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Abstract. — OBJECTIVE: Gut microbiota has
a key role in host metabolic regulation and im-
mune response, and its dysbiosis represents
one of the main causes of gastrointestinal dis-
eases. In this scenario, Akkermansia muciniph-
ila is a crucial player in keeping the integrity of
the gastrointestinal tract.

MATERIALS AND METHODS: This review fo-
cuses on the correlation between gut microbio-
ta and intestinal homeostasis, primarily explor-
ing A. muciniphila and its involvement in the de-
velopment of metabolic disorders and gastroin-
testinal diseases.

RESULTS: Akkermansia muciniphila belongs to
the Verrucomicrobia phylum, and it colonizes the
mucus layer in the gastrointestinal tract, repre-
senting 1 to 4% of the fecal microbiota. It stimu-
lates mucosal microbial networks, and it improves
intestinal barrier function, providing crucial host
immunological responses. Several studies have
demonstrated the possible involvement of A. mu-
ciniphila in the development of intestinal and met-
abolic disorders. Indeed, adipose and glucose
metabolisms are influenced by A. muciniphila,
and its levels inversely correlate to inflammatory
conditions, such as inflammatory bowel disease,
obesity, and diabetes. Conversely, its therapeutic
administration decreases their development.

CONCLUSIONS: A. muciniphila exerts a key
role in the maintenance of intestinal health and
in host metabolic modulation. Future studies
could open new horizons towards its potential
therapeutic applications in gastrointestinal and
extra-intestinal diseases.
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Introduction

The collection of bacteria, Archaea and Eu-
karya colonising the GI tract, usually known
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as the “gut microbiota”, has been estimated to
exceed 10" microorganisms, which encompasses
~10 times more bacterial cells than the number
of human cells and over 100 times the amount
of genomic content (microbiome) as the human
genome'~?,

Latest evidence supports the role of gut micro-
biota in several host functions, and this dysbiotic
condition has been linked to cardiovascular dis-
ease, neurodegenerative conditions, psychiatric
disorders, and autoimmune conditions*®.

Early studies’® sought to identify the normal
set of microbes that colonizes healthy people,
by culture and characterization of physiological
properties. The introduction of strictly anaerobic
techniques in the 1970s allowed the recovery of
more than 300 bacterial species.

Then, above all, the introduction of 16STRNA
profiling studies provided invaluable insights into
the taxonomic composition of the gut microbio-
ta, which in turn has facilitated the inference of
broad evolutionary patterns. However, species
diversity may only present the top of the iceberg
of microbial complexity in the gut®'?. Recent
studies applying methods that go beyond the typ-
ical 16STRNA profiling approach have provided
compelling evidence that the bacterial species of
the gut microbiota are composed of a multitude of
strains, which are likely to influence gut microbi-
ota functions.

Despite variability in species composition, the
mammalian gut microbiota is dominated by rela-
tively few bacterial phyla, including Firmicutes,
Bacteroidetes, Proteobacteria, Actinobacteria,
and Verrucomicrobia. Each phylum is generally
classified in a hierarchical manner into sub-phy-
la, classes, orders, families, genera, and finally
species and strains. Some of the earliest efforts to
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sequence 16STRNA genes directly from samples
showed that 85-95% of bacterial abundance cor-
responding to known species could be attributed
to three bacterial groups related to Bacteroides,
Clostridium cluster XIVa, and Clostridium clus-
ter IV'314,

Among these, Verrucomicrobia belongs to the
Planctomycetes-Verrucomicrobia-Chlamydiae
bacterial superphylum'®. The first microbe of this
phylum, Akkermansia muciniphila, was original-
ly isolated from a fecal sample from a healthy
female in a specific medium that contained pu-
rified mucins, sole carbon source, suggesting
specific metabolic properties located in the inter-
face between the luminal bacteria and the host'®.
Since then, many functions were hypothesized to
support the role of Verrucomicrobia in the mod-
ulation of metabolism in the human host. In this
review, we will summarize the current evidence
on Verrucomicrobia, gut pathophysiology, and
metabolic disorders.

The Verrucomicrobia Phylum

Verrucomicrobia are Gram-negative bacteria
belonging to the Planctomycetes, Verrucomi-
crobia, Chlamydiae (PVC) superphylum, that is
a group of six bacterial phyla: Planctomycetes,
Verrucomicrobia, Chlamydiae, Lentisphaerae,
Poribacteria, and OP3'"'8. The bacteria from
this superphylum were previously suggested
to have a compartmentalized cell plan with a
cytoplasmic membrane as the outermost mem-
brane, and an intracytoplasmic membrane con-
taining a condensed nucleoid and ribosomes".
However, more recently it has been suggested
that these bacteria have an outer and an inner
membrane (IM) with possible invaginations
of the IM inside the cytoplasm, representing a
variation and not an exception of the Gram-neg-
ative cell plan?.

Verrucomicrobia phylum is involved in
soil-based environments®', in aquatic environ-
ments?>* and, not secondarily, is associated with
eukaryotic species?*?’,

Akkermansia muciniphila belongs to this phy-
lum, a bacterium that shares only very little simi-
larity with Verrucomicrobia genomes, indicating
how this phylum includes a vast bio-diversity of
species®®.

A. muciniphila colonizes the mucus layer of the
human gastrointestinal (GI) tract (12) and consti-
tutes 1 to 4% of the fecal microbiota®. It is con-
sidered to be an anaerobic bacterium, although
a more recent study*® showed that it has a good
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survival when exposed to atmospheric oxygen, so
that it can be defined as an aerotolerant anaerobic
bacterium.

A. muciniphila encodes for 567 secreted pro-
teins, such as sugar hydrolase, sialidase, and
sulfatase, which are involved in mucin utilization.
It is thus considered a mucin-degrading bacteri-
um’'. In fact, intestinal mucins, the highly gly-
cosylated proteins of the epithelial mucus layer,
represent the main source of carbon and nitrogen
for this species'® that can be found in high num-
bers in mucosal biopsy specimens of the human
colon®2. Moreover, A. muciniphila has been found
to have a role not only in mucins biodegradation,
but also in stimulating mucin production®***. Be-
cause of its influence on mucin metabolism and
consequently on the thickness of the mucus layer,
a crucial role of A. muciniphila in gut barrier
function is easy to be hypothesized. Indeed, it has
been demonstrated that A. muciniphila is depleted
in patients affected by inflammatory bowel dis-
ease (IBD), in which a reduction in barrier func-
tions has been largely proved®?. A. muciniphila
reduction has been shown in ulcerative colitis
(UC) and Crohn’s disease (CD), both in clinically
active disease and during remission®3¢, A study
of 2011 also demonstrated an inverse correlation
between A. muciniphila levels and the severity of
acute appendicitis®’.

Moreover, Reunanen et al** examined the ef-
fects of A. muciniphila on in vitro colonic cells
lines Caco2 and HT-29, highlighting the capacity
of this bacteria to adhere to the epithelium and
to strengthen the intestinal barrier. The same
study showed that A. muciniphila can induce
a weak pro-inflammatory activity stimulating
enterocytes production of interleukin 8 (IL-8) at
cell concentrations 100-fold higher than those of
E. coli. Thus, this bacterium does not activate a
strong inflammatory cascade in the epithelium
but seems to be able to keep the mucosa-asso-
ciated immune system alerted at an appropriate
level. These results are in line with other in vivo
studies that link A. muciniphila to a non-inflamed
mucosa®?® and suggest important host-bacteria
interactions involved in the maintenance of host
immune response.

Moreover, 4. muciniphila has a crucial role in
metabolic homeostasis. Studies on animals®**
showed a lower abundance of 4. muciniphila
in mice fed with high-fat diet (HFD), obese
mice, and with type 2 diabetes-like symptoms.
These results were confirmed by clinical trials
that reported a negative correlation between A.
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muciniphila and dietary fat intake, serum total
cholesterol, and LDL*. A possible role of A.
muciniphila in preventing metabolic disorders
was supposed by a study** on HFD fed mice,
in which a daily administration of 10® CFU of
this strain for four weeks improved metabol-
ic profile, prevented weight gain, and reduced
LPS endotoxemia related to metabolic disorders.
Overall, the effects of A. muciniphila on metab-
olism represent a field of great interest that may
lead to possible future therapeutic applications
in such disorders.

Gut Microbiota and Obesity

Obesity is a major risk factor for the develop-
ment of common diseases, such as type 2 diabe-
tes, metabolic syndrome, and cardiovascular dis-
ease, which are leading causes of morbidity and
mortality in developed nations with an estimated
cost exceeding hundreds of billion euro in the last
years and an estimated 250,000 deaths per year®.

Both environmental and genetic factors con-
tribute to obesity and T2D development. Many
researches emphasize the role of the gut micro-
biota as critical metabolism modifier and recent
studies**¢ showed its role in the development
of obesity and progression to T2D. On one side,
obesity determines a significant reduction of mi-
crobial variety and T2D causes dysbiosis with a
reduction in butyrate-producing bacteria levels
on the other. In this connection, it was observed
that Roseburia and Faecalibacterium prausnitzii
were less abundant in the feces of T2D patients
compared to controls*’*8,

Human gut microbiota exerts some key-func-
tions, such as digestion of otherwise indigestible
substrates, production of specific vitamins im-
possible to synthesize via human enzymatic re-
actions, modification of host metabolism through
the production of certain metabolites as short-
chain fatty acids (SCFA), or via translocation of
endotoxins®.

One of them, known as the gram-negative bac-
terial wall compound lipopolysaccharide (LPS),
is an innate immune regulator capable of acti-
vating macrophages in both adipose tissue and
peripheral blood®. Some investigations confirm
that the translocation of specific intestinal bac-
teria plays an important role in metabolism and
development of obesity and insulin resistance.
Ley et al’! reported a higher ratio of Firmicutes/
Bacteroidetes and a lower number of Bacteroide-
tes in 12 obese adult men and women randomly
assigned to either a low-fat or low-carbohydrate

diet for one year, when compared to lean, nor-
mal-weight individuals at baseline. However, the
ratio returned to normal in those individuals who
had successful and sustained weight loss.

Jumpertz et al** reported differences in the
fecal microbiota in lean and obese individuals
during diets, that varied in caloric content (2400
kcal/day vs. 3400 kcal/day), showing that an al-
tered nutrient loading induced rapid changes in
the gut bacterial community.

A high-fat diet also has an important role in
the change of gut microbiota; indeed, Western
diet induces an important intestinal dysbiosis,
especially the proliferation of gram-negative bac-
teria, such as Enterobacteriaceae. This condition
promotes local inflammation, and it increases
intestinal permeability™.

Examination of gut microbiota has been ex-
tended to children, but the results are heteroge-
neous. However, it is now quite definite that it is
involved in triggering an innate immune response
in early life, resulting in the maturation of gut-as-
sociated lymphoid tissue and developing adaptive
immunity>*.

Some studies reported an increased level of
Firmicutes and an increased Firmicutes/Bacte-
roidetes ratio in obese individuals®, while others
showed increased levels of Bacteroidetes and an
increased Bacteroidetes/Firmicutes ratio®®.

A report from Egypt further demonstrated dif-
ferent results”’, suggesting that the composition of
gut microbiota may depend on the environment,
particularly in children.

Obese phenotype seems to be transmissible, as
shown further®®. It was observed that in the mu-
rine models, the germ-free mice remain signifi-
cantly leaner than the conventional raised mice,
despite a significantly higher food intake®.

Vice versa, colonization of GF mice with cae-
cum-derived microbiota of conventional mice
(“conventionalization”) demonstrated a signifi-
cant increase in total body fat content without
changes in the caloric intake®. This finding was
later reproduced using inoculation in GF mice
with feces of obese human subjects showing iden-
tical effects®’.

Akkermansia Muciniphila and Obesity:
Evidence from Mouse Models

Some of the previous studies®® have found a
link between caloric intake and the abundance of
Akkermansia muciniphila.

Administration of prebiotics in high fat diet-fed
mice abolished the metabolic endotoxemia that
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characterizes the impaired metabolic state pres-
ent in obese subjects, reduced the total fat mass
and the body weight. Of note, these results were
significantly and inversely correlated with 4. mu-
ciniphila abundance®.

Schneeberger et al® reported that the levels of
A. muciniphila in mice are inversely associated
with inflammatory markers, lipid synthesis, and
several plasma markers of insulin resistance,
cardiovascular risk, and adiposity. The greatest
impact on body weight gain and adiposity in mice
occurs after 6 consecutive weeks of HFD admin-
istration.

There was a significative inverse correlation
between A. muciniphila levels and inflammatory
markers, all circulating parameters (i.e., insulin,
glucose, triglycerides, and leptin) and positive
correlation with 118 out of 13 genes involved in
fatty oxidation, synthesis, and browning, while
Bifidobacterium spp. abundance was significantly
and negatively correlated with 3 inflammatory
markers and leptin, and positively correlated with
only 2 genes involved in fatty oxidation.

Therefore, these data indicate that HFD affects
specific gut bacteria, and highlight that the abun-
dance of A. muciniphila progressively declines
with prolonged dietary treatment in mice, and
that this effect is exacerbated upon HFD. It is
also demonstrated that this bacterium declines
before the onset of metabolic alterations, thereby
suggesting a causative implication in the disease
progression®,

Moreover, the gut concentration of 4. muciniph-
ila is increased and decreased respectively in mice
fed with fish oil-enriched diet and lard-enriched
diet, and this effect is associated with better control
of the gut barrier function and lower adipose tissue
inflammation, a phenomenon that can be trans-
ferred to germ-free recipient mice®.

Likewise, other authors**-** demonstrated that
gut barrier dysfunction, the weight and fat gain in
mice fed with HFD can be reduced with simulta-
neous administration of A. muciniphila.

Finally, there is also a link between age and
A. muciniphila in mice, since the intestinal levels
of this bacterium are lower in older mice. HFD
heavily influence adipose tissue profile and intes-
tinal microbiota in a way that mimicked aging®.

A. Muciniphila and Obesity: Evidence
from Human Studies

Emerging studies evaluated the relationship
between the gut abundance of Akkermansia mu-
ciniphila and body weight in human. There is
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evidence of inverse correlation between these
two variables®®. Specifically, it was observed a
reduction in numbers of Bifidobacterium and A.
muciniphila and an increase in numbers of Staph-
vlococcus, Enterobacteriaceae, and Escherichia
Coli in overweight pregnant compared with nor-
mal-weight pregnant women.

Their gut microbiota composition was an-
alysed by quantitative real-time PCR. In the
whole population, the increased total bacteria and
Staphylococcus numbers were correlated to in-
creased plasma cholesterol levels, where instead
the increased Bacteroides numbers were linked to
increased HDL-cholesterol and folic acid levels,
and reduced TAG levels®.

Karlsson et al® evaluated the gut microbio-
ta of twenty overweight or obese children and
twenty normal weight control children of 4-5
years of age. Interestingly, the levels of A. mu-
ciniphila were significantly reduced in obese/
overweight children, whereas the concentration
of the gram-negative Enterobacteriaceae family
was significantly higher in the same group. The
concentration of Bifidobacterium was inversely
correlated to alanine aminotransferase (ALT) in
obese/overweight children.

Since diabetes and overweight have been re-
lated to increased gut permeability and low-
grade inflammation, LPS-induced endotoxemia
has been suggested as one of the causative agents
of metabolic disorders related to obesity. The in
vitro observation that A. muciniphila fortifies
epithelial barrier function could provide a work-
ing hypothesis to rationalize the in vivo findings
connecting decreased fecal A. muciniphila levels
with diabetes and obesity. This could reveal one
possible mechanism behind the protective effect
of the bacterium against high-fat-diet-induced
LPS endotoxemia in obese mice™.

At this time, no study relationship between
A. muciniphila and the markers of hypothalamic
control of food intake has been evaluated.

In accordance with all this evidence, we can
suppose that in humans A. muciniphila influences
the response to caloric restriction diet in terms of
improvement of inflammatory markers, insulin
resistance, and glycemia.

Akkermansia Muciniphila and
Intestinal Barrier Modulation

Mucus is an essential part of maintaining the
health of the gastrointestinal tract and its func-
tional integrity. It represents both an efficient bar-
rier that protects the epithelial surface, preventing
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particles or extraneous agent penetration, and
an excellent lubricant for metabolic processes®.
The mucus layer offers substrates for bacterial
growth, adhesion, and protection.

The resident microbiota also represents an es-
sential resource to ensure an effective gut barrier;
it provides to obtain nutrients, it processes neces-
sary molecules for mucosal integrity, and it com-
petes with pathogens to gain space’. Conversely,
gut microbiota composition has been shown to
influence mucus barrier properties. Higher levels
of specific bacterial species are able in the inflam-
matory conditions to increase the permeability
of the mucus layer and thus decrease the barrier
function’. Therefore, its presence influences in-
testinal colonization by attracting bacteria that
have the ability to survive and proliferate within
the mucus layer?.

Akkermansia muciniphila is known to colonize
the mucosal layer of the human intestine where
it triggers both hosts metabolic and immune re-
sponses. It was found being particularly effective
in increasing mucus thickness and increasing
gut barrier function. Its metabolic and mucolytic
activity make 4. muciniphila a key species in
the mucus layer, stimulating beneficial mucosal
microbial networks. Specifically, the production
of short-chain fatty acids is beneficial to the host
and microbiota members’. It was demonstrat-
ed that A. muciniphila colonizes the intestinal
tract in early life and develops within a year to
a level close to that observed in healthy adults®.
In the colon of a healthy human, 4. muciniphila
is present in high levels with an abundance of
approximately 3%?. Its specialization in mucin
degradation makes it a key organism at the muco-
sal interface between the lumen and host cells™.
Thanks to A. muciniphila, intestinal mucin is
degraded into mainly propionic and acetic acid
that become the substrate for F. prausnitzii, one
of the main producers of butyrate in the intestine.
This leads to the inhibition of inflammation in the
gastrointestinal tract and to the prevention of the
increased intestinal permeability’.

A. muciniphila also has an active role in stimu-
lation and regulation of host immunity, improving
intestinal barrier function, and probably provid-
ing competitive exclusion at the host-microbe
interface®”. It is positively correlated with a lean
phenotype, reduced body weight gain, increate
metabolic responses, and with the restoration of
gut barrier function by modulation of mucus layer
thickness’. Notably, low levels of 4. muciniphila
have been observed in patients with inflamma-

tory bowel diseases (mainly in ulcerative colitis)
and metabolic disorders, which suggest that it
may have potential anti-inflammatory proper-
ties”. Specifically, recent trials demonstrated that
A. muciniphila increased the endogenous pro-
duction of specific bioactive lipids, especially
Glucagon-like peptide 2 (GLP-2), involved in gut
barrier regulation’’.

Next research challenge will be to analyze
the molecular mechanism of actions involved in
the metabolic and immunological 4. muciniphila
properties in order to find potential therapeutic
applications.

Akkermansia Muciniphila and
Gastrointestinal Diseases

The relation between mucin and bacteria var-
ies depending on the microbiota, and several
studies'® have reported a potential involvement
of mucin-degrading bacteria in the pathogenesis
of intestinal diseases. The levels of Akkermansia
muciniphila have been shown to be inversely cor-
related with several disorders, such as inflamma-
tory bowel diseases (IBD), obesity, diabetes, and
appendicitis, but few information exists about its
immunological mechanisms of action’.

In IBD, the abundance of A. muciniphila was
found to be decreased”. Indeed, several stud-
ies” have demonstrated its depletion in the fecal
microbiota of ulcerative colitis patients, and low
levels of A. muciniphila have also been found in
biopsies of intestinal mucosa from IBD-patients
in comparison to healthy controls.

Also, individuals with acute appendicitis were
found to have low levels of 4. muciniphila, and
the amount of 4. muciniphila was inversely relat-
ed to the severity of appendicitis®’.

Because of its ability to degrade mucins, it was
supposed that 4. muciniphila could contribute
to intestinal inflammation because low levels of
mucin allow the pathogen to access the mucosa.
To support this, trials with SIHUMI mice report-
ed that the intestinal inflammation induced by
Salmonella typhimurium was exacerbated by A.
muciniphila, suggesting that this was based on its
ability to interfere with host mucus formation and
production’’.

However, several trials have demonstrated that
A. muciniphila controls fat storage, adipose tissue
metabolism, and glucose homeostasis*. It is wide-
ly considered as a novel potential candidate to im-
prove metabolic disorders associated with obesity,
diabetes, liver diseases, and cardiometabolic dis-
orders. Indeed, its administration has been shown
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to reduce the development of such diseases’™.
This outline, therefore, the key role of 4. mu-
ciniphila in GI and extra GI diseases and how im-
portant it is to keep investigating its mechanisms
in order to find many other potential therapeutic
approaches.

Therapeutic Role of Akkermansia
Muciniphila for the Treatment of
Metabolic Disorders

The examination of Akkermansia muciniphila
beneficial properties in metabolic regulation and
immune response led to better investigate its
potential therapeutic effects in the treatment of
certain diseases and metabolic disorders.

Notably, A. muciniphila seems to have an ac-
tive role in amine butyrate production and propi-
onate extracellular pool output. It is also crucial
in hydrogen sulfide production”, that may have
anti-inflammatory, muscular relaxing, and anti-
oxidant properties®.

Prebiotic feeding strongly increases the pres-
ence of 4. muciniphila and it improves metabolic
disorders. All trials in which animals were treated
with A. muciniphila showed that it reduces body
weight and fat-mass gain, hepatic steatosis, in-
flammation, cholesterol levels, and atherosclero-
sis; improves insulin sensitivity and restores gut
barrier function by influencing different factors,
like mucus-layer thickness, tight-junction pro-
teins, antimicrobial peptides, and immunity®'.

A. muciniphila especially acts with a specific
protein called Amuc 1100, which is involved
in immunomodulatory aspects®’. Recently, Ott-
man et al” have reported that the administration
of the purified recombinant Amuc 1100 protein
improved glucose tolerance and decreased body
weight and fat mass gain in mice fed on high-fat
diet in comparison to untreated mice.

In this scenario, the essential role of A. muciniph-
ila in intestinal health maintenance, especially in
immunomodulation of metabolic disorders is clear.
Consequently, future research will need to enhance
the key-role of this microorganism and its proteins
in metabolic regulation and host immune modula-
tion, in order to improve its therapeutic application
in gastrointestinal diseases.

Conclusions
Gut microbiota is an active element to ensure

mucosal integrity, and its balance is necessary
for intestinal health maintenance. Every com-
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ponent has a specific role in metabolic function,
and immune modulation and dysbiosis condition
is related to the development of gastrointestinal
impairment. In this background, a crucial role is
played by Akkermansia muciniphila, a mucin-de-
grading bacterium, which revealed important
metabolic and immunological properties. Several
studies have demonstrated how it is centrally
involved in controlling of fat storage and glucose
homeostasis; its abundance is inversely related to
inflammatory conditions, such as dyslipidaemia,
obesity, inflammatory bowel disease (IBD), and
type 2 diabetes.

In accordance with these observations, other
detailed studies would be needed to deepen 4.
muciniphila activity, in order to improve its use
in the therapeutic application for metabolic and
gastrointestinal disorders.
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