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Akkermansia muciniphila (A. muciniphila) is an anaerobic, Gram negative and

mucin-degrading bacterium of the phylum Verrucomicrobia isolated in 2004

from human feces. Although it is a common resident in the human intestinal

tract, it has also been detected in other anatomical sites. Genomic studies have

revealed that A. muciniphila can be divided into different phylogroups with

distinct metabolic properties. There is growing evidence regarding its beneficial

impact on human health. Indeed, A. muciniphila is considered as a promising

next-generation probiotic for treating cancer and metabolic disorders. The

large-scale production of A. muciniphila is, therefore, a challenge. Beside

mucin-based medium, other culture strategies have enabled its isolation. The

administration of both live and pasteurized forms of A. muciniphila has shown

to be promising in animal models. Alternatively, the administration of various

prebiotics has also been assessed for enhancing its abundance in the human

gut. Future prospects include human clinical trials, some of which are currently

ongoing. This paper provides an overview of what is currently known about A.

muciniphila’s phenotypical and genotypic traits, as well as its culture

techniques and its connections to a number of human diseases and its

potential application as an effective next generation probiotic.

KEYWORDS
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Introduction

Within the human microbiome, the gut microbiota has, to date, been the most

characterized, and its function and importance in maintaining the balance between human

health and pathology has been widely investigated. Alteration of the composition of the gut

microbiota has been linked to several diseases, including inflammatory bowel syndrome (1),
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type 2 diabetes (2), and cancer (3) as well as eating disorders (4) and

psychological disorders (5). Different phyla are reported in the gut,

the two phyla Firmicutes and Bacteroidetes represent 90% of gut

microbiota. Other reported phyla include Actinobacteria,

Proteobacteria, Fusobacteria, and Verrucomicrobia (6). A.

muciniphila is the only species in the Verrucomicrobia phylum

that has been reported in the gastro-intestinal tract. Discovered and

isolated from the stool of a healthy individual in 2004 by Derrien

et al. (7), A. muciniphila relies on mucin for carbon, nitrogen and

energy. Since then, it has been reported that it constitutes between

1% and 3% of the fecal microbiota and is present in more than 90%

of healthy adults tested, but decreases in the elderly (8, 9). The

majority of the research studies reporting the presence of A.

muciniphila presence in the human digestive tract are based on

metagenomic analysis, but only few studies have reported its

isolation. The capacity of A. muciniphila to degrade and use

mucin as a unique source of carbon and nitrogen gives it

significant importance in the human gastro-intestinal tract, giving

the opportunity to other bacteria to survive and grow by using the

metabolites resulting from mucin degradation. These metabolites

also play a role in the inflammatory status of the host (10). A.

muciniphila was found to regulate the immune system, improve the

gut barrier function and ameliorate metabolism in the case of

obesity and diabetes, especially in vitro or in mice models (11–13).

Furthermore, an association was found between high relative

abundance of A. muciniphila and a lower incidence of obesity

(14). Its abundance is found to decrease in different kind of diseases

such as cancer (15–17), type 2 diabetes (18), inflammatory diseases

(19) and liver diseases (20). These findings allowed the association

between the presence of A. muciniphila and the healthy status of

human beings, given that its abundance significantly decreases in

many diseases. For this reason, it could be used as a marker of

certain diseases with differing severity. Due to its beneficial effects

on the human body, recent studies have also promoted its use as a

probiotic (21, 22). To date, there are three validly published studies

that reported the safety of use and the beneficial role of A.

muciniphila in obese humans as a probiotic (12, 23, 24), while

two clinical trials are in progress to evaluate the effects of the use of

A. muciniphila in obese patients with type 2 diabetes and in

hyperglycemic adults (NCT04797442/NCT05114018). The

purpose of this review is to summarize what is currently known

about A. muciniphila in terms of both the phenotypical and the

genotypical characteristics, as well as its culture methods. We will

also discuss its relationships with many human diseases. And most

importantly, we will discuss the already established human trials

and those that are still in progress focusing on and its possible use as

a promising probiotic.
The Akkermansia genus

Since its discovery byDerrien et al. (7) in 2004, theAkkermansia

genus, which is a part of the division Verrucomicrobia contains only
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two known species: A. muciniphila and A. glycaniphila (25).

However, a recent study analyzing metagenome-assembled

genomes of Akkermansia suggested the presence of two more

putative species (26), while another study cited the presence of

eight different species in the genus Akkermansia (27). Akkermansia

spp. are Gram-negative, non-motile, non-spore forming and

anaerobic bacteria. Cells are oval shaped with a mean diameter of

0.6–1.0 mm (7).
Taxonomy

A study analyzed 23 whole genome sequences of the

Akkermansia genus and revealed that these strains formed

four clades, divided into four species based on dDDH values

(28), while a more recent study has divided Akkermansia strains

into five distinct group (29). Moreover, it has been shown that

single nucleotide polymorphisms (SNPs) were not evenly

distributed throughout the A. muciniphila genomes, while

genes in regions with high SNPs are found to be related to

metabolism and cell wall/membrane envelope biogenesis (28).

When it comes to A. muciniphila, many genomic studies

have been conducted in order to study its genomic diversity. A.

muciniphila can be subdivided into three phylogroups, with high

nucleotide diversity and distinct metabolic and functional

profiles (30). However, a recent study has reported the

presence of four different Akkermansia phylogroups, based on

pangenome analysis (31). Another study analyzed different A.

muciniphila strains from different phylogroups and revealed that

each phylogroup has some specific phenotypes such as oxygen

tolerance or sulfur assimilation. These phenotypes can influence

the colonization of the gastrointestinal tract (32).
Metabolic characteristics

This genus uses mucin as its only carbon and nitrogen source,

but it has been proven that it can grow in a medium containing

glucose, N-acetylglucosamine and N-acetylgalactosamine, when

provided with other protein sources (7, 25). The uptake of these

sugars can also be enhanced by adding mucin, revealing the role of

other mucin-derived components in its growth (33).

A. muciniphila has numerous candidate mucinase-encoding

genes but surprisingly lacks genes coding for canonical mucus-

binding domains (27). This capacity to degrade mucin might be

essential to the survival of other bacteria in the human gut, as

mucin degradation by A muciniphila provides metabolites that

supports the growth of other bacteria such as Anaerostipes

caccae by changing the transcriptional profile to induce an

increase in the expression of mucin degradation genes and a

reduction in the expression of ribosomal genes (34). Among the

various studies aiming to identify the enzymes involved in mucin
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degradation, one has succeeded in identifying a novel

phospholipid‐regulated b‐galactosidase involved in mucin

degradation (35). Further work revealed other beta

galactosidases involved in the complex mucin degradation

machinery (36). A. muciniphila can survive without the

addition of vitamins to the medium. It was even proven in a

recent study that some A. muciniphila strains were able to

synthesize vitamin B12 (31).
Resistance to antimicrobial agents

A. muciniphila and A.glycaniphila strains have been shown

to be resistant to ampicillin and vancomycin (7, 25, 37, 38).

Specifically, A. muciniphila MucT was also found to be resistant

to other antibiotics, including metronidazole and penicillin G,

but susceptible to doxycycline, imipenem, and piperacillin/

tazobactam (38). This antibiotic profile can change from one

strain to another. For example, another A. muciniphila strain

isolated in 2017 was sensitive to penicillin, imipenem,

ceftriaxone and amoxicillin but resistant to ofloxacin (37). In

2015, a study aimed at assembling the genome of a strain

sequenced directly from a human stool sample detected its

presence, by performing an in-silico prediction of eight beta

lactamase genes. Moreover, three macrolide resistance genes

were detected with only one sharing 65% similarity with a

known macrolide gene. Finally, resistance to vancomycin,

chloramphenicol, sulfonamide, tetracycline and trimethoprim

was associated with only one gene (39).
A. muciniphila distribution within
the human body

Digestive tract

A. muciniphila is a common bacterial component of the

human intestinal tract (9). A study by Collado et al. found that

the presence of A. muciniphila presence increases from 16% of

the samples of one-month-old infants to 90% at 12 months,

while it is present in all the adult samples. Similarly, levels also

increase in early life to reach levels similar to that observed in

adults within a year. On the other hand, this level decreases

significantly in the elderly (8).

Aiming to characterize the whole gut microbiota, Mailhe

et al. collected samples from various parts of the digestive tract:

the stomach, duodenum, ileum, and the left and right colon and

analyzed those samples using culturomics and metagenomics.

They succeeded in cultivating Akkermansia muciniphila in the

left colon. In terms of metagenomic analysis , the

Verrucomicrobia phylum, represented by the Akkermansia
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genus, was detected in the duodenum, ileum, and the right

and left colon (40). Moreover, Ye et al., detected Akkermansia-

like sequences in three out of six duodenal fluid samples (41).

Another study exploring the duodenal and rectal microbiota in

luminal contents and biopsy tissues in healthy volunteers found

Verrucomicrobia sequences in duodenal biopsies, mucus and

rectal biopsies (42). The presence of Akkermansia sequences was

reported in the jejunal fluid, the pancreas and the bile with mean

relative abundance of 0.01%, 0.05% and 0.01%, respectively, in a

study exploring disturbances in the microbiome in patients

undergoing pancreaticoduodenectomy (43). Analysis based on

16S rRNA genes uncovered the presence of Akkermansia

sequences in ileocecal biopsies of patients with primary

sclerosing cholangitis (PSC), ulcerative colitis and in non-

inflammatory controls, with no significant differences between

the different groups (44). The presence of Verrucomicrobia or

Akkermansia-like sequences were detected much more

frequently in the large intestine (45, 46) (Figure 1).
Oral cavity

There is no significant evidence of the presence of A.

muciniphila in the oral cavity. Le et al. highlighted an absence

of A. muciniphila in the oral cavities of 47 pediatric patients after

PCR screening (47). A study performed in 2017 by Coretti et al.

assessed the subgingival microbiota of smokers and non-

smokers with chronic periodontitis compared to a control

group. They found that the Verrucomicrobia phylum was

significantly lower in people with chronic periodontitis (48).

A. muciniphila was also detected in the saliva sample of a

choledocholithiasis patient. He was the only positive patient

out of six and the relative abundance was very low (41)

(Figure 1). While its presence is not abundant in the oral

cavity, A. muciniphila can be a potential therapeutic agent for

periodontitis. In an experimental periodontitis mouse model, A.

muciniphila showed protective effects by decreasing

inflammatory cell infiltration and reducing alveolar bone

loss (49).
Urinary tract

Although urine was long considered sterile, some studies

have proved the presence of resident microorganisms by using

culture and molecular based techniques (50). Few studies have

detected the presence of A. muciniphila in the urine. Mansour

et al. analyzed tissue and urine samples from patients with

bladder carcinoma in order to compare the microbiota in both

type of samples. Sequencing results showed that the

Akkermansia genus was present in both type of samples but
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was over-represented in the tissue samples compared to the

urine samples (51). Another sequencing-based study reported a

decrease in the levels of the phylum Verrucomicrobia in urine

samples from an elderly Type 2-diabetes mellitus group

compared with a control group (52).
Human breast milk

Human milk contains nutrients providing immunological

and other health benefits to new-born babies. Studies on human

milk show that it provides a source of commensal

microorganisms for the new-born gut (53). As for A.

muciniphila, its presence in human breast milk was reported

for the first time in a study conducted by Collado et al. (54) The

study showed that A. muciniphila was found in milk samples

taken from women shortly after giving birth (colostrum), as well

as at one and six months, with mean concentrations of 1.25, 1.09,

and 1.20 log number of gene copies/mL, respectively. Moreover,

they demonstrated that A. muciniphila was more abundant in

overweight mothers than in normal weight mothers. Another

study in 2014 discovered the presence of Akkermansia-like

species using 16S rRNA sequencing in human breast tissue

samples of 43 women (aged 18 to 90 years) (55). In addition,

A. muciniphila was also found by qPCR analysis in milk

colostrum samples collected from 11 women after an elective

caesarean section, with a median count of 0.9 (56). Furthermore,

metagenomic analysis of breast milk samples from healthy

Korean mothers detected the presence of the Akkermansia

genus (57). Finally, in a study aiming to evaluate the impact of

maternal breast milk composition on children who develop

coeliac disease (CD), milk samples were collected from
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mothers with a genetic predisposition to CD and a control

group. The genus Akkermansia was found in milk from

mothers in the CD group and the control group but was more

abundant in the CD group (58). The presence of A. muciniphila

in the human breast milk might be due to its ability to use

human milk oligosaccharides (59). Although it is important to

note that this ability is strain dependent (60).
A. muciniphila culture methods

The Akkermansia genus was isolated for the first time from a

human stool sample, with A. muciniphila being the type species

using a basal medium supplemented with 0.25% gastric mucin

and 0.7% rumen fluid. The human stool was serially diluted into

sterile anaerobic Ringer’s solution containing 0.5 g cysteine.

Each dilution was inoculated in the medium as described

previously. Pure colonies were isolated using the same

medium containing 0.75% agar. Since then, other studies have

used the same medium in order to isolate other Akkermansia

strains (61). Twelve years later, the same medium enabled the

cultivation, from reticulated 193 python faeces (25) of A.

glycaniphila, which depends on mucin as its only energy

source for carbon and nitrogen. In a recent study focusing on

distinguishing the fast and slow growing bacteria of the faecal

microbiota by changing the dilution rates in mucin-

supplemented media, A. muciniphila was isolated in low

dilution rates (62). It was also suggested that the growth of A.

muciniphila is promoted in a media rich in sugar and mucin

(63). To understand how A. muciniphila adapts to mucin,

transcriptomic and metabolomic analysis showed an

upregulation of genes related to energy metabolism and cell
FIGURE 1

Distribution of A. muciniphila in different anatomical sites, the reported abundance in each site and the corresponding references.
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growth in the presence of 0.5% of mucin, correlated with smaller

diameter of the cells, a sign of bacterial division, and

proliferation. Moreover, enzymes such as fucosidase, beta-

galactosidase and hexosaminidase were also overexpressed to

degrade mucins into oligosaccharides and eventually

monosaccharides to use them as a source of energy (64).

Another study comparing the growth of A. muciniphila in

static and dynamic culture simulating the physiological

conditions in the colon showed that the biomass of

A.muciniphila in dynamic culture was significantly higher after

48 hours compared to under static conditions. The same study

tested the growth of A. muciniphila in five different culture

conditions: human mucin, porcine mucin, brain heart infusion

(BHI) medium only, or BHI supplemented with porcine mucin

or human mucin. Amuciniphila can grow in all the media tested,

but the lowest biomass was found in BHI only, and human

mucin is the most ideal for the cell growth (65).

However, some studies have proved that A. muciniphila can

be isolated without mucin-based media culture, such as from a

blood culture sample after 72 hours of subculture on Columbia

agar with 5% sheep blood (37). Similarly, another strain was

isolated from a stool sample after diluting it in pre-reduced

phosphate-buffered saline (PBS), plating on Columbia blood

agar supplemented with 5% horse blood, and subjected to two to

four days of incubation at 37°C under an H2-CO2-N2 (1:1:8 [vol/

vol/vol]) gas mixture (66). Finally, culturomics techniques

enabled the isolation of A. muciniphila from fresh stool

samples using the following anaerobic culture conditions at

37 °C: culture bottle containing 5% sheep blood and 5%

rumen fluid, YCFA medium, YCFA solid medium, reinforced

clostridiales solid medium, brain heart infusion (BHI) solid

medium, Columbia solid medium and, finally, De Man,

Rogosa and Sharpe (MRS) solid medium (67, 68) (Table 1).
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The growth of A. muciniphila has been proven to be pH

dependent. The optimum pH was 6.5. Low pH strongly inhibits

its growth, explaining its abundance in the distal colon in

comparison to the proximal colon (69, 70). A. muciniphila

also showed high tolerance to oxygen (up to 72 hours) (71).

When oxygen is present at nanomolar concentrations, its growth

rate and yield were increased compared to those observed in

strict anaerobic conditions. This is due to the presence of

cytochrome bd complex that can function as a terminal

oxidase (72). A. muciniphila showed high tolerance to different

temperatures (4°C, 22°C, and 37°C). In contrast, cell viability

showed significant decrease at 44°C. In this study, its stability

and tolerance to the different gastrointestinal conditions were

evaluated. Interestingly, A. muciniphila showed stability after

exposure to simulated gastrointestinal conditions. Other

evaluations might be needed in order to understand the effect

of stress on the metabolism and the adhesion properties of the

bacterium (71).

Other studies have tested different growth conditions for A.

muciniphila. For example, as mentioned before, a study proved

that A. muciniphila is also able to grow on human milk in vitro

and degrade its oligosaccharides, which is explained by

proteomic analysis showing an increase in the expression of

glycan degrading enzymes such as a-L-fucosidases, b-
galactosidases, exo-a-sialidases and b-acetylhexosaminidases

(59). A. muciniphila does not code for the enzyme that

mediates the conversion of fructose-6-phosphate (Fru6P) to

glucosamine-6-phosphate (GlcN6P), which is essential in

peptidoglycan formation. This finding suggests that N-

acetylglucosamine found in mucin is crucial for the growth of

A. muciniphila, thus explaining its importance and the

adaptation of A. muciniphila to its components (73). In

contrast, bile salts were found to impede the growth of
TABLE 1 A. muciniphila culture methods.

Strain Sample Medium used/Culture conditions Authors Year

A. muciniphila Stool sample 0.4 g KH2PO4; 0.53 g Na2HPO4; 0.3 g NaCl; 4 g NaHCO3; 0.3 g NH4Cl; 0.25 g Na2S.7–
9H2O; 0.1 g MgCl2.6H2O; 0.11 g CaCl2; 1 ml alkaline trace element solution; 1 ml acid trace
element solution; 0.5 mg resazurin and 1 ml vitamin solution 0.25% gastric mucin and 0.7%
rumen fluid.

Derrien et al. (7) 2004

Blood culture sample Incubation of blood culture sample for 96 hours
Colonies isolated after 72 hours of subculture on Columbia agar with 5% sheep blood

Dubourg et al. (37) 2017

Fecal sample Mucin-supplemented media, low dilution rates Adamberg et al. (62) 2018

Intestinal microbiota
samples

Bacterial growth media (containing sugars, nitrogen, vitamins, minerals, hematin, amino
acids and mucin)

Yousi et al. (63) 2019

Stool samples Culturomics in anaerobic conditions with the following media: Culture bottle with 5% sheep
blood and 5% rumen fluid/YCFA liquid medium and solid/Reinforced clostridiales solid/
Brain heart infusion solid/Colombia solid/De Man, Rogosa and Sharpe solid at 37°C

Lagier et al. (67)
Diakite et al. (68)

2016/
2020

Stool sample Columbia blood agar supplemented with 5% horse blood and two to four days of
incubation at 37 °C under a H2-CO2-N2 (1:1:8 [vol/vol/vol]) gas mixture

Ogata et al. (66) 2020
frontiers
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A. muciniphila, except for sodium deoxycholate which increased

its growth (74).
A. muciniphila and health

Cancer

The association between cancer and changes in the gut

microbiota in humans has been widely investigated. More

specifically, the role of A. muciniphila in different types of

cancer has been assessed (75). One study highlighted the

decrease in the abundance of faecal A. muciniphila among

non-small-cell lung cancer patients compared to controls (15),

through metagenomic and metabolomic profiling, while an

increase was detected using real time PCR on gut mucosal

tissues samples of colorectal cancer patients compared to

controls (16), Similarly, an abundance of A. muciniphila

along with other bacteria was significantly increased in

patients with different gastrointestinal cancer such as

esophageal, gastric and colorectal cancer, compared to the

control group (17) (Table 2).

A study performed on pancreatic cancer xenograft mice

model showed an increase in A. muciniphila in the guts of mice

receiving Gemcitabine treatment, as well as a decrease in tumour

volume (92). In a prostate cancer mice model, the relative

abundance of A. muciniphila in the gut was decreased.

However, this decrease was reversed after receiving androgen

deprivation therapy (93).

In other studies concentrating on the role of gut microbiota in

the response to anti-PD1 (Programmed cell Death protein 1)

immunotherapy, the presence of species such as Bifidobacterium

breve, Bifidobacterium longum, Faecalibacterium prausnitzii and,

most importantly, A. muciniphila in the gastro-intestinal tract of

cancer patients was associated with a stronger immune response to

the therapy and subsequently an extended survival of these patients

(94). In another study based on anti-PD1 therapy for non-small cell

lung cancer (NSCLC), two genera,Akkermansia andOlsenella, were

significantly higher in the stable disease group than in the

progressive disease group (95). Similarly, gastric cancer patients

showed an enrichment for the genus Akkermansia before and after

radical distal gastrectomy (96).

In epithelial tumours, metagenomic analysis of stool samples

from patients receiving immune checkpoint inhibitors showed

correlations between clinical responses to the treatment and the

relative abundance of A. muciniphila (97). The same team also

found an increase in A. muciniphila levels in patients responding

favourably to immune checkpoint blockade treatment in a

cohort of renal cell carcinoma patients (98).

In a study of anti-colon cancer therapy based on treatment

with FOLFOX, it was demonstrated that the abundance of A.

muciniphila significantly increased in patients receiving the
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treatment, which was positively correlated with the therapeutic

effect (99).

In terms of colorectal cancer (CRC), it has been

demonstrated that CRC tissues increase the expression of

mucin2 compared to normal mucosa (100).

Finally, in a randomized trial evaluating the impact of

probiotic supplementation on the outcome of gut microbiome

and metastatic renal cell carcinoma (mRCC), patients who had

received a treatment and had been supplemented with probiotics

present a higher abundance of A. muciniphila in the gut (101).

Furthermore, there was a positive and significant association

between the presence of A. muciniphila and the clinical benefit of

the treatment (101).
Metabolic diseases

The abundance of A. muciniphila is decreased in many

metabolic disorders, such as inflammatory bowel diseases,

appendicitis and obesity (76, 77, 79) suggesting its association

with healthy intestine and normal mucosa. Eating disorders,

such as binge eating disorder (78) (Table 2) have also been

associated with a decrease in the levels of A. muciniphila.

These findings reveal the importance of A. muciniphila as a

biomarker of health status (102). Many studies targeted treating

metabolic diseases have focused on tracking the levels of A.

muciniphila to assess the success of the therapy (103).

Liver diseases
Liver diseases are associated with changes in the gut

microbiota, specifically a decrease in the levels of A.

muciniphila. Grander et al. suggested that the decrease in

levels of A. muciniphila in alcoholic liver disease is indirectly

correlated with disease severity (20) (Table 2). In contrast, other

studies have highlighted an increase in A. muciniphila after

treatment. For example, in non-alcoholic liver disease mice

models, it was reported that treatment with Bilberry

anthocyanins increases the levels of A. muciniphila in the

digestive tract, associated with the efficacy of the treatment on

NAFLD (104). Similarly, another study using an alcoholic liver

disease mice model showed that treatment with berberine also

cause an increase in the levels of A. muciniphila (105).

Obesity
A. muciniphila levels are negatively correlated with obesity.

Studies have shown that the abundance of A. muciniphila

decreases significantly in overweight/obese preschool children

(81), and in obese adult women (82) compared to the normal

weight/lean group. Moreover, its abundance is even lower in

severe obesity (80) (Table 2). The presence of A. muciniphila is

also associated with the normal weight gain in pregnant women

(106). The beneficial effects of A. muciniphila can also be
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TABLE 2 Association between A. muciniphila and different clinical diseases.

Type of
diseases

Pathology Samples Cohort Technique Abundance of
A. muciniphila

Other findings References

Metabolic
disorders

Acute
appendicitis

appendices,
cecal
biopsies
and faecal
samples

70 patients with
appendicitis/400
controls

rRNA-based
FISH

↓ A. muciniphila is inversely related to the
severity of the disease.

(76)

Inflammatory
bowel disease
(IBD)

Biopsies 46 IBD/20 controls Real-time PCR ↓ x (77)

Binge eating
disorder (BED)

Stool
samples

101 obese patients
with/without BED

Sequencing
and
subsequent
bioinformatics

↓ x (78)

Ulcerative colitis
(UC)

Colonic
biopsies
and mucus
brushings

20 patients with
active UC/14 with
quiescent UC/20
healthy controls

Real-time PCR ↓ Inverse relationship between A.
muciniphila and inflammation

(19)

Alcoholic liver
disease (ALD)

Fecal
samples

21 patients with
ALD/16 non-obese
healthy controls

Quantitative
PCR

↓ Decrease of faecal A. muciniphila
indirectly correlated with hepatic disease
severity

(20)

Obesity Fecal
samples

164 participants with
variable geographical
origin, diet, age, and
gender

Metagenomics ↓ Fecal salinity was associated with obesity
and a depletion in anti-obesity A.
muciniphila

(79)

21 adult women with
severe or moderate
obesity

Metagenomics/
Quantitative
PCR

↓ Significant lower A. muciniphila
abundance in severe obesity than in
moderate obesity

(80)

20 overweight
children/20 control
children

Quantitative
PCR

↓ x (81)

17 lean/15 obese
females

↓ x (82)

Type 2 diabetes
(T2D)

Fecal
samples

134 Danish adults
with prediabetes/134
controls

Sequencing ↓ x (83)

182 lean/obese
individuals with T2D

Metagenomic/
Metabolomics

↓ Significant decrease of A. muciniphila
abundance in lean individuals with T2D
than without T2D, but not in the
comparison of obese individuals with and
without T2D.

(18)

345 patients with
T2D/nondiabetic
controls

Sequencing ↑ x (84)

Urine
samples

70 female T2DM
patients/70 healthy
females

↓ Decreased Akkermansia muciniphila was
associated with high Fasting blood
glucose and urine glucose

(85)

Clostridioides
difficile
infection (CDI)

Fecal
samples

50 CDI patients/50
healthy controls

Real-time
Quantitative
PCR

↑ x (86)

Cancer Non-small cell
lung cancer
(NSCLC)

Stool
samples

11 NSCLC patients/
8 controls

Metagenomics/
Metabolomics

↓ x (15)

colorectal cancer
(CRC)

gut mucosal
tissues

18 CRC patients/18
non-CRC controls

Quantitative
PCR

↑ x (16)

Gastrointestinal
cancer

Stool
samples

130 gastrointestinal
cancer patients/147
healthy controls

16S rRNA
sequencing

↑ x (17)

(Continued)
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observed in obese adults after a six-week calorie restriction

period followed by a six-week weight stabilization diet. The

adults included in this study had a healthier metabolic status

when the abundance of A. muciniphila was high. Moreover, A.

muciniphila was associated with other microbial species related

to health (107).

However, another study on obese patients undergoing

bariatric surgery, gastric banding or the Roux-en-Y gastric

bypass procedure showed that the relative abundance of A.

muciniphila was inversely correlated with the severity of

obesity but was not associated with glucose homeostasis

markers. Furthermore, a significant increase in the relative

abundance of A. muciniphila was observed after the Roux-en-

Y gastric bypass procedure but was not correlated with metabolic

improvement (80).

When it comes to the mechanism of A. muciniphila in

controlling obesity, evidence have shown that A. muciniphila

stimulates glucagon-like peptide-1 (GLP-1) production

by intestinal cells, leading overall to an improvement in

insulin sensitivity, glucose tolerance and suppressing

appetite (108).

Diabetes
In relation to diabetes, some studies have provided evidence

revealing the association between A. muciniphila and the

metabolism of glucose and its dysregulation. Allin et al.

showed that abundance of A. muciniphila is decreased in

individuals with prediabetes (83). One study showed that in

lean individuals with T2D, the levels of A. muciniphila are lower
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compared to the control group, which is not the case with obese

T2D patients (18). Another study also showed a decrease in A.

muciniphila in T2D patients, associated with higher fasting

blood glucose and urine glucose (85). However, one

metagenomic study on a Chinese population found that some

of the genes in A. muciniphila were enriched in type 2 diabetic

subjects, perhaps due to differences in genes and lifestyle (84)

(Table 2). In type 1 diabetes (T1D), NGS analysis of stool

samples from T1D patients receiving probiotics showed an

elevation of Bifidobacterium animalis, A. muciniphila and

Lactobacillus salivarius associated with reduced fasting blood

glucose levels and improvement of glycated hemoglobin levels

(109). Plovier et al. recently highlighted the effect of pasteurized

A. muciniphila to diminish fat mass development, insulin

resistance, and dyslipidemia in mice. They also demonstrated

that the outer membrane protein Amuc 1100 is involved in the

bacterial-to-host contact through Toll-like receptor 2 signaling.

Moreover, this protein partially mimics the effects of A.

muciniphi la on insul in res istance and gut barrier

modification (12).

Inflammatory bowel diseases
Earley et al. quantified A. muciniphila in colonic biopsies

and mucous swabs from patients with active ulcerative colitis

and quiescent ulcerative colitis. They demonstrated that patients

with active ulcerative colitis had a reduced abundance of A.

muciniphila compared to quiescent ulcerative colitis and

controls (19). Studies focusing on inflammatory bowel disease

have shown that mucolytic bacteria levels increase in IBD
TABLE 2 Continued

Type of
diseases

Pathology Samples Cohort Technique Abundance of
A. muciniphila

Other findings References

Other
diseases

Allergic asthma stool
samples

92 children
(between 3 and 8)
with asthma/88
healthy children

Quantitative
PCR

↓ x (87)

Atopic
dermatitis (AD)/
Food allergy

Fecal
samples

82 children with AD
with absence and
presence of food
allergy

16S rRNA
microbial
analysis

↑ Fecal microbiome of children with AD
and food allergy harbored relatively more
A. muciniphila than children with AD
without food allergy

(88)

Psoriasis Fecal
samples

14 psoriasis patients/
14 healthy controls

16S rDNA
sequencing

↓ x (89)

CaOx dihydrate
(COD) and
monohydrate
(COM) lithiasis

Fecal
samples

24 patients
diagnosed with CaOx
lithiasis

Real-time
PCR

↓ x (90)

Autism
spectrum
disorder (ASD)

Fecal
samples

23 children with
ASD/22 typically
developing siblings/9
unrelated community
controls

Real-time
Quantitative
PCR

↓ x (91)
fr
Table resuming the different studies that associated A. muciniphila with different diseases, the cohort, type of sample, and technique used in each study, as well as the change in the
abundance of A. muciniphila and the references.
↑: Increase in abundance, ↓: Decrease in abundance.
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patients. However levels of A. muciniphila reduce, mainly due to

the potential anti-inflammatory role of A. muciniphila (77).

Another observational study has suggested that the relative

abundance of A. muciniphila is inversely correlated to pain

reduction in a cohort of IBS patients (110).
Other diseases
The depletion of A. muciniphila has also been associated

with several allergic disorders, suggesting a potential educational

role toward immunity. For example, decreased levels of A.

muciniphila and Faecalibacterium prausnitzii in stool samples

of patients with allergic asthma have been reported (87). In

children with atopic dermatitis (AD), the presence of a microbial

signature made it possible to differentiate between the presence

and absence of food allergies. The fecal microbiome of children

with AD and food allergies contains relatively less B. breve, B.

adolescentis, F. prausnitzii, and A. muciniphila and more E. coli

and B. pseudocatenulatum than children with AD without food

allergies (88). Tan et al. also reported a decrease in the

abundance of A. muciniphila in patients with psoriasis (89). In

a study comparing the intestinal dysbiosis between CaOx

dihydrate (COD) and monohydrate (COM) lithiasis, a large

decrease in the mean values of the mucin-degrading A.

muciniphila was observed, which is significantly more intense

in COD than in COM lithiasis (90). Vakili et al. highlighted an

increase in levels of A. muciniphila in patients with clostridium

difficile infection (CDI) (86).

A decrease in A. muciniphila levels is also associated with

many psychological disorders. For example, a study in children

with autism showed a decrease in levels of A. muciniphila and

Bifidobacteria species when compared with unaffected children

(91). Another study showed that the abundance of

A.muciniphila is reduced in ulcerative colitis patients suffering

from depression, revealing a potential connection between

psychological disorders and gut bacteria via the gut-brain axis

(111) (Table 2). Finally, the protein Amuc_1100 was shown to

have an antidepressant role in a chronic unpredictable mild

stress (CUMS) mice model by down-regulating the brain-

derived neurotrophic factor (BDNF) and inflammation in the

hippocampus (112).
A. muciniphila: A new probiotic?

The development of A. muciniphila for
clinical use

The consumption of certain beneficial microbes, known as

probiotics, has been known to affect the gut microbiota. This is

because the consumption of these organisms can trigger a

variety of health benefits for the host (113). It has been noted
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that most of the probiotics sold on the market are

microorganisms from the Bifidobacterium and Lactobacillus

genera (114). They are safe to use and approved by the United

States Food and Drug Administration (FDA) (115). Recently,

however, new microbes identified by next generation

sequencing methods are emerging and are also associated

with health promotion. The safety of these microbes, called

next generation probiotics (NGPs), as well as their formulation

and administration are currently being processed (115). A.

muciniphila has emerged as a potential NGPs due to its various

benefits on health (116). For this purpose, an efficient and

scalable workflow has been developed for the cultivation and

preservation of A. muciniphila cells. This study resulted in

viable Akkermansia colonies with high yields and stability, with

a survival up to 97.9 ± 4.5% for one year if stored in glycerol-

amended medium at -80°C (117) (Figure 2).

In recent years, there has been a lot of focus on the use of

nonviable bacterial supplements (pasteurized forms) known as

paraprobiotics (118) (Figure 2) as an alternative to live bacteria

to lower the risk of infection. for example Druart et al.

demonstrated that pasteurized A. muciniphila is safe to use as

a food ingredient based on rat models (119). The safety of A.

muciniphila products has also been recently reported in humans

(12, 107). The pasteurized form is achieved when the bacteria

suspension was heated at 70°C for 30 minutes, as described by

Plovier et al. (12) By comparing the effects of live and

pasteurized A. muciniphila on normal diet-fed mice, Ashrafian

et al. showed that both forms of A. muciniphila could modulate

lipid and immune homeostasis and improved health by

modulating gut microbiota, while all these effects were

dominantly observed in the pasteurized form (120). Another

study conducted by Grajeda-Iglesias et al. demonstrated

that pasteurized A. muciniphila was more efficient than

the live version in elevating the intestinal concentrations

of polyamines, short-chain fatty acids, 2-hydroxybutyrate, as

well multiple bile acids. All these metabolites have been

described to be associated with human health (121). Recent

studies also started focusing on postbiotics, which refers to using

inactivated cell components to promote health (122). In the case

of A.muciniphila, many studies started focusing on the potential

use of its extracellular vesicles (EVs) as postbiotics (Figure 2).

For example, a study by Ghaderi et al. showed that live and

pasteurized forms of A.muciniphila and its EVs can affect the

expression of the endocannabinoid system and peroxisome

proliferator-activated receptors (PPARs) genes involved in

metabolic pathways, suggesting the potential possibility to use

them as probiotic, parabiotic and postbiotic respectively in order

to prevent metabolic diseases (123). Furthermore, in vitro study

showed that treatment with A. muciniphila or its EVs could

influence the expression of genes involved in the serotonin

system and thus can be used as a serotonin modulation

therapy (124).
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Mice models

Many studies have focused on the causal link between A.

muciniphila and improvements in metabolism (Figure 2). It has

been shown that daily oral supplementation with live A.

muciniphila at the onset of obesity, diabetes and gut barrier

dysfunction in mice at the dose of 2.108 bacterial cells per day

improves glucose tolerance, reduces adiposity and inflammation,

therefore partly protecting against diet-induced obesity in mice

(108, 125). In addition, animals receiving live A. muciniphila no

longer exhibited insulin resistance, nor infiltration of

inflammatory cells (CD11c) in the adipose tissue, which is a key

characteristic of obesity and associated low-grade inflammation

(108). In addition, it was noted that live A. muciniphila prevented

the development of metabolic endotoxemia as an effect associated

with the restoration of a normal mucus layer thickness (108). It is

worth mentioning that all these findings have subsequently been

confirmed by different groups and extended to other specific
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disorders such as atherosclerosis, hepatic inflammation and

hypercholesterolemia (20, 126, 127). Furthermore, the

administration of pasteurized A. muciniphila was correlated

with an increase in energy expenditure in diet-induced obese

mice, possibly explaining the mechanism by which administration

of A. muciniphila can reduce body weight and fat mass gain (128).

The role and administration of A. muciniphila have been

notably investigated in cancer. For instance, a study using

prostate cancer mice model showed that the extracellular vesicles

of A. muciniphila can be used as an immunotherapeutic agent for

prostate cancer treatment, demonstrated by the decrease in tumors

and the upregulation of immune cells such as tumor-killing M1

macrophages after injection of these vesicles in cancer bearingmice

(129). Furthermore, the effect of themucin degrading enzyme ofA.

muciniphila Amuc_1434* (130) was investigated in the inhibition

of the proliferation of CRC tissues. The study has showed that

the mucin degrading enzyme Amuc_1434* was able to inhibit the

proliferation of CRC cells lines by mediating apoptosis via the
FIGURE 2

Role of A. muciniphila as a next generation probiotic for various metabolic diseases. Since its isolation in 2004, It has been demonstrated that A.
muciniphila is crucial for the immune and metabolic systems regulation. It is now regarded as a “next-generation probiotic” for cancer and
metabolic diseases including diabetes, liver diseases and obesity. Additionally, the pasteurized form known as parabiotic and the extracellular
vesicles known as postbiotics are currently being used for the same diseases and have proven to be efficient in the treatment of these diseases.
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TRAIL pathway (131). However, Wang et al. suggested that

treatment of CRC-mice with A. muciniphila increases the early

level of inflammation and proliferation of the intestinal cells and

therefore promotes the formation of tumors (132).

In liver diseases, recent studies have investigated the potential

anti-fibrotic effects of heat-killed A. muciniphila MucT on the

activation of hepatic stellate cell (HSC), where they demonstrated

that heat-killed A. muciniphila MucT was safe and capable of

improving LPS-induced HSC activation by modulating fibrosis

markers (133). Moreover, oral supplementation in alcoholic

steatohepatitis mice model induced a reduction in hepatic injury

and steatosis, while enhancing mucus thickness and tight-junction

expression (20). In an induced liver fibrosis mice model, it was

revealed that treatment with live or pasteurized A. muciniphila or

with its extracellular vesicles (EVs) can improve gut permeability,

attenuating the expression of inflammatory biomarkers and

subsequently preventing liver injury in treated mice (134).

Another study showed that oral administration of A.

muciniphila or its EVs could improve the anti-inflammatory

responses eventually leading to a prevention from liver injury in

mice (135). A recent study conducted by Rao et al. in mice

explored the therapeutic effect of A. muciniphila in metabolic

dysfunction-associated fatty liver disease (MAFLD). The study

results indicated that A. muciniphila exhibited anti-MAFLD

activity correlated with lipid oxidation and an improvement in

gut-liver interactions by regulating the metabolism of L-

aspartate (136).

The importance of A. muciniphila in maintaining good

health and the negative correlation between its presence and

obesity (81, 107) have initiated many studies focusing on using

the mucin-degrading bacteria as a treatment. For example,

studies performed on high-fat diet-fed mice models treated

with A. muciniphila showed that this treatment prevents body

weight gain, calorie intake and reduces the weight of adipose

tissues, thus improving the induced metabolic disorders. In

addition, it had many other beneficial effects such as

improving glucose homeostasis and insulin sensitivity,

inhibition of intestinal inflammation and restoration of

damaged gut integrity (108, 137, 138). Administration of the

pasteurized form had similar effects. A study by Ashrafian et al.

showed that the pasteurized A. muciniphila and its EVs totally

reduced the High-fat diet (HFD) induced intestinal

inflammation and preserved intestinal permeability (139).

Pasteurized A. muciniphila was shown to attenuate

inflammatory response and improve intestinal barrier

integrity. This is probably due to stimulating AMP-activated

protein kinase (AMPK) and inhibiting Nuclear Factor-Kappa B

(NF-kB) activation through the stimulation of TLR2 on

intestinal epithelial cells (140). Aiming to understand the

mechanisms of A. muciniphila involved in modulating the

host metabolism, Yoon et al. identified a protein named P9

which induces glucagon-like peptide-1 (GLP-1) secretion and

brown adipose tissue thermogenesis (141). Ashrafian et al.
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demonstrated that A. muciniphila or its EVs significantly

reduced the body and fat weight of HFD mice and improved

intestinal barrier integrity and energy balance (142).

Another study has been conducted to prove that deficiency

in A. muciniphila is correlated with a high incidence of diabetes

in a NODmouse model. This study showed that the oral transfer

of A.muciniphila could delay the onset of diabetes through

promoting mucus production, increasing the expression of

antimicrobial peptide Reg3y, lowering serum endotoxin levels

and the expression of islet toll-like receptor (143). Chellakot

et al. found that the administration of A. muciniphila EVs

improved intestinal tight junction function, glucose tolerance

in high-fat diet-induced diabetic mice and reduced weight gain,

indicating a potential role for EVs in diabetes and thus indicating

its use as a therapy (144).

The therapeutic role of A. muciniphila has also been studied

in inflammatory bowel diseases. It has been found that treatment

of ulcerative colitis dextran sulfate sodium (DSS)-induced mice

with metformin alleviates the phenotype associated with an

increase in the expression of mucin2 and in the abundance of

A. muciniphila compared to the control group. Moreover, the

administration of A. muciniphila decreases disruption of the

mucus barrier and colonic inflammation (145). Similarly,

another study conducted on a colitis DSS-induced mice model

showed that the oral application of EVS protects against colitis

phenotypes, such as body weight loss and inflammatory cell

infiltration of the colon wall (146). Similar effects were also

observed after treatment of the mice model with Amuc_2109, a

b-acetylaminohexosidase secreted by A. muciniphila. Treatment

with Amuc-2109 also had anti-inflammatory effects by

inhibiting the expression of inflammatory cytokines (147).

It was found that the outer membrane protein Amuc_1100

of A. muciniphila promotes the biosynthesis of 5-HT, which is a

neurotransmitter and a key signal molecule regulating the

gastrointestinal tract functions and other organs (112). Wang

et al. found that A. muciniphila or Amuc_1100 improved

gastrointestinal motility function and restored gut microbiota

abundance and species diversity in antibiotic-treated mice. This

finding represented an important approach through which A.

muciniphila interacts with the host and further influences 5-HT-

related physiological functions (148).

The anti-inflammatory and immunoregulatory roles of A.

muciniphila has been assessed in other diseases in mice models.

It was shown that the administration of pasteurized A.

muciniphila in a mouse model of H7N9 influenza viral

infection reduced mortality, given its anti-inflammatory and

immunoregulatory roles (149). Likewise, the administration of

A. muciniphila resulted in a decrease in inflammatory cell

infiltration and bone destruction in a mouse model of calvarial

infection (49). Treatment with A. muciniphila also resulted in

decreased alveolar bone and systemic inflammation loss in an

experimental Porphyromonas gingivalis induced periodontitis

model (49, 150). These findings highlight the protective effects
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of A. muciniphila and its use as a potential therapeutic agent to

various diseases. However, Lawenius et al. showed that

treatment with pasteurized A. muciniphila in mice reduces the

accumulation of fat mass but does not protect against bone loss

in a model of ovariectomized mice (151).

Moreover, another study performed in mice has reported

that the presence of A. muciniphila and its EVs in the gut

promote serotonin concentration, and also has an impact on

serotonin signaling/metabolism through the gut-brain axis.

These results suggest that A. muciniphila and its EVs can be

considered as a new therapy for serotonin-related disorders

(152). Ding et al. demonstrated that treatment of mice with

depression induced by chronic restraint stress with A.

muciniphila can reduce the depressive-like behavior of the

mice, which was correlated with the increase in b-alanyl-3-
methyl-l-histidine and edaravone (153).
Human trials

Few studies on the use of A. muciniphila as a probiotic in

humans have been conducted. The study by Plovier et al. was the

first to demonstrate that the administration of live or pasteurized

A. muciniphila is safe in humans in a cohort of 20 subjects with

excess body weight. An exploratory study conducted by

Depommier et al. on 32 overweight and obese insulin-resistant

human volunteers also demonstrated that daily oral

supplementation with either live or pasteurized A. muciniphila

bacteria was safe and well-tolerated up for three months.

Furthermore, they showed that pasteurized A. muciniphila

improves insulin sensitivity and reduces insulinemia and

plasma total cholesterol, while slightly decreasing body weight

and fat mass compared to a placebo group (23). Moreover, the

same team suggested that peroxisome proliferator-activated

receptor alpha activation by mono-palmitoyl-glycerol might

underlie some of the beneficial metabolic effects induced by A.

muciniphila in human metabolic syndrome (24). Metabolome

analysis illustrates that administration of A. muciniphila in

prediabetic individuals leads to a decrease in some amino

acids (tyrosine and phenylalanine), potentially explaining its

hepato-protective role (154). Two clinical studies are ongoing to

prove the efficacy of pasteurized A. muciniphila in improving

insulin sensitivity, and to assess the weight-loss and glucose-

lowering effects of A. muciniphilaWST01 strain in overweight or

obese patients with type 2 diabetes (Table 3).
Enhancing the abundance of
A. muciniphila with prebiotics/
other probiotics

One method of favorably modulating the gut microbiota is to

administer growth-promoting substrates that can be used
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growth and the production of associated desirable metabolites.

The rationale of selectively enhancing beneficial microbes in the

gut led to the concept of prebiotics, initially described in 1995 by

Roberfroid and Gibson (158).

While some technological and regulatory hurdles may limit

the use of certain strains of probiotics, it should be possible to

use prebiotics and other dietary components to selectively

enhance their growth in situ. The prebiotic paradigm has

shifted in recent years, following the discovery of newly

identified putatively beneficial gut microbiota members to

target for enrichment. Through the development of new

cultivation techniques and high-throughput sequencing, these

studies have been able to explore the various impacts of specific

fibers and products which represent untapped source of food

bioactive on gut microbiota (159). For example, Anhe et al.

showed that cranberry extract, rich in polyphenols, has been

shown to improve diet-induced obesity and several features of

metabolic syndrome (MetS) in mice, while increasing the

abundance of A. muciniphila (160). Moreover, studies

demonstrated that supplementation with grape polyphenols

can promote increased intestinal abundance of A. muciniphila

in mice fed either high-fat or low-fat diet, thus resulting in

lower intestinal and systemic inflammation (161, 162). The

administration of polymeric procyanidins in mice fed a high-

fat/high-sucrose diet increases the proportion of A.

muciniphila by eight times, producing beneficial effects on

metabolic homeostasis (163). Another interesting fruit

extract rich in polyphenols is camu-camu extract. This

prebiotic can also improve the homeostasis of glucose and

lipids while also increasing the abundance of A. muciniphila

after five weeks of supplementation in HFD fed mice (164).

Dietary supplementation with polysaccharides such as fucoidan

decreased bodyweight inHFD-fedmice and also improved glucose

intolerance and insulin resistance. Both fucoidans separately

improved intestinal dysbiosis caused by a HFD and significantly

increased the abundance of A. muciniphila (165). Inulin-type

fructan prebiotics were found to significantly enhance the

presence of A. muciniphila, linked to a decrease in obesity and fat

mass and an improvement in insulin resistance in genetic obese and

diet-induced leptin-resistant mice (166). An increase in the cecal

content ofA.muciniphilawas detected by targeted qPCR following

four weeks’ supplementation with berberine in genetically obese

mice, associated with an improvement in gut barrier function and

hepatic inflammatory and oxidative stress (167). (167) Jiang et al.

showed that total flavone (TFA) extracted from the flowers

Abelmoschus manihot (TFA) can also enhance A. muciniphila in

DSS-induced experimental colitis (168). Finally, dry extract of

rhubarb root has also been shown to cause an increase in levels of

A.muciniphila associated with the increased expression ofReg3g in
the colon, an anti-microbial peptide with an important role in the

host defense system, thus protecting against metabolic

disorders (169).
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TABLE 3 Human studies or clinical trials on the use of A. muciniphila as a probiotic or enhancing its abundance through prebiotic administration.

Prebiotic/Probiotic Intervention Cohort Clinical
case

Outcomes Author/
References

Validly
published
studies

Prebiotics Xylo-oligosaccharides
(XOS)

1.4 g XOS, 2.8 g XOS
or placebo taken
daily

32 healthy subjects x ↑ in Akkermansia sp. in
those supplemented with
the higher dose

(155)

Resistant starch (RS) Participants
consumed a high
(HC) or low
carbohydrate (LC)
diet followed by a
baseline diet.
*HC subjects
consumed either a
high RS (HRS – 66
g/d) or low RS (LRS
– 4 g/d).
*LC Subjects
consumed either
48 g for HRS or 3 g
for LRS.

39 subjects with
reduced insulin
sensitivity

x ↑ in the ratio of Firmicutes
to Bacteroidetes.
↑ levels of A. muciniphila

(156)

Probiotics/
Postbiotics

A. muciniphila Oral administration
of either live or
pasteurized A.
muciniphila or the
membrane protein
Amuc_1100*
(1.5 × 108 CFU)

20 subjects with
excess body weight

Obesity and
type 2
diabetes

Administration of live or
pasteurized A. muciniphila
is safe in humans.

(12)

A. muciniphila daily oral
supplementation of
1010 A. muciniphila
bacteria either live or
pasteurized (3
months)
(1010 bacteria)

32 overweight/obese
insulin-resistant
volunteers

Obesity 1- A. muciniphila is safe
and well tolerated.
2- Pasteurized A.
muciniphila improved
insulin sensitivity, reduced
insulinemia and total
plasma cholesterol.
3- Pasteurized A.
muciniphila slightly
decreased body weight and
fat mass
4- A. muciniphila reduced
the levels of markers for
liver dysfunction and
inflammation.

(23)
(24)

Lactobacillus plantarum,
Streptococus thermophiles,
Lactobacillus acidophilus,
Lactobacillus rhamnosus,
Bifidobacterium lactis,
Bifidobacterium longum, and
Bifidobacterium breve.

Oral
supplementation (6
weeks)

13 individuals Obesity Increase in the abundance
of A. muciniphila after the
intervention

(157)

Clinical
trials in
progress

Prebiotics oat b-glucans 5 gr of oat ß-glucan
(12 weeks)

40 participants with
type 2 diabetes
mellitus

Type 2
diabetes

Follow up on A.
muciniphila levels in fecal
microbiota using (qPCR)

NCT04299763

dietary fiber formulation supplementation
with 15g/day fiber
powder (1 month)

20 healthy
participants

x Explore the change in A.
muciniphila gut abundance.

NCT03785860

Acetate Supplementation
with Acetate (Apple
Cider Vinegar) (5
months).

10 patients on stable
dose of antipsychotic
medication for
treatment of
depression or
anxiety.

Depression/
anxiety

Encourage the growth of A.
muciniphila

NCT05022524

(Continued)
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Clinical trials and human studies are essential when assessing

the benefits of newly identified prebiotics. Of the many potential

prebiotics which have been studied, only a few substrates, including

Xylo-oligosaccharides (XOS) and resistant starch (RS) have been

validated through human studies. Finegold et al. demonstrated that

xylo-oligosaccharides promoted intestinal health by modulating

the microbial community: an increase in the levels of

Faecalibacterium sp. and Akkermansia sp. as well as

Bifidobacteria was detected (155). Moreover, a randomized

dietary study by Maier et al. proved that resistant starch

increased the levels of A. muciniphila in participants who

followed a high resistant starch diet (156). Other ongoing clinical
Frontiers in Gastroenterology 14
studies involve the use of various prebiotics in different diseases

such as T2D, cancer and other diseases in order to uncover their

potential in enriching the abundance of A. muciniphila.

Other probiotic treatments may also increase the levels of A.

muciniphila. For example, a fasting programme combined with

laxative treatment for one week followed by a six-week probiotic

intervention with a probiotic containing several different bacterial

strains showed an increase in the abundance of Akkermansia

(157). Four other clinical studies are in progress about the use of

different bacteria as probiotics and their effect on modulation of

the intestinal flora in cancer or IBS and, most importantly, on

increasing the abundance of A. muciniphila (Table 3).
TABLE 3 Continued

Prebiotic/Probiotic Intervention Cohort Clinical
case

Outcomes Author/
References

Camu Camu Capsules (CC) 2 capsules of Camu
Camu daily in
addition to
antiretroviral therapy
(12 weeks)

22 participant with
HIV

HIV 1- Monitor A. muciniphila
levels in stools.
2- Monitor gut damage
and inflammation.

NCT04058392

CC supplementation
of 500 mg (3
months)

45 participants with
Non-Small Cell
Lung Cancer and
melanoma receiving
Immune Checkpoint
Inhibitors

Non-Small
Cell Lung
Cancer and
melanoma

1- Assess the safety and
tolerability of CC prebiotic.
2- Discover if CC has the
potential to enrich A.
muciniphila and improve
Immune Checkpoint
Inhibitors efficacy.

NCT05303493

Probiotics Lactobacillus rhamnosus Probio-
M9

Daily oral dose (6
months)

46 patients receiving
immunotherapy for
liver cancer

liver cancer Increase the abundance of
A. muciniphila.to improve
effect of immunotherapy

NCT05032014

Lactobacillus Bifidobacterium V9 46 Non-small Cell
Lung Cancer
Patients receiving
immunotherapy

Cell Lung
Cancer

NCT05094167

fecal microbiota capsules x 20 participants with
Advanced Lung
Cancer Treated
With
Immunotherapy

Advanced
lung cancer

1- Selection of donor of
fecal microbiota based on
their fecal abundance in F.
prausnitzii, B. longum, A.
muciniphila and
Fusobacterium spp.
2- Manipulating the
microbial populations to
enhance the efficacy of
immunotherapy.

NCT04924374

DS-01 (microbial consortia
consisting of 24 strains across 12
species)

2 capsules daily (12
weeks)

100 men or women
with IBS with
constipation

Irritable
bowel
syndrome

Evaluate changes of A.
muciniphila and other
species

NCT04598295

A. muciniphila orally given A.
muciniphila WST01
strain powder with
maximum live
bacteria of 5*10^10
CFU/g (12 weeks)

60 overweight/obese
and drug naïve type
2 diabetes patients

Obesity/Type
2 diabetes

Evaluate the effects of A.
muciniphila WST01 strain
in overweight or obese
patients with T2D.

NCT04797442

A. muciniphila Daily oral dose of
pasteurized A.
muciniphila (120
days)

98 hyperglycaemic
healthy adults

Dysglycaemia demonstrate the efficacy of
pasteurized A. muciniphila
(pAKK) in improving
insulin sensitivity

NCT05114018
f

Table resuming the different validly published studies and the clinical trials in progress that use A. muciniphila as a probiotic or prebiotics to enhance its abundance, the cohort, the
intervention, the clinical case, the results and the references. ↑: Increase.
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Other than natural components,A.muciniphila has been used by

Payahoo et al. as a marker to assess the efficiency of a pharmaceutical

agent, Oleoylethanolamide, for treatment of obese people. This study

showed that abundance of A. muciniphila bacterium increases

significantly in oleoylethanolamide group compared to the placebo

group and modifies the energy balance (170).
Conclusion and perspectives

A new area of research is emerging with the study of

interbacterial communication, particularly between probiotic

bacteria in transit and intestinal bacteria. A. muciniphila has

been proven to have many beneficial effects in immune and

metabolic regulation which can result in stimulating host health

and preventing of pathogens. Nowadays, it is considered as a

next generation probiotic to treat metabolic disorders such as

obesity, diabetes, inflammatory diseases, as well as cancer

(Figure 2). It has been reported that A. muciniphila in its two

forms (live and pasteurized) is safe for use in human trials and

two known companies have already started producing A.

muciniphila probiotics (A-Mansia Biotech and Pendulum).

However, there is no significant evidence on the link between

this bacteria and malnutrition, reason why more studies should

focus on this topic. Finally, more studies and mainly human

clinical trials should be carried out in order to assess

mechanisms of action and long-term effects of A. muciniphila

before using for therapeutic applications.
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The microbiota of the gut in preschool children with normal and excessive body
weight. Obesity (2012) 20:2257–61. doi: 10.1038/oby.2012.110

82. F.S.Teixeira T, Grześkowiak ŁM, Salminen S, Laitinen K, Bressan J,
Gouveia Peluzio M do C. Faecal levels of bifidobacterium and clostridium
coccoides but not plasma lipopolysaccharide are inversely related to insulin
and HOMA index in women. Clin Nutr (2013) 32:1017–22. doi: 10.1016/
j.clnu.2013.02.008

83. Allin KH, Tremaroli V, Caesar R, Jensen BAH, Damgaard MTF, Bahl MI,
et al. Aberrant intestinal microbiota in individuals with prediabetes. Diabetologia
(2018) 61:810–20. doi: 10.1007/s00125-018-4550-1

84. Qin J, Li Y, Cai Z, Li S, Zhu J, Zhang F, et al. A metagenome-wide
association study of gut microbiota in type 2 diabetes. Nature (2012) 490:55–60.
doi: 10.1038/nature11450

85. Liu F, Ling Z, Xiao Y, Lv L, Yang Q, Wang B, et al. Dysbiosis of urinary
microbiota is positively correlated with type 2 diabetes mellitus. Oncotarget (2017)
8:3798–810. doi: 10.18632/oncotarget.14028

86. Vakili B, Fateh A, Asadzadeh Aghdaei H, Sotoodehnejadnematalahi F,
Siadat SD. Characterization of gut microbiota in hospitalized patients with
clostridioides difficile infection. Curr Microbiol (2020) 77:1673–80. doi: 10.1007/
s00284-020-01980-x

87. Demirci M, Tokman HB, Uysal HK, Demiryas S, Karakullukcu A, Saribas S,
et al. Reduced akkermansia muciniphila and faecalibacterium prausnitzii levels in
the gut microbiota of children with allergic asthma. Allergol Immunopathol (2019)
47:365–71. doi: 10.1016/j.aller.2018.12.009
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