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Immunosenescence and the gut microbiota:
The role of probiotics and prebiotics
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Abstract. The global population is becoming increasingly older presenting medical and economic challenges to society. One
factor associated with the aging process is immunosenescence, which may be defined as the decline in immunity with age, and
represents a potential causative factor for many age related illnesses. The profile of the gut microbiota is also known to alter with
aging and these changes have been linked the declines in the immunity observed in immunosenescence. For example, above the
age of 60 years populations of bifidobacteria have been observed to decrease markedly, leading to a reduction in the inhibition
of the growth of some pathogens and potentially an increase in the susceptibility to infections. As such, an interest exists in
attempting to reverse their decline in elderly individuals, through the use of both probiotics and prebiotics. Both approaches
have shown to be encouraging in altering microbiota profiles beneficially and in reducing immunosenescence by reducing the
colonisation potential of pathogens and counteracting chronic inflammation. The current review will give an overview of the
process of immunosenescence and its role in disease, detail how the microbiota are involved in its progression and highlight
data suggesting that pre- and probiotics may counteract these age-related events.
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1. Aging and immunosenescence

Immunosenescence is a process that may relate
to two physiological responses: 1) adaptive immune
responses to pathogen exposure, or 2) the deteriora-
tion of the activity of the immune system and/or an
increased susceptibility to pathogen invasion brought
about by the ageing process. The former, results in the
depletion of the reservoir of naı̈ve T cells over time by
contact with pathogens [1]. However, for the purpose
of this review, we will focus on the latter as it is likely to
become more prevalent due to increases in aged pop-
ulations in developed and developing countries. For
example, the population of the European Union (EU)
is forecast to reach 517 million in 2060 with approxi-
mately one third of the citizens being aged 65 and over
[2, 3] (See Fig. 1). Although this is desirable, an age-
ing population also presents challenges to society such
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as increased pressure on long-term health and social
care. For example, public spending on long-term care
is projected to double, increasing from 1.8% of gross
domestic product (GDP) in 2010 to 3.4% of GDP in
2060 in the EU as a whole [3]. Consequently, the qual-
ity of life of this increasing share of the population is
of vital concern. The elderly are known to suffer from
a host of age-related diseases, such as atherosclerosis,
Alzheimer’s dementia, diabetes mellitus, and osteo-
porosis many of which are thought to be mediated
by a dysfunction of the immune system [4]. A loss
of immune function with aging can have a variety of
detrimental effects, such as the failure of the host in rec-
ognizing its own cells and the inability of the immune
system to detect and correct cell defects, although
the most significant is the inability to raise a correct
immune response to invading pathogens, leading to
increased susceptibility to infection [5]. This review
will outline the primary factors involved in age-related
losses in immune function and then discuss potential
novel approaches to restore function using pre- and
probiotics.
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Fig. 1. Population age structure: 2010–2060. Data source [3].

As we grow older, epithelial barriers of the skin, lung
and gastrointestinal tract degrade enabling increased
invasion of delicate mucosal tissues by pathogens [6].
A significant reduction in humoral response (immune
response that is mediated by B cells) is therefore
observed following vaccination or infections [7]. The
immune system itself may be divided into various
parts: the innate part, consisting of cytokines, neu-
trophils, macrophages, natural killer (NK) cells and
dendritic cells and the adaptive part, represented by T
and B-cells [8]. The adaptive immune system consists
of antigen-recognising lymphocytes (naı̈ve lympho-
cytes) and antigen-experienced lymphocytes (memory
lymphocytes), which detect foreign body (or antigen)
invasion. Major changes to the adaptive system through
immunosenescence include a decline in production of
CD3+ T cells, naı̈ve T cells and B cells reducing the
ability to detect antigens [9]. The innate system on
the other hand, is less specialised and defends against
pathogens more generically.

Extensive research has indicated that the adaptive
immune system is subject to severe deterioration with
age [10, 11], although there is limited information on
the impact on cells of the innate system. However,
recent research and clinical investigations have high-
lighted several cells of innate immunity that alter in
number and function with age and therefore may help
to characterise immunosenescence in aging popula-
tions. The most significant of these are presented in
Table 1.

2. Immune biomarkers of immunosenescence

The age-associated rise in IL-6 may stimulate an
increase in inflammatory proteins such as C-reactive
protein (CRP) [12], a known activator of the com-
plement system that aids the ability of antibodies to
destroy pathogens. As such, CRP levels are used as
a marker of inflammation in response to infection
and data indicate that subjects with higher basal lev-
els of CRP have an elevated risk of mortality. For
example, in a sample population of 1,293 healthy
older persons, subjects with high circulating levels
of IL-6 and C-reactive protein were 2.6 times more
likely to die during follow-up (4.6 y) than those with
low levels of both [13]. It is has not however been
determined whether CRP acts simply as a marker
for chronic disease, or whether it plays a role in
the onset of diseases, such as cardiovascular disease
(CVD). Another marker of inflammation is calpro-
tectin; a calcium and zinc binding protein present in
the cytosol of neutrophils. In response to inflammation,
neutrophils release calprotectin, giving rise to apopto-
sis inducing and anti-microbial properties. By binding
to zinc, calprotectin inhibits zinc dependent enzymes
that are important in the inflammation process [14].

Table 1

Immune defects associated with ageing

Cell type Changes Author

Neutrophils Circulating cell numbers ⇓ [101]
Superoxide production ⇓ [102]
Phagocytic capacity ⇓ [103]

NK Cells Production of IFN-� after stimulation with IL-2 ⇓ [104, 105]
Activity on a per cell basis ⇓
Mature NK cell numbers ⇑

Monocytes/macrophages Production of IFN-� ⇓ [106]
Production of IL-1, IL-6, TNF- � ⇑ (pro-inflammatory cytokines) [107]
Production of IL-10 ⇑ (anti-inflammatory cytokine) [108]



R.E. Toward et al. / Immunosenescence and the gut microbiota 169

Furthermore, it is also capable of preventing micro-
bial growth through competition for zinc providing a
mechanism in defending against pathogens [14]. Cal-
protectin levels are used as a gold standard biomarker
in testing for inflammatory diseases such as Crohn’s
disease, cancer and ulcerative colitis and a significant
positive correlation between faecal calprotectin and
age has been identified in a group of 320 mixed sex
50–70 year olds [15]. This supports the theory that
immunosenescence leads to both an age-associated
decline in immune function and a corresponding
increase in inflammation, which is likely to lead to an
increased secretion of both CRP and calprotectin.

In addition, oxidative stress has also been iden-
tified as a biomarker of immunosenescence, as the
advancement of age in healthy individuals is associated
with a decrease in antioxidant defence and increased
oxidative damage [16]. The increased production of
reactive oxygen species (ROS) such as superoxide
from neutrophils and a corresponding loss of antioxi-
dant protection, characterises oxidative stress. During
the respiratory burst, superoxide production is unregu-
lated as a beneficial defence mechanism in response to
invading pathogens, however production of ROS else-
where in the body, outside of immune sites, can cause
disturbances in the redox balance of tissues resulting in
widespread damage to the lipids, proteins and DNA of
host cells [17]. This may contribute to a number of dis-
eases such as arthrosclerosis, heart failure, Parkinson’s
and Alzheimer’s disease. As well as increasing the inci-
dence of disease and impairing physiological function,
oxidative stress is also thought to play a critical role in
the ageing process itself [18].

3. The microbiota: A novel mediator of
age-related impairments in the immune
system

Various changes throughout the GI tract may play
a role in age-associated changes in the profile of
the microbiota. These include major structural/sensory
changes in the upper GI tract such as the loss of teeth,
inefficient chewing and thus poor digestion of food
[19], and reduced olfactory and gustatory sensitivity,
restricting appetite and food selection [20]. In the stom-
ach, recurrent atrophic gastritis (chronic inflammation
of the stomach) may result in reduced stomach acid,
leading to bacterial overgrowth [21, 22]. Changes in GI

tract transit, such as reduced intestinal motility, may
also slow digestion and lead to constipation [23]. Most
notably with respect to immune changes, increased
intestinal mucosal permeability (e.g. leaky gut syn-
drome) may lead to significant damage to the intestinal
lining, allowing bacteria, toxins, undigested nutrients
and waste to leak from the intestines into the blood
stream causing serious/chronic autoimmune response,
particularly if these toxins overburden the liver [24].
Finally, the loss of immune function common in normal
aging can lead to impaired immune responses towards
certain bacterial species, resulting in recurrent infec-
tion [25] and chronic inflammation in the lower gut.

It is estimated that around 1000–1500 different
species of bacteria exist in the gut of healthy adults,
the majority of which are strict anaerobes [26]. There
are an array of major bacterial groups that exist
within the large intestine including: Bifidobacterium,
Clostridium, Bacteroides, Eubacterium, Escherichia,
Enterococcus, Streptococcus and Klebsiella [27]. It has
become clear that a distinct alteration in the composi-
tion of intestinal microbiota is occurs during aging,
with data suggesting that while bifidobacteria [28] and
bacteroides [29] numbers decrease, lactobacilli, enter-
obacteria, staphylococci and streptococci have been
noted to increase [29, 30] (Fig. 2). Data emanating
from a large scale European sample set has indicated
that bacteroides remain unchanged among age groups,
although this discrepancy may be due to geographical
differences which are known to strongly influence age-
related changes of the gut microbiota [31]. Among the
Firmicutes, the Clostridium coccoides/Eubacterium
rectale group (Clostridium cluster IV) have been noted
to decrease in aged Japanese 74–94 years [32], Ital-
ians >60 years [31], centenarians [33] and Finnish >70
years [34], with just one exception, in Germans >60
years [31].

Fig. 2. Key changes to the intestinal microbiota observed in general
elderly populations. Adapted from [56]. *ABE = antibiotic-treated
elderly.
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Fig. 3. The homeostatic role of the intestinal microbiota. Adapted from [99].

Gastrointestinal deteriorations and frequent use of
antibiotics may account for some of these changes
in the gut microbiota in the elderly [35], although
it is thought that diet remains to be a lead causal
factor. Claesson and colleagues recently examined
diet-induced differences in the microbiota composition
with age and revealed individuals with a healthy var-
ied diet exhibited a more diverse gut microbiota than
those with a less varied diet [36]. This lack of microbial
diversity may lead to increased pathogenic and toxic
burdens, increased bowel cancer risk, and disorders of
liver function with age [37, 38].

As well as diet, it is also possible that increases
in both intestinal inflammation and systemic inflam-
mation can play a role in mediating these changes in
the gut microbiota and composition. This suggests a
vicious cycle in which the compromised balance of the
gut microbiota may accelerate inflammation and this
inflammation may further contribute to changes in the
bacterial profile [39]. One of the many characteristics
of immunosenescence is chronic low-grade inflamma-
tion termed ‘inflamm-ageing’ [40]. In a healthy adult
GI tract, a homeostatic equilibrium is shared between
the microbiota and the immune system (Fig. 3). How-
ever, inflamm-ageing and age-related changes in the
symbiotic microbiota may undermine this balance. The
maintenance of a ‘healthy’ gut microbiota structure
during ageing could help in delaying the inflamm-
ageing process. Faecalibacterium, Bifidobacterium
and Lactobacillus are known to down-regulate the
pro-inflammatory response [41–44] and Bacteroides
thetaiotaomicron may indirectly prevent the transcrip-
tion of pro-inflammatory genes [45]. This link between

age, the gut microbiota and inflammatory status has
been demonstrated in a study with 3 cohorts: young
adults (mean age 30 yrs), elderly (70 yrs) and centenar-
ians (100 yrs) from Northern Italy. Data indicated that
that centenarians had significantly more compromised
gut microbiota and pronounced inflammation com-
pared to the other groups, which might be explained by
decreases in Faecalibacterium prauznitzii and relatives
(butyrate producers with reported anti-inflammatory
properties) in centenarians, leading to an inflammatory
response [33].

4. Mediators of bacterial-derived immune
regulation

Metabolic status, including immune regulation, can
be influenced by a series of intrinsic and extrinsic
factors, including those that are genetic and environ-
mental (such as the gut microbiota) [46] and may
provide knowledge on the aetiology of disease [47].
Age-related changes in microbial populations in the
gut will also lead to changes in the production of short
chain fatty acids (SCFA). Fermentable fibres present in
vegetables, fruits and cereals, which reach the colon,
are converted into SCFA by the colonic microbiota,
with the three major ones produced being acetate,
propionate and butyrate. Other SCFA’s and organic
acids such as valerate, caproate, succinate, malonate,
fumarate, formate are also produced but to a lesser
extent [48]. In vitro and animal studies have identified
beneficial effects of butyrate against oxidative stress
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and on various components of the intestinal barrier, tre-
foil peptides and heat shock proteins [49, 50], although
these effects have still to be confirmed in humans.
In addition to colonic barrier defence, butyrate has
also been shown to influence the function of immune
cells by acting as an agonist (stimulating response) to
G-protein-coupled trans-membrane receptors (GPR41
and GPR43) [51] and inhibiting production of pro-
inflammatory cytokines; IL-12 and TNF� following
bacterial stimulation [52]. Acetate formed from 3-13C-
glucose provides an NMR signal for the fermentation
pathway of bifidobacteria [53] and, similar to butyrate,
has been shown to exhibit anti-inflammatory effects
mediated through GPR43 interaction [54]. Further-
more, acetate produced by bifidobacteria has been
shown to enhance intestinal protection by enhancing
the defence capability of epithelial cells [55].

It has been demonstrated that there is an over-
all decline in faecal SCFA with age, something that
has been correlated with a reduction in bacteroides
and bifidobacteria [56]. In view of the immune-
enhancing role of SCFA, it maybe speculated that this
decrease might contribute towards an adverse effect
on immune function. However, diet is also a key mod-
ulator of SCFA levels, as when carbohydrates are in
abundance in the large intestine, saccharolytic fermen-
tation predominates. When carbohydrate availability
is low, especially in more distal colonic regions, pro-
tein fermentation occurs, leading to the production
of ammonia, hydrogen sulphides, polyamines, indolic
and phenolic compounds and branched chain fatty
acids (BCFAs), as well as nitric oxide, nitrite and
N-nitroso compounds. Metabolites of protein fermen-
tation are generally considered to have adverse effects
on the colonic epithelium [57]. Furthermore, a reduc-
tion in faecal weight is expected with age (caused by
reduced food intake) and these have been linked to a
slower intestinal transit time, reduced excretion of bac-
terial cell mass [58] and increased levels of proteolysis,
resulting in the formation of toxic bacterial metabolites
[59]. Together, these data suggest processes by which
SCFA may impact on host immunity.

In addition to modulations in gut microbial metabo-
lites, age-related changes in immunity linked with
metabolite biomarkers have been suggested. In a
large-scale metabonomic study where subjects were
separated into three distinct age groups (20–35, 50–56,
51–65 years), a number of age-dependent changes
were observed, notably increases in the comple-
ment components C3, C4 and elevations in allantoin,

xanthine, hypoxanthine, inosine, uridine, indicators of
high nucleic acid turnover due to inflammation [60].
In a more recent study, a strong positive correlation
between IFN-� cytokines and N-acetyl glycoproteins
was reported (two important pro-inflammatory sig-
nalling molecules) in parasite-infected mice. The exact
biochemical mechanism behind this correlation needs
to be confirmed, however acetyl glycoproteins may be
a potential indicator of immunosenescence, as a reduc-
tion in IFN-y levels suggest poor NK cell function [61].
Future in-depth analysis is required to further explore
direct links between immune function and biochemical
pathways during immunosenescence.

5. Probiotic modulation of immunosenescence

Research has indicated that the administration of
probiotics (live micro-organisms which are benefi-
cial to the health of the host) are able to improve
the gut microbial balance leading to prevention of
diseases as well as enhanced immunity [62, 63]. Stud-
ies have suggested that specific strains of lactic acid
producing bacteria may promote immune function as
well as simply displaying probiotic abilities [52]. The
most well-known probiotics are Lactobacillus and Bifi-
dobacterium, found naturally in the gut and used by
the food industry in products such as yoghurts, fer-
mented milks, juices and cheese [64]. Despite their
potential benefits, relatively few studies have been
carried out looking at the effect of probiotics on the
elderly gut microbiota and/or immune status. How-
ever, studies have shown that the use of probiotics
in human studies is able to promote significant rises
in Bifidobacterium and Lactobacillus levels and that
the same time significant reductions in more delete-
rious microorganisms (Table 2). In terms of immune
modulation, human and animal trials over the past
two decades have demonstrated that there is a notable
increase in phagocytic activity and elevated levels
of cytokines following probiotic intervention [65].
Specifically, administration of Bifidobacterium lactis
HN019 for 6 weeks has been shown to significantly
enhance levels of IFN-� and phagocytic capacity
of nucleophils in healthy elderly subjects [65]. Fur-
thermore, a commercial probiotic cheese containing
Lactobacillus rhamnosus HN001 and Lactobacillus
acidophilus NSFM induces an increase in the cytotox-
icity of NK cells to kill target tumour cells, as well as
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Table 2

Effect of probiotics on gut microbiota in elderly humans –epidemiological evidence

Study design Subjects Age Probiotic Result Author

Randomized,
placebo-controlled

n = 33 (placebo) 83 ± 7 yrs Fermented oat drink containing 2C ⇑ B.catenulatum,
⇑ B. Bifidum

[109]

n = 33 (probiotic) 84 ± 8 yrs Bifidobacterium longum 46 and ⇑ B. breve
B. longum

Randomised, double-blind,
placebo-controlled

n = 20 (placebo) >60 yrs Reconstituted skimmed milk
containing Bifidobacterium lactis
HN019

⇑ bifidobacteria [110]

n = 20 (low dose probiotic) ⇑ lactobacilli
n = 20 (mediun dose) ⇑ enterococci
n = 20 (high dose) ⇓ enterobacteria

Randomised, double-blind,
placebo-controlled

n = 9 (placebo) 71 yrs (mean) Bifidobacterium bifidum BB-02 and
B. lactis BL-01 (probiotics)
together with an inulin-based
prebiotic

⇑ bifidobacteria
⇑ lactobacilli

[35]

n = 9 (symbiotic) 73 yrs (mean) ⇓ B. bifidum

improved of phagocytic ability in older volunteers (>70
years old) [7]. This supports the findings noted by Gill
et al. who reported elevated INF-�, lymphocyte counts,
circulating counts of T cells (CD4+, CD25+ cells) and
increased tumoricidal activity of NK cells in elderly
subjects consuming milk containing Bifidobacterium
lactis HN019 for 9 weeks [66].

Evidence also suggests that the modulation of bac-
terial metabolite production by both pro and prebiotics
may help defend against intestinal oxidative stress and
may be mediated by increasing numbers of Clostrid-
ium spp. (and therefore butyrate production) in the gut.
Increased production of butyrate, has been observed
to stimulate glutathione release in the colon and thus
improve anti-oxidative capacity [67]. Consumption of
probiotic Dahi (yoghurt), produced by co-culturing
Lactobacillus acidophilus or combined L. acidophilus
and Bifidobacterium bifidum in buffalo milk, led to
an increase in glutathione peroxidise in red blood
corpuscles and hepatic tissue of ageing mice [68].
In addition, Lactobacillus fermentum ME-3 has been
found to reduce free radical production via an abil-
ity to increase the activity of glutathione reductase, an
enzyme responsible for generating reduced glutathione
[69]. Furthermore, adults consuming fermented goats’
milk containing Lactobacillus fermentum ME-3 were
observed to have lower levels of oxidised low density
lipoprotein (LDL) compared to individuals consuming
a control milk [70], although the validity of this study
is questionable due to the low subject number and con-
firmation of the antioxidant capacity probiotic strains
in ageing humans is lacking.

Probiotics have also been used to treat individu-
als suffering from increased intestinal permeability
(or leaky gut syndrome) caused by intestinal disor-
ders [71], for example children with atopic disease and
individuals with food allergy or abdominal infection
[72] (Table 3). Although not completely established,
the manner by which probiotics act to prevent these
conditions appears to involve a strengthening the gut
mucosal barrier brought about by their ability to pro-
mote of the growth of favourable microbiota species
that are able to adhere to intestinal mucosa and inhibit
pathogen adhesion and growth [73, 74]. In addition,
probiotics may enhance intestinal barrier function
more directly through their potential to modulate the
expression of trans-membrane binding proteins and
epithelial tight junction proteins [75, 76] (Fig. 4).
Although research in animal models and humans has
been explored, the effects of probiotics on leaky gut
syndrome in the elderly is limited.

6. Prebiotic modulation of immunosenescence

Prebiotics are non-viable food components that may
confer health benefits on the host through their ability
to promote the growth of a favorable microbiota profile
[77]. Prebiotics are naturally available in breast milk
and in certain vegetables (in low amounts) but can also
be synthetic oligosaccharides, of which the best known
and the most researched examples are fructooligosac-
charides (FOS) and galactoologosaccharides GOS
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Table 3

The effect of probiotics on subjects suffering from increased intestinal permeability

Study design Host Condition Probiotic Result Author

Double-blind,
randomised
placebo-controlled
study

Pre/ postnatal to
children (diagnosed
at 2 yrs)

At risk of developing
atopic disease

Lactobacillus GG ⇓ Diagnosis of atopic
disease in probiotic vs.
placebo groups (23% vs.
46%)

[111]

3 treatment groups.
Ex vivo tested

Rats Abdominal infection Lactobacillus plantarum ⇑ Transmembrane
binding proteins

[112]

⇑ Beneficial flora
⇑ Tight junctions
⇓ Bacterial translocation

Double-blind,
randomised
placebo-controlled
study

Children (mean
age = 2.4 months)

At risk of developing
cows milk allergy

Lactobacillus GG ⇓ Intestinal inflammation [113]

Placebo controlled
treatment groups.
Ex vivo tested

Rats Radiation induced
intestinal injury

Lactobacillus bulgaricus ⇑ Bowel mucosal mass
⇓ Bacterial translocation
⇓ Intestinal pathogens

[114]

Fig. 4. Inhibition of enteric bacteria and enhancement of barrier function by probiotic bacteria. Schematic representation of the crosstalk between
probiotic bacteria and the intestinal mucosa.by (1) production of bacteriocins/defensins, (2) competitive inhibition with pathogenic bacteria,
[100] inhibition of bacterial adherence or translocation (4) reduction of luminal pH (5) Enhance epithelial and mucosal barrier function. Adapted
from [75].

[78, 79]. As with probiotics, few studies have focussed
on the influence of prebiotics on the microbiota in
elderly individuals, although current evidence has indi-
cated distinct and consistent increases in bifidobacteria
and decreases in pathogenic bacteria following their
intake (Table 4). Indeed, there is good evidence to sug-
gest that prebiotics support the growth of potentially

beneficial bacteria (bifidobacteria and lactobacilli) in
humans, although their effects on the immune sys-
tem originate primarily from animal studies [80]. For
example, consumption of FOS by mice has been
shown to lead to the increased phagocytic capacity of
macrophages promoting their potential to destroy for-
eign microorganisms [81]. This may be mediated by a
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Table 4

Effect of prebiotics on gut microbiota in elderly humans – epidemiological evidence

Study design Subjects Age Prebiotic Dose Result Author

Randomised
double-blind, parallel
study

n = 10 76.4 yrs (mean) Chicory insulin 20 g/day (Days 1–8)
40 g/day (Days
12–19)

⇑ bifidobacteria,
⇓ enterobacteria
⇓ enterococci

[115]

Single treatment study n = 19 85 ± 6 yrs FOS powder 8 g/day ⇑ bifidobacteria [82]
Single treatment study n = 12 69 ± 2 yrs FOS powder 8 g/day ⇑ bifidobacteria [116]
Randomised

double-blind,
placebo-controlled,
crossover study

n = 44 69.3 ± 4.0 yrs GOS mixture
(B-GOS; Bi2muno)

5.5 g/day ⇑ bifidobacteria
⇑ Lactobacillus-
Enterococcus spp.
⇑ C. coccoides– E.
rectale group
⇓ c. histolyticum group
⇓ E. coli
⇓ Desulfovibrio spp.

[83]

Randomised double-
blind, placebo
controlled, crossover
study

n = 37 >50 yrs GOS in juice 4 g/day ⇑ bifidobacteria
⇑butyrate no change in
fecal water genotoxicity

[117]

mechanism involving increased secretion of intestinal
immunoglobulin A (IgA), thus promoting the binding
and transport of pathogens out through the gut epithe-
lium and into the lumen (blood vessel). The observed
increase in IFN-� suggests that NK cell and T helper
cell functions were enhanced, whilst increased levels
of IL-10 in Peyer’s patches suggest an additional anti-
inflammatory response. In contrast, Guigoz et al., [82]
noted a reduced phagocytic activity of polymorphs
and monocytes in animal models. The expression of
pro-inflammatory cytokine IL-6 mRNA in peripheral
blood mononuclear cells (PBMCs) decreased how-
ever, supporting previous findings. These observations
attributed to a general decrease in inflammation. Some
data for the immune effects of FOS in elderly individ-
uals exists, for example where individuals aged 77–90
years received 8 g of FOS daily for three weeks and
experienced increased bifidobacterial levels and signif-
icant rises in total lymphocyte count (CD4+ and CD8+
cells).

The immune enhancing effects of GOS in the elderly
are less documented than FOS. Indeed, only one recent
trial has investigated the effects of GOS on immune
function in the elderly (65–80 years old), where a
prebiotic mixture (B-GOS) was observed to increase
levels of bifidobacteria and to increase phagocytosis,
NK cell activity and IL-10 cytokines, whilst reducing
the pro-inflammatory cytokines (IL-6, IL-1ß and TNF-
�) [83]. Bearing in mind the intestinal permeability of
prebiotics, it seems likely that they function via the
same mode of action as probiotics in reducing bacterial

translocation, maintaining a positive gut microbiota
community [84] and enhancing the gut mucosal bar-
rier. In support of the latter, it has been demonstrated
that altering the gut microbiota in genetically obese
mice with prebiotic oligofructose leads to a signifi-
cant improvement in gut permeability and an increase
in tight junction protein expression [85]. Furthermore,
oligofructose and inulin has been shown to increase
villus height, crypt depth and increase the thickness
of the mucosal layer in the jejunum and colon of
rats [86]. Although the evidence from animal model
investigations is compelling, the effect of prebiotics
on increased gut permeability in humans remains to be
elucidated.

Another line of evidence, which suggests that pre-
biotics may enhance immune function, stems from
metabonomic studies that have focused on microbial-
host metabolic interactions. Metabolites, generated by
the gut microbiota are to known to have various effects
on the host immune system (Fig. 5) [48]. Studies have
shown that FOS, GOS and inulin have a prebiotic
effect by maintaining lactate and acetate production
(primarily by Bifidobacterium spp.) which inhibit the
growth of potential pathogens [87, 88]. In additon, the
fermentation of GOS by Clostridium spp. results in
the production of butyrate which serves as a fuel for
colonic epithelial cells [89] as well as the production of
propionate (via Bacteroides spp. fermentation), which
has been shown to be anti-inflammatory [90]. GOS
ingestion (15 g/day) has also been shown to decrease
levels of toxic SCFA, notably valerate, isovalerate and
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Fig. 5. The potential impact of non-digestible food ingredients on
the gut and immune function through the production of micro-
bial metabolites [48] (image kindly permitted by Dr Doris Jacobs,
Unilever R&D, Vlaardingen, The Netherlands).

isobutyrate [91], although another study found that
ingestion of GOS (7.5 g/day or 15 g/day for a 3 weeks)
had minimal effect faecal microbial metabolites [92].
As previously mentioned the increase in butyrate pro-
duction via Clostridium spp. stimulates the release of
glutathione (an anti-oxidant). Several prebiotic stud-
ies have reported this effect (Table 5) however further
investigation is needed to confirm this mechanism in
humans.

B-GOS is produced synthetically through the action
of ß-galactosidases on lactose, with different mix-
tures produced depending on the source of the

ß-galactosidase enzyme [93]. Using enzymes that orig-
inate in probiotic organisms to produce a GOS mixture,
should result in a higher selectivity towards these
specific strains of bacteria [94]. In addition, the con-
version of lactose into GOS can be controlled (by
temperature, pH, substrate concentration and enzyme
activity) such that the rate of polymerisation of GOS
matches physiological preferences of the target micro-
organisms (in this case, Bifidobacterium spp.) [95].
This approach has led to the production of a novel low
molecular weight GOS mixture (Bi2muno; B-GOS)
developed using enzymes from the probiotic strain
Bifidobacterium bifidum NCIMB 41171 [96]. Recent
data suggest that B-GOS enhances immune responses
in the elderly by increasing numbers of indigenous
probiotic bacteria, especially bifidobacteria, and the
subsequent production of SCFA through GOS fer-
mentation [83]. These data are supported by in vitro
data which indicate that B-GOS significantly decreases
TNF-� stimulated IL-8 and macrophage inflammatory
protein -3� (MIP-3�) production [97]. Furthermore,
B-GOS significantly decreases the attachment of
enteropathogenic E. coli (EPEC) and Salmonella enter-
ica serovar Typhimurium to colonic cells in vitro,
suggesting that in the presence of B-GOS the ability of
these pathogens to act on the gut epithelium is reduced
[98]. Although, further data are required, these findings
hint at the potential of B-GOS to reduce inflammation
through both direct and indirect mechanisms.

In summary, the data in this section together sug-
gest that pro and prebiotics may be capable of inducing
favourable effects on immune function via three routes
(Fig. 6): (i) by promoting the growth of beneficial
bacteria, leading to inhibition of pathogenic bacterial

Table 5

Effect of prebiotics on oxidative stress

Study design Subject type Prebiotic Result Author

In vivo treatment versus control Rat plasma Feruloyl oligosaccharide
(a putative prebiotic)

⇑ Superoxide dismutase, catalase
and glutathione peroxidase (anti-
oxidant enzymes)

[118]

In vitro study Human cells Chitin oligosaccharides ⇑ Glutathione (anti-oxidant) [119]
Placebo controlled, randomised

parallel study
Male humans Insulin ⇑ Antioxidant potential (ferric

reducing ability)
[120]

Placebo controlled, diet controlled
study

Elderly humans FOS ⇓ Thiobarbituric acid-reactive
substances (TBARS) (biochemical
markers of oxidative stress)

[121]

In vivo treatment groups versus
control

Neonatal Rats GOS/FOS ⇑ Superoxide dismutase, catalase
and glutathione peroxidase (anti
oxidant enzymes)

[122]
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Fig. 6. The biological effects of pro and prebiotics on immunose-
nescence.

growth; (ii) by increasing the production of anti-
inflammatory SCFAs and/or inhibiting the production
of toxic SCFAs, which promote inflammation; and (iii)
by enhancing the integrity of the gut mucosal barrier,
thus inhibiting pathogen invasion. Other mechanisms
are also being proposed, which also may positively
affect immune system functioning: a) an enhancement
of inflammatory mechanisms in response to foreign
body invasion through the elevation of levels of IgA,
lymphocyte counts, cytokines, phagocytic cell and NK
cell activity; (b) a reduction in the stimulation of pro-
inflammatory cytokines (IL-6, IL-1ß, TNF-�); (c) a
counteraction of chronic inflammation through the
increased production of IL-10 and propionate and; (d)
a reduction in oxidative stress via the stimulation of
glutathione release by butyrate. These latter pathways
are interesting but require further investigation in order
for them to be fully elucidated.

7. Conclusions and future directions

To date, the known health effects of probiotics, and
to a lessor extent prebiotics, in the elderly is limited,
particularly with respect to immune regulation. Of the
prebiotic studies carried out to date, FOS and inulin

have provided the majority of the data, with recent
evidence suggesting GOS may also have the poten-
tial to impact on immune function and thus delay
immunosenescence. Research to date has focussed
strongly on modulation of bacterial groups and species
in the large intestine by prebiotics and the formation
of small moleculr metabolites that may influence host
health and disease. However, future work will require
a better understanding of the measurement of immune
parameters, and will need to utilise metabonomics to
fully explore the functional impact of diet induced
changes on the immune system and wider metabolism
in healthy and/or at risk populations. In this regard,
current and planned studies have a much greater focus
on using metabonomics to identify a broader array of
potential biomarkers relevant to immunosenescence.
Furthermore, they aim to gain a greater understand-
ing of microbe-induced metabolic effects in the host
and potential immune modulations prior to and fol-
lowing prebiotic interventions. If successful, these
new metabolic and immune markers may be employed
as indicators of the immune-boosting potential of
prebiotics.
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