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Abstract

Alteration in the composition of the gut microbiota can lead to a number of chronic clinical diseases. Akkermansia muciniphila 
is an anaerobic bacteria constituting 3–5% of the gut microbial community in healthy adults. This bacterium is responsible for 
degenerating mucin in the gut; its scarcity leads to diverse clinical disorders. In this review, we focus on the role of A. muciniphila 
in diabetes, obesity and atherosclerosis, as well as the use of this bacterium as a next-generation probiotic. In regard to obesity 
and diabetes, human and animal trials have shown that A. muciniphila controls the essential regulatory system of glucose and 
energy metabolism. However, the underlying mechanisms by which A. muciniphila alleviates the complications of obesity, dia-
betes and atherosclerosis are unclear. At the same time, its abundance suggests improved metabolic disorders, such as meta-
bolic endotoxemia, adiposity insulin resistance and glucose tolerance. The role of A. muciniphila is implicated in declining aortic 
lesions and atherosclerosis. Well-characterized virulence factors, antigens and cell wall extracts of A. muciniphila may act as 
effector molecules in these diseases. These molecules may provide novel mechanisms and strategies by which this bacterium 
could be used as a probiotic for the treatment of obesity, diabetes and atherosclerosis.

INTRODUCTION
Specific consortia of gut microflora can serve protective, 
metabolic and trophic functions; however, when germ-free 
animals (animals raised without any exposure to micro-
organisms) are compared with conventional animals (animals 
raised with an undetermined microbiological status), a 
commonly asked question is whether the bacteria are a friend 
or a foe [1]? The concept of the metagenome has established a 
strong correlation between the gut microbiota and dysbiosis 
of them. Perturbation of the normal microbiome content 
often leads to the emergence of such chronic diseases as colon 
cancer, colitis, irritable bowel syndrome, diabetes, obesity and 
atherosclerosis [2, 3]. Akkermansia muciniphila is a Gram-
negative, elliptical, obligate anaerobe, chemo-organotroph, 
non-motile and non-spore-forming bacterium that has the 
ability to grow on gastric mucin and use mucin as a carbon, 
nitrogen and energy source [4, 5]. The epithet Akkermansia is 
attributed to the microbial ecologist Antoon D. L. Akkermans 

and this was combined with ‘preferring mucin’, eventually 
making the bacterium popular as A. muciniphila; it has been 
classified under the phylum Verrucomicrobia [5]. In genomic 
terms, A. muciniphila is a member of Verrucomicrobia, in 
respect to both the GC percentage of the genome and the 
number of protein-coding genes. Approximately a quarter 
of the proteins encoded in the genome of A. muciniphila 
contain a signal peptide, which is potentially secreted [2]. 
The colonization of A. muciniphila starts from childhood 
and similar levels have been shown in adults; however, it 
is reduced in the elderly (80–82 years old) [6–8]. Further-
more, its colonization depends on several host factors, such 
as metabolic syndromes (e.g. diabetes and obesity) [9, 10], 
body metabolic status (including the adipocyte distribution, 
serum lipids and glucose homeostasis) [11] and the severity 
of intestinal inflammations (e.g. inflammatory bowel disease 
and appendicitis) [2, 12, 13].
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Mucin, a protective barrier against xenobiotics in the intes-
tine, plays a great role in the adhesion of the microbiota to 
the intestinal layers. Bacteria that have the ability to degrade 
mucin are more likely to survive the changing micro-
environment of the intestine [14]. While A. muciniphila 
harbours several candidate genes encoding mucinase, no 
recognized mucus-binding domains have been deciphered. 
However, Mello et al. [15] found a novel module termed 
BACON (Bacteroidetes-associated carbohydrate-binding 
often N-terminal) in two candidate mucinases of A. mucin-
iphila (encoded by Amuc_2164, a glycosyl hydrolase, and 
Amuc_0953, a sulfatase). BACON is thought to be involved 
in the mucin binding of A. muciniphila. A C-terminal Pro–
Glu–Pro motif found in A. muciniphila proteins, along with 
exosortase EpsH, forms a protein that is a sorting system 
associated with exopolysaccharides expression [2].

The genomic analysis of A. muciniphila has shown the pres-
ence of clustered regularly interspaced palindromic repeats 
(CRISPR) loci 1 and 2 in A. muciniphila, which contain nine 
phage-related sequences, suggesting that this bacterium 
has experienced frequent infections by bacteriophages [2]. 
CRISPR loci indicate heritable and adaptive immune systems 
in archae and eubacteria against invading genetic elements 
such as plasmids and bacteriophages [16–18]. The presence 
of numerous presumably phage-derived sequences and two 
distinct CRISPR loci in the genome of A. muciniphila suggests 
that phage infections play a critical role in the evolutionary 
history and, perhaps, speciation. There is, however, not much 
information regarding the diversity of Akkermansia strains 
and species colonization. Despite this, these studies suggest 
that eight different species of Akkermansia colonize the 
human gastrointestinal (GI) tracts; so, it seems that the human 
gut is simultaneously colonized by different species [2, 19]. 
However, it is not known whether different mucin-degrader 
bacteria exist in the GI tract or different Akkermansia species 
continuously infect humans, leading to discontinuous (co-)
colonization [2, 8].

Recently, the genomic architecture of A. muciniphila based 
on whole-genome sequencing has unveiled a flexible open 
pangenome consisting of 5644 unique proteins. Phylogenetic 
analysis led to the identification of three species-level A. 
muciniphila phylogroups exhibiting distinct metabolic and 
functional features [20].

The gut microbiota shapes intestinal architecture during 
health and disease. The commensal bacteria in the colon live 
and thrive in the outer loose layer of mucosa; however, they 
cannot permeate the inner layers. These bacteria can penetrate 
into the mucin network (after the expanding Muc2 mucin 
network in volume) and expend their glycan-degrading 
enzymes, releasing one monosaccharide at a time from mucin 
glycans. The bacterial enzymes reach and expose themselves 
to the mucin protein core for proteolysis, paving the way for a 
relatively thick outer mucus layer [21]. The mucosal immune 
system, including epithelial cells and paneth cells, which are 
specialized cells in the epithelium of the small intestine, is an 
important source of antimicrobial peptides in the intestine, 

maintaining a homeostatic relationship between a host and 
its colonizing microbes. Innate immunity helps to maintain 
the immune barrier. Several studies have presented good 
evidence suggesting that inflammatory bowel disease (IBD) 
arises from dysregulated control of host–micro-organism 
interactions [22–27].

Several proteins of A. muciniphila, such as Am0868 (a β-N-
acetylhexosaminidase) [28], Amuc_0771, Amuc_0824 and 
Amuc_1666 (three extracellular β-galactosidases) [29], and 
Amuc_1686 (a extracellular β-galactosidase) [30], have been 
predicted to be involved in different steps of mucin degrada-
tion, whereas the numerous genes encoding signal peptide 
bearing hypothetical proteins suggest that this organism may 
have a large undiscovered capacity to break down extracel-
lular polymeric substrates, including mucin.

The role of A. muciniphila in humans is not well under-
stood. Several studies have demonstrated different roles of 
A. muciniphila in obese and diabetic humans [31–34]. It has 
been shown that A. muciniphila may be used to treat type 2 
diabetes and obesity, but some other studies have suggested 
that A. muciniphila may contribute to health; despite this, the 
underlying mechanisms of A. muciniphila are unclear [35, 36]. 
In this review, we aimed to assess the roles of A. muciniphila 
in human health, as well as its role in obesity, diabetes and 
atherosclerosis. We searched some data sources, including 
Google Scholar, Web of Science, PubMed and Medline, to 
understand the role of A. muciniphila in obesity, diabetes and 
atherosclerosis; the literature published during the last two 
decades up to 2021 was considered. During the search, no 
filters or limitations were used. The following search words 
were used, ‘Akkermansia muciniphila’, ‘obesity’, ‘diabetes’, 
‘atherosclerosis’ ‘probiotics’ and ‘health’.

A. MUCINIPHILA IN OBESITY AND DIABETES
Obesity is a heterogeneous condition correlated with several 
pathological dysfunctions [37]. Almost a decade ago, several 
studies proposed an innovative hypothesis holding that 
microbial ecology could play an important role in energy 
homeostasis, i.e. individuals predisposed to obesity may have 
gut microbial communities that would favour the occurrence 
of metabolic diseases [11, 26, 38–43]. A. muciniphila is consist-
ently correlated with obesity, diabetes and atherosclerosis. 
Gut microbiota may influence the whole body metabolism 
[44, 45] by affecting gut permeability, metabolic inflamma-
tion [38, 46–48], serum lipopolysaccharides (LPSs), such as 
metabolic endotoxemia [38], and the energy balance [45], 
which can be associated with obesity, diabetes and cardiovas-
cular diseases [31, 32, 40, 44]. Gut microbiota-derived LPSs 
(mimicking metabolic endotoxemia) have been involved in 
the onset and progression of inflammation and metabolic 
diseases; therefore, the conclusion is that the involvement 
of bacteria retains its putative role in managing metabolic 
disorders [38, 40, 45]. A metagenome-wide association study 
(MGWAS) also indicated that patients with type 2 diabetes 
(T2D) could be characterized by altered microbial flora, an 
increment in opportunistic pathogens, a decrease of some 
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universal butyrate-producing bacteria, and the enrichment 
of other microbial functions involving sulphate reduction 
and the development of oxidative stress resistance [31]. 
Metformin (1, 1-dimethylbiguanide hydrochloride) has been 
widely used to treat T2D for more than 50 years. Metformin 
has been shown to enhance the relative abundance of A. 
muciniphila in the gut, which is associated with its therapeutic 
efficacy for glucose metabolism, as well as its anti-obesity and 
anti-inflammatory efficacy [49–51]. Transition of the gut 
microbiota was specifically enhanced in A. muciniphila by 
metformin treatment, showing that this modulation could 
lead to the improvement of metabolic parameters, including 
those of obesity and insulin resistance [52]. As mentioned 
earlier, an unhealthy state in high-fat-diet (HFD) fed mice 
reduced the abundance of Akkermansia spp. [53]. There-
fore, an increase in the cecum mucin level was suggested to 
enhance the abundance of Akkermansia spp. in the HFD–
metformin mice, as compared with HFD-fed control ones 
[54]. Shin et al. [53] also demonstrated that metformin 
treatment increased the number of mucin-producing goblet 
cells in both normal-chew and HFD-fed mice. In addition, 
Akkermansia spp. administration resulted in an increase of 
goblet cells and the reduction of LPS translocation across the 
intestinal barrier; these may lead to attenuation of glucose 
intolerance [53, 55, 56]. Further, attenuation of adipose tissue 
inflammation and enhancement of glucose tolerance have 
been shown to be significantly induced by regulatory T cells 
(Treg cells) (FoxP3 – the natural regulatory T cells) in the 
visceral adipose tissue [53]. A. muciniphila has been proved 
to have a robust correlation with inflammatory markers and 
adipose tissue homeostasis and with insulin and glycaemia at 
the onset of obesity [57]. The indirect alteration evoked by A. 
muciniphila in obesity also involves the stimulation of Treg 
cell proliferation [53]. Metformin increases the abundance of 
Akkermansia spp. in the gut. Progressive mechanistic insights 
showing how the gut microflora could modulate metabolic 
diseases have paved the way for the identification of innova-
tive microbiota-based diagnostics and/or therapeutics [33], 
providing a new mechanism for metformin in type 2 diabetes.

Furthermore, it has been demonstrated that oral administra-
tion of short-chain fatty acid (SCFA)-producing bacteria, in 
return, could protect against obesity and enhance glucose 
tolerance in mice [34, 58]. The role of A. muciniphila in 
glucose and lipid metabolism regulation has been elucidated 
by the fact that mucin fermentation induces the production of 
acetate and propionate [4], and the interaction with butyrate-
producing bacteria activates GPR43 or GPR41, the pair of 
mammalian G protein-coupled receptors (GPCRs) expressed 
in human adipocytes, colon epithelial cells and peripheral 
blood mononuclear cells Fig. 1 [59, 60].

Patients with prediabetes have also been shown to harbour 
low concentrations of Clostridium spp. and mucin-degrading 
A. muciniphila [61, 62]. Karlsson et al. [63] demonstrated that 
the abundance of A. muciniphila in patients with prediabetes 
was not different from that in the control group. However, 
Zhang et al. [64] showed that it was decreased in prediabetes 
patients. Further, Qin et al. [31] revealed that its abundance 

was increased in patients with T2D. The reasons for these 
differences could be related to the different approaches used to 
calculate the abundance, such as next-generation sequencing 
(NGS), 16S rDNA gene amplicon sequencing or quantitative 
PCR. There is a need to combine different approaches. In 
addition, many other confounding factors could also affect 
the gut microbiota, such as pharmaceutical treatment or diet 
[65, 66]. Further study is needed to explore this issue. Overall, 
these results and the decrease of A. muciniphila in the predia-
betes patients indicate that the abundance of A. muciniphila is 
meaningful for risk estimation and diagnosis of T2D.

In a HFD and a normal diet (ND) mice model, the influence 
of metformin-induced changes on the composition and meta-
bolic functions of the gut microbiota was studied, showing that 
A. muciniphila consistently decreased under the HFD regimen 
[53, 58, 67, 68]. The results of these studies also demonstrated 
that the progression of obesity is negatively associated with A. 
muciniphila, while inflammation is positively associated with 
adipose tissue browning process markers [67, 69]. Research 
studies have also documented that A. muciniphila declines 
before the onset of metabolic alterations, and its levels are 
inversely associated with several plasma markers of insulin 
resistance, lipid synthesis, adiposity, cardiovascular risks and 
inflammatory markers [41, 53, 57, 69–71]. Lack of a putative 
link between calorie intake and the abundance of A. mucin-
iphila was another notable feature of this investigation [67].

Everard et al. [69] also demonstrated that the abundance of A. 
muciniphila was lower in type 2 diabetic and obese mice. Their 
results showed that treatment with A. muciniphila reversed 
HFD-induced disorders such as metabolic endotoxemia, fat 
mass gain, insulin resistance and adipose tissue inflamma-
tion. Other studies have demonstrated that A. muciniphila 
can regulate the gut barrier and intestinal permeability by 
tight-junction proteins such as cannabinoid receptor-1 and 
-2 (CB1 and CB2), occluding and claudin-3 [70, 72–75]. 
The enhancement of A. muciniphila could reverse the high 
expression of flavin-containing monooxygenase 3 (FMO3) 
in the liver, modulating trimethylamine (TMA) conversion 
into trimethylamine N-oxide (TMAO) [13, 70]. These find-
ings thus establish that the physiological abundance of A. 
muciniphila may play a key role in the physiopathology of 
T2D, obesity and metabolic inflammation.

Gut microflora can play an important role in the patho-
physiology of obesity; the experimental model (HFD mice), 
in comparison to control diet mice, provides evidence 
that Bifidobacterium spp. and A. muciniphila are inversely 
correlated with the onset of inflammation, altered adipose 
tissue metabolism and metabolic disorders during the HFD 
regimen [57]. In obesity states, the pathological massive 
expansion of adipose tissue is associated with the devel-
opment of low-grade inflammation, which is reflected in 
the enhanced production of pro-inflammatory fatty acids, 
chemokines and cytokines. This causes an imbalance 
between pro- and anti-inflammatory factors produced by 
leukocytes, further promoting inflammation and adipose 
tissue dysfunction (e.g. β-oxidation, browning processes 
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and adipogenesis) [48, 76–78]. It is also well established 
that there is a direct correlation between gut microbiota 
alterations and diet-induced obesity (DIO) [57]. However, 
it is not known whether this remains during obesity devel-
opment and related adipose tissue metabolic alterations 
or changes when preceded by the abundance of specific 
bacteria. When this potential interconnection was studied 
during obesity and T2D development following chronic 
HFD in mice, it was observed that levels of A. muciniphila 
were strongly and positively correlated with those of almost 
all parameters involved in fatty acid oxidation and fat 
browning [57]. HFD also strongly influenced the adipose 
tissue profile and intestinal microbiota, in a way mimicking 
ageing, particularly in older mice [11].

The presence of extracellular vesicles (EVs) is another 
mechanism proposed for the communication between 
bacteria and the host [79, 80]. These configurations include 
proteins, lipids, nucleic acids, lipopolysaccharides and other 
virulence factors documented to play a role in the transfer 
of genetic material, interacting with immune and epithelial 
cells to initiate several signalling pathways. Chelakkot et 

al. [79] also demonstrated that the administration of A. 
muciniphila-derived extracellular vesicles (AmEVs) led to 
improved glucose tolerance, reduced body weight gain and 
enhanced tight junction function in HFD-induced diabetic 
mice. Everard et al. [69] also showed that the administra-
tion of A. muciniphila could improve glucose homeostasis, 
restore the mucus layer and contribute to the reduction of 
metabolic endotoxemia, thereby inhibiting diet-induced 
obesity and associated disorders in mice.

The involvement of enteroendocrine l-cells (El-cells), 
which are primarily in the colon and ileum, is the other 
aspect suggested for the interaction of gut microflora with 
the host. Prebiotics can act on the El-cells, stimulating the 
secretion of glucagon-like peptide-1 and -2 (GLP-1 and 
GLP-2) [45]. The gut microbiome manages gut peptides 
such as GLP-2, which can regulate the proliferation of 
epithelial cells and functions of the gut barrier [47, 69]. A. 
muciniphila increases the tricarboxylic acid (TCA) cycle 
intermediate 2-oxoglutarate (2-OG) level in the intestine 
to stimulate the secretion of glucagon-like peptide from the 
intestinal l-cells [81]; these, in return, help A. muciniphila 

Fig. 1. The role of A. muciniphila in diabetes, obesity and atherosclerosis. Acetate and propionate produced by A. muciniphila, combined 
with butyrate produced by other bacteria, can bind to GPR41 or GPR43; this is followed by the activation of the downstream signal 
pathway to regulate the metabolism of the lipid and glucose in the peripheral organ. Enhancement of the activity of l-cells by A. 
muciniphila stimulates the release of GLP-1 and GLP-2 from l-cells. Production of Reg3γ is increased by the oral administration of 
A. muciniphila. Regulation of glucose metabolism and activation of TLR2 can be induced by the outer membrane Amuc_1100 of A. 
muciniphila. A. muciniphila can induce the upregulation of the expression of tight junction proteins, such as ZO-1, ZO-2, ZO-3, claudins 
and occludin, increasing the number of goblet cells and normalizing the mucus thickness of the inner layer. In addition, A. muciniphila can 
induce the reduction of circulating endotoxin levels, thus improving the gut barrier function and inhibiting the inflammatory responses; 
these, in turn, could have beneficial effects on the regulation of lipid and glucose metabolism in the peripheral tissues.
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to control metabolic endotoxemia, metabolism and the gut 
barrier function. Administration of live A. muciniphila 
has also been implicated in the endogenous restoration 
of antimicrobial peptides [82] and increased produc-
tion of specific bioactive lipids [41]. These compounds, 
which belong to the endocannabinoid family, have anti-
inflammatory activities; they are known to regulate the 
endogenous production of the gut peptides involved in 
the gut barrier and glucose regulation. These responses 
are observed in other specific disorders, such as hyper-
cholesterolemia, hepatic inflammation and atherosclerosis 
[53, 70, 71, 83, 84].

In general, it is known that the accumulation of adipose 
tissue causes obesity. However, the expansion of this 
tissue produces a number of bioactive substances known 
as adipocytokines or adipokines. These substances trigger 
chronic low-grade inflammation and interact with a 
range of processes in many different organs [85, 86]. 
Dysregulation of these adipokines is proposed as a cause 
of metabolic diseases in obesity, which is elucidated as 
increased adipose tissue mass and a major driving force in 
insulin resistance and pathogenesis of T2D and metabolic 
syndrome [87, 88]. Bacterial LPSs are the triggering factor 
for the above phenomenon [37]. Lipogenesis and adipose 
tissue differentiation are inhibited by higher circulating 
LPS levels [48]. Muccioli et al. [48] and Cani et al. [38] also 
demonstrated that that the LPS-dependent mechanism of 
gut microbiota can improve lipid and glucose metabolism; 
the composition of the gut microbiota could also be influ-
enced by the HFD [38, 89]; however, the administration of 
A. muciniphila does not affect this profile [69]. Increased 
levels of A. muciniphila have been associated with a lower 
control of adipose tissue inflammation and a better gut 
barrier function [69, 90]. Several studies do not support a 
simple linear relationship between the levels of A. mucin-
iphila and the inflammation stage [11, 43, 53, 57, 69], while 
other bacterial studies have confirmed a putative associa-
tion between the abundance of A. muciniphila and caloric 
intake [9, 91]. Schneeberger et al. [57] also found a link 
between A. muciniphila gut abundance and adipose tissue 
homeostasis on the onset of obesity, reinforcing the benefi-
cial effect of this bacterium on metabolism. In an animal 
experiment, during HFD feeding, the gut microbiota could 
influence the expression of neuropeptides in the hypotha-
lamic arcuate nucleus of mice. The expression of orexigenic 
NPY (neuropeptide Y) and AgRP (agouti-related protein) 
was decreased, while levels of anorexigenic peptides such 
as POMC (proopiomelanocortin) were enhanced [57, 92]. 
Overall, A. muciniphila is strongly correlated with adipose 
tissue metabolic parameters [39, 93]. Recently, A. mucin-
iphila administration has been proved to improve cardio-
metabolic risk factors; it is given as a probiotic to humans 
who are overweight or obese; the safer looking bacteria 
are associated with a healthier metabolic status and better 
clinical outcomes after calorie restriction in overweight/
obese adults [11, 94].

A. MUCINIPHILA IN ATHEROSCLEROSIS
Atherosclerosis is a chronic inflammatory disease and the 
main contributor to cardiovascular mortality [95]. Consid-
ering the infectious aspect of disease, bacterial infection has 
been suggested as one of the triggering signals for the devel-
opment of inflammation in atherosclerosis [74]. Interestingly, 
bacterial DNA has been detected in atherosclerotic lesions. 
Pyrosequencing revealed that the bacteria in the lesions are 
derived from the gut and oral cavity, suggesting the possible 
involvement of the gut microbiota in the development of 
the disease. Cardiovascular risk is inversely associated with 
levels of A. muciniphila [57]. Kasahara et al. [96], in a mice 
model, showed that the gut microbiota significantly decreased 
the atherosclerotic plaque area despite unfavourable high 
plasma cholesterol levels. Their investigation also revealed 
that although metabolic endotoxemia could be consid-
ered as an initiating factor for cardiometabolic diseases, 
A. muciniphila could attenuate atherosclerosis lesions by 
ameliorating metabolic endotoxemia-induced inflammation 
[74, 96]. Activation of the fibroblast growth factor receptor-
4 axis and enterohepatic fibroblast growth factor-15 by the 
gut microbiota could reduce hepatic bile acid synthesis and 
cholesterol 7α-hydroxylase, leading to accumulation of the 
liver cholesterol content and the reduction of atherosclerotic 
lesion formation. The antiatherogenic effect of A. muciniphila 
is mediated by limiting the lipopolysaccharide level in the 
bloodstream and ameliorating metabolic endotoxemia [74].

In an animal model, A. muciniphila administration has been 
shown to prevent the thinning of the mucus layer in mice 
with diet-induced obesity [97]. However, primary control of 
the gut barrier relies on an intact epithelium where tight junc-
tions, including occludin, claudins and zona occludens (ZOs) 
protein, seal the space between individual epithelial cells, 
maintaining epithelial integrity [98]. Loss of occludin has 
been shown to increase gut permeability, whereas a deficiency 
of ZO-1 interrupts the assembly of the tight junction by inhib-
iting the recruitment of other components. The expression of 
the two tight junction proteins, occludin and ZO-1, has been 
shown to increase in the ileum of apolipoprotein-deficient 
mice after the administration of A. muciniphila, suggesting 
an additional mechanism of preserving the gut barrier by the 
organism [74, 97].

The alleviation of atherosclerotic lesion in the apoprotein 
E-deficient mice showed that the presence of A. muciniphila in 
the gut led to the reduction of the infiltration of macrophages 
and adhesion of several molecules, chemokines, intercellular 
adhesion molecule-1 (ICAM-1), tumour necrosis factor-
alpha (TNF-α) and monocyte chemo-attractant protein 
(MCP-1) [74]. In addition, metabolic endotoxemia has been 
suggested to be an initiating factor of obesity-associated 
cardiometabolic dysfunction [38]. As is known, LPS binding 
to Toll-like receptor (TLR)-4 is a strong stimulus of inflamma-
tion [99]. This reinforces systematic inflammation by stimu-
lating the production of pro-inflammatory adipokines [100]. 
Furthermore, in vascular inflammation and atherosclerosis, 
LPS-induced inflammatory cytokines can act in a paracrine 
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manner in the perivascular adipose tissue. Deletion of the 
downstream cytosolic adaptor, TLR4 or myeloid differentia-
tion factor-88 can prevent LPS transport by inhibiting LBP 
(LPS-binding protein). This inactivates the LPS pathway, 
reducing aortic lesions in low-density lipoprotein receptor-
deficient or ApoE-deficient mice [101, 102], suggesting that 
the anti-inflammatory activity of A. muciniphila is an impor-
tant mechanism in the anti-atherosclerotic effect.

A. MUCINIPHILA AS A PROBIOTIC
Probiotics are live and non-pathogenic micro-organisms 
administered to improve the microbial balance of the gastro-
intestinal microflora composition, ensuring beneficial effects 
through various mechanisms. Probiotics increase the l-cell 
number and such associated parameters as plasma glucagon-
like peptide-1 levels and intestinal proglucagon mRNA 
expression, as well as improving glucose tolerance, lipid 
metabolism and gut barrier functions. In addition, probiotics 
can reduce oxidase stress, plasma LPSs, fat mass development 
and low-grade inflammation [43]. Li et al. [74] demonstrated 
that after the administration of A. muciniphila, the expres-
sion of zona occludens protein-1 (ZO-1) and occludin was 
increased in the ileum of ApoE-deficient mice. These results 
suggest the A. muciniphila mechanism for preserving the 
gut barrier. Everard et al. [43] also demonstrated that the 
probiotic treatment could improve metabolic parameters 
and leptin sensitivity in high-fat fed mice. Opportunities 
for direct contact between probiotics and the mucosa are far 
fewer, but A. muciniphila have more intensive contact with 
the host mucus layer, inducing differential host responses 
[103]. Everard et al. [69] also showed that administration of 
Lactobacillus plantarum, as a control species, did not change 
the adipose tissue metabolism, fat mass development, mucus 
layer thickness, metabolic endotoxemia and colon Reg3g 
mRNA. However, A. muciniphila can induce specific host 
responses. A. muciniphila regulates antimicrobial peptides 
(e.g. RegIIIγ) of the intestine in the colon, with a low-level 
effect on the production of antimicrobial peptides in the 
ileum [69]. RegIIIγ expressed via A. muciniphila exposure 
can have bactericidal activity against Gram-positive bacteria 
in the intestine, promoting host–bacterial mutualism 
through immune mechanisms [104]. Derrien et al. [103] 
also demonstrated modulations of gene expression in the 
colon (442 genes) of germ-free mice mono-associated with 
A. muciniphila, followed by 243 genes in the ileum and 211 
genes in the cecum. Meanwhile, in germ-free mice mono-
associated with by L. plantarum, as a control, there were 
1243 modulated genes in the ileum, followed by 608 in the 
colon and 449 in the cecum. Colonization of the intestine 
with A. muciniphila increases the expression of the genes 
involved in cell fate determination and immune response, 
while colonization by L. plantarum increases the expression 
of the genes involved in lipid metabolism [103]. In addi-
tion, Ganesh et al. [12] demonstrated that the presence of 
A. muciniphila in S. typhimurium-infected SIHUMI mice 
(a gnotobiotic C3H mouse model with a background gut 
microbiota of eight bacterial species) caused a significant 

increase in histopathology scores and elevated mRNA levels 
of IFN-c, IP-10, TNF-a, IL-12, IL-17 and IL-6 in the cecal 
and colonic tissue. This revealed the role of A. muciniphila 
in disturbing host mucus homeostasis and exacerbating the 
inflammation caused by pathogenic bacteria. The keratin 
sulphate biosynthesis pathway is involved in the production 
of mucin, a feature of the epithelial tissue response due to 
physical alterations such as those resulting from wounding 
and development [105]. This pathway is the main regulated 
pathway following colonization by A. muciniphila in the 
mouse cecal pathway [103]. The genome of A. muciniphila 
contains various genes encoding secreted sulfatases [2, 106], 
showing that A. muciniphila uses mucin as a carbon, sulphur 
and nitrogen source. These results demonstrated that A. 
muciniphila can modulate the expression of the genes involved 
in establishing homeostasis for the immune response and 
basal metabolism toward commensal microbiota. It may be 
potentially regarded as a next-generation probiotic for the 
production of novel dietary and pharmaceutical supplements 
with beneficial effects.

CONCLUSION
Akkermansia muciniphila is implicated in improving meta-
bolic disorders such as metabolic endotoxemia, adiposity, 
insulin resistance and low-grade inflammation. Feeding the 
bacteria in an animal model has been shown to improve the 
intestinal expression of endocannabinoids that control the 
gut barrier functions, gut hormone secretion and inflamma-
tion. However, its probiotic role cannot be denied. There is 
not yet enough evidence recommending this bacterium for 
patients. There is some uncertainty and there are some limita-
tions regarding the mechanisms of A. muciniphila in obesity, 
diabetes and atherosclerosis. Virulence factors, antigens and 
cell wall extracts of A. muciniphila may act as the effector 
molecules in these diseases. A. muciniphila induces specific 
host responses, showing a low-level effect on the production 
of antimicrobial peptides in the intestine. Therefore, the 
bacterium may be a possible candidate feature to prevent the 
onset of many metabolic and inflammatory diseases; however, 
more in vivo studies should be carried out in future.
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