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The ageing process affects the human gut microbiota phylogenetic composition and its interaction with
the immune system. Age-related gut microbiota modifications are associated with immunosenescence
and inflamm-ageing in a sort of self-sustaining loop, which allows the placement of gut microbiota unbal-

Accepted 6 October 2012 ances among both the causes and the effects of the inflamm-ageing process. Even if, up to now, the link
between gut microbiota and the ageing process is only partially understood, the gut ecosystem shows the
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1. Introduction that is reached in some parts of the world. For the European mem-

ber states life expectancy has been calculated to increase from 76.7
years in 2010 to 84.6 in 2060 for men, and from 82.5 in 2010 to
89.1 in 2060 for women [1]. Increasing life span is a direct con-
sequence of the improvement of social-economic-environmental
conditions, and implicates a wide-range of drawbacks, such as the
increase of global incidence of age-related diseases and disabili-

The health status of elderly people is going to rapidly become an
imperative concern, because of the extraordinary rate at which the
global population is ageing, as well as the unprecedented longevity
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ties, with a dramatic impact on health care costs [2,3]. The global
increase of life expectancy, which regards also other demographic
giants, such as China and India, is one of the three major challenges
of our times, along with climate change and the energy crisis. For
this reason, strategies aimed at preventing or delaying age-related
diseases, and maintaining a reasonably good health as long as pos-
sible, will be among the major goals for the next decades, from
both scientific and social points of view. Among these strategies,
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sensitization to healthy nutrition and lifestyle certainly play a piv-
otal role, but also the consumption of functional food - defined as
“a food that beneficially affects one or more target functions in the
body beyond adequate nutritional effects” in accordance to the EU
Concerted Action on Functional Food Science in Europe (FUFOSE)
[4] - and dietary supplements may represent an additional impor-
tant approach.

In this review we aim at summarizing the current knowledge
of the impact of ageing on the intestinal microbiota composition,
with particular attention to some common pathological conditions
in the elderly, which can be linked to the age-dependent deterio-
ration of the microbiota-host mutualistic relationship. Following,
the potential of probiotics and prebiotics to prevent and/or revert
the age-related unbalances in the gut microbial ecosystem will be
critically reviewed. The most recent and intriguing studies in ani-
mal model about the impact of probiotics on healthy ageing and
longevity will be included in the review, in order to provide a wide
picture of the potential applications and future perspectives of this
field of research.

2. The ageing gut microbiota: overview

Microbes are our life-long companions: they live inside us, the
vast majority of them within our gastrointestinal (GI) tract, in a
complex and dynamic mutualistic relationship starting from our
very first days of life. During delivery and immediately afterwards
the infant gut is colonized by microbes of maternal, dietary and
environmental origin. Since our early infancy, the interplay with
these environmental microbes is pivotal for the development of
the intestinal mucosa and the maturation of the human immune
system [5]. At weaning, the GI ecosystem is stabilized towards an
adult-type phylogenetic architecture [6,7].

The healthy, adult-like GI microbiota has been usually regarded
as relatively stable throughout adulthood, until ageing and its
related pathophysiological processes start to affect its homeosta-
sis [8,9]. Whilst great interest has been paid to the development
of the GI microbiota during infancy and childhood [10], due to its
importance for the correct development of immune system and
the progression of allergies [11-13], up to few years ago only a
small number of studies were focused on the phylogenetic and
functional changes that occur in the GI microbiota during age-
ing, as well as on the impact of these modifications on health
and longevity. Only recently, advanced molecular characterization
techniques have been applied to the study of the ageing GI micro-
biota, allowing us to improve our knowledge about the nature and
importance of this process.

The current knowledge of the age-related changes in the gut
microbiota phylogenetic composition has been reviewed by Biagi
et al. [8,14] and Cheng et al. [15]. What emerges from the summa-
rization of the available results is a general agreement in reporting
a large inter-individual variability in older subjects [9,16,17]. Fur-
thermore, reduced biodiversity and compromised stability of the
intestinal microbiota with respect to younger individuals have
often been reported in the elderly [8,20,28]. The comparison of
studies performed in subjects having different nationalities high-
lighted a certain country specificity in how the ageing process
impacts on the intestinal microbiota [14,20], possibly related to
differences in lifestyle and dietary habits, even if it is not excluded
that the use of different DNA extraction procedures and/or molec-
ular characterization techniques may be partly responsible for this
observation.

In particular, the effect of age on the dominant components of
the gut microbiota, Firmicutes and Bacteroidetes, is controversial,
and results widely vary according to nationality and age of the
enrolled subjects [8]. For what concerns Firmicutes, members of

the Clostridium cluster XIVa (a dominant group in the intestinal
microbiota, which includes among others the species Eubacterium
rectale, Eubacterium hallii, Eubacterium ventriosum, Clostridium coc-
coides, Clostridium symbiosum, Ruminococcus gnavus, Ruminococcus
obeum and the genera Dorea, Roseburia, Lachnospira, Butyrivibrio)
were found to decrease in Japanese, Finnish and Italian elderly
and centenarians [9,20-22], whereas an inverse trend was found
in German old adults [20]. The species Faecalibacterium praus-
nitzii, belonging to the Clostridium cluster IV (which also includes
Clostridium leptum, Ruminococcus bromii, Ruminococcus callidus,
Anaerotruncus colihominis), markedly decreased in Italian elderly
and centenarians [9,20], but this result was not confirmed in other
European populations [16,20]. However, it is well established that
a decline in this important anti-inflammatory Firmicutes member
of the gut microbiota is typical of frail, hospitalized, antibiotic- and
anti-inflammatory-treated elderly [19,23-25]. Conversely, an age-
related increase in Bacteroidetes was found in German, Austrian,
Finnish and Irish elderly [16,19-21], but this was not confirmed in
Italian elderly and centenarians [9,20]. Intriguingly, in the case of
Irish elderly, Bacteroidetes were found to be the dominant phylum
instead of Firmicutes, which has always been regarded as the most
abundant in healthy adults [16].

Even if health-promoting bacteria, such as bifidobacteria, were
commonly regarded as decreasing along with ageing [20,26], the
most recent studies do not completely support this assumption
[9,18,27]. An explanation for this may reside in the remarkable
age-related temporal instability shown by Actinobacteria, i.e. the
phylum that includes the Bifidobacterium genus [16,18], even if
biases against the Actinobacteria phylum, which have been demon-
strated to affect both DNA extraction and 16S rRNA amplification
steps of 16S rRNA gene-based sequencing protocols [28-30], cannot
be excluded.

Much less controversial is the commonly reported age-
related increase in facultative anaerobes, including streptococci,
staphylococci, enterococci, and enterobacteria [9,18,20,21,31],
often classified as “pathobionts”, i.e. bacteria present in the healthy
gut microbiota in low concentration, which are able to thrive in
inflamed conditions, sustaining and nurturing the inflammation
itself [32].

Deviations from the healthy-like intestinal microbiota profile
similar to those associated with the ageing process have been
reported to accompany inflammatory disorders, such as inflam-
matory bowel diseases and obesity [33-35]. Indeed, the increase
in pro-inflammatory pathobionts and the decrease in immune-
modulatory species belonging to the Clostridium clusters IV and
XIVa are hypothesized to be involved in the pro-inflammatory loop
that promotes and sustains the inflammatory disorders, determin-
ing a disturbance in the host-bacteria equilibrium. In a similar way,
the age-related changes in gut microbiota composition here sum-
marized may concur to the complex process that both sustains
and is nurtured by the overall inflammatory process typical of the
advancing age.

3. Driving forces of the age-related modifications of the gut
microbiota

Ageing is characterized by the onset of pathophysiological pro-
cesses, i.e. the deterioration of the immune system functionality
[36,37] and the reduced intestinal motility, which can dramatically
compromise the homeostatic equilibrium between microbiota and
host [38].

The symbiotic relationship we share with our intestinal micro-
bial counterpart implies the necessity to keep this plethora of
microorganisms under a constant surveillance, avoiding an exces-
sive bacterial load on the intestinal mucosal surface. In a healthy
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Fig. 1. Simplified model of the immunological mechanisms by which the host immune system keeps the resident microbiota under control in a healthy gastrointestinal
ecosystem. Enterocytes actively sample bacterial molecules by apical channels, such as hPepT1 or OCTN2, which are also able to sample bacterial quorum-sensing molecules.
Sensing of microorganisms is mediated by pattern recognition receptors (PRR) that specifically recognize microbial macromolecular ligands defined as microbial-associated
molecular patterns (MAMP). PRR include two kinds of receptors, Nod-like receptors (NLR), which guard intracellular compartments, and trans-membrane Toll-like receptors
(TLR), which scan the basolateral extracellular space. Integration of duration and spatial origin of PRR signals allows the intestinal epithelium to perceive the proximity of
resident microorganisms, responding strategically to the bacterial load challenge according to the degree of threat to the epithelial surface. The activation of PRR initiates
a downstream mitogen-activated protein kinase (MAPK)- and nuclear factor kB (NF-kB)-dependent response and the intestinal epithelium expresses several antimicrobial
effectors, such as small antimicrobial peptides, a-defensins, reactive oxygen species as well as the intestinal mucus, that concur to maintain a bacterial “no man’s land”
immediately adjacent to the epithelial surface. The NLR response to commensal MAMP induces prevalently immune tolerance signals, such as transforming growth factor 3
(TGF-B), thymic stromal lymphopoietin (TSLP), and prostaglandin E, Equipped with an endocytotic machinery, M cells continuously transport microbial antigens from the
gut lumen into the underlying mucosal lymphoid tissue, where mucosal dendritic cells (DC) present antigen to the native B cells and CD4" T cells. In the presence of tolerance
signals, DC drive the differentiation of specialized regulatory CD4* T-cells (Treg). Anti-inflammatory Treg promote tolerance to commensal bacteria by the prevention of
inflammatory response through the biosynthesis of anti-inflammatory cytokines, such as interleukin (IL)-10 and TGF-a. Simultaneously, the presentation of microbiota
antigens to B cells under the control of TGF-3 drives their differentiation to IgA secreting plasma cells (s.p.c.). Bacterial strain-specific secretory IgA are synthesized and
bound to the layer of mucus coating epithelial surface. By preventing adherence of microorganisms and neutralizing toxins or enzymes, IgA exert an important role in

maintaining homeostasis of the symbiotic relationship between host and commensal bacteria, helping to restrict these microrganisms in the intestinal lumen.

GI ecosystem the largest part of the resident microbiota is com-
partmentalized in the lumen, away from the epithelial surface, and
constitutes a complex biofilm embedded in the soft upper portion
of the mucus layer [39]. In order to minimize the contact of the bac-
terial community with the enterocytes, human beings have evolved
a well-conceived immune apparatus, where innate and adaptive
immune systems cooperate to keep microbiota under control by a
“physiological low grade inflammatory status” (Fig. 1) [5]. As front
line in the interaction with the intestinal microbiota, enterocytes
are the first actors in the microbiota-host immunological cross-talk
[40]. Besides the biosynthesis of mucin and antimicrobial com-
pounds, which contribute to the maintenance of a bacterial “no
man’s land” immediately adjacent to the epithelial surface, entero-
cytes are specifically equipped to monitor proximity and density
of resident microorganisms. Capable to sense microorganisms,
enterocytes are strategic to finely tune the immune response of the
gut-associated lymphoid tissue (GALT) depending on the perceived
degree of threat [41]. In a healthy GI ecosystem, where intestinal
microorganisms are compartmentalized in the outer mucus layer,
enterocytes induce prevalently immune tolerance signals, main-
taining the local dendritic cells in a quiescent status. Such cells
present antigens to native CD4* T cells, driving the differentiation
of specialized regulatory CD4* T cells (Treg), which promote toler-
ance through the biosynthesis of anti-inflammatory cytokines [5].
However, the simultaneous antigen presentation to B cells drives
their differentiation to IgA secreting plasma cells. By preventing

adherence of microorganisms and neutralizing toxins or enzymes,
IgA are strategic in the restriction of microorganisms to the intesti-
nal lumen.

During the advancement of age, the impairment of the GALT
capacity to efficiently synthesize strain-specific secretory IgA,
together with the reduced efficiency of the innate immune
defences, such as a-defensins, antimicrobial peptides and mucus
secretion, may result in the failure to control the resident micro-
biota, allowing an uncontrolled microbial growth on the enterocyte
surface. In this context enterocytes could engage the activation of
inflammatory cytokines and chemokines, forcing dendritic cells
in the underlying GALT to drive the differentiation of effector
Tu1, Ty2 and Ty17 cells that induce a strong pro-inflammatory
response [42] (Fig. 2). Indeed, immunosenescence is also accom-
panied by a chronic, low grade overall inflammatory condition
named “inflamm-ageing” [43,44]. Inflammation favours the bloom
of pathobionts, a minor component of the healthy intestinal
microbiota that in an inflamed GI ecosystem can overtake mutua-
listic symbionts and support inflammation [45]. For instance, the
capacity of Salmonella enterica serotype Thyphimurium to utilize
tetrathionate — a luminal sulphur compound generated during
inflammation - as an electron acceptor leads to a growth advan-
tage over the competing microbiota in the lumen of an inflamed
GI tract [46]. Creating a self-sustained pro-inflammatory loop that
impacts on the entire microbial ecology of the GI tract, patho-
bionts can thus consolidate a pro-inflammatory status in the gut,
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Fig. 2. Immunosenescence dramatically impacts on the homeostatic equilibrium between microbiota and host immune system. The reduced functionality of innate and
adaptive immune defences can impair the “first line” effector systems strategic to limit the contact between intestinal microbes and the epithelial surface, such as antimicrobial
peptides, a-defensins, reactive oxygen species, intestinal mucus and IgA. This condition may favour bacterial overgrowth on the epithelial surface, resulting in a strong
activation of both enterocyte intracellular NLR and basolateral TLR. Engaging the NF-«B-dependent biosynthesis of antimicrobial effectors and inflammatory cytokines and
chemokines, such as tumour necrosis factor o (TNF-a), interferon-y (IFN-v), IL-6, IL-8 and IL-23, enterocytes respond to the bacterial overgrowth forcing a high inflammatory
response. In this pro-inflammatory context dendritic cells drive exclusively the differentiation of effector Ty1, Ty2 and Ty 17 cells that perpetuate the strong inflammatory
response towards invading microorganisms, consolidating inflammation in the gastrointestinal tract.

contributing to the systemic inflammation and nurturing the pro-
cess of inflamm-ageing that is detrimental for host longevity.

Besides immunosenescence and inflamm-ageing, diet and
lifestyle are other major driving forces of the age-related changes
occurring in a non-pathological GI ecosystem. Short- and long-
term dietary habits have been shown to have an impact on the gut
microbiota composition [47], selecting the microbial groups able to
harvest as much energy as possible from the available substrates.
Changes in the individual threshold for taste and smell [48], tooth
loss and chewing difficulties strongly influence the diet of aged
people [49]. This can result in a decreased intake of food contain-
ing fibres and proteins, i.e. vegetables and meat, the consumption
of which has been strongly correlated to changes in the phyloge-
netic and functional structure of the gut ecosystem [50,51]. In the
recently published study by Claesson et al. [52] it has been shown
that the microbiota of elderly people living in long-stay residen-
tial care facilities was clearly different from that of the free living
elderly, within the same ethnogeographic region. This separation of
the microbiota structure was correlated with the different dietary
habits of the institutionalized elderly with respect to the commu-
nity dwelling ones: the less diverse diet of long-term residents was
linked to the less diverse faecal microbiota. Differences in dietary
habits, as well as in other lifestyle components, may also explain
part of the country-related differences regarding the impact of age
on the gut microbiota composition.

The poor quality of the diet shown by the majority of the elderly,
together with the diminished physical activity with respect to
younger people, also causes a reduced intestinal motility, which
may end up in constipation, altered bacterial fermentation and
metabolite production, and reduced bacterial excretion [8,53], pos-
sibly resulting in an excessive “bacterial load challenge” difficult to
handle for an immunosenescent host [54,55].

4. Health outcomes of the ageing gut microbiota

As recently hypothesized by Plottel and Blaser [56], from an
evolutionary perspective, human symbionts can exert a “clock like
function” in the human ageing process. By providing host with
metabolic and defence functions, intestinal microbes can improve
human fitness in the early life, but may also favour the removal
of senescent individuals in the post-reproductive period in order
to free resources for younger members of the population. Aside
from the provocative nature of this sentence, it is a matter of the
fact that changes in the phylogenetic architecture of the gut micro-
biota that accompany the ageing process also affect those metabolic
and physiological functions for which the human metaorganism
depends on its microbial counterpart, with several consequences
at the functional level.

In particular, certain age-related modifications in the phyloge-
netic architecture of the gut microbiota can influence the risk of
elderly people to develop several types of diseases, through dif-
ferent mechanisms (Table 1). For instance, a dramatically reduced
bacterial diversity has been correlated with active Clostridium
difficile-associated diarrhoea (CDAD), a major nosocomial compli-
cation for the elderly in hospitals and long-term facilities, with
respect to both healthy people and asymptomatic carriers of the
same pathogenic strains [17,57]. Indeed, toxin-producing C. dif-
ficile rybotypes have also been detected in asymptomatic aged
subjects, thus it has been hypothesized that a “healthy-like” com-
mensal microbiota may exert a protective role by preventing
potentially pathogenic C. difficile from overcoming colonization
resistance, proliferating in the colon and producing toxins [17].
This idea of a “predisposing” microbial community with a low
biodiversity would explain why the faecal microbiota transplan-
tation, which aims at restoring a protective healthy-like gut
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Table 1
Health impact of age-related modifications in gut microbiota composition.
Age-related modifications in Health outcome Mechanism References
gut microbiota composition
Reduced biodiversity Increased risk for CDAD Reduction of colonization resistance to C. difficile [17,57]
Proliferation of Stimulation of inflammatory Excessive endotoxin production [55]
Enterobacteriaceae response
Increased probability to [66]
develop metastatic CRC
Decrease of Weakening of the colonic Reduction of the protective and trophic function of [59-61]
butyrate-producing epithelium butyrate on the colonic epithelium
bacterial groups Stimulation of inflammatory Reduction of the anti-inflammatory effect of butyrate [9,38,64]
response
Increased risk for CRC Reduction of the anti-neoplastic effect of butyrate [73]
Colonization by Increased risk for CRC Perturbation of enterocytes cell cycle regulation and [72]

toxin-producing E. coli,
H. pylori, B. fragilis

growth control, and DNA damage by toxins

CDAD, Clostridium difficile-associated diarrhoea; CRC, colorectal cancer.

microbiota, is proving to be a promising intervention choice for
CDAD [58].

The ability of several members of the gut microbial commu-
nity to produce short chain fatty acids (SCFA, i.e. butyrate, acetate,
propionate) [59,60] is an essential feature of a healthy gut ecosys-
tem. Several health-promoting properties have been attributed
to these key microbiota metabolites. Studies principally carried
out in animal models showed that butyrate, has nutritive, anti-
inflammatory, anti-neoplastic properties, and exerts a protective
role for the intestinal epithelium, increasing its resistance [61-63].
Alower capacity to produce butyrate in the elderly gut microbiome
has been hypothesized by Biagi et al. [9], on the basis of the phylo-
genetic differences between adults and centenarians, and recently
confirmed by Hippe et al. [64], who demonstrated that the elderly
had significantly fewer copies of the butyrilCoA:acetateCoA trans-
ferase gene compared to younger adults. This functional decline
was correlated with decreased amounts of F. prausnitzii, E. hallii,
and bacteria belonging to the E. rectale/Roseburia group, which are
all butyrate-producers and, interestingly, were among the bacte-
rial groups found in lower amounts in centenarians by Biagi et al.
[9]. The decrease of anti-inflammatory SCFA-producing bacteria
may nurture the inflamm-ageing process in the intestine of aged
people. Moreover, the declined butyrate-producing capacity may
contribute to the development of degenerative diseases [38] and
anorexia [65]. Indeed, an augmented ability to produce SCFA as an
additional source of energy for the host has been shown to concur
to the obese phenotype, both in mice and in humans [66,67]. Differ-
ently, the less efficient SCFA production of the aged gut microbiota
may contribute to the onset of malnutrition and sarcopenia in the
elderly. However, metagenomic studies on the elderly microbiota
are necessary, as it has been done for the obese phenotype, in order
to investigate this hypothesis.

SCFA are also a fundamental component of the microbiota-host
bio-network to maintain the GI epithelial integrity and, conse-
quently, to ensure a functional epithelial barrier [68]. Butyrate
strongly stimulates the release of mucins, the gel-forming protein
component of the colonic mucus layer that contributes to the phys-
ical separation between microbiota and enterocytes [69,70]. Also,
SCFA enhance transepithelial resistance both in vitro and in animal
model, with the greatest effect mediated by acetate [71]. In this
scenario, the age-related microbiota depletion in SCFA producers
may concur in compromising the integrity of the epithelial barrier.
Such a weakened gut epithelium allows the passage of whole bacte-
rial cells and their products and disrupts immunological tolerance
[68]. In particular, in the context of a weakened gut epithelium,
the proliferation of Enterobacteriaceae and other Gram-negative
bacteria has been proposed to cause an excessive endotoxin chal-
lenge for, ending up in an abnormal inflammatory response [55].

Confirming this hypothesis, the increase of Enterobacteriaceae in the
elderly has been positively correlated with the serum level of two
pro-inflammatory cytokines in very old Italian people [9], imply-
ing that this overgrowth can be somehow involved in the process
of inflamm-ageing.

A pro-inflammatory dysbiosis, together with the decreased
butyrate production in the intestine, has also been linked to an
increased risk of colorectal cancer (CRC) [72,73]. In particular,
metabolic profiling studies of human faecal water extracts demon-
strated a profound decrease of SCFA content in CRC [74,75]. The
incidence of CRC increases in aged people: about 50% of the west-
ern population develop colorectal polyps at the age of 70 and 5%
of these polyps progress to cancer [76]. The connection between
CRC and human ageing raised the question of how the age-related
dysbiosis of the intestinal microbiota can be involved in CRC onset
and progression. Colonic bacteria can affect the neoplastic process
by induction of mucosal inflammation in the GI tract [72]. In turn,
chronic inflammation can support carcinogenesis by inducing gene
mutation, inhibiting apoptosis or stimulating angiogenesis and cell
proliferation. In particular, NF-kB is emerging as a key factor to
provide a mechanistic link between inflammation and CRC [77],
and its activation by TLR ligands from intestinal microorganisms
has been hypothesized to mediate the intestinal tumour growth
under steady-state conditions [78]. Thus, consolidating inflamma-
tion in the GI tract, an aged-type intestinal microbiota may support
CRC onset and progression.

Furthermore, the impairment of the barrier function of the
ageing gut microbiota, together with the immunosenescence-
dependent promotion of bacterial overgrowth on the epithelial
cell surface, may enhance the risk to develop CRC, favouring
persistent GI colonization by toxigenic bacterial strains. Indeed,
certain bacterial toxins, such as CagA from Helicobacter pylori, toxin
from toxigenic Bacteroides fragilis strains, and colibactin, cytotoxin
necrotizing factor 1 and cytolethal distending toxin from toxigenic
Escherichia coli strains, can perturb the eukaryotic cellular signaling
linked to cell cycle regulation and growth control, or directly dam-
age DNA. All these features are potentially pro-carcinogenic, and
persistent Gl infection by these toxigenic microorganisms is viewed
as a paradigm for bacteria-induced cancer [72]. Besides toxins, also
lipopolysaccharides (LPS) - the glycolipid outer membrane con-
stituent of Gram-negative bacteria — have been associated with
metastatic colorectal tumour growth [79]. A better understand-
ing of these pro-carcinogenic mechanisms may represent a crucial
point in planning preventive and therapeutic strategies for CRC,
which may include the modulation of gut microbiota by probiotics,
prebiotics and/or antibiotics, with the aim of favouring bacterial
species able to exert anti-carcinogenic activity, or create an envi-
ronment that somehow increases the chances of treatment success.
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Also, gut microbiota is known to affect the metabolism of several
pharmaceutical agents, with a significant impact on drug efficacy
and toxicity [80,81]. The involvement of bacterial enzymatic activ-
ities in drug metabolism and assimilation is going to become an
important field of interest along the way towards an efficient, per-
sonalized medicine, even more significant in the case of the elderly,
who are more likely to use multiple drugs and for longer periods
than young people. One example of drug-microbiota interaction
of particular interest for older people is simvastatin, a commonly
prescribed drug that reduces plasma levels of LDL-cholesterol, used
to prevent dislipidaemia and coronary heart diseases, the preva-
lence of which increases with age [82]. It has been recently shown
that the metabolism of this molecule can involve gut microbial
processes [83]. Moreover, some bacterial-derived secondary bile
acids have been associated to the individual variability in the
statin-induced cholesterol-lowering effect in humans [84]. It could
therefore be hypothesized that part of the variability in the ther-
apeutic response to statin is linked to the variable metabolism of
this drug, related in turn to the high inter-individual variability in
the gut microbiota composition. In this perspective, the determina-
tion of the “structure-activity relationships” of the gut microbiota,
and the impact of these relationships on the therapeutic response
to drugs, may lead to the design of pharmacological and/or dietary
interventions that can improve drug efficacy by altering the phylo-
genetic/functional architecture of the gut microbiota [84,85].

5. Probiotics and prebiotics during ageing: effectiveness
and potentialities

The elderly are often considered “at increased risk” to develop
several types of diseases or to get infections, such as influenza, with
increased severity and mortality compared to younger people. This
is particularly true in elderly care facilities, in which it is likely that
infections, after being broken out, spread very easily among resi-
dents. For these reasons, prevention of infection is a crucial point
in elderly care [86].

Pro/prebiotics are dietary supplements targeting the homeo-
stasis of the intestinal microbial ecosystem, the composition and
functionality of which has been associated with the health mainte-
nance of the elderly [52] and can be hypothesized to impact on the
host longevity. The use of pro/prebiotics as well as a combination
of them (synbiotics) in elderly subjects has been recently reviewed
in detail by Tiihonen et al. [87] and Toward et al. [88], from both a
preventive and therapeutic point of view.

Pro/prebiotics and synbiotics have been shown to alter the
composition of the gut microbiota in older people, especially by
inducing an increase in the faecal amount of bifidobacteria and
lactobacilli [27,89-91]. However, higher Bifidobacterium and/or
Lactobacillus levels do not represent a health benefit themselves; at
best they can be regarded as an indicator of good intestinal health
[87], but other parameters need to be considered to determine if a
pro/prebiotic treatment can be effective in ameliorating symptoms
and/or preventing diseases. Interesting results have been published
about the use of probiotics in the prevention and/or treatment of
CDAD in the elderly [92], even if a recent meta-analysis pointed
out that the only probiotic with reliable efficacy in CDAD is Saccha-
romyces boulardii [93]. Further, pro/prebiotics have been suggested
to alleviate constipation in the elderly, especially in those living in
elderly care facilities, by increasing defecation frequency, which is
the most easily quantifiable health improvement [94-96].

A particularly relevant aspect for elderly care is represented
by the immune-modulatory role of probiotics, with the aim to
prevent and/or limit the effects of immunosenescence [97]. The
ability to positively stimulate the immune system and conse-
quently decrease the risk of infections has often been claimed for

pro/prebiotics, but defining and quantifying reduction of disease
risk is very hard, especially in apparently healthy people [98]. For
several Bifidobacterium and Lactobacillus probiotic strains positive
effects on theimmune system of old people have been reported (see
Table 2 for the most recent published studies), i.e. increase in NK
cell activity, increase in phagocytosis, higher spermine and spermi-
dine levels, which correlate with lower inflammation [8,99-102].
Similar results have been reported also in the case of prebiotic sup-
plementations in the elderly [103,104]. However, only very few
studies report observations of practical significance in elderly care,
particularly about the adjuvant effect of probiotic treatments to
improve vaccine efficacy (see Table 2 for the most recent pub-
lished studies), such as increase in influenza-specific antibody titre
[105,106] or reduced incidence of influenza and fever and higher
NK cell and neutrophile activities [107]. Lactobacillus species have
also been reported to have an intrinsic protective effect against
infection, by decreasing not the incidence but the duration of respi-
ratory and GI “winter infections” [108], as well as the duration of
fever after viral gastroenteritis [86].

The literature briefly summarized above is quite sparse, and
some of the studies had serious limitations in their design, enrolled
too few subjects and/or did not completely define the treatment
and control groups, making the results hardly comparable [8]. Stud-
ies are generally too limited, and show too much variability in terms
of age, health status, and lifestyle habits of the enrolled subjects, to
allow a realistic conclusion about the potentiality of pro/prebiotics
to prevent age-related disorders and counteract immunosenes-
cence. What is emerging to date is that the magnitude of responses
and the measurable physiological benefits to pro/prebiotic con-
sumers may vary significantly among individuals [109].

An important comment concerning the use of probiotics on the
way towards the personalized medicine has been recently made
by Dominguez-Bello et al. [10], who advanced the hypothesis that
“the healthy old, rather than the healthy young, are the best donors
of probiotic species for old individuals”. Indeed, there are sev-
eral studies in mouse model that report interesting properties of
bifidobacteria isolated from the intestine of healthy centenarians,
which would support their specific utilization in immunosenes-
cence prevention, such as induction of lymphocyte proliferation,
enhancement of NK cell activity and macrophage phagocytosis,
enhancement of duodenal villus functionality, inhibition of inva-
sion by pathogens and enhancement of activity of antioxidative
enzymes [110-112]. In this scenario, it would be advisable to
deepen the studies on the effect of probiotics isolated from healthy
elderly in humans, and especially in the elderly showing symptoms
of immunosenescence, in order to understand if, and how, it is pos-
sible to ameliorate their health status by using “the right species at
the right time” [10].

6. Pro/prebiotics and longevity: insights from animal
models

Due to the remarkable influence of the gut microbiota in the
process of immunosenescence and inflamm-ageing, as well as in
preventing the colonization by pathogens and their proliferation
and toxin production, it can be hypothesized that gut microbiota
homeostasis is able to affect fitness maintenance and, ultimately,
the host lifespan [113]. In this perspective, it might be theoreti-
cally possible to promote longevity by using microbiota-targeted
strategies, such as pro/prebiotics, for long periods and starting
earlier in life. However, this is very hard to investigate because
longitudinal studies covering the whole lifespan are obviously
not possible in humans or, at least, results are not going to be
available very soon. To date, insights on the involvement of gut
bacteria in longevity derive only from studies in mouse models.
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Table 2
Effect of probiotics on gut microbiota, immune system and health of elderly people: 2010-2012 published results.
Subjects (no.) Age (y) Probiotic Study design Period Effects on gut Effects on immune Health References
strains microbiota system outcome
1072, free >70 L. casei Multicentric, 3m+1m Increase in L. ND Reduction of [108]
living DN-114001 double blind, follow up casei average
placebo duration of
controlled common
respiratory and
gastrointestinal
infections
31, nursing 72-103 L. acidophilus Placebo 2wrunin+4w ND Increase in NK cells ND [100]
home NCFM +L. controlled, probiotic+4w cytotoxicity
residents rhamnosus cross-over placebo
HNO0O01
77, nursing 84+9 L. casei Shirota open study, 1m Increase in ND Decrease in the [86]
home placebo Lactobacillus average
residents, controlled and Bifidobac- duration of
frail terium, norovirus
decrease in gastroenteritis
Enterobacteri-
aceae
60, nursing 65-85 L. plantarum Randomized, 3 m, influenza ND Increase in ND [106]
home CECT7315/7316  double blind, vaccine 3m influenza-specific
residents placebo prior to the IgA, IgG, IgM
controlled trial
737, nursing >65 L. casei Shirota Randomized, 176d, ND ND No effect on [123]
home double blind, influenza response to
residents placebo vaccine after influenza
controlled 21d vaccine
47, free living 65-90 L. delbrueckii Multicentric, 6m ND Increase in % of NK ND [102]
subsp. double blind, cells, “immature” T
bulgaricus placebo cells, and
controlled antimicrobial
peptide hBD2;
decrease IL8
27, nursing >65 B. longum Randomized, 5w pre- ND Increase in NK cells Lower [107]
home BB536 double blind, administration, activity and incidence of
resident placebo influenza neutrophil influenza and
controlled vaccine after bactericidal fever
3w+14w trial activity

ND, not determined; y, years; m, months; w, weeks; d, days; L., Lactobacillus; B., Bifidobacterium.

In particular, Matsumoto et al. [114] recently published a study
in which 10-month-old mice were supplemented with Bifidobac-
terium lactis for 11 months. After treatment, the animals showed
increased longevity compared to the control group. This increased
survival seemed to be caused by lower levels of inflammation,
especially in the gut. Indeed, the colonic mucosa was in better con-
dition in the B. lactis-supplemented group, with increased mucus
secretion and better maintenance of tight junctions, and ageing-
and inflammation-associated genes were down-regulated, sug-
gesting that B. lactis supplementation could be able to counteract
inflamm-ageing. Interestingly, the gut microbiota composition of
the treated mice resembled to the one found in younger mice, and
high faecal concentrations of polyamines (PA) were determined.
PA, i.e. putrescine, spermidine and spermine, are compounds with
anti-inflammatory and anti-mutagenic properties, required for cell
growth and differentiation, and helpful in the maintenance of the
mucosal barrier functions. It is known that luminal PA amounts
decrease in the elderly, and this has been suggested to be related
to senescence [115]. Conversely, the levels of luminal PA increase
in pro/prebiotics consumers [116-118]. These findings together
lead to the hypothesis that increasing the luminal PA content by
means of pro/prebiotics may represent a promising step on the
way towards the elaboration of multi-component and personalized
strategies to promote a healthier and longer life [119].

7. Conclusions

The ageing process is characterized by a high degree of het-
erogeneity related to a great number of genetic, epigenetic and

stochastic factors. The body itself does not age homogeneously
as the different tissues and organs age at different rates, with
different characteristics [120,121]. In this scenario it is natural to
wonder how and how fast the gut microbiota, frequently referred
to as an “additional organ” in terms of metabolic potential [122],
will experience the ageing process.

Changes in the gut microbiota composition may be rated as one
of numerous age-related physiological processes that, all together,
determine “how” a human being will age. Whether and how these
changes in gut microbiota phylogenetic and functional architecture
are linked to the wellbeing of ageing people, and longevity, is still
partly an open question. For instance, for what concerns the intesti-
nal health, one could easily be brought to think that the more the
gut microbial community of the elderly resembles that of younger
adults, the higher is the probability for that elderly to be relatively
healthy. But this may not be completely true: health could also be
linked to the ability of the ageing human host to establish a new
equilibrium with the aged-type microbial community.

What is certain is that the ageing gut microbiota does show sev-
eral features that can actively affect not only the health status of
old people, i.e. contributing to the onset of pathological conditions
known to affect the elderly with a higher incidence than the young
adults, such as C. difficile-associated diarrhoea and colon cancer,
but also their eventual responsiveness to therapies. Targeting the
ageing human being as a metaorganism, composed by both human
and bacterial cells in a complex and dynamic interplay, could be
the right approach for prevention and treatment of diseases, as
well as for promotion of healthy ageing and longevity. Strategies
may include the manipulation of the gut microbiota composition
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through the use of pro/prebiotics. Indeed, despite the limits of
the available studies, pro/prebiotics are emerging as a promising
approach along the way towards the development of personalized
medicine.

References

[1] The 2012 ageing report: underlying assumptions and projection
methodologies. Available from: http://ec.europa.eu/economy.-finance/
publications/european_economy/2011/pdf/ee-2011-4_en.pdf

[2] Martin GM. The biology of aging: 1985-2010 and beyond. FASEB Journal
2011;25:3756-62.

[3] WHO. | 10 facts on ageing and the life course; 2012. Available from:
http://www.who.int/features/factfiles/ageing/ageing_facts/en/index.html

[4] Roberfroid MB. Functional foods: concepts and application to inulin and
oligofructose. British Journal of Nutrition 2002;87:5139-43.

[5] Hooper LV, Macpherson AJ. Immune adaptations that maintain homeo-
stasis with the intestinal microbiota. Nature Reviews Immunology
2010;10:159-69.

[6] Palmer C, Bik EM, DiGiulio DB, Relman DA, Brown PO. Development of the
human infant intestinal microbiota. PLoS Biology 2007;5:e177.

[7] Koenig JE, Spor A, Scalfone N, Fricker AD, Stombaugh ], Knight R, et al. Suc-
cession of microbial consortia in the developing infant gut microbiome.
Proceedings of the National Academy of Sciences of the United States of
America 2011;108(Suppl.):4578-85.

[8] Biagi E, Candela M, Fairweather-Tait S, Franceschi C, Brigidi P. Ageing of the
human metaorganism: the microbial counterpart. Age 2012;34:247-67.

[9] BiagiE, Nylund L, Candela M, Ostan R, Bucci L, Pini E, et al. Through ageing, and
beyond: gut microbiota and inflammatory status in seniors and centenarians.
PLoS ONE 2010;5:e10667.

[10] Dominguez-Bello MG, Blaser MJ, Ley RE, Knight R. Development of the human
gastrointestinal microbiota and insights from high-throughput sequencing.
Gastroenterology 2011;140:1713-9.

[11] Watanabe S, Narisawa Y, Arase S, Okamatsu H, Ikenaga T, Tajiri Y, et al.
Differences in fecal microflora between patients with atopic dermatitis
and healthy control subjects. Journal of Allergy and Clinical Immunology
2003;111:587-91.

[12] Penders ], Thijs C, van den Brandt PA, Kummeling I, Snijders B, Stelma F, et al.
Gut microbiota composition and development of atopic manifestations in
infancy: the KOALA Birth Cohort Study. Gut 2007;56:661-7.

[13] Martin R, Nauta AJ, Ben Amor K, Knippels LM], Knol J, Garssen J. Early life:
gut microbiota and immune development in infancy. Beneficial Microbes
2010;1:367-82.

[14] Biagi E, Candela M, Franceschi C, Brigidi P. The aging gut microbiota: new
perspectives. Ageing Research Reviews 2011;10:428-9.

[15] Cheng ], Palva AM, de Vos WM, Satokari R. Contribution of the intestinal
microbiota to human health: from birth to 100 years of age. Current Topics
in Microbiology 2011 [Epub ahead of print].

[16] Claesson M], Cusack S, O’Sullivan O, Greene-Diniz R, de Weerd H, Flannery E,
et al. Composition, variability, and temporal stability of the intestinal micro-
biota of the elderly. Proceedings of the National Academy of Sciences of the
United States of America 2011;108(Suppl.):4586-91.

[17] Rea MC, O'Sullivan O, Shanahan F, O’'Toole PW, Stanton C, Ross RP, et al.
Clostridium difficile carriage in elderly subjects and associated changes in the
intestinal microbiota. Journal of Clinical Microbiology 2012;50:867-75.

[18] Rajili¢c-Stojanovi¢ M, Heilig HGHJ, Molenaar D, Kajander K, Surakka A, Smidt
H, et al. Development and application of the human intestinal tract chip, a
phylogenetic microarray: analysis of universally conserved phylotypes in the
abundant microbiota of young and elderly adults. Environmental Microbiol-
ogy 2009;11:1736-51.

[19] Zwielehner ], Liszt K, Handschur M, Lassl C, Lapin A, Haslberger AG.
Combined PCR-DGGE fingerprinting and quantitative-PCR indicates shifts
in fecal population sizes and diversity of Bacteroides, Bifidobacteria and
Clostridium cluster IV in institutionalized elderly. Experimental Gerontology
2009;44:440-6.

[20] Mueller S, Saunier K, Hanisch C, Norin E, Alm L, Midtvedt T, et al. Differ-
ences in fecal microbiota in different European study populations in relation
to age, gender, and country: a cross-sectional study. Applied and Environment
Microbiology 2006;72:1027-33.

[21] Makivuokko H, Tiihonen K, Tynkkynen S, Paulin L, Rautonen N. The effect of
age and non-steroidal anti-inflammatory drugs on human intestinal micro-
biota composition. British Journal of Nutrition 2010;103:227-34.

[22] Hayashi H, Sakamoto M, Kitahara M, Benno Y. Molecular analysis of fecal
microbiota in elderly individuals using 16S rDNA library and T-RFLP. Micro-
biology and Immunology 2003;47:557-70.

[23] Tiihonen K, Tynkkynen S, Ouwehand A, Ahlroos T, Rautonen N. The effect
of ageing with and without non-steroidal anti-inflammatory drugs on gas-
trointestinal microbiology and immunology. British Journal of Nutrition
2008;100:130-7.

[24] van Tongeren SP, Slaets JPJ, Harmsen HJM, Welling GW. Fecal micro-
biota composition and frailty. Applied and Environment Microbiology
2005;71:6438-42.

[25] BartoschSS, Fite A, Macfarlane GT, McMurdo MET. Characterization of bacterial
communities in feces from healthy elderly volunteers and hospitalized elderly

patients by using real-time PCR and effects of antibiotic treatment on the fecal
microbiota. Applied and Environment Microbiology 2004;70:3575-81.

[26] Woodmansey EJ, McMurdo MET, Macfarlane GT, Macfarlane S. Comparison
of compositions and metabolic activities of fecal microbiotas in young adults
and in antibiotic-treated and non-antibiotic-treated elderly subjects. Applied
and Environment Microbiology 2004;70:6113-22.

[27] Lahtinen S, Tammela L, Korpela ], Parhiala R, Ahokoski H, Mykkdnen H, et al.
Probiotics modulate the Bifidobacterium microbiota of elderly nursing home
residents. Age 2009;31:59-66.

[28] Sim K, Cox M], Wopereis H, Martin R, Knol ], Li M-S, et al. Improved detection
of bifidobacteria with optimised 16S rRNA-gene based pyrosequencing. PLoS
ONE 2012;7:e32543.

[29] Frank JA, Reich CI, Sharma S, Weisbaum JS, Wilson BA, Olsen GJ. Critical eval-
uation of two primers commonly used for amplification of bacterial 16S rRNA
genes. Applied and Environment Microbiology 2008;74:2461-70.

[30] Maukonen ], Simdes C, Saarela M. The currently used commercial DNA-
extraction methods give different results of clostridial and actinobacterial
populations derived from human fecal samples. FEMS Microbiology Ecology
2012;79:697-708.

[31] Mariat D, Firmesse O, Levenez F, Guimaraes V, Sokol H, Doré ], et al. The Fir-
micutes/Bacteroidetes ratio of the human microbiota changes with age. BMC
Microbiology 2009;9:123.

[32] Pédron T, Sansonetti P. Commensals, bacterial pathogens and intesti-
nal inflammation: an intriguing ménage a trois. Cell Host & Microbe
2008;3:344-7.

[33] Cani PD, Delzenne NM. The role of the gut microbiota in energy
metabolism and metabolic disease. Current Pharmaceutical Design 2009;15:
1546-58.

[34] Maslowski KM, Mackay CR. Diet, gut microbiota and immune responses.
Nature Immunology 2011;12:5-9.

[35] Neish AS. Microbes in gastrointestinal health and disease. Gastroenterology
2009;136:65-80.

[36] Ostan R, Bucci L, Capri M, Salvioli S, Scurti M, Pini E, et al. Inmunosenes-
cence and immunogenetics of human longevity. Neuroimmunomodulation
2008;15:224-40.

[37] Shanley DP, Aw D, Manley NR, Palmer DB. An evolutionary perspective on
the mechanisms of immunosenescence. Trends in Immunology 2009;30:
374-81.

[38] Guigoz Y, Doré ], Schiffrin EJ. The inflammatory status of old age can be nur-
tured from the intestinal environment. Current Opinion in Clinical Nutrition
& Metabolic Care 2008;11:13-20.

[39] Johansson MEV, Phillipson M, Petersson ], Velcich A, Holm L, Hansson GC.
The inner of the two Muc2 mucin-dependent mucus layers in colon is devoid
of bacteria. Proceedings of the National Academy of Sciences of the United
States of America 2008;105:15064-9.

[40] Sansonetti PJ, Medzhitov R. Learning tolerance while fighting ignorance. Cell
2009;138:416-20.

[41] Macdonald TT, Monteleone G. Immunity, inflammation, and allergy in the gut.
Science 2005;307:1920-5.

[42] Maynard CL, Weaver CT. Intestinal effector T cells in health and disease.
Immunity 2009;31:389-400.

[43] Franceschi C, Capri M, Monti D, Giunta S, Olivieri F, Sevini F, et al. Inflammag-
ing and anti-inflammaging: a systemic perspective on aging and longevity
emerged from studies in humans. Mechanisms of Ageing and Development
2007;128:92-105.

[44] Larbi A, Franceschi C, Mazzatti D, Solana R, Wikby A, Pawelec G. Aging of
the immune system as a prognostic factor for human longevity. Physiology
2008;23:64-74.

[45] Round JL, Mazmanian SK. The gut microbiota shapes intestinal immune
responses during health and disease. Nature Reviews Immunology
2009;9:313-23.

[46] Winter SE, Thiennimitr P, Winter MG, Butler BP, Huseby DL, Crawford
RW, et al. Gut inflammation provides a respiratory electron acceptor for
Salmonella. Nature 2010;467:426-9.

[47] Thomas F, Hehemann J-H, Rebuffet E, Czjzek M, Michel G. Environmental and
gut bacteroidetes: the food connection. Frontiers in Microbiology 2011;2:93.

[48] Doty RL, Shaman P, Applebaum SL, Giberson R, Siksorski L, Rosenberg L. Smell
identification ability: changes with age. Science 1984;226:1441-3.

[49] Newton JP, Yemm R, Abel RW, Menhinick S. Changes in human jaw muscles
with age and dental state. Gerodontology 1993;10:16-22.

[50] Wu GD, Chen ], Hoffmann C, Bittinger K, Chen Y-Y, Keilbaugh SA, et al.
Linking long-term dietary patterns with gut microbial enterotypes. Science
2011;334:105-8.

[51] Walker AW, Ince J, Duncan SH, Webster LM, Holtrop G, Ze X, et al. Dominant
and diet-responsive groups of bacteria within the human colonic microbiota.
ISME Journal 2011;5:220-30.

[52] Claesson M], Jeffery IB, Conde S, Power SE, O’Connor EM, Cusack S, et al. Gut
microbiota composition correlates with diet and health in the elderly. Nature
2012;488:178-84.

[53] Hamer HM, De Preter V, Windey K, Verbeke K. Functional analysis of colonic
bacterial metabolism: relevant to health? American Journal of Physiology
Gastrointestinal and Liver Physiology 2012;302:G1-9.

[54] Maloy K]J. The interleukin-23/interleukin-17 axis in intestinal inflammation.
Journal of Internal Medicine 2008;263:584-90.

[55] Schiffrin EJ, Morley JE, Donnet-Hughes A, Guigoz Y. The inflammatory status
of the elderly: the intestinal contribution. Mutation Research 2010;690:50-6.


http://ec.europa.eu/economy_finance/publications/european_economy/2011/pdf/ee-2011-4_en.pdf
http://ec.europa.eu/economy_finance/publications/european_economy/2011/pdf/ee-2011-4_en.pdf
http://www.who.int/features/factfiles/ageing/ageing_facts/en/index.html

E. Biagi et al. / Pharmacological Research 69 (2013) 11-20 19

[56] Plottel CS, Blaser MJ. Microbiome and malignancy. Cell Host & Microbe
2011;10:324-35.

[57] Rupnik M, Wilcox MH, Gerding DN. Clostridium difficile infection: new devel-
opments in epidemiology and pathogenesis. Nature Reviews. Microbiology
2009;7:526-36.

[58] Brandt LJ, Reddy SS. Fecal microbiota transplantation for recurrent
Clostridium difficile infection. Journal of Clinical Gastroenterology 2011;45:
S159-67.

[59] Barcenilla A, Pryde SE, Martin JC, Duncan SH, Stewart CS, Henderson C, et al.
Phylogenetic relationships of butyrate-producing bacteria from the human
gut. Applied and Environment Microbiology 2000;66:1654-61.

[60] Louis P, Flint HJ. Diversity, metabolism and microbial ecology of butyrate-
producing bacteria from the human large intestine. FEMS Microbiology
Letters 2009;294:1-8.

[61] Nicholson JK, Holmes E, Kinross ], Burcelin R, Gibson G, Jia W, et al. Host-gut
microbiota metabolic interactions. Science 2012;336:1262-7.

[62] Musso G, Gambino R, Cassader M. Interactions between gut microbiota and
host metabolism predisposing to obesity and diabetes. Annual Review of
Medicine 2011;62:361-80.

[63] Thibault R, Blachier F, Darcy-Vrillon B, de Coppet P, Bourreille A, Segain J-P.
Butyrate utilization by the colonic mucosa in inflammatory bowel diseases:
a transport deficiency. Inflammatory Bowel Diseases 2010;16:684-95.

[64] Hippe B, Zwielehner ], Liszt K, Lassl C, Unger F, Haslberger AG. Quantification
of butyryl CoA:acetate CoA-transferase genes reveals different butyrate pro-
duction capacity in individuals according to diet and age. FEMS Microbiology
Letters 2011;316:130-5.

[65] Donini LM, Savina C, Cannella C. Nutritional interventions in the anorexia of
aging. Journal of Nutrition, Health and Aging 2010;14:494-6.

[66] Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology: human gut
microbes associated with obesity. Nature 2006;444:1022-3.

[67] Turnbaugh PJ, Ley RE, Mahowald MA, Magrini V, Mardis ER, Gordon JI. An
obesity-associated gut microbiome with increased capacity for energy har-
vest. Nature 2006;444:1027-31.

[68] Macia L, Thorburn AN, Binge LC, Marino E, Rogers KE, Maslowski KM,
et al. Microbial influences on epithelial integrity and immune function
as a basis for inflammatory diseases. Immunological Reviews 2012;245:
164-76.

[69] Petersson ], Schreiber O, Hansson GC, Gendler SJ, Velcich A, Lundberg JO, et al.
Importance and regulation of the colonic mucus barrier in a mouse model of
colitis. American Journal of Physiology Gastrointestinal and Liver Physiology
2011;300:G327-33.

[70] Barcelo A, Claustre J, Moro F, Chayvialle JA, Cuber JC, Plaisancié P. Mucin secre-
tion is modulated by luminal factors in the isolated vascularly perfused rat
colon. Gut 2000;46:218-24.

[71] Suzuki T, Yoshida S, Hara H. Physiological concentrations of short-chain fatty
acids immediately suppress colonic epithelial permeability. British Journal of
Nutrition 2008;100:297-305.

[72] Candela M, Guidotti M, Fabbri A, Brigidi P, Franceschi C, Fiorentini C. Human
intestinal microbiota: cross-talk with the host and its potential role in colo-
rectal cancer. Critical Reviews in Microbiology 2011;37:1-14.

[73] Ou ], DeLany JP, Zhang M, Sharma S, O'Keefe SJD. Association between low
colonic short-chain fatty acids and high bile acids in high colon cancer risk
populations. Nutrition and Cancer 2012;64:34-40.

[74] Holmes E, Li JV, Athanasiou T, Ashrafian H, Nicholson JK. Understanding the
role of gut microbiome-host metabolic signal disruption in health and dis-
ease. Trends in Microbiology 2011;19:349-59.

[75] Monleén D, Morales JM, Barrasa A, Lopez JA, Vazquez C, Celda B. Metabo-
lite profiling of fecal water extracts from human colorectal cancer. NMR in
Biomedicine 2009;22:342-8.

[76] Boyle P, Ferlay J. Mortality and survival in breast and colorectal cancer. Nature
Clinical Practice Oncology 2005;2:424-5.

[77] Kraus S, Arber N. Inflammation and colorectal cancer. Current Opinion in
Pharmacology 2009;9:405-10.

[78] Lee SH, Hu L-L, Gonzalez-Navajas ], Seo GS, Shen C, Brick J, et al. ERK acti-
vation drives intestinal tumorigenesis in Apc(min/+) mice. Nature Medicine
2010;16:665-70.

[79] Killeen SD, Wang JH, Andrews EJ, Redmond HP. Bacterial endotoxin enhances
colorectal cancer cell adhesion and invasion through TLR-4 and NF-kappaB-
dependent activation of the urokinase plasminogen activator system. British
Journal of Cancer 2009;100:1589-602.

[80] Wilson ID. Drugs, bugs, and personalized medicine: pharmacometabonomics
enters the ring. Proceedings of the National Academy of Sciences of the United
States of America 2009;106:14187-8.

[81] Sousa T, Paterson R, Moore V, Carlsson A, Abrahamsson B, Basit AW. The
gastrointestinal microbiota as a site for the biotransformation of drugs. Inter-
national Journal of Pharmaceutics 2008;363:1-25.

[82] Gotto AM. Statin therapy and the elderly: SAGE Advice? Circulation
2007;115:681-3.

[83] Aura A-M, Mattila I, Hy6tyldinen T, Gopalacharyulu P, Bounsaythip C, Oresic¢
M, et al. Drug metabolome of the simvastatin formed by human intestinal
microbiota in vitro. Molecular BioSystems 2011;7:437-46.

[84] Kaddurah-Daouk R, Baillie RA, Zhu H, Zeng Z-B, Wiest MM, Nguyen UT, et al.
Enteric microbiome metabolites correlate with response to simvastatin treat-
ment. PLoS ONE 2011;6:e25482.

[85] Kinross JM, Darzi AW, Nicholson JK. Gut microbiome-host interactions in
health and disease. Genome Medicine 2011;3:14.

[86] Nagata S, Asahara T, Ohta T, Yamada T, Kondo S, Bian L, et al. Effect of the
continuous intake of probiotic-fermented milk containing Lactobacillus casei
strain Shirota on fever in a mass outbreak of norovirus gastroenteritis and
the faecal microflora in a health service facility for the aged. British Journal
of Nutrition 2011;106:549-56.

[87] Tiihonen K, Ouwehand AC, Rautonen N. Human intestinal microbiota and
healthy ageing. Ageing Research Reviews 2010;9:107-16.

[88] Toward R, Montandon S, Walton G, Gibson GR. Effect of prebiotics on the
human gut microbiota of elderly persons. Gut Microbes 2012;3:57-60.

[89] Bjorklund M, Ouwehand AC, Forssten SD, Nikkild ], Tiihonen K, Rautonen N,
et al. Gut microbiota of healthy elderly NSAID users is selectively modified
with the administration of Lactobacillus acidophilus NCFM and lactitol. Age
2012;34:987-99.

[90] Walton GE, van den Heuvel EGHM, Kosters MHW, Rastall RA, Tuohy KM,
Gibson GR. A randomised crossover study investigating the effects of galacto-
oligosaccharides on the faecal microbiota in men and women over 50 years
of age. British Journal of Nutrition 2012;107:1466-75.

[91] Lahtinen SJ, Forssten S, Aakko ], Granlund L, Rautonen N, Salminen S, et al.
Probiotic cheese containing Lactobacillus rhamnosus HNOO1 and Lactobacillus
acidophilus NCFM® modifies subpopulations of fecal lactobacilli and Clostrid-
ium difficile in the elderly. Age 2012;34:133-43.

[92] Hickson M, D’Souza AL, Muthu N, Rogers TR, Want S, Rajkumar C, et al.
Use of probiotic Lactobacillus preparation to prevent diarrhoea associated
with antibiotics: randomised double blind placebo controlled trial. BM]
2007;335:80.

[93] Kee VR. Clostridium difficile infection in older adults: a review and
update on its management. American Journal of Geriatric Pharmacotherapy
2012;10:14-24.

[94] An HM, Baek EH, Jang S, Lee DK, Kim M], Kim JR, et al. Efficacy of lactic acid
bacteria (LAB) supplement in management of constipation among nursing
home residents. Nutrition Journal 2010;9:5.

[95] Carlsson M, Gustafson Y, Haglin L, Eriksson S. The feasibility of serving lig-
uid yoghurt supplemented with probiotic bacteria, Lactobacillus rhamnosus
LB 21, and Lactococcus lactis L1A—a pilot study among old people with
dementia in a residential care facility. Journal of Nutrition, Health and Aging
2009;13:813-9.

[96] Pitkala KH, Strandberg TE, Finne Soveri UH, Ouwehand AC, Poussa T, Salminen
S. Fermented cereal with specific bifidobacteria normalizes bowel move-
ments in elderly nursing home residents. A randomized, controlled trial.
Journal of Nutrition, Health and Aging 2007;11:305-11.

[97] Candore G, Balistreri CR, Colonna-Romano G, Grimaldi MP, Lio D, Listi’ F,
et al. Immunosenescence and anti-immunosenescence therapies: the case
of probiotics. Rejuvenation Research 2008;11:425-32.

[98] Thomas LV, Ockhuizen T. New insights into the impact of the intestinal micro-
biota on health and disease: a symposium report. British Journal of Nutrition
2012;107:S1-13.

[99] Fukushima Y, Miyaguchi S, Yamano T, Kaburagi T, lino H, Ushida K, et al.
Improvement of nutritional status and incidence of infection in hospitalised,
enterally fed elderly by feeding of fermented milk containing probiotic Lacto-
bacillus johnsonii Lal (NCC533). British Journal of Nutrition 2007;98:969-77.

[100] Ibrahim F, Ruvio S, Granlund L, Salminen S, Viitanen M, Ouwehand AC. Pro-
biotics and immunosenescence: cheese as a carrier. FEMS Immunology and
Medical Microbiology 2010;59:53-9.

[101] Matsumoto M, Benno Y. Anti-inflammatory metabolite production in the
gut from the consumption of probiotic yogurt containing Bifidobacterium
animalis subsp. lactis LKM512. Bioscience, Biotechnology, and Biochemistry
2006;70:1287-92.

[102] Moro-Garcia MA, Alonso-Arias R, Baltadjieva M, Fernandez Benitez C, Fer-
nandez Barrial MA, Diaz Ruisdnchez E, et al. Oral supplementation with
Lactobacillus delbrueckii subsp. bulgaricus 8481 enhances systemic immunity
in elderly subjects. Age 2012, http://dx.doi.org/10.1007/s11357-012-9434-6.

[103] Schiffrin EJ, Thomas DR, Kumar VB, Brown C, Hager C, Van't Hof MA, et al.
Systemic inflammatory markers in older persons: the effect of oral nutri-
tional supplementation with prebiotics. Journal of Nutrition, Health and Aging
2007;11:475-9.

[104] Vulevic ], Drakoularakou A, Yaqoob P, Tzortzis G, Gibson GR. Modula-
tion of the fecal microflora profile and immune function by a novel
trans-galactooligosaccharide mixture (B-GOS) in healthy elderly volunteers.
American Journal of Clinical Nutrition 2008;88:1438-46.

[105] Boge T, Rémigy M, Vaudaine S, Tanguy ], Bourdet-Sicard R, van der Werf S.
A probiotic fermented dairy drink improves antibody response to influenza
vaccination in the elderly in two randomised controlled trials. Vaccine
2009;27:5677-84.

[106] Bosch M, Méndez M, Pérez M, Farran A, Fuentes MC, Cufié ]. Lactobacillus
plantarum CECT7315 and CECT7316 stimulate immunoglobulin production
after influenza vaccination in elderly. Nutricion Hospitalaria 2012;27:504-9.

[107] Namba K, Hatano M, Yaeshima T, Takase M, Suzuki K. Effects of Bifi-
dobacterium longum BB536 administration on influenza infection, influenza
vaccine antibody titer, and cell-mediated immunity in the elderly. Bioscience,
Biotechnology, and Biochemistry 2010;74:939-45.

[108] Guillemard E, Tondu F, Lacoin F, Schrezenmeir J. Consumption of a fermented
dairy product containing the probiotic Lactobacillus casei DN-114 001 reduces
the duration of respiratory infections in the elderly in arandomised controlled
trial. British Journal of Nutrition 2010;103:58-68.

[109] Cusack S, Claesson M], O'Toole PW. How beneficial is the use of probiotic
supplements for the aging gut? Aging Health 2011;7:179-86.



dx.doi.org/10.1007/s11357-012-9434-6

20

[110]

[111]

[112]

[113]

[114]

[115]

[116]

E. Biagi et al. / Pharmacological Research 69 (2013) 11-20

Shen Q, Shang N, Li P. In vitro and in vivo antioxidant activity of Bifi-
dobacterium animalis 01 isolated from centenarians. Current Microbiology
2011;62:1097-103.

Yang H, Liu A, Zhang M, Ibrahim SA, Pang Z, Leng X, et al. Oral administra-
tion of live Bifidobacterium substrains isolated from centenarians enhances
intestinal function in mice. Current Microbiology 2009;59:439-45.

Yang H-Y, Liu S-L, Ibrahim SA, Zhao L, Jiang J-L, Sun W-F, et al. Oral
administration of live Bifidobacterium substrains isolated from healthy cen-
tenarians enhanced immune function in BALB/c mice. Nutrition Research
2009;29:281-9.

Ottaviani E, Ventura N, Mandrioli M, Candela M, Franchini A, Franceschi C. Gut
microbiota as a candidate for lifespan extension: an ecological/evolutionary
perspective targeted on living organisms as metaorganisms. Biogerontology
2011;12:599-609.

Matsumoto M, Kurihara S, Kibe R, Ashida H, Benno Y. Longevity in mice is
promoted by probiotic-induced suppression of colonic senescence depend-
ent on upregulation of gut bacterial polyamine production. PLoS ONE
2011;6:e23652.

Matsumoto M, Benno Y. The relationship between microbiota and polyamine
concentration in the human intestine: a pilot study. Microbiology and
Immunology 2007;51:25-35.

Matsumoto M, Benno Y. Consumption of Bifidobacterium lactis LKM512 yogurt
reduces gut mutagenicity by increasing gut polyamine contents in healthy
adult subjects. Mutation Research 2004;568:147-53.

[117]

[118]

[119]

[120]

[121]

[122]

[123]

Matsumoto M, Sakamoto M, Benno Y. Dynamics of fecal microbiota in hospi-
talized elderly fed probiotic LKM512 yogurt. Microbiology and Immunology
2009;53:421-32.

Ouwehand AC, Tiihonen K, Saarinen M, Putaala H, Rautonen N. Influence
of a combination of Lactobacillus acidophilus NCFM and lactitol on healthy
elderly: intestinal and immune parameters. British Journal of Nutrition
2009;101:367-75.

Matsumoto M, Kurihara S. Probiotics-induced increase of large intestinal
luminal polyamine concentration may promote longevity. Medical Hypothe-
ses 2011;77:469-72.

Franceschi C, Valensin S, Fagnoni F, Barbi C, Bonafé M. Biomarkers of
immunosenescence within an evolutionary perspective: the challenge of
heterogeneity and the role of antigenic load. Experimental Gerontology
1999;34:911-21.

Cevenini E, Invidia L, Lescai F, Salvioli S, Tieri P, Castellani G, et al.
Human models of aging and longevity. Expert Opinion on Biological Therapy
2008;8:1393-405.

O’Hara AM, Shanahan F. The gut flora as a forgotten organ. EMBO Reports
2006;7:688-93.

Van Puyenbroeck K, Hens N, Coenen S, Michiels B, Beunckens C, Molenberghs
G, et al. Efficacy of daily intake of Lactobacillus casei Shirota on respira-
tory symptoms and influenza vaccination immune response: a randomized,
double-blind, placebo-controlled trial in healthy elderly nursing home resi-
dents. American Journal of Clinical Nutrition 2012;95:1165-71.



	Ageing and gut microbes: Perspectives for health maintenance and longevity
	1 Introduction
	2 The ageing gut microbiota: overview
	3 Driving forces of the age-related modifications of the gut microbiota
	4 Health outcomes of the ageing gut microbiota
	5 Probiotics and prebiotics during ageing: effectiveness and potentialities
	6 Pro/prebiotics and longevity: insights from animal models
	7 Conclusions
	References


