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Summary. In recent years the metagenomics techniques have allowed to study composition and function of 
the intestinal microbiota. The microbiota is a new frontier of biomedical research to be explored and there 
is growing evidence of its fundamental health-promoting activity. The present review gives a synthetic over-
view on the characteristics and the role of the microbiota in the adult with particular reference to physiology, 
pathophysiology and relationships with the host and the environment. (www.actabiomedica.it)
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R e v i e w

The intestinal microbiota and the metagenomic
approach

The human intestinal microbiome is the ensemble 
of microorganisms (mainly bacteria, but also viruses, 
fungi, protozoa and Archaea) that physiologically live 
in symbiosis with the host at the level of the diges-
tive tract (1). The term microbiome is often used in-
terchangeably with microbiota, which, instead, on a 
purely semantic level, identifies the set of proteins syn-
thesized by such microorganisms (1).

Although there is a growing interest in the study 
of fungi and intestinal symbiotic viruses (so-called 
“mycoma” and “viroma”), actually most of the studies 
have analyzed the bacterial component of the intestinal 
microbiome. Therefore, in the common scientific lan-
guage, when we speak of “microbiota” or “microbiome”, 
we substantially refer to all intestinal bacteria, which in 
the past were designated with the improper terms of 
“microbial flora” or “resident bacterial flora” (2).

It is an extremely complex microbial community, 
with ecological characteristics not yet fully understood, 

including a large number of bacterial species (at least 
1100, but some studies have hypothesized that this 
number exceeds 2000) (3-4). On overall, the intestinal 
microbiota of a healthy man can contain up to 1014 bac-
teria, with a genome that, in quantitative terms, is about 
150 times larger than that of the host organism (3-4). 
The genome of bacteria hosted in the gastrointestinal 
tract is usually referred to as the “metagenome” of the 
host, and its study with sequencing techniques is called 
“metagenomics”. It has been estimated that the entire 
human intestinal microbiota contributes to the body 
weight for a quota ranging from 175 g to 1.5 kg (5).

The concentration and the type of bacteria liv-
ing in the intestinal lumen change according to the 
anatomical segment considered. In general, bacterial 
density increases from the proximal sections (duode-
num, small intestine) to the distal ones (caecum, co-
lon, sigma). The most represented bacteria are the 
obligate or optional anaerobes, especially at the colon 
level. The faecal microbiota is generally considered a 
reliable estimate of the microbiota present at the level 
of the lumen of the digestive tract. However, analy-



The impact of intestinal microbiota on bio-medical research 53

ses of stool samples are of course inaccurate to detect 
segment-specific alterations of the gut microbiome. 
Some techniques have been recently developed for the 
microbiota determination on intestinal biopsy samples 
(mucosa- associated microbiota) (6). These techniques 
have the great advantage of examining the microbi-
ota present in a specific segment of the intestine and, 
therefore, of checking its possible interactions with the 
mucosa, but obviously they require invasive procedures 
(gastroscopy, operative colonoscopy) for sample col-
lection. Thus, most of the studies on human intestinal 
microbiota have been conducted on faecal samples.

Most of the intestinal bacteria cannot be culti-
vated, even when using the most innovative and sensi-
tive laboratory methods. It is estimated that around 
60-80% of the bacterial species physiologically present 
in the gut microbiota share this characteristic. Thus, 
the complexity and diversity of the species contained 
in the human intestinal microbiota have been under-
stood in only very recent years, thanks to the advent 
of laboratory methods of detection and identification 
of bacteria that are independent from culture media 
(culture-independent) and non-species-specific (7). 

The “classical” microbiological techniques, cur-
rently applied until now in all clinical microbiological 
laboratories of the world, have in fact the great limita-
tion of being partially or totally species-specific. So, in 
a biological sample with high microbial concentration 
such as a stool sample, they can only identify a single 
species or a limited range of species, for which a clini-
cal question is posed, or a group of bacterial taxa that 
share certain biochemical and metabolic characteris-
tics (7)

The culture-independent microbiological tech-
niques, developed during the last decade, are based on 
the high-throughput sequencing of the bacterial DNA, 
and so fall within the definition of metagenomics. 
They allow to virtually identify all the bacterial species 
present in a complex ecosystem, basing on the genetic 
polymorphisms of some genes common to all prokary-
otes and the subsequent comparison with genomic da-
tabases for taxonomic identification (8-9). 

Namely, the most used technique in current mi-
crobiological research is based on the identification 
of the polymorphisms of the bacterial gene encoding 
the 16S rRNA (16S rRNA microbial profiling). Each 

16S rRNA gene sequence detected in a fecal sample 
is thus assigned to a specific operational taxonomic 
unit (OTU) basing on the degree of homology with 
other detected sequences. Then, each detected 16S 
rRNA gene sequence, corresponding to an OTU, is 
assigned to a given taxon (i.e. genus and species) or, in 
case of mismatch, a higher taxonomic level (phylum, 
class, order, family, genus) by means of bioinformatics 
analyses, by comparison with known sequences from 
taxonomic databases (8-9).   

These techniques assure considerable advantages 
in the study of the human microbiota (9):

1. �They allow the simultaneous identification of a 
large number of taxa that permit to understand 
the complexity and the diversity of the human 
intestinal microbiota better than any other cur-
rently known technique; 

2. �They allow to identify also bacterial species 
usually not cultivable or hardly cultivable, thus 
overcoming many limits of the classical micro-
biological techniques;

3. �They allow the detection of previously unknown 
bacterial taxa in the human microbiota and as-
sign them taxonomically to an order or family 
with a high degree of precision;

4. �They allow us to estimate the relative abun-
dance of the individual taxa, providing very im-
portant quantitative information to understand 
the structure of the microbiota.

Therefore, the metagenomics study of the human 
fecal microbiota have made it possible to clarify a long 
series of aspects, previously unknown, on its physiol-
ogy, its interactions with the mucosa of the GI tract 
and with other organs, its alterations during acute or 
chronic diseases, its possible role in the pathogenesis 
of a long series of diseases, not only gastrointestinal 
(10-11). Furthermore, the scientific community has 
begun to develop “new generation” techniques for the 
manipulation of the human intestinal microbiota (12-
13), with the aim of verifying the effects on the devel-
opment and the progress of some diseases, reaching 
in some cases, as in Clostridium difficile enterocolitis, 
extremely significant results both from the biological 
and clinical point of view (14).

The study of the human intestinal microbiota rep-
resents therefore a “frontier” of translational biomedical 
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research and a topic of great relevance in medicine. At 
the date of 14th November 2018, there were 12897 sci-
entific articles on “human gut microbiota” listed in the 
international database PubMed (https://www.ncbi.nlm.
nih.gov/pubmed), including 5072 reviews, as a proof of 
the extreme relevance of the topic. Of these papers, only 
266 (2.06%) were published before the year 2008 while 
3199 (24.8%) went back to the year 2017 only.

Despite the huge amount of literature, there are 
still many areas of uncertainty and the understanding 
of the role of intestinal microbiota in human physio-
pathology is still far from being sufficient to signifi-
cantly affect clinical practice, with probably the only 
exception of Clostridium difficile enterocolitis (13). In 
particular, there are still several uncertainties regarding 
the definition of the “normal” microbiota and the con-
sequent clinical interpretation of a certain intestinal 
microbial profile. Moreover, for many chronic diseases, 
from IBD to kidney stones, the involvement of the mi-
crobiota in the pathophysiology and in the etiopatho-
genesis is not yet completely clear, although it is fully 
hypothesized in the light of existing evidence (15).

The physiology of the intestinal microbiota in adult

The first in-depth knowledge on the characteris-
tics and composition of the normal human intestinal 
microbiota was acquired thanks to the Human Micro-
biome Project, a population study in which the com-
position of the faecal microbiota of 242 healthy adults 
between the ages of 18 and 40 was determined (14). 
This study has made it possible to clarify that in the hu-
man intestinal microbiota 10 bacterial phyla are gener-
ally represented, even though the large majority of the 
identified bacteria belong to two of them: Bacteroidetes 
and Firmicutes. There is generally an inverse relation-
ship between the relative abundance of the bacteria 
belonging to one or the other phylum, so the subjects 
that have a microbiota rich in Firmicutes have a reduced 
representation of Bacteroidetes and vice versa (14). This 
project also allowed to clarify other very important 
concepts in the physiology of adult microbiota (14):

- �even if, in the complexity of the microbial popu-
lation, there is a high inter-individual variability, 
the most represented taxa in faecal samples of the 

healthy population are a relatively small number 
and constitute the so-called “core microbiota”;

- �there is a very high number of taxa, whose pres-
ence is inconstant across different individuals, 
that could play important metabolic and patho-
physiological roles despite the low quantitative 
representation in absolute terms (“minor players”);

- �the microbiota composition of each individual 
remains stable over time during the adult life.

Analyzing the composition of the faecal micro-
biota of 39 healthy adults, Arumugam and colleagues 
later confirmed the presence of a high inter-individual 
variability, identifying however the presence of some 
“enterotypes”, that is, groups of individuals character-
ized by the presence of a very similar core microbiota. In 
particular, enterotype 1 is rich in Bacteroides spp. and 
Parabacteroides spp., enterotype 2 is characterized by a 
high relative abundance of Prevotella spp. and Desul-
fovibrio spp., and enterotype 3 is rich in bacteria with 
mucin degrading capacity, such as Ruminococcus spp. 
and Akkermansia spp. (16). The factors that affect the 
presence of one or the other enterotype remain largely 
unknown, as dietary patterns do not seem to have a 
predominant role except for enterotype 2, where the 
abundance of Prevotella spp. can be positively related to 
fiber consumption and negatively to the consumption 
of animal proteins (16).

However, the diet and the place of residence re-
main two important factors in determining the compo-
sition of the intestinal microbiota (17-18). Yatsunenko 
and colleagues (17) showed significant differences in 
the composition of the core microbiota between two 
groups of subjects, one resident in Malawi and the 
other in the United States of America, hypothesiz-
ing the presence of environmental factors (diet, food 
preservation methods, exposure to animals, domestic 
hygiene) as the reason of these differences.

A diet rich in animal protein can increase the 
relative abundance of bacteria tolerating the exposure 
to high concentrations of bile acids (Bacteroides, Alis-
tipes, Bilophila), and decrease the relative abundance of 
bacteria of the phylum Firmicutes metabolizing vegetal 
polysaccharides (Roseburia, Eubacterium, Ruminococcus) 
(18). A mainly vegetarian or vegan diet is instead asso-
ciated with a greater abundance of the genus Prevotella, 
which is significantly correlated with the dietary fiber 
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intake (18).  Furthermore, a diet with a high content of 
animal proteins is generally associated with a reduced 
complexity of the intestinal microbiota, and therefore 
with reduced microbial diversity (19). Finally, Wu and 
colleagues have shown that enterotypes, or at least the 
presence of a Bacteroides enterotype compared to a 
Prevotella enterotype, are significantly related to long-
term eating habits and not to nutrient intake in the 
days or weeks preceding the analysis of the microbiota 
(20).  These results partly discard the initial conclusion 
of Arumugam and colleagues that diet only marginally 
influences the core microbiota and enterotypes (16).

Other studies have analyzed the relationship be-
tween diet and human intestinal microbiota focusing 
only on specific nutrients, without reaching conclusive 
evidence (21). For example, a diet rich in non-digest-
ible waxes is associated with an increase in the rela-
tive abundance of bacteria capable of degrading such 
compounds, such as Eubacterium rectale and Oscillobac-
ter spp. (22). A high dietary intake of inulin, a fiber 
present in some vegetables, and fruit-oligosaccharides 
is associated with the increase of Bifidobacterium bac-
teria (23-24), while a diet rich in polyunsaturated fatty 
acids is associated with an increase in relative abun-
dance of Eubacterium rectale and Clostridium coccoides 
(25). These changes are generally of little importance 
in absolute quantitative terms, mainly regarding “mi-
nor players” in the microbiota. However, they could 
assume great importance from a metabolic and func-
tional point of view (21).

In fact, an intestinal microbiota characterized by a 
high diversity (“species richness”) is generally consid-
ered a marker of good health and it is associated with 
a lower body adiposity, a greater tendency to maintain 
body weight over time and a better metabolic profile 
with reduced insulin resistance (26). Compared to the 
normal-weight subjects, a reduced microbial diversity 
is often found in overweight individuals, probably due 
to different eating habits and lifestyle (26).

Among other factors related to lifestyle, physical 
exercise also seems to be a determinant of the com-
position of the intestinal microbiota in healthy adults. 
Clarke and colleagues have shown that agonistic sport 
practice is associated with a greater intestinal micro-
bial diversity compared to a sedentary lifestyle, in-
dependently of dietary caloric intake and body mass 

index (19). Furthermore, the peak of oxygen consump-
tion under stress, i.e., cardiorespiratory fitness index, 
is correlated with the microbial diversity of the intes-
tinal microbiota according to a study performed in a 
group of Canadian young adults (27). Similar results 
have also been obtained in studies conducted on ani-
mal models (28-30), allowing to hypothesize that at 
least part of the health benefits of physical exercise are 
mediated by exercise-related improvement of micro-
bial diversity in the GI tract (31).

Even the events of the infantile age, and in par-
ticular the type of childbirth, breastfeeding and the age 
of weaning, may have significant repercussions on the 
composition of the adult microbiota. In fact, at the mo-
ment of birth, the intestinal microbiota is substantially 
absent or characterized by extreme simplicity with low 
bacterial load. The intestine is therefore contaminated 
with the microbial flora present in the birth canal (for 
those born by eutocic delivery) or with that present on 
the maternal skin (for those born by cesarean delivery). 
Therefore, in the newborn the intestinal microbiota is 
dominated by Lactobacillus spp. if the birth was euto-
cic or from Staphylococcus spp. if the birth was cesar-
ean (32). With breastfeeding, part of the microbiota 
present on the skin of the mother’s breast and part of 
milk microbiota are transmitted to the infant, contrib-
uting to increase the intestinal microbial complexity 
(33). After weaning, there is a noticeable increase in 
microbial diversity, with progressive reduction of taxa 
such as Lactobacillus and Staphylococcus and increase of 
those taxa representing the adult core microbiota, such 
as Bacteroides and Prevotella (34). At the age of 3 years, 
the microbiota then reaches a composition that, from a 
quantitative and qualitative point of view, is very simi-
lar to that of an adult (17). 

However, special events that occur in childhood, 
such as diseases and/or exposure to drugs includ-
ing antibiotics, can induce significant changes in the 
intestinal microbiota under development, which are 
maintained over time even in adolescence and adult 
age (35). Likewise, prematurity can also lead to altera-
tions in the development of the microbiota that are 
maintained in later adult life (35).

The type of living environment in childhood also 
plays an important role in shaping the intestinal mi-
crobiota. The presence of siblings (36) and domestic 
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animals (37) is in fact capable of influencing the mi-
crobial populations present in the children’s microbi-
ota. It has also been shown that people living in the 
same domestic environment, regardless of age, and 
even their animals, share some common characteristics 
in their microbiota (38).

It has also been postulated that genetic factors 
of the host may influence the type of intestinal mi-
crobiota during the development phases. The study by 
Yatsunenko and colleagues (17) seems to disprove this 
hypothesis, since it found significant differences in the 
composition of the intestinal microbiota of mono- and 
dizygotic twins of different geographic origin. Bonder 
and colleagues (39) have instead recently demonstrat-
ed through genome-wide analysis, conducted on 1514 
healthy adults, that some host loci are related to the 
relative abundance of some intestinal taxa such as Bi-
fidobacterium. These loci are related to the function of 
the immune system and to some receptors or adhesion 
molecules expressed by the intestinal epithelium.

Two fundamental characteristics of the intestinal 
microbiota of healthy adults are stability over time and 
resilience. It is in fact known that, if no perturbative 
factors are involved, the composition of the microbiota 
can be estimated as constant from adolescent age up 
to the age of 60-65 years (40). Indeed, very complex 
balances are established in the relative abundance of 
the individual components of the microbiota, which 
depend on the availability of the metabolic substrates, 
dietary habits, function of the intestinal mucosa and 
the activity of the local immune system (11). In these 
balances, some taxa grow to form the core microbiota, 
while others remain confined to some ecological nich-
es, for which they present a relative lower abundance 
(minor players). These balances are to a certain extent 
predictable through complex mathematical models 
that refer to the law of the equilibrium of Nash (41).

When a perturbative event, such as an acute ill-
ness, infection, antibiotic therapy, or a sudden change 
in dietary habits, occurs, the equilibrium changes due 
to the new factor (41-42). For example, in a study con-
ducted on 10 healthy volunteers, the rapid change of 
diet (from high protein to vegetarian and vice-versa) 
caused significant changes in the relative abundance 
of some taxa, which however rapidly disappeared with 
resoration of steady state when the restrictive diet was 

suddenly suspended (18). This phenomenon, whereby 
the global composition of the microbiota tends to re-
turn spontaneously to the pre-existing equilibrium, is 
called resilience and is a fundamental characteristic of 
the intestinal microbiota of healthy adults (41-43).

Because of this resilience, age is generally not a 
factor influencing the composition of the intestinal 
microbiota in the range between 10/15 and 60/65 
years old (40). In the elderly, however, some physi-
ological changes occur that may have biological and 
clinical relevance. 

Much of the current knowledge on the intes-
tinal microbiota of the elderly comes from the study 
by Claesson and colleagues, published in Nature in 
2012 (44), which analyzed the intestinal microbiota 
of a group of 178 Irish older subjects, either institu-
tionalized or community-dwelling, followed-up for 
one year. Briefly, these authors have shown that, over 
65 years of age, inter-individual variability increases, 
while microbial diversity, i.e., the number of species 
detectable with metagenomics techniques, is reduced. 
These changes, which may in part derive from changes 
in dietary habits, are more pronounced in those who 
exhibit a lower degree of functional autonomy, in those 
who live in nursing homes (44,45) and in patients with 
polypharmacy (46). The most interesting finding of 
these studies is the circumstance that the reduction of 
microbial diversity and therefore the alterations in the 
overall composition of the microbiota do not depend 
so much on the “chronological” age, but rather on the 
“biological” age or on the functional performance (47). 
Thus, frailty, the age-related reduction of homeostasis 
and functional reserve preceding disability, may be sig-
nificantly associated with the microbiota composition 
(48).

Further studies have shown that, in healthy older 
individuals, the core microbiota tends to be maintained 
both qualitatively and quantitatively. Conversely, in 
frail or institutionalized elderly subjects, a quantitative 
reduction of the core microbiota can be detected, with 
a simultaneous increase of taxa such as Anerotruncus, 
Desulfovibrio and Coprobacillus, that can be considered 
as biomarkers of reduced health status (46). 

These changes, which occur slowly over time, are 
accompanied by a labile equilibrium. Thus, the intesti-
nal microbiota becomes more sensitive to possible per-
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turbators and, ultimately, shows a lower resilience (50). 
In a study performed on a group of 728 elderly women, 
the Frailty Index, a global measure of fitness, was posi-
tively correlated with the relative abundance of species 
such as Eggerthella lenta and Eubacterium dolicum and 
inversely related to Faecalibacterium prausnitzii in the 
intestinal microbiota (50). Moreover, specific altera-
tions in the intestinal microbiota of older individuals 
seem to be associated with reduced cognitive perfor-
mances, and even be involved in the pathophysiology 
of Alzheimer’s disease (51).

Aging then results in a reduced relative abun-
dance of a series of bacteria, including bifidobacteria 
(52-53), whose metabolic activities have been defined 

as health-promoting (52-53). These alterations can be 
reflected in a reduced cross-talk between the micro-
biota and the intestinal mucosa, with greater activa-
tion of the local and systemic inflammatory response 
and less functionality of the cells of the innate immune 
system, with negative effects not only on the GI tract 
but also on the whole body (54).

Some studies on the intestinal microbiota of cente-
narians and supercentenarians have shown that extreme 
longevity, albeit accompanied by a reduction in intes-
tinal microbial diversity, is associated with the expan-
sion of the representation of bacterial taxa with health-
promoting activity, such as Eggerthella, Anaerotruncus, 
Bilophila and Akkermansia, and taxa with still unclear 

Table 1. Overview of physiological and pathological factors influencing the composition of the intestinal microbiota in adult subjects 

Involved factors	 Comment

Physiological factors	
Dietary habits	 -	 Influence on the enterotype
	 −	 Influence on microbial diversity
	 −	 Influence on the relative abundance of some taxa by particular metabolic substrates (eg waxes, 
		  fibers) or sensitive to different concentrations of bile acids

Geographic origin	 -	 Influence mediated by dietary habits, methods of food storage, exposure to animals, domestic 
		  hygiene

Physical activity	 -	 Increase in microbial diversity and in the concentration of health-promoting bacteria

Type of childbirth,	 -	 They can influence the overall composition of the microbiota in childhood, leaving a
breastfeeding/lactation, 		  fingerprint even in adulthood
age of weaning

Presence of cohabitants	 -	 Over the time the microbiota of people and pets that live in close contact tends to resemble each 
and pets		  other in the global composition

Genetic factors	 -	 The presence of some taxa depends on the types of receptors expressed by epithelial cells of the 
		  mucosa

Living environment 	 -	 Reduction of microbial complexity with high inter-individual variability in institutionalized
(home vs. institution)		  subjects

Age	 -	 The microbiota is stable in adulthood up to 65-70 years
	 −	 Then there is an increase in inter-individual variability with a reduced number of species 
		  and a tendency to dysbiosis

Pathological factors 	
Direct exposure (therapy) or 	 -	 It causes dysbiosis with profound changes in the composition of the microbiota that are not
indirect (environmental 		  necessarily associated with a decrease in the number of bacteria
contamination) to antibiotics	  −	Dysbiosis depends on the type of antibiotic taken, the dose and duration of therapy

Chronic pharmacological	 -	 The main evidence is for antiblastic chemotherapy. On overall, polypharmacy is related
therapies		  to dysbiosis

Immunological alterations	 -	 Immunosuppression promotes the growth of pathogenic strains
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activity, such as Oscillospira, Odoribacter and Butyrici-
monas, at the expense of other bacteria with beneficial 
metabolic activities such as Faecalibacterium prausnitzii 
(55-57). These results allow at least to hypothesize an 
active role of the intestinal microbiota in the phenom-
ena of aging and in the promotion of longevity, also 
through the modulation of inflammation (55).

A summary of the main factors involved in modu-
lating the composition of the intestinal microbiota in 
adult is shown in Table 1.

Conclusions

The study of the intestinal microbiota with 
metagenomics techniques offers a new point of view 
for the understanding of human physiology and physi-
opathology. Growing evidence suggests a significant 
role of the microbiota in the maintenance of the ho-
meostasis of the body and in helping to determine the 
state of health or illness. Biomedical research in the 
near future will have to focus on clarify microbiota-
host relationships and on planning microbiota ma-
nipulation to prevent and possibly modify the natural 
history of many diseases.

References

1. �Guarner F, Malagelada JR. Gut flora in health and disease. 
Lancet 2003; 361: 512-519. 

2. �Ianiro G, Tilg H, Gasbarrini A. Antibiotics as deep modula-
tors of gut microbiota: between good and evil. Gut 2016; 65: 
1906-1915.

3. �Ley RE, Peterson DA, Gordon JI. Ecological and evolution-
ary forces shaping microbial diversity in the human intestine. 
Cell 2006; 124: 837-848. 

4. �Neish AS. Microbes in gastrointestinal health and disease. 
Gastroenterology 2009; 136: 65-80. 

5. �Hill MJ, Drasar BS. The normal colonic bacterial flora. Gut 
1975; 16: 318-323.

6. �Shanahan ER, Zhong L, Talley NJ, et al. Characterisation of 
the gastrointestinal mucosa-associated microbiota: a  novel 
technique to prevent cross-contamination during endoscopic 
procedures. Aliment Pharmacol Ther 2016; 43: 1186-1196. 

7. �Rajilic-Stojanovic M, de Vos WM. The first 1000 cultured 
species of the human intestinal microbiota. FEMS Microbiol 
Rev 2014: 36: 996-1047.  

8. �Scanlan PD, Marchesi JR. Micro-eukaryiotic diversity of 
the human distal gut microbiota: qualitative assessment us- 

  �ing culture-dependent and –independent analysis of faeces. 
ISME J 2208; 2: 1183-1193. 

  9. �Ventura M, Turroni F, Canchaya C, et al. Microbial diversity 
in the human intestine and novel insights from metagenom-
ics. Front Biosci 2009; 14: 3214-3221. 

10. �Marchesi JR, Adams DH, Fava F, et al. The gut microbiota 
and host health: a new clinical frontier. Gut 2016; 65: 330-
339.

11. �Cho I, Blaser MJ. The human microbiome: at the interface 
of health and disease. Nat Rev Genetics 2012; 13: 260-270. 

12. �Patel R, DuPont HL. New approaches for bacteriotherapy: 
prebiotics, new-generation probiotics, and synbiotics. Clin 
Infect Dis 2015; 60: S108-S121. 

13. �Drekonja D, Reich J, Gezahegn S, et al. Fecal microbiota 
transplantation for Clostridium difficile infection: a system-
atic review. Ann Intern Med 2015; 162: 630-638. 

14. �The Human Microbiome Project Consortium. Structure, 
function and diversity of the healthy human microbiome. 
Nature 2012; 486: 207-214. 

15. �Ticinesi A, Milani C, Guerra A, et al. Understanding the 
gut-kidney axis in nephrolithiasis: an analysis of the gut 
microbiota composition and functionality of stone formers. 
Gut. 2018;67:2097-2106.

16. �Arumugam M, Raes J, Pelletier E, et al. Enterotypes of the 
human gut microbiome. Nature 2011; 473: 174-180. 

17. �Yatsunenko T, Rey FE, Manary MJ, et al. Human gut mi-
crobiome viewed across age and geography. Nature 2012; 
486: 222-227. 

18. �David LA, Maurice CF, Carmody RN, et al. Diet rapidly 
and reproducibly alters the human gut microbiome. Nature 
2014; 505: 559-563. 

19. �Clarke SF, Murphy EF, O’Sullivan O, et al. Exercise and as-
sociated dietary extremes impact on gut microbial diversity. 
Gut 2014; 63: 1913-1920. 

20. �Wu GD, Chen J, Hoffmann C, et al. Linking long-term di-
etary patterns with gut microbial enterotypes. Science 2011; 
334: 105-108. 

21. �Milani C, Ferrario C, Turroni F, et al. The human gut mi-
crobiota and its interactive connections to diet. J Hum Nutr 
Diet 2016; 29: 539-546. 

22. �Walker AW, Ince J, Duncan SH, et al. Dominant and diet-
responsive groups of bacteria within the human colonic mi-
crobiota. ISME J 2011; 5: 220-230.

23. �Costabile A, Kolida S, Klinder A, et al. A double-blind, 
placebo-controlled, cross-over study to establish the bifido-
genic effect of a very-long-chain inulin extracted from globe 
artichoke (Cynara Scolymus) in healthy human subjects. Br 
J Nutr  2010; 104: 1007-1017.

24. �Turroni F, Ozcan F, Milani C, et al. Glycan cross-feeding 
activities between Bifidobacteria under in vitro conditions. 
Front Microbiol 2015; 6: 1030. 

25. �Cani PD, Neyrinck AM, Tuohy KM, et al. Changes in gut 
microflora are responsible for high-fat diet-induced diabe-
tes through a mechanism associated with endotoxaemia. 
Diabetologia 2007; 50: S68-S69. 

26. �Le Chatelier E, Nielsen T, Qin J, et al. Richness of human 



The impact of intestinal microbiota on bio-medical research 59

gut microbiome correlates with metabolic markers. Nature 
2013; 500: 541-546. 

27. �Estaki M, Pither J, Baumeister P, et al. Cardiorespiratory 
fitness as a predictor of intestinal microbial diversity and 
distinct metagenomics functions. Microbiome 2016; 4: 42.

28. �Welly RJ, Liu TW, Zidon TM, et al. Comparison of diet 
versus exercise on metabolic function and gut microbiota in 
obese rats. Med Sci Sports Exerc 2016; 48: 1688-1698.

29. �Denou E, Marcinko K, Surette MG, et al. High-intensity 
exercise training increases the diversity and metabolic ca-
pacity of the mouse distal gut microbiota during diet-in-
duced obesity. Am J Physiol Endocrinol Metab 2016; 310: 
E982-E993. 

30. �Campbell SC, Wisniewski PJ, Noji M, et al. The effect of 
diet and exercise on intestinal integrity and microbial diver-
sity in mice. PLoS One 2016; 11: e0150502. 

31. �Cerdà B, Perez M, Perez-Santiago JD, et al. Gut microbiota 
modification: another piece in the puzzle of the benefits of 
physical exercise and health? Front Physiol 2016; 7: 51. 

32. �Dominguez-Bello MG, Costello EK, Contreras M, et al. 
Delivery mode shapes the acquisition and structure of the 
initial microbiota across multiple body habitats in new-
borns. Proc Natl Acad Sci USA 2010; 107: 11971-11975.

33. �Milani C, Mancabelli L, Lugli GA, et al. Exploring vertical 
transmission of bifidobacteria from mother to child. Appl 
Environ Microbiol 2015; 81: 7078-7087.

34. �Koenig JE, Spor A, Scalfone N, et al. Succession of micro-
bial consortia in the developing infant gut microbiota. Proc 
Natl Acad Sci USA 2011; 108: 4578-4585. 

35. �Arboleya S, Sanchez B, Solis G, et al. Impact of prematurity 
and perinatal antibiotics on the developing intestinal mi-
crobiota: a functional inference study. Int J Mol Sci 2016; 
17: 649. 

36. �Martin R, Makino H, Yavuz AC, et al. Early-life events, 
including mode of delivery and type of feeding, siblings and 
gender, shape the developing gut microbiota. PLoS One 
2016; 11: e0158498.

37. �Nermes M, Endo A, Aarnio J, et al. Furry pets modulate gut 
microbiota composition in infants at risk for allergic disease. 
J Allergy Clin Immunol 2015; 136: 1688-1690.

38. �Song SJ, Lauber C, Costello EK, et al. Cohabiting family 
members share microbiota with one another and with their 
dogs. eLife 2013; 2: e00458. 

39. �Bonder MJ, Kurilshikov A, Tigchelaar EF, et al. The effect 
of host genetics on the gut microbiome. Nat Genetics 2016; 
48: 1407-1412.

40. �Zapata HJ, Quagliarello VJ. The microbiota and microbi-
ome in aging: potential implications in health and age-relat-
ed diseases. J Am Geriatr Soc 2015; 63: 776-781.

41. �Blaser MJ, Kirschner D. The equilibria that allow bacterial 
persistence in human hosts. Nature 2007; 449: 843-849.

42. �Gibson MK, Pesesky MW, Dantas G. The yin and yang of 
bacterial resilience in the human gut microbiota. J Mol Biol 
2014; 426: 3866-3876.

43. �Greenhalgh K, Meyer KM, Aagaard KM, et al. The hu-
man gut microbiome in health: establishment and resilience 
of microbiota over a lifetime. Environ Microbiol 2016; 18: 
2103-2116.

44. �Claesson MJ, Jeffery IB, Conde S, et al. Gut microbiota 
composition correlates with diet and health in the elderly. 
Nature  2012; 488: 178-184.

45. �Ticinesi A, Lauretani F, Milani C, et al Aging Gut Micro-
biota at the Cross-Road between Nutrition, Physical Frailty, 
and Sarcopenia: Is There a Gut-Muscle Axis? Nutrients. 
2017;9. pii: E1303 

46. �Ticinesi A, Milani C, Lauretani F,et al Gut microbiota com-
position is associated with polypharmacy in elderly hospi-
talized patients. Sci Rep. 2017 ;7:11102

47. �O’Toole PW, Jeffery IB. Gut microbiota and aging. Science 
2015; 350: 1214-1215.

48. �Clegg A, Young J, Iliffe S, et al. Frailty in elderly people. 
Lancet 2013: 381: 752-762.

49. �Jeffery IB, Lynch DB, O’Toole PW. Composition and tem-
poral stability of the gut microbiota in older persons. ISME 
J 2016; 10: 170-182.

50. �Jackson MA, Jeffery IB, Beaumont M, et al. Signatures of 
early frailty in the gut microbiota. Genome Med 2016; 8: 8. 

51. �Ticinesi A, Tana C, Nouvenne A, et al. Gut microbiota, 
cognitive frailty and dementia in older individuals: a sys-
tematic review. Clin Interv Aging 2018; 13: 1497-1511. 

52. �Ventura M, O’Flaherty S, Claesson MJ, et al. Genome-scale 
analyses of health-promoting bacteria: probiogenomics. Nat 
Rev Microbiol 2009; 7: 61-71. 

53. �Arboleya S, Watkins C, Stanton C, et al. Gut bifidobacteria 
populations in human health and aging. Front Microbiol 
2016; 7: 1204.

54. �Zhang D, Chen G, Manwani D, et al. Neutrophil ageing is 
regulated by the microbiome. Nature 2015; 525: 528-532.

55. �Biagi E, Nylund L, Candela M, et al. Through ageing, and 
beyond: gut microbiota and inflammatory status in seniors 
and centenarians. PLoS One 2010; 5: e10667. 

56. �Rampelli S, Candela M, Turroni S, et al. Functional 
metagenomics profiling of intestinal microbiome in extreme 
ageing. Aging 2013; 5: 902-912.

57. �Biagi E, Franceschi C, Rampelli S, et al. Gut microbiota and 
extreme longevity. Curr Biol 2016; 26: 1480-1485.

Correspondence:
Antonio Nouvenne, M.D., Ph.D. 
Dipartimento Medico-Geriatrico-Riabilitativo, 
Azienda Ospedaliero-Universitaria di Parma
Associate Member, Microbiome Research Hub, 
Università degli Studi di Parma
Tel. 00390521703626
Fax 00390521702383
E-mail: anouvenne@ao.pr.it


