gov/pubmed/38183334
https://doi.org/10.1001/jama.2023.19897
https://www.ncbi.nlm.nih.gov/pubmed/38015216
https://doi.org/10.1155/2020/8045646
https://doi.org/10.1016/j.ijmm.2021.151490
https://doi.org/10.1136/gutjnl-2021-326789
https://doi.org/10.1080/19490976.2021.1984104
https://doi.org/10.3390/nu17030562
https://www.ncbi.nlm.nih.gov/pubmed/39940420
https://doi.org/10.1038/s12276-018-0126-x
https://doi.org/10.3390/ijerph182312836
https://doi.org/10.1016/S2468-1253(24)00390-X
https://doi.org/10.3390/nu16203494
https://doi.org/10.1007/s11739-023-03374-w
https://doi.org/10.3389/fimmu.2022.871713
https://doi.org/10.3389/fimmu.2020.01823
https://doi.org/10.1080/19490976.2019.1592421
https://www.ncbi.nlm.nih.gov/pubmed/30913966
https://doi.org/10.3389/fimmu.2022.934695
https://www.ncbi.nlm.nih.gov/pubmed/35874661
https://doi.org/10.1111/1751-7915.13410
https://www.ncbi.nlm.nih.gov/pubmed/31006995
https://doi.org/10.3389/fimmu.2024.1370658
https://www.ncbi.nlm.nih.gov/pubmed/38571945

Int. J. Mol. Sci. 2025, 26, 11602 12 of 15

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Karcher, N.; Nigro, E.; Pun¢ochaf, M.; Blanco-Miguez, A.; Ciciani, M.; Manghi, P.; Zolfo, M.; Cumbo, F.; Manara, S.; Golzato, D.;
et al. Genomic Diversity and Ecology of Human-Associated Akkermansia Species in the Gut Microbiome Revealed by Extensive
Metagenomic Assembly. Genome Biol. 2021, 22, 209. [CrossRef]

Bakshani, C.R.; Ojuri, T.O,; Pilgaard, B.; Holck, J.; McInnes, R.; Kozak, R.P.; Zakhour, M.; Cakaj, S.; Kerouedan, M.; Newton, E.;
et al. Carbohydrate-Active Enzymes from Akkermansia muciniphila Break down Mucin O-Glycans to Completion. Nat. Microbiol.
2025, 10, 585-598. [CrossRef]

Gubernatorova, E.O.; Gorshkova, E.A.; Bondareva, M.A.; Podosokorskaya, O.A.; Sheynova, A.D.; Yakovleva, A.S.; Bonch-
Osmolovskaya, E.A.; Nedospasov, S.A.; Kruglov, A.A.; Drutskaya, M.S. Akkermansia muciniphila—Friend or Foe in Colorectal
Cancer? Front. Immunol. 2023, 14, 1303795. [CrossRef]

Desai, M.S.; Seekatz, A.M.; Koropatkin, N.M.; Kamada, N.; Hickey, C.A.; Wolter, M.; Pudlo, N.A.; Kitamoto, S.; Terrapon,
N.; Muller, A ; et al. A Dietary Fiber-Deprived Gut Microbiota Degrades the Colonic Mucus Barrier and Enhances Pathogen
Susceptibility. Cell 2016, 167, 1339-1353.e21. [CrossRef]

Mou, L.; Peng, X.; Chen, Y.; Xiao, Q.; Liao, H.; Liu, M.; Guo, L.; Liu, Y.; Zhang, X.; Deng, D. Crystal Structure of Monomeric
Amuc_1100 from Akkermansia muciniphila. Acta Crystallogr. Sect. F Struct. Biol. Commun. 2020, 76, 168-174. [CrossRef]

Wolter, M.; Grant, E.T.; Boudaud, M.; Pudlo, N.A.; Pereira, G.V,; Eaton, K.A.; Martens, E.C.; Desai, M.S. Diet-Driven Differential
Response of Akkermansia muciniphila Modulates Pathogen Susceptibility. Mol. Syst. Biol. 2024, 20, 596-625. [CrossRef]

Zhen, ].; Zhou, Z.; He, M.; Han, H.-X; Lv, E.-H.; Wen, P-B.; Liu, X.; Wang, Y.-T.; Cai, X.-C.; Tian, J.-Q.; et al. The Gut Microbial
Metabolite Trimethylamine N-Oxide and Cardiovascular Diseases. Front. Endocrinol. 2023, 14, 1085041. [CrossRef]

Fu, J.; Zheng, Y.; Gao, Y.; Xu, W. Dietary Fiber Intake and Gut Microbiota in Human Health. Microorganisms 2022, 10, 2507.
[CrossRef] [PubMed]

Fusco, W.; Lorenzo, M.B.; Cintoni, M.; Porcari, S.; Rinninella, E.; Kaitsas, F.; Lener, E.; Mele, M.C.; Gasbarrini, A.; Collado, M.C.;
et al. Short-Chain Fatty-Acid-Producing Bacteria: Key Components of the Human Gut Microbiota. Nutrients 2023, 15, 2211.
[CrossRef]

Zhang, D.; Jian, Y.-P; Zhang, Y.-N.; Li, Y;; Gu, L.-T.; Sun, H.-H.; Liu, M.-D.; Zhou, H.-L.; Wang, Y.-S.; Xu, Z.-X. Short-Chain Fatty
Acids in Diseases. Cell Commun. Signal. 2023, 21, 212. [CrossRef] [PubMed]

Xiong, R.-G.; Zhou, D.-D.; Wu, S.-X,; Huang, S.-Y.; Saimaiti, A.; Yang, Z.-].; Shang, A.; Zhao, C.-N.; Gan, R.-Y; Li, H.-B. Health
Benefits and Side Effects of Short-Chain Fatty Acids. Foods 2022, 11, 2863. [CrossRef]

Wang, L.-Y,; He, L-H.; Xu, L.-J,; Li, S.-B. Short-Chain Fatty Acids: Bridges between Diet, Gut Microbiota, and Health.
J. Gastroenterol. Hepatol. 2024, 39, 1728-1736. [CrossRef]

Collins, L.; Costello, R.A. Glucagon-Like Peptide-1 Receptor Agonists. In StatPearls; StatPearls Publishing: Treasure Island, FL,
USA, 2025.

Arukha, A.P; Nayak, S.; Swain, D.M. Effect of Akkermansia muciniphila on GLP-1 and Insulin Secretion. Nutrients 2025, 17, 2516.
[CrossRef]

Wade, H.; Pan, K.; Duan, Q.; Kaluzny, S.; Pandey, E.; Fatumoju, L.; Saraswathi, V.; Wu, R.; Harris, E.N.; Su, Q. Akkermansia
muciniphila and Its Membrane Protein Ameliorates Intestinal Inflammatory Stress and Promotes Epithelial Wound Healing via
CREBH and miR-143/145. . Biomed. Sci. 2023, 30, 38. [CrossRef] [PubMed]

Popoff, M.R. Overview of Bacterial Protein Toxins from Pathogenic Bacteria: Mode of Action and Insights into Evolution. Toxins
2024, 16, 182. [CrossRef]

Kang, E.-J.; Kim, ].-H.; Kim, Y.E; Lee, H.; Jung, K.B.; Chang, D.-H.; Lee, Y.; Park, S.; Lee, E.-Y.; Lee, E.-].; et al. The Secreted Protein
Amuc_1409 from Akkermansia muciniphila Improves Gut Health through Intestinal Stem Cell Regulation. Nat. Commun. 2024,
15,2983. [CrossRef]

Meng, X.; Zhang, J.; Wu, H.; Yu, D.; Fang, X. Akkermansia muciniphila Aspartic Protease Amuc_1434* Inhibits Human Colorectal
Cancer LS174T Cell Viability via TRAIL-Mediated Apoptosis Pathway. Int. J. Mol. Sci. 2020, 21, 3385. [CrossRef]

Xie, J.; Du, L.; Lu, Y.; Guo, X.; Zhou, X.; Tong, Y.; Shen, B.; Yu, X.; Guo, E; Yu, H. Akkermansia muciniphila Alleviates Severe Acute
Pancreatitis via Amuc1409-Ube2k-Foxp3 Axis in Regulatory T Cells. Adv. Sci. 2025, 12, e04214. [CrossRef]

Zheng, X.; Huang, W.; Li, Q.; Chen, Y.; Wu, L.; Dong, Y.; Huang, X.; He, X.; Ou, Z.; Peng, Y. Membrane Protein Amuc_1100 Derived
from Akkermansia muciniphila Facilitates Lipolysis and Browning via Activating the AC3/PKA /HSL Pathway. Microbiol. Spectr.
2023, 11, e04323-22. [CrossRef] [PubMed]

Varesi, A.; Campagnoli, L.LM.; Fahmideh, E; Pierella, E.; Romeo, M.; Ricevuti, G.; Nicoletta, M.; Chirumbolo, S.; Pascale, A. The
Interplay between Gut Microbiota and Parkinson’s Disease: Implications on Diagnosis and Treatment. Int. J. Mol. Sci. 2022,
23, 12289. [CrossRef]

Zapala, B.; Stefura, T.; Wojcik-Pedziwiatr, M.; Kabut, R.; Balajewicz-Nowak, M.; Milewicz, T.; Dudek, A.; St6j, A.; Rudziniska-Bar,
M. Differences in the Composition of Gut Microbiota between Patients with Parkinson’s Disease and Healthy Controls: A Cohort
Study. J. Clin. Med. 2021, 10, 5698. [CrossRef] [PubMed]


https://doi.org/10.1186/s13059-021-02427-7
https://doi.org/10.1038/s41564-024-01911-7
https://doi.org/10.3389/fimmu.2023.1303795
https://doi.org/10.1016/j.cell.2016.10.043
https://doi.org/10.1107/S2053230X20004124
https://doi.org/10.1038/s44320-024-00036-7
https://doi.org/10.3389/fendo.2023.1085041
https://doi.org/10.3390/microorganisms10122507
https://www.ncbi.nlm.nih.gov/pubmed/36557760
https://doi.org/10.3390/nu15092211
https://doi.org/10.1186/s12964-023-01219-9
https://www.ncbi.nlm.nih.gov/pubmed/37596634
https://doi.org/10.3390/foods11182863
https://doi.org/10.1111/jgh.16619
https://doi.org/10.3390/nu17152516
https://doi.org/10.1186/s12929-023-00935-1
https://www.ncbi.nlm.nih.gov/pubmed/37287024
https://doi.org/10.3390/toxins16040182
https://doi.org/10.1038/s41467-024-47275-8
https://doi.org/10.3390/ijms21093385
https://doi.org/10.1002/advs.202504214
https://doi.org/10.1128/spectrum.04323-22
https://www.ncbi.nlm.nih.gov/pubmed/36847500
https://doi.org/10.3390/ijms232012289
https://doi.org/10.3390/jcm10235698
https://www.ncbi.nlm.nih.gov/pubmed/34884399

Int. J. Mol. Sci. 2025, 26, 11602 13 of 15

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.
69.

Chiantera, V.; Lagana, A.S.; Basciani, S.; Nordio, M.; Bizzarri, M. A Critical Perspective on the Supplementation of Akkermansia
muciniphila: Benefits and Harms. Life 2023, 13, 1247. [CrossRef] [PubMed]

Wang, K.; Wu, W.; Wang, Q.; Yang, L.; Bian, X,; Jiang, X,; Lv, L.; Yan, R.; Xia, J.; Han, S.; et al. The Negative Effect of Akkermansia
muciniphila-Mediated Post-Antibiotic Reconstitution of the Gut Microbiota on the Development of Colitis-Associated Colorectal
Cancer in Mice. Front. Microbiol. 2022, 13, 932047. [CrossRef]

Zhang, L.; Shi, M.; Tian, M.; Wang, X.; Ji, J.; Liao, X.; Hu, X.; Chen, F. Guidelines for Absolute Quantitative Real-Time PCR for
Microbial Determination in in Vitro Gastrointestinal Digestion. Food Front. 2020, 1, 200-204. [CrossRef]

Nishiwaki, H.; Ueyama, J.; Ito, M.; Hamaguchi, T.; Takimoto, K.; Maeda, T.; Kashihara, K.; Tsuboi, Y.; Mori, H.; Kurokawa, K;
et al. Meta-Analysis of Shotgun Sequencing of Gut Microbiota in Parkinson’s Disease. NPJ Park. Dis. 2024, 10, 106. [CrossRef]
Liu, X;; Zhao, F; Liu, H.; Xie, Y.; Zhao, D.; Li, C. Transcriptomics and Metabolomics Reveal the Adaption of Akkermansia
muciniphila to High Mucin by Regulating Energy Homeostasis. Sci. Rep. 2021, 11, 9073. [CrossRef]

Verhoog, S.; Taneri, PE.; Roa Diaz, Z.M.; Marques-Vidal, P.; Troup, ].P; Bally, L.; Franco, O.H.; Glisic, M.; Muka, T. Dietary Factors
and Modulation of Bacteria Strains of Akkermansia muciniphila and Faecalibacterium Prausnitzii: A Systematic Review. Nutrients
2019, 11, 1565. [CrossRef]

Roshanravan, N.; Mahdavi, R.; Alizadeh, E.; Ghavami, A.; Rahbar Saadat, Y.; Mesri Alamdari, N.; Alipour, S.; Dastouri, M.R,;
Ostadrahimi, A. The Effects of Sodium Butyrate and Inulin Supplementation on Angiotensin Signaling Pathway via Promotion of
Akkermansia muciniphila Abundance in Type 2 Diabetes; A Randomized, Double-Blind, Placebo-Controlled Trial. J. Cardiovasc.
Thorac. Res. 2017, 9, 183-190. [CrossRef]

Walker, ].M.; Eckardt, P.; Aleman, J.O.; da Rosa, ].C.; Liang, Y.; lizumi, T.; Etheve, S.; Blaser, M.].; L.Breslow, ].; Holt, PR. The
Effects of Trans-Resveratrol on Insulin Resistance, Inflammation, and Microbiota in Men with the Metabolic Syndrome: A Pilot
Randomized, Placebo-Controlled Clinical Trial. J. Clin. Transl. Res. 2018, 4, 122-135.

Zhou, K. Strategies to Promote Abundance of Akkermansia muciniphila, an Emerging Probiotics in the Gut, Evidence from Dietary
Intervention Studies. J. Funct. Foods 2017, 33, 194-201. [CrossRef]

Ramirez, J.; Guarner, E; Bustos Fernandez, L.; Maruy, A.; Sdepanian, V.L.; Cohen, H. Antibiotics as Major Disruptors of Gut
Microbiota. Front. Cell. Infect. Microbiol. 2020, 10, 572912. [CrossRef]

Patangia, D.V.; Anthony Ryan, C.; Dempsey, E.; Paul Ross, R.; Stanton, C. Impact of Antibiotics on the Human Microbiome and
Consequences for Host Health. MicrobiologyOpen 2022, 11, €1260. [CrossRef]

Maier, L.; Goemans, C.V.; Wirbel, J.; Kuhn, M.; Eberl, C.; Pruteanu, M.; Miiller, P.; Garcia-Santamarina, S.; Cacace, E.; Zhang, B.;
et al. Unravelling the Collateral Damage of Antibiotics on Gut Bacteria. Nature 2021, 599, 120-124. [CrossRef]

Han, Y,; Teng, TM.; Han, J.; Kim, H.S. Antibiotic-Associated Changes in Akkermansia muciniphila Alter Its Effects on Host Metabolic
Health. Microbiome 2025, 13, 48. [CrossRef]

Liu, S.; Zhao, S.; Cheng, Z.; Ren, Y.; Shi, X,; Mu, J.; Ge, X,; Dai, Y.; Li, L.; Zhang, Z. Akkermansia muciniphila Protects Against
Antibiotic-Associated Diarrhea in Mice. Probiotics Antimicrob. Proteins 2024, 16, 1190-1204. [CrossRef]

Becken, B.; Davey, L.; Middleton, D.R.; Mueller, K.D.; Sharma, A.; Holmes, Z.C.; Dallow, E.; Remick, B.; Barton, G.M.; David, L.A ;
et al. Genotypic and Phenotypic Diversity among Human Isolates of Akkermansia muciniphila. mBio 2021, 12, e00478-21. [CrossRef]
Xing, J.; Li, X.; Sun, Y,; Zhao, J.; Miao, S.; Xiong, Q.; Zhang, Y.; Zhang, G. Comparative Genomic and Functional Analysis of
Akkermansia muciniphila and Closely Related Species. Genes Genomics 2019, 41, 1253-1264. [CrossRef]

Zhai, R.; Xue, X.; Zhang, L.; Yang, X.; Zhao, L.; Zhang, C. Strain-Specific Anti-Inflammatory Properties of Two Akkermansia
muciniphila Strains on Chronic Colitis in Mice. Front. Cell. Infect. Microbiol. 2019, 9, 239. [CrossRef]

Lei, W.; Cheng, Y.; Gao, J.; Liu, X.; Shao, L.; Kong, Q.; Zheng, N.; Ling, Z.; Hu, W. Akkermansia muciniphila in Neuropsychiatric
Disorders: Friend or Foe? Front. Cell. Infect. Microbiol. 2023, 13, 1224155. [CrossRef] [PubMed]

Faghfuri, E.; Gholizadeh, P. The Role of Akkermansia muciniphila in Colorectal Cancer: A Double-Edged Sword of Treatment or
Disease Progression? Biomed. Pharmacother. 2024, 173, 116416. [CrossRef] [PubMed]

Lin, X.; Li, H. Obesity: Epidemiology, Pathophysiology, and Therapeutics. Front. Endocrinol. 2021, 12, 706978. [CrossRef]
Saavedra, R.; Ramirez, B.; Jay, B. Strategies to Manage Obesity: Lifestyle. Methodist DeBakey Cardiovasc. ]. 2025, 21, 53-61.
[CrossRef]

Obesity: Definition, Comorbidities, Causes, and Burden | AJMC. Available online: https://www.ajmc.com/view/obesity-
definition-comorbidities-causes-burden (accessed on 14 November 2025).

Segal, Y.; Gunturu, S. Psychological Issues Associated with Obesity. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA,
2025.

Liu, B.-N,; Liu, X.-T.; Liang, Z.-H.; Wang, J.-H. Gut Microbiota in Obesity. World ]. Gastroenterol. 2021, 27, 3837-3850. [CrossRef]
Liu, J.; Liu, Y.; Huang, C.; He, C; Yang, T; Ren, R.; Xin, Z.; Wang, X. Quercetin-Driven Akkermansia muciniphila Alleviates Obesity
by Modulating Bile Acid Metabolism via an ILA/ m®A/CYP8B1 Signaling. Adv. Sci. 2025, 12, 2412865. [CrossRef]


https://doi.org/10.3390/life13061247
https://www.ncbi.nlm.nih.gov/pubmed/37374030
https://doi.org/10.3389/fmicb.2022.932047
https://doi.org/10.1002/fft2.31
https://doi.org/10.1038/s41531-024-00724-z
https://doi.org/10.1038/s41598-021-88397-z
https://doi.org/10.3390/nu11071565
https://doi.org/10.15171/jcvtr.2017.32
https://doi.org/10.1016/j.jff.2017.03.045
https://doi.org/10.3389/fcimb.2020.572912
https://doi.org/10.1002/mbo3.1260
https://doi.org/10.1038/s41586-021-03986-2
https://doi.org/10.1186/s40168-024-02023-4
https://doi.org/10.1007/s12602-023-10101-6
https://doi.org/10.1128/mBio.00478-21
https://doi.org/10.1007/s13258-019-00855-1
https://doi.org/10.3389/fcimb.2019.00239
https://doi.org/10.3389/fcimb.2023.1224155
https://www.ncbi.nlm.nih.gov/pubmed/37492530
https://doi.org/10.1016/j.biopha.2024.116416
https://www.ncbi.nlm.nih.gov/pubmed/38471272
https://doi.org/10.3389/fendo.2021.706978
https://doi.org/10.14797/mdcvj.1510
https://www.ajmc.com/view/obesity-definition-comorbidities-causes-burden
https://www.ajmc.com/view/obesity-definition-comorbidities-causes-burden
https://doi.org/10.3748/wjg.v27.i25.3837
https://doi.org/10.1002/advs.202412865

Int. J. Mol. Sci. 2025, 26, 11602 14 of 15

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.
89.

90.

91.

92.

Yang, M.; Bose, S.; Lim, S.; Seo, J.; Shin, J.; Lee, D.; Chung, W.-H.; Song, E.-].; Nam, Y.-D.; Kim, H. Beneficial Effects of Newly
Isolated Akkermansia muciniphila Strains from the Human Gut on Obesity and Metabolic Dysregulation. Microorganisms 2020,
8, 1413. [CrossRef]

Everard, A.; Belzer, C.; Geurts, L.; Ouwerkerk, J.P,; Druart, C.; Bindels, L.B.; Guiot, Y.; Derrien, M.; Muccioli, G.G.; Delzenne,
N.M.; et al. Cross-Talk between Akkermansia muciniphila and Intestinal Epithelium Controls Diet-Induced Obesity. Proc. Natl.
Acad. Sci. USA 2013, 110, 9066-9071. [CrossRef]

Abuqwider, J.N.; Mauriello, G.; Altamimi, M. Akkermansia muciniphila, a New Generation of Beneficial Microbiota in Modulating
Obesity: A Systematic Review. Microorganisms 2021, 9, 1098. [CrossRef]

Wu, Z.; Xiao, Y.; Zhou, F; Chen, J.; Chen, X.; Hou, A.; Wang, Y.; Li, Z. Pasteurized Akkermansia muciniphila Reduces Fat
Accumulation via Nhr-49-Mediated Nuclear Hormone Signaling Pathway in Caenorhabditis Elegans. Molecules 2022, 27, 6159.
[CrossRef] [PubMed]

Plovier, H.; Everard, A.; Druart, C.; Depommier, C.; Van Hul, M.; Geurts, L.; Chilloux, J.; Ottman, N.; Duparc, T.; Lichtenstein, L.;
et al. A Purified Membrane Protein from Akkermansia muciniphila or the Pasteurized Bacterium Improves Metabolism in Obese
and Diabetic Mice. Nat. Med. 2017, 23, 107-113. [CrossRef] [PubMed]

Thyfault, J.P; Kraus, RM.; Hickner, R.C.; Howell, A.W.; Wolfe, R.R.; Dohm, G.L. Impaired Plasma Fatty Acid Oxidation in
Extremely Obese Women. Am. J. Physiol.-Endocrinol. Metab. 2004, 287, E1076-E1081. [CrossRef]

Dambrova, M.; Makrecka-Kuka, M.; Kuka, J.; Vilskersts, R.; Nordberg, D.; Attwood, M.M.; Smesny, S.; Sen, Z.D.; Guo, A.C.; Oler,
E.; et al. Acylcarnitines: Nomenclature, Biomarkers, Therapeutic Potential, Drug Targets, and Clinical Trials. Pharmacol. Rev. 2022,
74, 506-551. [CrossRef]

Xu, G.; Hansen, ].S.; Zhao, X.J.; Chen, S.; Hoene, M.; Wang, X.L.; Clemmesen, J.O.; Secher, N.H.; Hiaring, H.U.; Pedersen, B.K,;
et al. Liver and Muscle Contribute Differently to the Plasma Acylcarnitine Pool During Fasting and Exercise in Humans. J. Clin.
Endocrinol. Metab. 2016, 101, 5044-5052. [CrossRef]

Depommier, C.; Everard, A.; Druart, C.; Maiter, D.; Thissen, J.-P.; Loumaye, A.; Hermans, M.P.; Delzenne, N.M.; de Vos, W.M,;
Cani, P.D. Serum Metabolite Profiling Yields Insights into Health Promoting Effect of A. muciniphila in Human Volunteers with a
Metabolic Syndrome. Gut Microbes 2021, 13, 1994270. [CrossRef]

Rojas-Morales, P.; Pedraza-Chaverri, J.; Tapia, E. Ketone Bodies, Stress Response, and Redox Homeostasis. Redox Biol. 2019,
29,101395. [CrossRef]

Cao, M.-Z.; Wei, C.-H.; Wen, M.-C.; Song, Y.; Srivastava, K.; Yang, N.; Shi, Y.-M.; Miao, M.; Chung, D.; Li, X.-M. Clinical Efficacy
of Weight Loss Herbal Intervention Therapy and Lifestyle Modifications on Obesity and Its Association with Distinct Gut
Microbiome: A Randomized Double-Blind Phase 2 Study. Front. Endocrinol. 2023, 14, 1054674. [CrossRef]

Macchione, 1.G.; Lopetuso, L.R.; Ianiro, G.; Napoli, M.; Gibiino, G.; Rizzatti, G.; Petito, V.; Gasbarrini, A.; Scaldaferri, F. Akkermansia
muciniphila: Key Player in Metabolic and Gastrointestinal Disorders. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 8075-8083. [CrossRef]
Khalili, L.; Park, G.; Nagpal, R.; Salazar, G. The Role of Akkermansia muciniphila on Improving Gut and Metabolic Health
Modulation: A Meta-Analysis of Preclinical Mouse Model Studies. Microorganisms 2024, 12, 1627. [CrossRef] [PubMed]

Bodke, H.; Wagh, V.; Kakar, G. Diabetes Mellitus and Prevalence of Other Comorbid Conditions: A Systematic Review. Cureus
2023, 15, e49374. [CrossRef] [PubMed]

Chacko, E.; Signore, C. Five Evidence-Based Lifestyle Habits People with Diabetes Can Use. Clin. Diabetes Publ. Am. Diabetes
Assoc. 2020, 38, 273-284. [CrossRef]

Sadagopan, A.; Mahmoud, A.; Begg, M.; Tarhuni, M.; Fotso, M.; Gonzalez, N.A.; Sanivarapu, R.R.; Osman, U.; Latha Kumar, A;
Mohammed, L. Understanding the Role of the Gut Microbiome in Diabetes and Therapeutics Targeting Leaky Gut: A Systematic
Review. Cureus 2023, 15, e41559. [CrossRef]

Fliegerovéa, K.O.; Mahayri, T.M.; Sechovcovd, H.; Mekadim, C.; Mrazek, J.; Jarosikov4, R.; Dubsky, M.; Fejfarova, V. Diabetes and
Gut Microbiome. Front. Microbiol. 2025, 15, 1451054. [CrossRef] [PubMed]

Gomes, ].M.G.; de Assis Costa, J.; Alfenas, R.D.C.G. Metabolic Endotoxemia and Diabetes Mellitus: A Systematic Review.
Metabolism 2017, 68, 133-144. [CrossRef] [PubMed]

Yung, J H.M.; Giacca, A. Role of C-Jun N-Terminal Kinase (JNK) in Obesity and Type 2 Diabetes. Cells 2020, 9, 706. [CrossRef]
He, K.; An, F; Zhang, H.; Yan, D.; Li, T.; Wu, J.; Wu, R. Akkermansia muciniphila: A Potential Target for the Prevention of Diabetes.
Foods 2024, 14, 23. [CrossRef]

Liu, C; Ma, R;; Li, H,; Pan, X.; Qian, H.; Yang, T.; Tian, Y. Akkermansia muciniphila Ameliorates Fatty Liver through Microbiota-
Derived x-Ketoisovaleric Acid Metabolism and Hepatic PI3K/ Akt Signaling. iScience 2025, 28, 112458. [CrossRef]

Liu, E.; Ji, X; Zhou, K. Akkermansia muciniphila for the Prevention of Type 2 Diabetes and Obesity: A Meta-Analysis of Animal
Studies. Nutrients 2024, 16, 3440. [CrossRef]

Marquez-Paradas, E.; Torrecillas-Lopez, M.; Barrera-Chamorro, L.; Del Rio-Vazquez, ].L.; Gonzalez-de la Rosa, T.; Montserrat-de la
Paz, S. Microbiota-derived extracellular vesicles: Current knowledge, gaps, and challenges in precision nutrition. Front. Immunol.
2025, 16, 1514726. Erratum in Front. Immunol. 2025, 16, 1599029. [CrossRef] [PubMed]


https://doi.org/10.3390/microorganisms8091413
https://doi.org/10.1073/pnas.1219451110
https://doi.org/10.3390/microorganisms9051098
https://doi.org/10.3390/molecules27196159
https://www.ncbi.nlm.nih.gov/pubmed/36234692
https://doi.org/10.1038/nm.4236
https://www.ncbi.nlm.nih.gov/pubmed/27892954
https://doi.org/10.1152/ajpendo.00177.2004
https://doi.org/10.1124/pharmrev.121.000408
https://doi.org/10.1210/jc.2016-1859
https://doi.org/10.1080/19490976.2021.1994270
https://doi.org/10.1016/j.redox.2019.101395
https://doi.org/10.3389/fendo.2023.1054674
https://doi.org/10.26355/eurrev_201909_19024
https://doi.org/10.3390/microorganisms12081627
https://www.ncbi.nlm.nih.gov/pubmed/39203469
https://doi.org/10.7759/cureus.49374
https://www.ncbi.nlm.nih.gov/pubmed/38146555
https://doi.org/10.2337/cd19-0078
https://doi.org/10.7759/cureus.41559
https://doi.org/10.3389/fmicb.2024.1451054
https://www.ncbi.nlm.nih.gov/pubmed/39839113
https://doi.org/10.1016/j.metabol.2016.12.009
https://www.ncbi.nlm.nih.gov/pubmed/28183445
https://doi.org/10.3390/cells9030706
https://doi.org/10.3390/foods14010023
https://doi.org/10.1016/j.isci.2025.112458
https://doi.org/10.3390/nu16203440
https://doi.org/10.3389/fimmu.2025.1514726
https://www.ncbi.nlm.nih.gov/pubmed/40051622

Int. J. Mol. Sci. 2025, 26, 11602 15 of 15

93.

94.

95.

96.

97.

98.

Margutti, P.; D’Ambrosio, A.; Zamboni, S. Microbiota-Derived Extracellular Vesicle as Emerging Actors in Host Interactions.
Int. ]. Mol. Sci. 2024, 25, 8722. [CrossRef]

Choi, Y.; Kwon, Y.; Kim, D.-K; Jeon, J.; Jang, S.C.; Wang, T.; Ban, M.; Kim, M.-H.; Jeon, 5.G.; Kim, M.-S; et al. Gut Microbe-Derived
Extracellular Vesicles Induce Insulin Resistance, Thereby Impairing Glucose Metabolism in Skeletal Muscle. Sci. Rep. 2015,
5,15878. [CrossRef]

Chelakkot, C.; Choi, Y.; Kim, D.-K.; Park, H.T.; Ghim, J.; Kwon, Y.; Jeon, J.; Kim, M.-S.; Jee, Y.-K.; Gho, Y.S.; et al. Akkermansia
muciniphila-Derived Extracellular Vesicles Influence Gut Permeability through the Regulation of Tight Junctions. Exp. Mol. Med.
2018, 50, e450. [CrossRef]

Depommier, C.; Everard, A.; Druart, C.; Plovier, H.; Van Hul, M.; Vieira-Silva, S.; Falony, G.; Raes, J.; Maiter, D.; Delzenne,
N.M.; et al. Supplementation with Akkermansia muciniphila in Overweight and Obese Human Volunteers: A Proof-of-Concept
Exploratory Study. Nat. Med. 2019, 25, 1096-1103. [CrossRef] [PubMed]

Perraudeau, F; McMurdie, P; Bullard, J.; Cheng, A.; Cutcliffe, C.; Deo, A.; Eid, J.; Gines, J.; Iyer, M.; Justice, N.; et al. Improvements
to Postprandial Glucose Control in Subjects with Type 2 Diabetes: A Multicenter, Double Blind, Randomized Placebo-Controlled
Trial of a Novel Probiotic Formulation. BMJ Open Diabetes Res. Care 2020, 8, e001319. [CrossRef] [PubMed]

Wang, C.-H.; Yen, H.-R.; Lu, W.-L.; Ho, H.-H,; Lin, W.-Y; Kuo, Y.-W,; Huang, Y.-Y,; Tsai, S.-Y.; Lin, H.-C. Adjuvant Probiotics of
Lactobacillus salivarius subsp. Salicinius AP-32, L. Johnsonii MH-68, and Bifidobacterium animalis subsp. Lactis CP-9 Attenuate
Glycemic Levels and Inflammatory Cytokines in Patients with Type 1 Diabetes Mellitus. Front. Endocrinol. 2022, 13, 754401.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ijms25168722
https://doi.org/10.1038/srep15878
https://doi.org/10.1038/emm.2017.282
https://doi.org/10.1038/s41591-019-0495-2
https://www.ncbi.nlm.nih.gov/pubmed/31263284
https://doi.org/10.1136/bmjdrc-2020-001319
https://www.ncbi.nlm.nih.gov/pubmed/32675291
https://doi.org/10.3389/fendo.2022.754401
https://www.ncbi.nlm.nih.gov/pubmed/35299968

	Introduction 
	A Symbiotic Relationship 
	A. muciniphila-Taxonomy and General Characteristics 
	Mucus Degradation 
	Metabolic Signaling via SCFAs 
	Amuc Proteins: Molecular Mediators 
	A. muciniphila Abundance: Diet, Aging, and Antibiotics 

	A. muciniphila in Obesity: Insights and Evidence 
	Animal Studies on Obesity and Human Studies on Obesity 
	Human Studies on Obesity 

	A. muciniphila and Diabetes: Current Understanding 
	Animal Studies 
	Human Studies 

	Current Limitations 
	Materials and Methods 
	Research Strategy 
	Inclusion and Exclusion Criteria 
	Study Selection 

	Conclusions 
	References

