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Abstract

Akkermansia muciniphila is one of the most abundant single species in the healthy human gut, and is
specifically adapted to the gut mucosal environment. A. muciniphila can utilize mucin as a sole source of
carbon, nitrogen and energy. In turn, mucin foraging by A. muciniphila releases sugars and short-chain fatty
acids, which can support the growth of other health-promoting gut microorganisms. This intimate association
with the gut lining renders A. muciniphila poised to interact with the host and modulate host responses. Indeed,
across various in vitro and in vivo models, administration of live or pasteurized A. muciniphila cells, as well as
A. muciniphila-derived components (e.g. membrane components, secreted proteins) appears to exert
significant effects on immune and metabolic regulation. Immunomodulation results from A.
muciniphila-mediated decreases in gut barrier leakiness and restoration of the mucin layer, as well as the
bacterium’s ability to directly influence innate and adaptive immune responses. Because increased intestinal
permeability and chronic inflammation are markers of multiple diseases, A muciniphila supplementation shows
promise across numerous health endpoints. In support of this, A. muciniphila is implicated in the regulation of
host metabolism, and has been shown to prevent weight and fat mass gain as well as to improve host insulin
resistance and counter host glucose and lipid dysregulation. These effects may be partially mediated by the
ability of A. muciniphila to affect host endocrine function and signaling molecules (e.g. endocannabinoids).
Pendulum has recently confirmed the safety and efficacy of A. muciniphila probiotic administration by a pilot
study in overweight/insulin-resistant volunteers, as well as by a second clinical study in patients with type II
diabetes, administered a multi-strain synbiotic formulation containing A. muciniphila. This review aims to
synthesize mechanisms by which A. muciniphila exerts benefits for the host, and highlight its unique potential
as a next-generation probiotic.
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Akkermansia muciniphila, a mucin specialist
The human gut harbors trillions of microorganisms, collectively known as the gut microbiome, essential to our
healthy development and functioning. Because of the direct proximity of these trillions of microbes to host
tissue, they also represent a constant threat: the risk of invasion by commensals and pathogens alike. To keep
the gut microbiota in check and limited primarily to the gut lumen, the gut epithelium creates a physical
boundary between itself and the lumen. This barrier consists of a gel-like mucus covering, with varying degrees
of thickness along the entire intestinal and colonic epithelium, and is secreted by specialized gut epithelial
cells, referred to as goblet cells. Mucus is composed of molecules called mucins: membrane-bound or
secreted glycoproteins, i.e. proteins decorated polysaccharides (glycans). Mucin glycoproteins share a core
structure, consisting of a linear protein backbone, with outwardly pointing, branching sugars (Figure 1), giving
them a “feathery” appearance and allowing them, once hydrated, to rapidly swell and form an effective gel-like
barrier. The most abundant and well studied mucin is MUC21. In
mice, deleting the gene responsible for MUC2 production critically
diminishes the mucus barrier, and eventually leads to colorectal
cancer2. In humans, alternations of the mucus layer have been
associated with multiple disease states, highlighting the importance
of this barrier for immune homeostasis and overall health3.

In addition to mucins, the intestinal epithelium also secretes
antimicrobial peptides. The combination of a physical mucosal
barrier and this antimicrobial chemical barrier creates a habitat
where few microbes can survive. Microbes that can live here,
however, may have a competitive advantage over gut-lumen
dwellers. Mucin is constantly secreted and can be an excellent
nutritional source for microorganisms that can access it. Thus, the
mucosal layer represents a stable environment with a stable food
supply. In contrast, the gut lumen is more densely populated (i.e.
much more competition for resources) and is constantly fluctuating in
microbially-accessible nutrients (e.g. increases post consumption of
a high-fiber meal)4. However, the complex structure of mucin
requires a specialized array of secreted enzymes to access and
degrade it, a capability restricted to select microbes. Studies have
shown that in rodents, low fiber diets (conditions of nutrient
deprivation in the colonic lumen) lead to a relative increase in these
specialized mucin-consuming microbes, emphasizing their ability to
thrive under conditions of starvation5,6. Thus, mucin selects for, and
allows the stable colonization of, a narrow subset of gut microbes. In
turn, mucin-associated microbes, because of their proximity to host
cells, are poised to interact with the host. A healthy gut lining is a
symbiosis: the host selects for the right microbes to keep close, and
these mucin-associated microbes in turn aid in maintaining a healthy
gut lining. The divergence between mucin-associated and luminal
microbes occurs in many other animals, and highlights the
importance of mucin-association as an evolutionary strategy conferring benefits to both host and microbes.
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One of the primary mucin-associated microorganisms in humans is Akkermansia muciniphila. A. muciniphila
was first isolated from the stool of a healthy volunteer in 2004, by Derrien et al.7 and is one of the most
abundant single species in the healthy human gut, representing between 3 - 5% of the total fecal microbiota8. It
is Gram-negative anaerobe, and the only bacterium from the Verrucomicrobia phylum widely present in the gut
microbiome. A. muciniphila is specifically adapted to the mucosal environment: it can grow on mucin as a sole
source of carbon and nitrogen and a large portion of its genome encodes for secreted enzymes, including a
diverse set of secreted mucin-degrading enzymes9. In addition to being able to consume mucin, which exerts a
positive selection for residing in the mucus layer, A. muciniphila appears to be able to adhere directly to
epithelial cells10, which may further enhance its ability to stably colonize the gut. A variety of links have been
made between A. muciniphila and host immune and endocrine function. The subsequent sections outline
several mechanisms by which A. muciniphila exerts benefits for the host. These benefits may be directly
conferred via metabolites or proteins A. muciniphila itself produces. Additionally, upon degradation of mucin, A.
muciniphila liberates sugars and the short-chain fatty acids (SCFAs) acetate and propionate. The liberated
sugars and the acetate can support a network of other potentially health-promoting microbes.

A. muciniphila trophic networks
As mentioned above, A. muciniphila is adapted to a mucin-associated life-style, and is capable of growth using
mucin as a sole source of carbon and nitrogen. As A. muciniphila consumes mucin glycans, it releases acetate
and propionate (short-chain fatty acids with beneficial effects on host physiology) as well as liberates
mucin-derived sugars. These products (sugars, acetate) can support cross-feeding: metabolic products of A.
muciniphila growth sustain the growth of other species. Thus, A. muciniphila functions as a keystone species in
the mucosal environment, creating trophic networks, networks of microbes linked together via cross-feeding
interactions. For example, certain microbes associated with the gut mucosal lining lack the enzymes required
to degrade mucin. Butyrate-producing bacteria such as Anaerobutyricum hallii, Anaerostipes caccae and
Faecalibacterium prausnitzii are all important inhabitants of the healthy gut; their growth and metabolism
generates butyrate, a critical, health-promoting microbial metabolite. None of these strains, when tested in the
lab, have the ability to consume mucin. They cannot grow and they cannot produce butyrate when mucin is the
only nutrient provided. They can, however, consume mucin-derived sugars, i.e. sugars liberated by mucin
foraging11,12, and hence can grow if A. muciniphila is also present. A. muciniphila consumes mucin, produces
acetate, and frees sugars that are used by the butyrogenic bacteria to grow and produce butyrate (Figure 2).
Because these trophic interactions occur within the mucosal layer, the butyrate generated is in close proximity
to host cells and is poised to exert its beneficial effects. Additionally, it seems that A. muciniphila responds to
the presence of one specific butyrate-producer, A. caccae, by increasing its capacity for mucin degradation (i.e.
upregulating mucin-degrading genes)13. Moreover, the interaction between A. muciniphila and
butyrate-producing bacteria might be bidirectional, at least in one case: Anaerobutyricum hallii benefits A.
muciniphila by providing pseudo-vitamin B12, a cofactor needed by A. muciniphila for propionate production11.

The subsequent sections outline several mechanisms by which A. muciniphila benefits the host. It is important
to keep in mind that these benefits may be directly conferred via metabolites or proteins A. muciniphila itself
produces, but they may also be conferred by other health-promoting microorganisms, whose growth and
metabolism is enabled by A. muciniphila mucin degradation.
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A. muciniphila, gut permeability, and immune homeostasis

Gut immune homeostasis and the role of microbiota

Composition of the gut immune system

The human intestine harbors trillions of microorganisms, and predictably, the largest immune system as well.
The intestinal barrier is composed of the mucosal layer, the epithelial monolayer (both discussed above), and
the lamina propria, a layer of connective tissues beneath the epithelium (Figure 3). The mucus forms a
physical barrier between the luminal bacteria and the epithelium, and antimicrobial peptides and
Immunoglobulin A (a critical antibody that coats invading bacteria to protect the host) form a chemical barrier.
Underneath the mucus layer, the epithelial cells are glued tightly together by tight junction proteins; these
proteins regulate paracellular transport, i.e. the leakage of molecules between epithelial cells, from the lumen
to the lamina propria. The epithelial layer is also occupied by surveilling immune cells that help the cells in the
lamina propria launch an attack once invading pathogens are detected, as will be discussed below. In the
lamina propria are various immune cells, including regulatory T cells (Tregs) which secrete molecules to
tolerate commensals and train effector T cells to be on guard against pathogens. Effector T cells include
cytotoxic “killer” T cells, that attack pathogens, and T helper cells, that recruit and activate other immune cells.
The cells that are recruited by the T helper cells are phagocytes (e.g. macrophages and neutrophils) that
engulf pathogens to kill them, and B cells that produce various classes of immunoglobulins (antibodies) to
reinforce the immune system.
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Gut immune homeostasis is a balance between tolerance and defense

The intestinal immune system, including the mucosal barrier and the innate and adaptive immune system,
maintains an intricate balance between tolerance of commensal microbiota and protection against pathogens.
Immune surveillance of the gut microbes by intestinal epithelial cells involves recognition of
pathogen-associated molecular patterns (PAMPs); lipopolysaccharides (LPS) are large lipid-polysaccharide
entities on the surface of Gram-negative microbes, and are an example of a PAMP (Figure 3). The gut immune
system recognizes PAMPs via special receptors termed pattern-recognition receptors (PRRs) such as Toll-like
receptors (TLRs)14. Typically, activation of these receptors by continuous microbial stimulation can lead to
inflammation. However, under healthy gut homeostasis, intestinal epithelial cells maintain tolerance by
modulating secretion of antimicrobial peptides and regeneration of the epithelium, while communicating with
the immune cells in the lamina propria to standby15. In turn, the various immune cells in the lamina propria
display a profile of suppressed inflammatory response, characterized by higher abundance of Tregs and less of
the killer cells. When the epithelium signals a sign of infection, the immune cell composition rapidly switches to
a proinflammatory profile16. As a result, the immune system now fights any invading microbial metabolites or
fragments rather than tolerating them in order to protect the host beyond the gut barrier. In the context of
chronic microbial dysbiosis or intestinal permeability, such protective effort can lead to a problem of
hypersensitivity and chronic inflammation.

Gut microbiota modulates gut immune system

Intestinal commensal microbes have been shown to modulate various immune functions. Studies involving
treatment of mice with antibiotics have revealed that the absence of a commensal microbiome affects mucosal
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barrier function by reducing the number of Paneth cells, which are responsible for secretion of antimicrobial
peptides, and the number of goblet cells, responsible for mucin secretion16. Colonization of the gut by certain
commensals, mainly those in Proteobacteria phylum, has been shown to increase serum immunoglobulin A
(IgA) and to protect against bacterial sepsis17. In addition, antibiotic treatment or germ-free status in mice
greatly reduced the abundance of Tregs and T helper 17 cells, reducing their effect in immune suppression and
defense against infection, respectively18. Accordingly, specific components of commensal bacteria have been
shown to modulate T cell differentiation, signal transduction and cytokine expression19,20. Thus, a balanced gut
microbiota is critical to the maintenance of a properly functioning gut barrier and immune system.

A. muciniphila improves gut barrier function

Gut barrier integrity and endotoxemia in metabolic disease

Disruption of the intestinal barrier results in increased permeability and consequent translocation of microbial
components such as LPS into the lamina propria (Figure 3). The presence of LPS in the blood, termed
endotoxemia, is a marker of intestinal permeability and has been described in multiple inflammatory diseases
such as inflammatory bowel disease (IBD), irritable bowel syndrome (IBS), obesity, and diabetes. When LPS
enters the bloodstream, circulating LPS can initiate a proinflammatory cascade underlying the progression of
these diseases. Cani et al. have shown that metabolic endotoxemia is caused by a high-fat diet and the
resulting change in gut microbiota, driving inhibition of tight junction protein expression and eventually leading
to insulin resistance21. Therefore, restructuring a healthy microbiome and reinforcing the barrier integrity can be
a way to mitigate endotoxemia-induced metabolic disease.

A. muciniphila enhances gut barrier integrity

As outlined above, A. muciniphila is in close proximity to the gut epithelium, due to its ability to utilize mucin for
growth and its ability to bind epithelial cells directly. There is ample evidence that the presence of A.
muciniphila in this niche benefits the gut epithelium in several ways. Consistently across murine studies,
restoring A. muciniphila abundance in the gut using dietary or pharmaceutical interventions decreases serum
LPS levels, highlighting A. muciniphila’s positive correlation to improved gut barrier function22–24.

Specific components of A. muciniphila have been identified and tested to effectively enhance epithelial barrier
integrity in vitro and in vivo. An outer membrane pili-like protein of A. muciniphila, Amuc_1100, increased
transepithelial electrical resistance (TEER) in Caco-2 cells25. This method quantifies electrical resistance
across a monolayer of epithelial cells; increased TEER implies improved barrier function, i.e. the epithelial cells
form a tighter barrier and better protect the host immune system from stimulation. In vivo, Amuc_1100
improved barrier integrity as measured by the plasma LPS level and tight junction protein (claudin and
occludin) expression26 (Figure 4). In addition, A. muciniphila has also been shown to release extracellular
vesicles (EVs), with similar barrier-enhancing properties27. EVs are small lipid-bilayer spherical particles that
can contain a variety of cellular cargo (proteins, lipids, nucleic acid, metabolites). Chelakkot et al.
demonstrated that A. muciniphila EVs were specifically enriched in healthy controls and depleted in patients
with T2D27. Furthermore, a high-fat diet increased gut permeability and reduced the expression of tight junction
proteins in a diabetic mouse model. These negative effects of the high-fat diet were countered when mice were
fed A. muciniphila EVs. This improvement was additionally confirmed in vitro, in a Caco-2 intestinal epithelial
cell line; A. muciniphila EVs decreased LPS-induced permeability. Finally, direct oral supplementation of A.
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muciniphila in atherogenic mice fed high-fat diet increased expression of several tight junction proteins
(occludin and zonula occluden-1 (ZO-1)) in the ileum, likely underlying the concomitant decrease in serum
LPS28. Here again, in vitro treatment of Caco-2 cells with A. muciniphila confirmed a significant upregulation of
occludin and ZO-1.

Figure 4: Biomolecules produced by Akkermansia muciniphila and their mechanisms of action. From
Cani P. D. and Knauf C.,Cell Metab. 33, June (2021).

A. muciniphila increases gut mucosal layer thickness

Aside from its effects on gut epithelial cells directly, A. muciniphila can also modulate the thickness of the
mucus layer. As outlined previously, mucus forms the primary boundary between host cells and gut
microorganisms. Hence, A. muciniphila modulation of the mucin layer additionally contributes to improved
barrier function. For example, obese mice supplemented with polyphenols or treated with metformin, along with
ameliorated metabolic endotoxemia and increased abundance of A. muciniphila, also showed increased
number of mucin-producing goblet cells. Thus, increased A. muciniphila was associated with a reversal of the
high-fat diet induced decrease in goblet cell number and mucin thickness23,24. Indeed, Everard and colleagues
demonstrated that a high-fat diet in mice leads to a 46% thinner mucus layer; A. muciniphila supplementation
restored the mucin layer to its normal thickness22. Along the same lines, investigators found that A. muciniphila
supplementation in high fat-fed mice restored the goblet cell densities to those in mice fed a normal diet24.
Across both of these studies, A. muciniphila supplementation also inhibited high fat diet-induced metabolic
endotoxemia.
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A. muciniphila’s gut-protective role in non-obese disease models

The protective effect of A. muciniphila is not limited to obesity-induced impairment. Ethanol-fed mice also
displayed reduced expression of several tight junction proteins and a disrupted mucus layer, and these effects
were countered by A. muciniphila treatment; A. muciniphila supplementation increased expression of tight
junction proteins as well as goblet cell number29. In a T-cell mediated liver injury model, pretreatment with A.
muciniphila augmented the mucin layer thickness and tight junction protein expression to levels higher than
normal, an observation accompanied by decreased liver injury and inflammation 30. In an accelerated aging
model, the thinning of the mucosal thickness driven by aging was dramatically overturned by supplementation
with A. muciniphila31.

In summary, multiple different lines of evidence point to the beneficial effects of A. muciniphila on the gut
epithelium’s ability to act as an impermeable barrier, separating the gut lumen and its trillions of
microorganisms from host tissue (Figure 4). A. muciniphila improves the epithelial barrier function by directly
stimulating expression of tight junction proteins in epithelial cells and also by increasing the number of goblet
cells and hence increasing mucin production. This healthy barrier mediates immune homeostasis, resulting in
improvements across numerous health endpoints.

A. muciniphila modulates the immune system
A. muciniphila is correlated with decreased inflammatory markers in multiple disease models. While this can
partially be explained by the enhanced gut barrier integrity and metabolic endotoxemia as discussed above,
some studies have investigated the bacterium’s ability to modulate innate and adaptive immune responses.

A. muciniphila modulates innate immune response

As a Gram-negative bacterium, A. muciniphila produces LPS, a known endotoxin that induces proinflammatory
response in the host cells via TLR4-dependent signaling pathways. Ottman et al. showed a unique pattern of
signaling transduction by A. muciniphila. In addition to the expected, traditional LPS-TLR4 signaling, A.
muciniphila activated a TLR2-dependent signaling pathway, both converging in activation of NF-kB, the master
regulator of inflammation25. Outer membrane protein Amuc_1100, discussed above for its effect on tight
junctions, was identified as a strong activator of TLR2 (Figure 4). Through TLR signaling, both live A.
muciniphila and the purified Amuc_1100 protein induced high levels of IL-10, an anti-inflammatory cytokine.
Both stimuli induced various pro-inflammatory cytokines: IL-1b, IL-8, IL-6, and TNF-a. Together, these results
seem to indicate that A. muciniphila can elicit both pro- and anti-inflammatory responses. However, in a follow
up study, A. muciniphila was much less potent than E. coli, another Gram-negative gut microbe, in stimulating
IL-8 from gut epithelial cells10. Such a difference in pro-inflammatory host response suggests that A.
muciniphila may be stimulating the innate immune system just enough to keep it on alert, while suppressing an
overt inflammatory response via mechanisms involving T cell modulation.

A. muciniphila induces immune-suppressing regulatory T cells

Commensal microbes, during homeostasis, keep the adaptive immune system in check by maintaining the
anti-inflammatory Tregs. Tregs function by direct secretion of anti-inflammatory cytokines such as IL-10 or
TGF-β, inhibiting the proliferation, differentiation or activation of other immune cells, and thereby suppressing
inflammation overall. Their influence extends beyond the colonic compartment and reaches systemic and
peripheral tissues such as adipose tissue. One mechanism by which A. muciniphila modulates adaptive
immunity is by induction of Treg differentiation. Shin et al. reported that A. muciniphila supplementation
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suppressed the high fat diet-induced expressions of proinflammatory cytokines IL-6 and IL-1b in the visceral
adipose tissue (VAT)24. This observation was paired with data showing an increased infiltration of Tregs to the
VAT, and an increased number of goblet cells in the intestine. Goblet cells not only produce mucins but also
make up the goblet cell associated antigen passages (GAP), through which luminal antigens are delivered to
the dendritic cells in lamina propria and then contribute to the induction and maintenance of Tregs32. Thus, it is
postulated that A. muciniphila suppresses adipose tissue inflammation by increasing goblet cells which, via
GAP, induce Treg differentiation.

A. muciniphila modulates antibody secretion by adaptive immune cells: IgA

In mice with a phenotype of accelerated aging, intestinal barrier health declines, characterized by thinning of
the mucosal layer and a low-grade chronic inflammation. Supplementation with A. muciniphila resulted in
decreased colonic proinflammatory cytokines and chemokines, as well as reduced immunoglobulin (i.e.
antibody) production and antimicrobial peptides. Interestingly, the proportion of activated B cells was
decreased in the Peyer’s Patch of the colon31. B cells produce immunoglobulin upon activation by T cells, and
this activation occurs mostly in small bumps under the gut epithelium called Peyer’s Patches. The decreased
level of activated B cells, in coincidence with downregulation of immunoglobulin genes, suggests that A.
muciniphila supplementation decreases the need for protection of the mucosal barrier. IgA is an extraordinarily
important antibody in the protection of mucosal membranes, produced more than all other classes of
immunoglobulins combined. But in the context of hypersensitive gut immune systems, as in aging gut or IBD,
too much activated B cells and IgA concentration can be detrimental. Thus, the observations from this study
suggests that A. muciniphila calms the immune system in the context of the aging, inflamed gut via increased
mucus production and decreased B cell response.

A. muciniphila modulates antibody secretion by adaptive immune cells: IgG

On the other hand, Ansaldo et al. reported that A. muciniphila is one of the few commensals that can elicit an
antigen-specific, T cell-dependent Immunoglobulin G (IgG) response 33. While IgA plays a major role in gut
barrier protection, IgG is associated with systemic, anti-pathogenic effector T cell response. The few
anti-commensal IgG are suggested to reinforce T cell-mediated inflammatory responses in the gut in case of
infection and inflammation34. However, in mice with a defined microbiome (Altered Schaedler Flora), the A.
muciniphila-specific T cells followed a distinct differentiation into T Follicular Helper cells that aid B cell
activation and consequently increased the mucosal immunoglobulins.This is significant because other strains
elicit an inflammatory effector T cell response35. Interestingly, the A. muciniphila-specific T cells adopted the
traditional effector T cell fate when transferred to specific pathogen free (SPF) mice. These observations
suggest that A. muciniphila can specifically shape the adaptive immune system to be sensitive but yet not
overly inflammatory. The implications of these findings are not yet clear, but point to the direction of a unique A.
muciniphila-sensing mechanism by the immune system.

A. muciniphila suppresses inflammatory T cell response: T helper 1 cells

In a model of autoimmune liver disease, T cells are activated to attack the liver cells and induce inflammation.
Pretreatment with oral A. muciniphila in this model reduced the levels of liver cell death and systemic
inflammatory molecules30. While the beneficial effects of A. muciniphila can partially be explained by improved
gut barrier function, the altered cytokines profile (decreased interferon gamma, IL-2, and TNF-α) suggests that
A. muciniphila likely modulates the T helper 1 response. T helper 1 responses are typically a “fighter”
response against infections, engaging phagocytosis and inflammatory cytokines. In a disease model where
overstimulation of inflammation is a problem, reducing this type of response can help mitigate the negative
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consequences. Therefore, A. muciniphila might prevent liver injury by suppressing autoimmune-like T cell
response, and presents an avenue of anti-inflammatory therapy in similar T-cell mediated diseases.

A. muciniphila and host metabolism

A. muciniphila prevents weight gain

Several studies support the anti-obesogenic effect of A. muciniphila. In mice fed a high-fat diet, administration
of live A. muciniphila resulted in 50% lower body weight gain compared to administration of heat-killed A.
muciniphila, with a concomitant decrease in the visceral and subcutaneous fat mass and the size of individual
adipocytes22,26,36 This finding was paralleled in obesity-prone mice, fed a high-fat, high-sugar diet:
administration of live A. muciniphila reduced weight gain and body fat significantly37. Interestingly, pasteurized
A. muciniphila, A. muciniphila extracellular vesicles, and purified protein Amuc_1100 also showed similar
protective effects on body weight and fat mass26,27. Pasteurized A. muciniphila supplementation also increased
the caloric content of feces, implying that these mice absorbed less energy from their diets26. Furthermore,
prolonged cold-exposure in mice increased the absorptive function of the gut, allowing mice to maximize
caloric intake from food. Importantly, this change was caused by a decrease in A. muciniphila, as A muciniphila
supplementation could abolish the cold-induced increase in caloric uptake. Thus, increasing A. muciniphila
abundance can lower caloric uptake efficiency38.

Increased body weight and fat mass due to a high-fat diet also results in impaired glucose control and insulin
resistance. Mice with diet-induced obesity have less A. muciniphila, and supplementation with live A.
muciniphila, pasteurized A. muciniphila, or a purified protein of A. muciniphila, lead to better glucose tolerance
and improved insulin resistance. These  mechanisms are described in the next section22,24,26.

Modulation of insulin resistance and inflammation

Insulin resistance and organ dysfunction

One of the major pathologies of obesity and diabetes is the dysregulation of metabolism. Due to the excess in
nutrients and hyperglycemia, insulin signaling in important metabolic organs such as the liver, adipose tissues,
and skeletal muscles is disrupted, a phenomenon termed insulin resistance39. As a result, metabolic organ
dysfunctions are common comorbidities of obesity and diabetes, and the term metabolic syndrome
encompasses all symptoms regarding these organs. The liver goes through unrestrained production of glucose
while the muscle and the adipose tissue lose the ability to take up glucose, both contributing to hyperglycemia.
Adipocytes, overwhelmed with too much accumulating fat, continuously release free fatty acids into the
circulation. These free fatty acids accumulate in liver and muscle tissue in the form of triglycerides. Excessive
fat within the liver leads to inflammation and further glucose production by the liver. Fat that the liver can’t
handle spills over to the blood and the muscles, and the cycle continues. To add to that, too much circulating
insulin signals the liver to produce even more fat. Such changes are replicated in mouse models of obesity and
diabetes induced by a high-fat diet. Interestingly, analysis of the gut bacterial species reveals that the
abundance of A. muciniphila gradually diminishes in relation to the progression of the obese phenotype, and
the abundance is strongly and negatively correlated with not just the body weight but also with parameters of
insulin resistance, circulating glucose, adipose tissue metabolism and inflammation, warranting investigation of
the role A. muciniphila plays in all aspects of host metabolism40.
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A. muciniphila in adipose tissue metabolism

A. muciniphila supplementation studies in obesity and diabetes mouse models have shown that A. muciniphila
reverses disruptions in lipid metabolism. Several studies showed decreased circulating triglycerides in
response to live, pasteurized or purified protein of A. muciniphila22,26. This effect may indicate a
return-to-normal fat storage function by the adipose tissue due to the correction in insulin signaling, as
evidenced by increased expression of fatty acid oxidation genes in the adipose tissue22 (Figure 4). In addition
to ameliorating adipose tissue metabolism, A. muciniphila also showed an effect in attenuating inflammation in
adipose tissue. Expansion of adipocytes during obesity initiates inflammation by the mechanism of insulin
resistance, increased tissue infiltration by macrophages, and increased expression of proinflammatory
molecules. In addition to increasing insulin sensitivity, A. muciniphila has been shown to increase the infiltration
of anti-inflammatory Tregs, reduce inflammatory responses by the adipose tissue, and lower the systemic level
of proinflammatory cytokines24.

A. muciniphila in liver metabolism

A. muciniphila also modulates lipoprotein and glucose metabolism by the liver. Excess triglycerides from either
dietary sources or endogenous synthesis are transported to the liver via specialized structures called
lipoproteins, where they are cleared through the low-density lipoprotein (LDL) receptor pathways. In a mouse
model with excess circulating triglycerides, A. muciniphila promoted clearance of acute increase in
oral-administered triglycerides by inducing the expression of liver LDL receptors. Increased expression of LDL
receptors on the liver enhances the uptake of triglyceride-rich lipoproteins from the circulation. Chronic
hypertriglyceridemia also impairs glucose tolerance in this model, and the administration of A. muciniphila
ameliorated the postprandial plasma glucose level, consistent with the fact that lipid and glucose metabolisms
are tightly linked. Indeed, A. muciniphila supplementation in high-fat fed mice reduced the fasting glucose level
22. At the same time, liver expression of glucose-6-phosphatase, an enzyme involved in glucose production,
was also reduced. Finally, A. muciniphila supplementation has shown effect in decreasing liver injury induced
both by high-fat diet and T-cell mediated autoimmunity, as measured by levels of aminotransferases commonly
associated with decreased liver functions28,30.

A. muciniphila in systemic inflammation

Such modulation of metabolic dysfunction and inflammation in the adipose tissue and the liver, and the gut
barrier as described in the previous section, contribute to the systemic regulation of inflammatory factors.
Circulating pro-inflammatory cytokines and chemokines, liver injury biomarkers, free fatty acids, and
triglycerides, have all been shown to decrease as a result of A. muciniphila supplementation in various disease
models24,26,30,31,41–44. The anti-inflammatory effects of A. muciniphila were not limited to reverting back from a
disease condition. In normal chow-fed mice, A. muciniphila supplementation still increased insulin sensitivity,
reduced endotoxemia, and alleviated endoplasmic reticulum stress in the liver, muscles, and intestines while
increasing circulating levels of the anti-inflammatory metabolites α-tocopherol and β-sitosterol45. Thus, A.
muciniphila benefits the metabolic and immune homeostasis by modulating interdependent localized and
systemic pathways.

Modulation of host signaling molecules: incretins and endocannabinoids
Incretins are glucose-controlling hormones released by endocrine cells embedded in the intestinal epithelium,
typically following nutrient ingestion. Incretins induce insulin secretion from the pancreas upon nutrient sensing.
The incretin effect refers to the much greater insulin response caused by oral ingestion of glucose compared to
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intravenous infusion of glucose, a response that highlights the role of incretins. Obese and diabetic patients
have impaired incretin effect, displaying reduced levels of postprandial Glucagon-like peptide 1 (GLP-1). GLP-1
is a major incretin that is sensed not only by receptors in the pancreas but also in adipose tissue, muscle, and
in the central nervous system. As such, its signaling effect is not limited to stimulating insulin secretion and
inhibiting glucagon in the pancreas. Known effects of GLP-1 include reduced appetite, slow gastric transit of
food, increased glucose uptake by the peripheral organs, and decreased glucose production by the liver, all of
which contribute to improved insulin action and lowering blood glucose levels. Several antidiabetic therapies
have focused on ways to increase postprandial GLP-1 levels in the blood, via GLP-1 analogs, GLP-1 receptor
agonists, and inhibitors of GLP-1 inactivating enzymes. Recent studies have suggested that manipulation of
the gut microbiome may also increase GLP-1 release. Prebiotic treatment in obese mice increased A.
muciniphila levels, which was associated with an increased number of L cells (gut endocrine cells responsible
for GLP-1 secretion) and increased portal plasma GLP-1 levels46. Moreover, A. muciniphila generates
propionate, a SCFA that stimulates GLP-1 secretion by L cells via free fatty acid receptors (FFAR2 and
FFAR3)47 (Figure 4). Propionate sensing via FFAR3 has been additionally shown to activate intestinal
gluconeogenesis and further promote energy homeostasis48.

The endocannabinoid (eCB) system is another modulator of host physiology. It senses a group of bioactive
lipids (endocannabinoids) using two main receptors (CB1 and CB2), and initiates a range of responses,
contributing to glucose and lipid homeostasis, the regulation of energy metabolism, gut permeability,
inflammation and metabolic endotoxemia. This system, extensively reviewed elsewhere49, thus touches many
facets of host physiology, with particular relevance to metabolic disorders. A. muciniphila supplementation in
high-fat diet fed mice led to an increase in several endocannabinoids – 2-oleoylglycerol (2-OG),
2-arachidonoylglycerol (2-AG), and 2-palmitoylglycerol (2-PG) – as well as improved gut permeability,
decreased metabolic endotoxemia, and improved metabolic disorder, as mentioned above22. The increase in
these endocannabinoids is hypothesized to partially explain the mechanism behind A. muciniphila’s capacity to
improve metabolic parameters; 2-AG has previously been shown to reduce metabolic endotoxemia and
systemic inflammation in mice50, whereas 2-OG promotes GLP-1 secretion by intestinal enteroendocrine
cells51.
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P9 protein, a new candidate accounting for the beneficial effects of A. muciniphila on glucose
homeostasis and metabolic disease?

Yoon et al. (Nature Microbiology, 2021) recently identified a new protein, secreted by A. muciniphila. They
demonstrated that in mice, this 84 kDa P9 protein increased thermogenesis, improved diet-induced obesity
and insulin resistance and increased circulating GLP-1 (Figure 4). An oral administration of P9 reduced body
weight gain and fat mass gain and increased the intestinal expression of proglucagon. Furthermore, P9 was
found to interact with intercellular adhesion molecule 2 (ICAM-2) and this mechanism was Interleukin-6
dependent. These very promising results need to be validated in humans, but they demonstrate how A.
muciniphila produces a set of distinct molecules, SFCA, AMUC_1100 protein and this secreted P9 protein to
reduce body weight, fat mass gain, glycemia while improving gut barrier function and immunity.

A. muciniphila in human clinical data: associations and causation

Obesity and Weight Loss
Since 2007, numerous observational studies have found correlations between A. muciniphila abundance and
metabolic disease in humans. Across multiple studies, A. muciniphila levels, as measured by 16S rRNA gene
sequencing or targeted qPCR of fecal samples, were negatively correlated with obesity, and results appear
consistent across age groups. Zhang et al. reported lower A. muciniphila abundance in obese adults compared
to normal weight adults in an observational study52. Santacruz et al. and Karlsson et al, reported lower A.
muciniphila abundance in obese pregnant women and obese children respectively, when compared to healthy
controls53,54. Interestingly, A. muciniphila levels also have been shown to correlate with activity level and
physical fitness. Clarke and colleagues performed an observational study in which A. muciniphila levels were
compared in advanced athletic males and normal controls of high and low BMI55. While the elite athletes did
not have low BMIs, the authors reported higher A. muciniphila levels in elite athletes compared to high BMI
control males, suggesting a relationship between exercise, diet, and A. muciniphila levels55.

Dietary interventional studies have also examined correlations between A. muciniphila abundance and weight
loss in control and treatment groups. Kim et al. reported a positive correlation between A. muciniphila
abundance and subject weight loss after treatment with the traditional medicinal herb Ephedra sinica56. In a
dietary interventional study of obese adults, Dao et al. found A. muciniphila associated with improved
metabolic status and clinical outcomes57. Non-diabetic overweight and obese subjects underwent a six-week
calorie-restricted (CR) diet enriched with protein and fiber, followed by a six-week weight stabilization diet, and
fecal samples were analyzed for bacterial gene abundance using metagenomics and qPCR. At baseline,
subjects with higher A. muciniphila levels showed overall healthier metabolic status as measured by
waist-to-hip ratio, leptin levels, and fasting blood glucose. Further, the high A. muciniphila group demonstrated
smaller adipocyte size. After CR and weight stabilization, no difference in weight loss between high and low A.
muciniphila groups was reported. However, the high group demonstrated other markers of improved metabolic
health, such as lower blood glucose57. These studies parallel studies in animal models and support a role for A.
muciniphila in maintaining metabolic health in humans.
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Diabetes and Insulin Resistance
Furthering evidence from animal studies, several in-human studies compare A. muciniphila abundance in
healthy, pre-diabetic, and diabetic adults, implying its involvement in insulin sensitivity and type II diabetes
mellitus (T2D) pathology. Zhang et al. measured bacterial abundance by 16S rRNA sequencing in fecal
samples from prediabetic and newly-diagnosed diabetic subjects. Results demonstrated reduced A.
muciniphila abundance in prediabetic and diabetic subjects compared to healthy controls, with slightly lower
occurrence in the prediabetic group compared to the new diabetic group58. This suggests that low A.
muciniphila levels could be a marker for T2D progression. Chelakkot et al. specifically examined A. muciniphila
extracellular vesicles (EVs) and reported higher abundance in healthy subjects versus diabetic subjects27. As
outlined above, the authors then investigated these EVs in vitro and found improved tight junction function in a
model of intestinal permeability, pointing toward a possible mechanism of action. These studies show a
promising correlation between low A. muciniphila levels and diabetes progression.

Human Clinical Trials
Depommier et al. conducted the first A. muciniphila supplementation study in humans59. In this
proof-of-concept study, the authors reported that 1010 CFU bacteria was safely tolerated in humans.
Overweight or obese insulin resistant subjects were treated with either live A. muciniphila, pasteurized killed
bacteria, or placebo daily for three months. Live A. muciniphila was shown to improve insulin resistance score
and reduce markers of liver dysfunction and inflammation. Pasteurized bacteria increased insulin levels,
improved insulin resistance, and lowered total cholesterol. Slight but nonsignificant decreases in fat mass and
total body weight were observed in the pasteurized treatment group. Additionally, subjects that received
pasteurized A. muciniphila reported lower inflammatory markers compared to those receiving live bacteria59.
The differences observed in live versus pasteurized A. muciniphila suggest disparate mechanisms of action,
showing that more research is necessary in this area, using larger sample sizes. Although mechanistic
questions remain, this first human supplementation study suggested at the time the potential of A. muciniphila
as a next-generation, health-promoting probiotic with specific benefits for metabolic disease.

Interventions to increase A. muciniphila abundance
As reviewed above, increasing the abundance of A. muciniphila in the gut is associated with numerous benefits
to host metabolism and health. Thus, there is a keen interest in interventions, dietary or medical, that can
increase A. muciniphila and confer its associated health benefits.

Probiotics
Animal studies have confirmed that direct oral supplementation with live A. muciniphila increases its
abundance in the gut and promotes positive health outcomes. Three mouse interventional studies across two
different models showed increased A. muciniphila in the gut and/or feces of recipient mice post A. muciniphila
supplementation22,24,28. More recently, and as discussed above, direct oral supplementation of live A.
muciniphila in humans significantly increased A. muciniphila abundance over placebo59. Interestingly,
administration of a probiotic mix of Lactobacillus rhamnosus strain LMG S-28148 and Bifidobacterium animalis
subsp. lactis LMG P-28149 for 14 weeks also increased A. muciniphila 100-fold in the feces of high-fat diet
induced obese mice, an effect that was later attributed to the Bifidobacterium animalis strain60. Confirming
these results in humans, Pedret and colleagues found that oral administration of another Bifidobacterium
animalis subsp. Lactis strain (CECT 8145) in obese individuals for 3 months caused an increase in A.
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muciniphila levels; authors of this study highlight the increase in A. muciniphila as a possible mechanism
behind the improved metabolic parameters exhibited by the treatment group61.

Dietary Interventions
Diet is a driving factor for the composition, diversity and functionality of the host gut microbiome, and
modulation of the gut microbiota via diet has been extensively reviewed62. Various dietary interventions, from
calorie-restriction to ingestion of specific nutrients, have been examined in relation to their ability to promote
the growth of A. muciniphila. Studies in both animal and human models have consistently shown that a high-fat
diet is inversely correlated to, or can directly decrease A. muciniphila abundance22,60,63. On the other hand,
low-energy diets may increase A. muciniphila abundance. Similar to results in fasting rodents, studies in
humans have shown fasting to increase A. muciniphila levels64. Additionally, Medina-Vera and colleagues
found that a reduced energy diet combined with increased intake of functional foods (soluble fibers, omega-3
fatty acids, etc.) over 12 weeks increased the abundance of A. muciniphila in T2D patients by 125%65. Two
additional energy-restricted diets, the Ma-Pi 2 diet, rich in fiber, and the “control” diet, recommended by Italian
health professionals for the management of diabetes, also resulted in an increase in A. muciniphila abundance
in T2D patients66.

As evidenced by the above cited studies, much of the research surrounding dietary intervention has focused
on increased intake of dietary fiber, i.e. intake of carbohydrates that cannot be digested and absorbed by the
host and hence are available for microbial hydrolysis and fermentation in the gut. A prebiotic is a fiber that is
selectively utilized by certain gut microbes and, importantly, confers a health benefit to the host67.
Fructooligosaccharides (FOS) are an example of a plant-derived prebiotic found in chicory, banana, artichoke,
and asparagus, among other foods. Everard and colleagues showed an outgrowth of A. muciniphila in obese
mice fed a diet rich in FOS, with A. muciniphila increasing >80-fold in FOS-diet vs control-diet fed mice46.
These results were confirmed in a follow-up study: high-fat diet fed mice showed a 100-fold lower abundance
of A. muciniphila and leptin-deficient obese mice showed a 3,300-fold decrease in A. muciniphila; in both
groups, A. muciniphila abundance was restored to control levels with FOS supplementation22. A similar
increase in A. muciniphila post FOS supplementation was seen in male Sprague–Dawley rats68. Administration
of another fiber, mango pulp, to mice fed a high-fat diet prevented the high-fat diet induced decrease in A.
muciniphila63. Two additional prebiotic fibers, inulin and polydextrose, have also been shown to increase A.
muciniphila abundance in overweight/diabetic patients and healthy adult males, respectively69,70. Another
common dietary metric known to significantly impact the gut microbiome is the dietary FODMAP content.
FODMAP refers to “Fermentable Oligo-, Di- and Monosaccharides and Polyols”, sugars and sugar alcohols
which are all poorly absorbed in the intestine and readily fermented by the gut microbiome, resulting in an
increase in gas production and functional gut symptoms, such as bloating. Because of this, a low FODMAP
diet has been prescribed as a treatment for irritable bowel syndrome (IBS). Halmos and colleagues show that
across two different dietary intervention trials in humans, decreasing the dietary FODMAP content decreases
A. muciniphila abundance71,72. Thus, although the mechanisms are as of yet unclear, it is evident that diet is an
important regulator of A. muciniphila abundance and that the consumption of fibers may stimulate a
health-promoting level A. muciniphila in the gut.

Another set of nutrients studied in relation to A. muciniphila stimulation are polyphenols: plant-derived
secondary metabolites with antioxidant and anti-inflammatory properties. Polyphenol-rich foods include fruits
and vegetables, chocolate, teas, coffee and wine, and various grains73. Polyphenols are variably absorbed by
the intestine, and by extension are available to the gut microbiota to varying degrees74. Cranberry,
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pomegranate, green tea extracts and other polyphenols have been shown to increase A. muciniphila
abundance in animal studies23,75–78. Anhê et al. investigated the protective effects of cranberry extract in
metabolic disease models. After treatment with cranberry extract, high fat/high sucrose-fed mice demonstrated
increased fecal A. muciniphila levels and decreased circulating plasma LPS23. These mice also showed
improved insulin sensitivity compared to control groups, suggesting the association between cranberry extract
polyphenols and A. muciniphila benefits. Grapes are also a good source of polyphenols. Roopchand et. al
reported that grape extract increased A. muciniphila abundance in diet-induced obese mice, as well as
reduced inflammation, weight gain, fat mass, and improved glucose tolerance and gut barrier function76. In a
different study, whole grapes were found to alter gut microbiota and improve metabolic markers in high-fat fed
mice, but no changes in A. muciniphila levels were observed79. Both direct and indirect mechanisms of action
of polyphenols have been proposed. Anhê and colleagues further demonstrated increased colonic goblet cell
markers and Muc2 mRNA expression in cranberry extract treated mice compared to controls, suggesting that
polyphenols increase mucin production to increase A. muciniphila growth23. Interestingly, Garcia-Villalba et al.
used a simulated gut model to show that pomegranate polyphenols increased Akkermansia prevalence directly
by acting as a prebiotic80. Thus, more research is needed to uncover the mechanisms underlying how
polyphenols increase A. muciniphila and enable its health benefits.

Metformin
Metformin (dimethylbiguanide) is the most widely used T2D drug that maintains normal glycemic levels without
inducing hypoglycemia. Due to its anti-inflammatory properties, metformin has recently been tested effective in
a variety of non-diabetic individuals such as those suffering from cardiovascular disease, polycystic ovarian
syndrome, HIV-related inflammation or cancer81. Remarkably, metformin has been shown to modulate the gut
microbiome composition and increase A. muciniphila abundance: several studies using mice fed a high-fat diet
show an increase in A. muciniphila abundance with metformin dosing, alongside metabolic
improvements24,82,83. Further to this point, metformin treatment in T2D patients also altered gut microbiota and
significantly increased A. muciniphila, alongside improvements in glucose control. Fecal transplantation of this
“metformin-altered microbiota” into germ-free mice improved their glucose tolerance over mice receiving “pre
metformin-treatment microbiota”84. Moreover, researchers showed, in vitro, that addition of metformin to the
growth medium promoted growth of A. muciniphila84. This points to changes in the gut microbiome and
abundance of Akkermansia muciniphila – with concomitant improvements in gut barrier function and
inflammation – to be a possible mechanism of action of metformin.
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Pendulum findings
Abstracts of latest publications that include Akkermansia:

Improvements to postprandial glucose control in subjects with type 2 diabetes: a multicenter, double
blind, randomized placebo-controlled trial of a novel probiotic formulation Perreaudeau et al, BMJ
2021
Introduction A growing body of evidence suggests that specific, naturally occurring gut bacteria are
under-represented in the intestinal tracts of subjects with type 2 diabetes (T2D) and that their functions, like gut
barrier stability and butyrate production, are important to glucose and insulin homeostasis. The objective of this
study was to test the hypothesis that enteral exposure to microbes with these proposed functions can safely
improve clinical measures of glycemic control and thereby play a role in the overall dietary management of
diabetes.

Research design and methods We evaluated whether a probiotic comprised of these anaerobic bacteria
would enhance dietary management by (1) manufacturing two novel probiotic formulations containing three
(WBF-010) or five (WBF-011) distinct strains in a Current Good Manufacturing Practice (cGMP) facility, (2)
establishing consistent live-cell concentrations, (3) confirming safety at target concentrations dispensed in both
animal and human studies and (4) conducting a 12-week parallel, double-blind, placebo-controlled,
proof-of-concept study in which subjects previously diagnosed with T2D (n=76) were randomly assigned to a
two times a day regimen of placebo, WBF-010 or WBF-011.

Results No safety or tolerability issues were observed. Compared with the placebo group, subjects
administered WBF-011 (which contains inulin, Akkermansia muciniphila, Clostridium beijerinckii, Clostridium
butyricum, Bifidobacterium infantis and Anaerobutyricum hallii) significantly improved in the primary outcome,
glucose total area under the curve (AUC): −36.1 mg/dL/180 min, p=0.0500 and also improved in secondary
outcomes, glycated hemoglobin (A1c): −0.6, glucose incremental-AUC: −28.6 mg/dL/180 min.

Conclusions To our knowledge, this is the first randomized controlled trial to administer four of the five strains
to human subjects with T2D. This proof-of-concept study (clinical trial number NCT03893422) shows that the
intervention was safe and well tolerated and that supplementation with WBF-011 improves postprandial
glucose control. The limited sample size and intersubject variability justifies future studies designed to confirm
and expand on these observations.

http://creativecommons.org/licenses/by-nc/4.0/
This is an open access article distributed in accordance with the Creative Commons Attribution Non
Commercial (CC BY-NC 4.0) license, which permits others to distribute, remix, adapt, build upon this work
non-commercially, and license their derivative works on different terms, provided the original work is properly
cited, appropriate credit is given, any changes made indicated, and the use is non-commercial. See:
http://creativecommons.org/licenses/by-nc/4.0/.
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Increased circulating butyrate and ursodeoxycholate during probiotic intervention in humans with type

2 diabetes Mc Murdie et al, BMC  2022

Background
An increasing body of evidence implicates the resident gut microbiota as playing a critical role in type 2
diabetes (T2D) pathogenesis. We previously reported significant improvement in postprandial glucose control
in human participants with T2D following 12-week administration of a 5-strain novel probiotic formulation
(‘WBF-011’) in a double-blind, randomized, placebo controlled setting (NCT03893422). While the clinical
endpoints were encouraging, additional exploratory measurements were needed in order to link the motivating
mechanistic hypothesis - increased short-chain fatty acids - with markers of disease.

Results
Here we report targeted and untargeted metabolomic measurements on fasting plasma (n = 104) collected at
baseline and end of intervention. Butyrate and ursodeoxycholate increased among participants randomized to
WBF-011, along with compelling trends between butyrate and glycated haemoglobin (HbA1c). In vitro
monoculture experiments demonstrated that the formulation’s C. butyricum strain efficiently synthesizes
ursodeoxycholate from the primary bile acid chenodeoxycholate during butyrogenic growth. Untargeted
metabolomics also revealed coordinated decreases in intermediates of fatty acid oxidation and bilirubin,
potential secondary signatures for metabolic improvement. Finally, improvement in HbA1c was limited almost
entirely to participants not using sulfonylurea drugs. We show that these drugs can inhibit growth of formulation
strains in vitro.

Conclusion
To our knowledge, this is the first description of an increase in circulating butyrate or ursodeoxycholate
following a probiotic intervention in humans with T2D, adding support for the possibility of a targeted
microbiome-based approach to assist in the management of T2D. The efficient synthesis of UDCA by C.
butyricum is also likely of interest to investigators of its use as a probiotic in other disease settings. The
potential for inhibitory interaction between sulfonylurea drugs and gut microbiota should be considered
carefully in the design of future studies.
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Highlighted scientific literature

General gut geography:
Provides a good review of the geography of the gut - which microbes are where - and how that impacts
function; also good review of mucin-associated microbes and the importance of mucin.

Donaldson, G. P., Lee, S. M. & Mazmanian, S. K. Gut biogeography of the bacterial microbiota. Nat. Rev.
Microbiol. 14, 20–32 (2016).

Akkermansia muciniphila isolation paper:
First isolation and characterization of A. muciniphila from human stool

Derrien, M., Vaughan, E. E., Plugge, C. M. & de Vos, W. M. Akkermansia muciniphila gen. nov., sp. nov., a
human intestinal mucin-degrading bacterium. Int. J. Syst. Evol. Microbiol. 54, 1469–1476 (2004).

Akkermansia muciniphila comprehensive reviews:
A. muciniphila overview; 1st is by the main group working on A. muciniphila, 3rd is most recent, with specific
emphasis on obesity.

Cani, P. D. & de Vos, W. M. Next-Generation Beneficial Microbes: The Case of Akkermansia muciniphila.
Front. Microbiol. 8, 1765 (2017).

Zhai, Q., Feng, S., Arjan, N. & Chen, W. A next generation probiotic, Akkermansia muciniphila. Crit. Rev. Food
Sci. Nutr. 59, 3227–3236 (2019).

Xu, Y. et al. Function of Akkermansia muciniphila in Obesity: Interactions With Lipid Metabolism, Immune
Response and Gut Systems. Front. Microbiol. 11, 219 (2020).

Primary literature highlight:
One of the first and most cited A. muciniphila supplementation papers with positive effects in a mouse obesity
model

Everard, A. et al. Cross-talk between Akkermansia muciniphila and intestinal epithelium controls diet-induced
obesity. Proc Natl Acad Sci USA 110, 9066–9071 (2013).

Intestinal barrier/ immunity 101:
How the intestinal barrier relates to various diseases

König, J. et al. Human intestinal barrier function in health and disease. Clin. Transl. Gastroenterol. 7, e196
(2016).

Prebiotics & A. muciniphila:
Good review on various ways to increase A. muciniphila abundance in the gut.

Zhou, K. Strategies to promote abundance of Akkermansia muciniphila, an emerging probiotics in the gut,
evidence from dietary intervention studies. J Funct Food 33, 194–201 (2017).
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