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“I have finally come to the conclusion that a good set of bowels is worth 
more to a man than any quantity of brains”. Josh Billings (1818–1885)

Introduction
Human beings are born and have coevolved with environmental 
microorganisms. The hologenome theory of evolution proposes that 
natural selection acts not on the individual organism but rather on 
the “holobiont,” which consists of the human organism together with 
resident microbial communities (microbiota), their metabolites and 
genes (microbiome) [1]. Usually the term “flora” is used to describe 
bacteria of human organisms while the term “microbiota”, recently 
considered as more appropriated, refers to the whole community of 
microorganisms that includes not just bacteria, but also other microbes 
such as archaea (primitive single-celled organisms), fungi, viruses, and 
even some protozoans.

Immediately after birth a significant number of bacteria colonize 
practically every surface of the human body exposed to the external 
environment, including the skin, eyes, oral cavity and the respiratory, 
urinary, reproductive and gastrointestinal tracts (gut microbiota). The 
digestive tract is a complex ecosystem in which microbial communities 
interact with each other and with their host [2]. In 2006 the scientific 
community recognized the gut microbiota of healthy individual as a 
new, metabolically active organ. 

Throughout the human lifetime, the gut microbiota is known to 
confer a number of health benefits relating to prevention of colonization 
of pathogenic microorganisms, host nutrient metabolism, xenobiotic 
and drug metabolism, integrity of the gut mucosal barrier and 
maturation of the host’s innate and adaptive immune responses [3-5]. 

Although the composition of a ‘healthy’ gut microbiota remains 
to be elucidated, normal colonization is most likely to occur when 
the healthy newborn infant is born full term, by vaginal delivery and 
exclusively breastfed for 6 months. Beyond the microbial richness and 
diversity, a ‘eubiotic’ gut microbiota is characterized by the presence 
of the microbes that enhance metabolism, resilience to inflammation, 
resistance to autoimmunity.

Dysbiosis is considered as an alteration in microbiota community 
structure and/or function, capable of causing/driving a detrimental 
distortion of microbe-host homeostasis. One of the important 
discoveries in the last years is the fact that intestinal dysbiosis has a 
profound impact on the metabolic and immune homeostasis. 

In the initial stages of life several factors influence the establishment 
and composition of the intestinal microbiota and shape different 
colonization patterns: Gestational age, delivery mode and place, infant 
feeding, use of antibiotics and maternal infections, among others [6].

Vaginal delivery or cesarean section may differently affect the 
colonization of the baby, as the infant born by cesarean section is 
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Abstract
The human gut microbiota plays a very important part in the host’s life, being closely interconnected to its health. 

Upon birth, a well-balanced bacterial colonization of the infant gut has a profound impact on programming short and 
long term metabolic and immune homeostasis. Despite the fact that most of the causality is not yet fully understood, 
shift in the commensal gut microbial communities with implication to disease is often referred to as dysbiosis. Infants 
who tend to have a delayed and/or aberrant initial colonization with reduced microbial diversity and richness, whether 
induced by Caesarean section, premature delivery, or excessive use of perinatal antibiotics, could be more at risk for 
chronic health conditions associated with metabolic and immune disorders. Exploration of the long-term effects of 
this abnormal microbial number and diversity is critically needed in order to intervene early in the aberrant intestinal 
composition and restore numerous homeostatic systems (e.g. energy balance, glucose metabolism and immunity). 
Dietary manipulation of the gut microbiota through the so called ‘gut microbiota biomodulators’ (probiotics, prebiotics, 
synbiotics and postbiotics) represents a promising preventive avenue.
This review aims to highlight factors that influence the gut microbiota soon after birth and discusses the potential 
gut-driven pathophysiologic pathways involved in intestinal dysbiosis and the gut microbiota-modulating effects of 
probiotics early in life.
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exposed to microorganisms of maternal skin and the environment, 
rather than to vaginal and gastrointestinal microbiota of the mother. It 
has been suggested that this initial colonization pattern may impact on 
microbiota composition for months or even years [7,8].

Inadequate or abnormal early intestinal colonization is supposed to 
lead to the chronic low-grade inflammation which is a common feature 
of virtually all noncommunicable diseases, indicating a central role of 
the immune system. 

In gut we trust

According to the United Nations Children’s Fund (UNICEF) 
the time spanning roughly between conception and one’s second 
birthday, known as the first 1000 days of life, is a unique window time 
of opportunity for positive impact on a child’s physical and cognitive 
development [9,10]. One of several mechanisms by which the early 
environment can modify phenotype is epigenetic modification of 
an individual’s genome. Epigenetics refers to heritable changes in 
gene expression not caused by changes in the DNA sequence, but by 
biochemical modifications of DNA which can determine whether or 
not genes are expressed [11]. Long-term adverse health outcomes are 
thought to be due to “programming”, a process by which adverse stimuli 
during early life stages can either impair the development of a somatic 
structure or alter a physiological setting. 

Nutrients and gut microbiota are the two most important 
environmental factors playing pivotal roles in epigenomic programming 
and are most pronounced in a narrow window of time such as pregnancy 
and early infancy. The gut microbiota has an important role in human 
metabolism and could be a significant environmental factor affecting 
our epigenome [12]. 

It has been estimated that the microbes in our bodies collectively 
make up to 100 trillion cells, tenfold the number of human cells and 
suggested that they encode 100-fold more unique genes (microbioma) 
than our own genome [13]. It has been proposed that 90% of the 
bacterial phylotypes are members of two phyla (Bacteroidetes and 
Firmicutes), followed by Actinobacteria and Proteobacteria [14]. 

In early postnatal life bacterial exposure is a stepwise process: 
during vaginal delivery the newborn is exposed to bacteria from the 
birth canal and perianal region that are important precursors for gut 
colonization. A well-balanced microbial colonization during the first 
days of life may “program” immune and metabolic homeostasis later 
in life [15-18].

Vaginally delivered infants are colonized by maternal vaginal and 
fecal bacteria, including Lactobacillus spp. and Bifidobacterium spp. 
[19]. 

The neonatal colonization pattern is markedly influenced by several 
perinatal environmental factors such as the mode (vaginal vs caesarean) 
and the place (home-born vs hospital-born) of delivery, the maternal 
microbiome, the number of siblings, infant feeding (breast milk vs 
infant formula), perinatal drug-based therapies (antibiotics), timing 
and composition of weaning and maternal infections (periodontitis, 
urethritis, cystitis and device-associated infections) [6,20] (Figure 1). 

During prenatal life microbial exposure may influence offspring 
microbiota and immune system. Indeed, the “sterile womb” paradigm, 
the dogma that gastrointestinal tract of a normal fetus is sterile, is being 
challenged by increasing evidence that the human intestinal microbiota 
is colonized before birth [21]. The maternal basal plate of the placenta is 
a possible source of intrauterine colonization. Stout et al. suggested that 

the endometrial epithelium of the non-pregnant uterus may harbour 
occult microbes which become incorporated into the basal plate at the 
time of placental implantation [20]. 

During vaginal birth the newborn infant is exposed to a healthy 
bolus of maternal vaginal microorganisms and this moment represents 
the first and most significant phase of colonization. A more stable 
colonization may be reach until 4–6 years of age, when the infant is 
more vulnerable to infections, metabolic and immune-mediated 
diseases.

Biodiversity, the variability among living organisms from all sources, 
is closely related at both the macro- and micro-levels and concerns both 
environmental and commensal microbiota. This diversity manifests 
in differences in microbial composition not only from one human to 
the next but also between matching body parts, such as the right and 
left hands, of the same individual. The rich diversity of the microbial 
universe represents an ancient evolutionary beneficial process between 
microbial growth and host immunity [22]. Thus far, special attention 
has been paid to the biodiversity of commensal microbiota [23,24]. A 
healthy microbiota is defined by high diversity; in contrast, microbiota 
associated with disease (dysbiosis) is defined by lower species diversity, 
fewer beneficial microbes and/or the presence of pathobionts (any 
disease-causing microorganism). Recent studies suggest that healthy 
infant immune development may depend on the establishment of a 
diverse gut microbiota rather than the presence or absence of specific 
microbial strains. The biodiversity hypothesis, an extension of the 
hygiene hypothesis formulated in 1989 by Strachan [25], provides a link 
between changes in altered microbiota and disease development [26]. 

At the early stages of life intestinal bacteria act as pivotal challenges 
for the immune system and may modulate T helper (Th2)-like allergic 
responses by promoting Th1 responses and/or enhancing immune 
regulation, depending on the diversity and richness of human gut 
microbiome,  and the genetic background of the host [27]. 

The instruction of the immune system to be tolerant of self, thereby 
preventing autoimmunity, is facilitated by the education of T cells in 
a specialized organ, the thymus, in which self-reactive cells are either 
eliminated or differentiated into tolerogenic regulatory T (Treg) cells 
which have immunosuppressive functions and distinct cytokine 
profiles [28,29]. Encounter with bacteria-derived foreign antigens in 
the colon seems to drive the generation of Treg cells efficiently. There 

Figure 1: Perinatal environmental factors that influence neonatal colonization 
pattern.
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are a number of different Treg cells that can be divided into natural 
Treg (nTreg) cells and inducible Treg (iTreg) cells. Natural Treg cells 
come from the thymus, whereas iTreg cells arise in the periphery. 
Inducible Treg cells include interleukin (IL)-10-producing Th1 cells 
and transforming growth factor (TGF)-β-producing Th3. Anti-
inflammatory cytokines IL-10 and TGF-β are crucial in the attenuation 
or containment of inflammatory process and confer suppressive effects 
on the immune response. The absence of a proper immunosuppressive 
mechanism can result in an imbalance between Th1 and Th2 cells and, 
in turn, Th1- or Th2-mediated inflammatory diseases.

 The crosstalk between colonizing bacteria, intestinal epithelial 
cells and the gut-associated lymphoid tissue (GALT) has shown to 
have a crucial role in stimulating appropriate programming of mucosal 
immunity to drive tolerogenic responses and to establish immune 
homeostasis later in life. Notably, the host’s innate and adaptive immune 
system may also influence the composition of gut microbiota [30].

Dysbiosis and disease

Human metabolic and immune homeostasis later in life may be 
influenced by a ‘healthy’ microbiota early in life. Indeed, early dysbiosis 
may be associated with the pathogenesis of intestinal and extra-
intestinal disorders [31], such as obesity [32,33], type 1 and type 2 
diabetes [34-39], cardiovascular disease [40], inflammatory conditions 
of the intestine [41] and asthma [42].

Whether early-life dysbiosis precedes and plays a role in disease 
pathogenesis or simply originates from the disease process itself is a 
question that is beginning to be answered in diseases characterised 
by chronic low-grade inflammation. A major determinant of the 
microbiota composition of newborns is the mode of delivery. Cesarean 
section and a lack of breast milk exposure are supposed to disrupt 
microbiota establishment and have been associated with increased risk 
for metabolic and immune-mediated disorders (autoimmunity and 
allergy). During natural delivery the vaginal and the fecal maternal 
microbiota (mainly Bacteroides and Bifidobacteria) are transferred 
from mother to child through the birth channel. Conversely, CS-
delivered infants, deprived of contact with the maternal vaginal 
microbiota, experience a deficiency and a delay in colonization of 
Bacteroides, Bifidobacteria and Lactobacilli and a higher presence 
of facultative anaerobes such as Clostridium species, compared with 
vaginally born infants [7,18,19]. A recent pilot study demonstrated that 
the microbiomes of babies that were delivered vaginally or by C-section 
but exposed to their maternal vaginal fluids were more similar to the 
maternal vaginal microbiomes than to those of C-section-delivered 
(but unexposed) infants [43]. 

For nearly 30 years, the international healthcare community has 
considered the ideal rate for caesarean sections to be between 10% and 
15% [44]. According to the World Health Organization (WHO), CS 
rate (percentage of births managed by CS) exceeding 15% lacks medical 
justification and it could be linked with adverse maternal and child 
health consequences [45]. Despite WHO statements, CS rates have 
increased by 50% or more over the last decade, with rates in the USA, 
UK and Australia peaking at 26.2%, 31.3% and 32.3%, respectively [46].

Numerous studies in humans and animal models have linked shifts 
in the gut microbiota to obesity [47]. Overweight/obesity was found 
more common among children delivered by CS [48]. At birth, infants 
delivered vaginally were slightly heavier, and there was no difference 
in z-score weight-for-length between the two groups. However, by 6 
weeks, children born by C-section had greater standardized body 

mass, and this persisted until age 15, in analyses adjusted for birth 
weight, gender, parental body mass, sociodemographic factors, and a 
set of gestational factors related to obesity risk. Recently, using data 
from the Longitudinal Study of Australian Children (LSAC) Robson 
et al. showed that cesarean-born infants had a higher BMI at 8 to 9 
years, although this effect could be mediated by maternal obesity [49]. 
Two meta-analyses confirmed that caesarean section compared with 
vaginal delivery is associated with greater risk of obesity in children, 
adolescents and adults [50,51]. 

Another important aspect that should be considered is the 
association between childhood obesity and antibiotics [52,53], the 
most frequently prescribed drug in children. Although antibiotics are 
essential for the treatment of bacterial infections, they change and 
alter host associated microbial communities, with rapid, deep and 
sometimes lasting effects, especially during childhood [54-56]. Broad-
spectrum antibiotics may reduce microbiota biodiversity; alter relative 
proportions of bacterial species and their functional capacity [57]. In 
this regard it has been observed, from a large study of 74.946 children, 
that antibiotic treatment in the first year of life was associated with the 
current BMI in boys, aged 5-8, but not in girls. 

C-section and early-life antibiotics deprive normal microbial 
colonization of the newborn gut. Such effects may highlight the 
importance of judicious use of antibiotics during infancy [58,59]. 
C-section and antibiotic use during pregnancy may alter normal 
maternal-offspring microbiota exchange, thereby contributing to 
aberrant microbial colonization of the infant gut and increased 
susceptibility to obesity later in life [60]. 

The very low birth weight (VLBW) infant is at great risk for marked 
dysbiosis due to multiple factors that disrupt the development of a 
normal gut microbiota: intestinal immaturity, inadequate colonization, 
frequent C-section delivery, and exposure to antibiotics in early life. 

The rising incidence of childhood-onset type 1 diabetes in developed 
countries is likely to be a result of changes in perinatal environmental 
factors. The hypothesis that infants delivered by CS do not have the 
same exposure to maternal bacteria as infants delivered vaginally is one 
of the possible causal pathways. 

Cardwell et al. showed the increased risk of childhood-onset type 
1 diabetes in children born by CS by systematically reviewing the 
published literature and performing a meta-analysis with adjustment 
for recognized confounders [61]. This analysis demonstrated a 20% 
increase in the risk of childhood-onset type 1 diabetes after CS delivery 
that cannot be explained by known confounders (maternal age, birth 
weight, gestational age, birth order, maternal diabetes or breastfeeding).

Inflammatory bowel diseases, such as Crohn’s disease or ulcerative 
colitis, can arise from the disruption of immune tolerance to the gut 
commensal microbiota, leading to chronic intestinal inflammation and 
mucosal damage in genetically predisposed hosts [62].

Allergic bronchial asthma has become a major public health 
burden in industrialized countries, and the incidence of this chronic 
inflammatory disease has been steadily growing over the last decades. 
Thavagnanam reported a statistically significant 20% increase in the 
subsequent risk of developing asthma in children born by CS [42]. 
The discrimination between the effect of acute and elective CS might 
be crucial because these events represent two completely different 
exposure parameters: infants delivered by elective CS do not acquire 
microbial colonization from the birth canal and have not been exposed 
to labor which is thought to promote the action of various cytokines [45] 
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some of which might have long-lasting effects on the immune system 
[63]. A recent study showed that planned cesarean delivery compared 
with vaginal delivery (but not compared with unscheduled cesarean 
delivery) was associated with a small absolute increased risk of asthma 
requiring hospital admission, and salbutamol inhaler prescription at 
age 5 years [64].

Obesity is not just obesity 

The recent epidemic of childhood obesity is one of the greatest 
challenges facing medical professionals caring for infants and children. 
Its growing incidence over the last decades cannot solely be explained 
by genetic factors. Obesity is associated with a low-grade chronic 
inflammation that contributes to the development of metabolic 
alterations related to glucose homeostasis (glucose intolerance, 
type 2 diabetes and insulin resistance), dysbiosis and increased 
endocannabinoid (eCB) system tone [65-68].  

The current evidence from prospective human studies investigating 
the association between infant gut microbiota and later childhood 
overweight is still limited. Nevertheless, recent advances in scientific 
research have revealed intriguing mediating factors between the 
gut microbiota, diet and host energy metabolism [69,70]. Although 
the primary cause of obesity is excess caloric intake compared with 
expenditure, emerging evidences show that obese and lean individuals 
have distinct intestinal microbiota patterns, with measurable differences 
in their ability to extract energy from their diet and to deposit that 
energy in fat [71,72]. 

The obesity-microbiome relationship has been the subject of many 
studies as the human gut microbiota is involved in the regulation 
of energy extraction from short chain fatty acids and indigestible 
polysaccharides, playing a key role in host energy metabolism and 
adipogenesis. From studies on lean and obese mice has been suggested 
that the gut microbiota influences the efficiency of energy harvest from 
the diet, its use and storage. Moreover, the relative composition of the 
gut microbiota early in life may predict later overweight or obesity [73].

Obesity was associated with an increased abundance of the phylum 
Firmucutes (Clostridium genus) and a decrease in the Bacteroidetes 
phylum, one of the most numerically abundant Gram-negative phyla 
in the mammalian gastro-intestinal tract [33]. Although obesity 
and leanness phenotypes were different at the phylum level through 
a change of the Bacterioidetes-to-Firmicutes ratio [74], reduced 
bacterial diversity and an altered representation of bacterial genes and 
metabolic pathways were major traits of the obese phenotype. In fact, 
the significant variability even in healthy individuals that has been 
observed makes the relevance of this ratio debatable.

Microbial richness, referred to bacterial diversity, is usually 
considered an indicator of a healthy status since reduced bacterial 
diversity has been related to metabolic and immune disorders [75-78]. 
A recent Danish study showed how gut commensals affect propensity 
to develop obesity and related conditions [75]. Results of this study 
[75], performed on 292 obese and non-obese individuals, showed that 
subjects with the lowest bacterial abundance had more abdominal fat 
and worst metabolic-inflammatory profile (insulin resistance, high 
insulin levels, increased triglycerides, decreased HDL-cholesterol, and 
increased C-reactive protein), compared to those with high bacterial 
richness. They also showed reduction in the butyrate-producing 
bacteria and higher levels of pathobionts such as Campylobacter, 
Porphyromonas, Ruminococcus and Staphylococcus. On the contrary, 
people with high bacterial richness showed mostly Bifidobacterium 

and Lactobacillus genera that determine the production of short-chain 
fatty acids (butyrate, lactate and propionate). These results highlighted 
that microbial dysbiosis may lead to low-grade inflammation and 
insulin resistance. Therefore, it has been suggested that subjects with 
low bacterial richness had an inflammation-associated microbiota and 
may be at increased risk of obesity-associated comorbidities. Dietary 
intervention could improve low bacterial gene richness and clinical 
phenotypes, but seems to be less efficient for inflammation variables in 
individuals with lower gene richness. 

In humans, antibiotic use during infancy may lead to higher risk 
of obesity later in life, probably by reducing bacterial richness [79], as 
observed in animal models after repeated antibiotic use [80]. 

The gut is able to host commensal bacteria and molecules, absorb 
nutrients and inhibit the invasion of tissues by bacteria, a process 
known as intestinal mucosal barrier function. Soon after birth the 
gut closure takes place, decreasing gut permeability and transport of 
macromolecules across the intestinal barrier. Paracellular permeability 
across epithelial cells is regulated by tight junctions (TJs), which are 
the apical most junctions in epithelial cells [81]. Tight junctions are not 
static barriers but highly dynamic structures that are constantly being 
remodeled due to interactions with external signals, such as cytokines 
and bacterial components, originating in the lumen, epithelium and 
lamina propria [82]. Intestinal permeability decreases faster in breastfed 
babies than in formula-fed infants [83]. A host–bacterial mutualism 
leads to the control of gut barrier function [84]. Recent data suggest 
that disruption in gut microbiota composition plays a critical role in the 
development of obesity-associated inflammation [85]. 

The gut microbiota regulates the activity of the peripheral 
endocannabinoid system in intestinal and adipose tissue, which in turn 
controls gut barrier function and adipogenesis [86] (Figure 2). The 
widespread intercellular signalling system, consisting of cannabinoid 
receptors (eCBRs), endocannabinoids and enzymes involved in their 
synthesis and degradation, is involved in the regulation of energy 
balance [87]. The eCB system’s salient homeostatic roles have been 
summarized by Di Marzo as, “relax, eat, sleep, forget, and protect” 
[88]. In this regard, endocannabinoid signaling is proposed to be a 
general hunger signal that acts at cannabinoid type 1 receptor (CB1R) 
to inhibit satiation [89]. Its over- activation results in chronic positive 
energy balance and alteration of glucose homeostasis which increase 
the risk of obesity. In particular, upregulation of the CB1R in the central 
nervous system and periphery results in overstimulation of the reward 
system associated with food intake, which promotes excessive food 
consumption and leads to visceral adiposity. 

Lipopolysaccharide (LPS) is a major component of the outer 
membrane in Gram-negative bacteria. Gut microbiota-derived 
lipopolysaccharide levels were closely correlated with changes 
in composition where the Gram negative-to-Gram positive ratio 
increased during high-fat feeding [90]. It is supposed that dysbiosis 
is involved in increased intestinal permeability and the associated 
inflammation. Dysbiosis-induced disruption of the intestinal barrier 
causes translocation of bacterial products across the gut which in turn 
drives low-grade inflammation, ‘metabolic endotoxemia’ (increased 
plasma LPS levels), so called in recognition of the fact that levels 
are much lower than those observed in septic shock, and metabolic 
disorders. Intestinal microbiota regulates intestinal permeability and 
adipose tissue physiology through LPS-eCB system regulatory loops. 

It is suggested that LPS could stimulate eCB system [91]. Cani 
et al. proposed that changes in the distribution and localisation of 
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zonula occludens-1 (ZO-1) and occludin (two tight junction proteins) 
are associated with the increased gut permeability and metabolic 
endotoxemia-induced inflammation occurring in obese rodents [92]. 

Rationale for the use of probiotics

The establishment of a healthy gut microbiota is involved in 
the development of gut function, in protection against infections, 
in preservation of intestinal barrier function and development of 
a balanced immune system. When full colonization is reached, gut 
microbiota and underlying epithelial and lymphoid tissues established 
a symbiotic relationship [93].

Breastfeeding and vaginal delivery stimulate the proliferation of 
a rich and diverse microbiota which initially influences a switch from 
an intrauterine Th2 predominant to a Th1/Th2 balanced response by 
the activation of T-regulatory cells [94]. Gut commensals can induce 
Treg cells allowing the host to tolerate the massive burden of antigens 
presented to the gut and ensuring that innocuous antigens (food and 
indigenous microbiota) do not trigger excessive inflammatory immune 
response (tolerance). 

Altered intestinal barrier function and increased intestinal 
epithelial permeability can be consequences of disrupted early 
colonization. The integrity of the epithelial barrier depends on 
homeostatic regulatory mechanisms, including mucosal induction of 
Treg cells, where commensal microbiota–host interactions play decisive 
roles.  Early microbial colonization has been proposed as a major driver 
for the normal age-related maturation of both Th1 and Treg pathways 
that appear important in suppressing early propensity for Th2 allergic 
responses. Moreover, microbial abundance and diversity can induce 
maturation of tolerogenic dendritic cells and skew the perinatal Th2 
milieu toward Th1 maturation. Notably, in white adipose tissue, 
which coordinates metabolism at distant tissues, Tregs contribute to 
the maintenance of insulin sensitivity by limiting inflammation and 
producing insulin-sensitizing factors such as IL-10 [95].

Emerging evidence has shown that early disruption of microbiota 
colonization may influence the occurrence of later diseases (microbial 
programming). Inadequate or abnormal early intestinal colonization 
(CS-delivery, prematurity, excessive use of perinatal antibiotics) lead 
to the breakdown in the gut homeostatic symbiosis and, in turn, to 

development of immunologically mediated diseases [96-98]. 

Increased interest in the effects of the intestinal microbiota on 
human health has resulted in attempts to optimize the microbial 
ecosystem by the so called ‘gut microbiota biomodulators’ [99] such as 
probiotics, prebiotics, synbiotics or postbiotics.

The most commonly accepted definition of probiotics was published 
by the World Health Organization/Food and Agricultural Organization 
in 2001 that stated that probiotics are “live microorganisms which 
when administered in adequate amounts confer a health benefit to the 
host” [100]. Several properties that are thought to be important for the 
probiotic effect include high survival rates under acidic or bile salts 
condition, adherence to mucus or to epithelial cells, enzymatic activity, 
and antibiotic resistance or production of antimicrobial compounds.

Most probiotics taxonomically belong to two genera, Bifidobacteria 
and Lactobacilli known to have a wide range of human health benefits. 
However, Lactococcus, Streptococcus and Enterococcus species, as well 
as some non-pathogenic Gram-negative strains of Escherichia coli (E. 
coli Nissle 1917), and yeast strains (Saccharomyces boulardii) may also 
act as probiotics. In particular, strains belonging to Bifidobacterium 
and Lactobacillus are the most widely used probiotic bacteria and exert 
health-promoting properties, including the maintenance of the gut 
barrier function and the modulation of the host immune and metabolic 
responses [101]. Noteworthy, probiotic bacteria stimulate immune 
functions in a strain-specific manner [102-104]. 

The beneficial effect of probiotic strains is mainly on diseases 
involving the mucosal immune system [105]. In vitro and animal 
studies have generated most of the mechanistic rationale for the use of 
probiotics that act through a number of different pathways [106-109] 
(Table 1). 

To evaluate the effect of probiotic and prebiotic supplementation 
in preventing allergies Finnish researchers conducted a clinical 
trial on more than 1200 mothers whose infants would be at high 
risk to develop allergies [110]. According to AAP (American 
Academy of Paediatrics), ESPGHAN (European Society for Pediatric 
Gastroenterology, Hepatology, and Nutrition) and EAACI (European 
Academy of Allergy and Clinical Immunology) an infant is defined 
as ‘high risk’ for developing allergic disease if there is at least one 
first degree relative (parent or sibling) with a documented allergic 
condition (atopic dermatitis, asthma, rhinitis, or food allergy). During 
the last month of their pregnancies, the mothers took daily doses 
of a probiotic mixture (Lactobacillus rhamnosus GG, Lactobacillus 
rhamnosus LC705, Bifidobacterium breve Bb99, Propionibacterium 
freudenreichii ssp. shermanii JS) or a placebo, and their infants were 
given the same probiotic mixture plus a prebiotic (GOS) or a placebo 
for the first 6 months of their lives. The children were followed for 5 
years and evaluated for incidence of allergic diseases. Although no 
allergy-preventive effect was extended to age 5 years by perinatal 
supplementation with the probiotics and synbiotic in high-risk babies, 
it is noteworthy that less IgE-associated allergic disease occurred only 
in Caesarean-delivered children (24.3% vs. 40.5%; p=0.035). Therefore, 
the authors concluded that “protection was conferred only to CS babies”.

The early gut microbiota is believed to maintain a state of regulated 
inflammation that is important in providing cross talk between 
intestinal microbes and the GALT [101]. Defective intestinal epithelial 
tight junction barrier function is implicated in a number of intestinal 
and systemic inflammatory conditions. Pathogenic microorganisms 
induce a strong host response; probiotics induce an intermediate 
response, whereas commensal bacteria exhibit homeostatic control 

 

Figure 2: The link between the gut microbiota and the peripheral 
endocannabinoid system.
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of the response. Microbiome influences systemic inflammation 
through Toll-like receptor (TLR) pathways, with downstream effects 
on the risk of insulin resistance, obesity, and immune diseases [111]. 
TLR signaling is induced by commensal bacteria to produce a state 
of controlled inflammation that helps develop the innate immune 
defences and promotes pathogen recognition. One of the consequences 
of dysbiosis is increased gut permeability and increased microbial 
translocation through the mucosal barrier, leading to metabolic 
endotoxemia, subsequent low-grade inflammation and increased 
generation of proinflammatory cytokines [112,113]. Recently, Guo et 
al. demonstrated that secreted metabolites of Bifidobacterium infantis 
and Lactobacillus acidophilus protect the intestinal barrier impairment 
caused by the pro-inflammatory cytokine IL-1β stimulation through 
tight junction modulation in mature and immature enterocytes [114]. 

Individuals with obesity and type 2 diabetes differ from lean and 
healthy individuals in their abundance of certain gut microbial species 
and microbial gene richness. The abundance of Bifidobacterium spp. 
and Akkermansia muciniphila is consistently reduced under high-fat diet 
regimen [115]. Moreover, A. muciniphila has been inversely correlated 
with body weight [116] and type 1 diabetes in mice and humans [117]. 
Recently this mucin-degrading intestinal anaerobe bacterium has been 
proposed as a new functional microbe with probiotic properties. 

Cholecystokinin (CCK), the most extensively studied 
gastrointestinal satiety hormone, was found to act as a hunger 
suppressant [118]. Glucagon-like peptide-1 (GLP-1) shows central 
effects, suppressing appetite and reducing the rate of food absorption 
into the blood by lowering the rate of gastric emptying. Unlike CCK 
and GLP-1, ghrelin does not appear to signal satiety but rather increases 
in the plasma in anticipation of a meal and falls immediately after the 
consumption of food [119]. In contrast to “adiposity signals” such as 
the adipose-derived hormone leptin and circulating insulin, plasma 
ghrelin concentrations increase in direct proportion to lean body mass. 
Probiotics have been shown to modify the production of gastrointestinal 
satiety hormones when given to rats [120].

The ability of probiotics to influence metabolism differs greatly 
depending on the strain in question. A recent meta-analysis analyzed 
randomized controlled trials and comparative clinical studies in 
humans and animals or experimental models assessing the effect of 
Lactobacillus-containing probiotics on weight [120]. The Authors 
found that the manipulation of the gut microbiota by L. acidophilus, L. 
ingluviei or L. fermentum results in weight gain whereas specific strains 
of L. gasseri and L. plantarum used as food supplements presented an 
anti-obesity effect.

Mechanism of probiotics
Mucosal barrier function

Gut microbiota  

Probiotics 

–	 Restore healthy composition

–	 May convert a dysbiosis to a symbiosis, by balancing pathobionts (any disease-causing microorganism) with health-promoting bacteria; 

Enterocytes and mucus

Probiotics

•• Increase TGF-β production;

•• Increase local IgA production;

•• Enhance mucus production

Tight junctions

     Probiotics 

–	 Attenuate IL-1β-induced NF-κB activation

–	 Reduce antigenic load
Immunological Action

      Probiotics 

•• Modulate Innate Immunity (tolerogenic dendritic cell maturation)

•• Probiotics increase T regulatory cells (TGF-β-producing Th3 cells )

•• Probiotics increase Th1 differentiation and Th1 skewed responses

•• Probiotics inhibit Th2 allergic responses  

•• Probiotics modulate of Th1/Th2 balance (↑Th1 ↓Th2)

Table 1: Mechanistic rationale for the use of probiotics.
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Conclusion
Understanding the factors that regulate immune and metabolic 

homeostasis in health and disease may yield insight into strategies to 
prevent chronic low-grade inflammation and dysregulated glucose 
homeostasis. Prenatal and postnatal periods represent a pivotal window 
of opportunity to modulate metabolic and immune responses. An 
inadequate gut microbiota composition in early life seems to account for 
the deviant programming of later immunity and overall health status. In 
this regard, modulation of the gut microbiota composition, protection 
of intestinal mucosal barrier, remission of metabolic endotoxemia and 
relief of local and systemic inflammation may provide a novel strategy 
for the prevention of metabolic and immune disorders.

The potential for the positive manipulation of the gut microbiome 
through the introduction of probiotics is currently an intriguing area 
of investigation.

In infants with inadequate or abnormal early intestinal colonization 
(dysbiosis), whether induced by Caesarean section, premature delivery 
or excessive use of perinatal antibiotics, probiotics or their secretions 
may prevent diseases by exerting anti-inflammatory effects, improving 
intestinal function barrier and modulating immune responses. 

Although gut microbiota biomodulators have the potential to 
restore the intestinal microbiota balance, further studies on the 
appropriate timing of interventions are required to translate these 
findings into preventive strategies.
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