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Part 1: The Human Gut Microbiome in Health and Disease 
Matthew J. Bull, BSc, PhD; Nigel T. Plummer, PhD

REVIEW ARTICLE 

The bacterial cells harbored within the human 
gastrointestinal tract (GIT) outnumber the host’s cells 
by a factor of 10 and the genes encoded by the bacteria 
resident within the GIT outnumber their host’s genes by 
more than 100 times. These human digestive˗tract 
associated microbes are referred to as the gut microbiome. 
The human gut microbiome and its role in both health 
and disease has been the subject of extensive research, 
establishing its involvement in human metabolism, 
nutrition, physiology, and immune function. Imbalance 
of the normal gut microbiota have been linked with 
gastrointestinal conditions such as inflammatory bowel 

disease (IBD) and irritable bowel syndrome (IBS), and 
wider systemic manifestations of disease such as obesity, 
type 2 diabetes, and atopy. In the first part of this review, 
we evaluate our evolving knowledge of the development, 
complexity, and functionality of the healthy gut 
microbiota, and the ways in which the microbial 
community is perturbed in dysbiotic disease states; the 
second part of this review covers the role of interventions 
that have been shown to modulate and stabilize the gut 
microbiota and also to restore it to its healthy 
composition from the dysbiotic states seen in IBS, IBD, 
obesity, type 2 diabetes, and atopy. 
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The bacterial cells harbored within the human 
gastrointestinal tract (GIT) outnumber the host’s 
cells by a factor of 10 and the genes encoded by the 

bacteria resident within the GIT outnumber their host’s 
genes by more than 100 times. These human digestive-tract 
associated microbes are referred to as the gut microbiome. 
The human gut microbiome and its role in both health and 
disease has been the subject of extensive research, 
establishing its involvement in human metabolism, 
nutrition, physiology, and immune function. Imbalance of 
the normal gut microbiota have been linked with 
gastrointestinal conditions such as inflammatory bowel 

disease (IBD) and irritable bowel syndrome (IBS), and 
wider systemic manifestations of disease such as obesity, 
type 2 diabetes, and atopy. In the first part of this review, we 
evaluate our evolving knowledge of the development, 
complexity, and functionality of the healthy gut microbiota, 
and the ways in which the microbial community is perturbed 
in dysbiotic disease states; the second part of this review 
covers the role of interventions that have been shown to 
modulate and stabilize the gut microbiota and also to 
restore it to its healthy composition from the dysbiotic states 
seen in IBS, IBD, obesity, type 2 diabetes, and atopy.

Microbiota in a Healthy Gut 
The gut microbiota are mainly composed of strict 

anaerobes, which outnumber the facultative anaerobes—
organisms able to grow both aerobically and anaerobically—
and the aerobes by up to 100-fold.1 Although the presence 
of more than 50 bacterial phyla has been detected in the 
human gut to date,2 the microbiota are dominated by only 
2 phyla: the Bacteroidetes and the Firmicutes. Estimates of 
the number of bacterial species present in the human gut 
vary widely among studies, but it is generally accepted that 
individuals harbor more than 1000 microbial, species-
level phylotypes.3-5 
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Development and Composition 
Microbial colonization of the human gut begins at 

birth. The infant’s intestines are believed to be sterile or 
contain a very low level of microbes at birth,6 but the GIT 
is quickly colonized during and after delivery. As a 
neonate passes through the birth canal, he or she is 
exposed to the microbial population of the mother’s 
vagina. This process influences the development of an 
infant’s intestinal microbiota, which show similarities to 
the vaginal microbiota of his or her mother. Infants who 
were delivered through cesarean section showed reduced 
microbial numbers in the gut at 1 month when compared 
with those who were delivered vaginally, although these 
differences do not remain detectable at 6 months of age.7 

During the first year of life, the composition of the gut 
microbiota is relatively simple and shows wide 
interindividual variations.8 It is believed that the initial gut 
colonization is instrumental in shaping the composition of 
the adult’s gut microbiota. This fact was demonstrated by 
Ley et al,9 who showed that the gut microbiota of their 
study’s mice were closely related to that of their mothers, 
implicating kinship as a factor in the determination of the 
composition of the gut microbiota. 

The infant’s gut microbiota undergo a succession of 
changes that are correlated with a shift in feeding mode 
from breast- or formula-feeding to weaning and the 
introduction of solid food.8 Despite the relative similarities 
of the gut microbiota in mothers and their offspring, 
microbial succession in the GIT is also influenced by 
numerous external and internal, host-related factors. 
External factors include the microbial load of the 
immediate environment, type of food eaten, and feeding 
habits, in addition to the composition of the maternal 
microbiota. Also, dietary and temperature-related stresses 
can influence the succession of microbes.8 Internal factors 
include, but are not limited to, intestinal pH; microbial 
interactions; environmental temperature; physiological 
factors, such as peristalsis; bile acids; host secretions and 
immune responses; drug therapy; and bacterial mucosal 
receptors.8 

Given the abundance of factors that influence the 
composition of the intestinal microbiota, it is perhaps 
unexpected that the composition of the microbial 
community in the human gut is fairly stable at the phylum 
level.10 The Bacteroidetes and Firmicutes are conserved in 
virtually all individuals, although the relative proportions 
of these phyla may vary.5 However, when considered at the 
level of bacterial species, the variation in the composition 
of interindividual microbial communities is considerably 
greater than that observed at the phylum level.11 The 
potential explanation for this fact appears to be found 
within the deep functional redundancy inherent to the gut 
microbiota.5 The host generates a selective pressure to 
maintain certain functions within the GIT, and these 
functions may be attributed to a large number of bacterial 
species within the major phyla. Functional redundancy is 

the ability of one microbial group to carry out a functional 
process at the same rate as another under the same 
conditions, rather like a backup option, which allows for 
variations in the composition of the microbiota between 
individuals without compromising the maintenance of 
complete function within a particular individual.10

Bacterial cells are unevenly distributed along the 
length of the GIT. The numbers of bacteria present can 
vary, beginning at between 10 to 103 bacteria per gram of 
stomach and duodenal contents, increasing to between 
104 and 107 bacteria per gram in the small intestine, and 
rising to between 1011 and 1012 bacteria per gram in the 
large intestine.10 Moreover, the composition of the 
microbial community varies among these sites, with 
different bacterial phyla enriched in the small intestine 
and colon. When biopsy samples from both regions in the 
gut of healthy individuals were examined, the small 
intestine was found to be enriched for certain members of 
the Firmicutes phyla and the colon for members of the 
phylum Bacteroidetes.12 

Coupled with microbial heterogeneity along the 
length of the GIT, a large number of variations existed in 
the composition of the microbiota when intestines were 
studied in transverse section.13 Several microenvironments 
existed across the intestine, and the microbiota in the 
lumen of the intestine differed significantly in their 
composition from the microbiota in close proximity and 
attached to the epithelium. For example, the genera 
Bacteroides, Bifidobacterium, Streptococcus, Enterococcus, 
Clostridium, Lactobacillus, and Ruminococcus were all 
found in the feces, making the composition representative 
of the luminal community, whereas only Clostridium, 
Lactobacillus, and Enterococcus were detected in the mucus 
layer and epithelial crypts of the small intestine.13

Functions of the Gut Microbiota
Metabolism. As the gut microbiota encode a 

substantively larger number of genes than its human host, 
it follows that they are able to undertake a variety of 
metabolic functions that humans are unable to do or are 
only able to do in a limited capacity. The gut bacteria are 
able to produce a variety of vitamins, synthesize all 
essential and nonessential amino acids, and carry out 
biotransformation of bile.14 In addition, the microbiome 
provides the vital biochemical pathways for the metabolism 
of nondigestible carbohydrates, which include large 
polysaccharides, such as resistant starches, cellulose, 
hemicellulose, pectins, and gums; some oligosaccharides 
that escape digestion; unabsorbed sugars and alcohols 
from the diet15; and host-derived mucins.16 This 
functionality results in the recovery of energy and 
absorbable substrates for the host and a supply of energy 
and nutrients for bacterial growth and proliferation.17 
Metabolism of carbohydrates is a major source of energy 
in the colon.
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Host Protection and Immune-system Development. 
Many intestinal bacteria produce antimicrobial compounds 
and compete for nutrients and sites of attachment in the gut 
lining, thereby preventing colonization by pathogens. This 
action is known as the barrier or competitive-exclusion effect. 
Host cells in the gut wall have attachment sites that can be 
used by pathogenic bacteria to enter the epithelial cells. In 
laboratory studies, nonpathogenic bacteria can be seen to 
compete for these attachment sites in the border of intestinal 
epithelial cells, preventing the attachment and subsequent 
entry of pathogenic, enteroinvasive bacteria into the 
epithelial cells.17 Further, because bacteria compete for 
nutrients in their immediate surroundings and maintain 
their collective habitat by administering and consuming all 
resources, the enteric microbiota can outcompete pathogenic 
bacteria for resources, by sheer force of numbers.17 In 
addition, bacteria can inhibit the growth of their competitors 
by producing antimicrobial substances known as 
bacteriocins, and the ability to synthesise these bacteriocins 
is widely distributed among gastrointestinal bacteria.17 

The intestinal epithelium is the main interface 
between the immune system and the external 
environment. The development of a host’s immune 
system is affected by continuous and dynamic interactions 
with the intestinal microbiota and its metabolites. 
Bacteria are integral to the early development of the gut-
mucosal immune system, both in terms of its physical 
components and its function, and continue to play a role 
later in life in its operation.17 The cells of the intestinal 
epithelium avert threats from pathogens by signaling to 
the innate immune system through specific receptors14 
that recognize and bind to specific molecules associated 
with bacteria, leading to the production of a host’s 
immune response and the release of protective peptides, 
cytokines, and white blood cells. The result can be a 
protective response to commensal bacteria, an 
inflammatory response to pathogenic organisms, or a 
trigger for a host’s cell death. 

Exposure to intestinal bacteria is also implicated in 
the prevention of allergy (ie, a disproportionate reaction 
of the immune system to nonharmful antigens). Allergic 
infants and young children have been found to have a 
different composition of intestinal bacteria than those 
who do not develop allergies. It is hypothesised that the 
intestinal microbiota stimulates the immune system and 
trains it to respond proportionately to all antigens. An 
altered composition of intestinal microbiota in early life 
can lead to an inadequately trained immune system that 
can, and often does, overreact to antigens.18

The Gut–Brain Axis. The gut–brain axis is a 
communication system that integrates neural, hormonal, 
and immunological signaling between the gut and the 
brain, offering the intestinal microbiota and its 
metabolites a potential route through which to access the 
brain.19 This communication system is bidirectional, 
which enables the brain to command gastrointestinal 

functions, such as peristalsis and mucin production, and 
immune functions.20 Significant progress has been made 
over the past decade in recognizing the important ways 
in which gut microbiota relate to brain function.21 Foster 
and McVey Neufeld21 have reviewed key findings, 
showing that stress influences the composition of the gut 
microbiota and that bidirectional communication 
between the gut microbiota and the central nervous 
system influences a host’s stress reactivity. Stress has 
been shown to influence the integrity of the gut 
epithelium and to alter peristalsis, secretions, and mucin 
production, thereby altering the habitat of the intestinal 
microbiota and promoting changes in microbial 
composition and/or metabolism.19

Gut Microbiota in Disease 
Associations have been established between human 

intestinal microbiota and a seemingly ever-increasing 
number of diseases, syndromes, and functional aberrations. 
The support for these associations varies from anecdotal 
reports from individuals to results from large cohort 
studies. The next section focuses on summarizing the 
associations that have garnered the greatest amount of 
attention: the possibility of a link between the intestinal 
microbiota and (1) chronic gastrointestinal diseases such 
as IBS and IBD, and (2) systemic metabolic diseases, such 
as type 2 diabetes and obesity.

Irritable Bowel Syndrome 
IBS is defined as a group of functional bowel disorders 

in which abdominal discomfort or pain is associated with 
defecation or a change in bowel habits and with features of 
disordered defecation. Medical practitioners have agreed 
to further classification according to the Rome 3 criteria22 

and have categorized the disease on the basis of a patient’s 
stool characteristics (Table 1).

IBS is thought to affect approximately 10% to 20% of 
adults and adolescents worldwide.22 The exact cause of IBS 
is unknown and is thought to be multifactorial. Genetic 
factors, motor dysfunction of the GIT, visceral 
hypersensitivity, infection, inflammation, and immunity 
as well as psychopathological factors are thought to play 
roles in its development.23 Together with these factors, 
variation in the gut microbiota is thought to be complicit 
in the low-grade intestinal inflammation associated with 
the syndrome.24 In the healthy gut, the intestinal microbiota 
either have direct bactericidal effects or can prevent the 
adherence of pathogenic bacteria to the wall of the GIT.25 

In addition, dysbiosis (ie, microbial imbalance) in the gut 
may facilitate the adhesion of enteric pathogens that may 
be associated with IBS symptoms.26 Alteration in the 
composition of the normal microbiota and disturbed 
colonic fermentation in IBS patients may play an important 
role in development of IBS symptoms, with a significant, 
2-fold increase in the ratio of Firmicutes to Bacteroidetes 
reported in IBS patients.27
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Inflammatory Bowel Disease
IBD encompasses Crohn’s disease (CD) and ulcerative 

colitis (UC). CD is characterized by a cobblestone-like 
pattern of inflammation (ie, affected regions interrupted 
by healthy tissue), which can occur anywhere along the 
length of the GIT. It is also typified by ulcerations that may 
span the entirety of the intestinal wall, resulting in fissures 
that may perforate the intestinal wall and impact other 
organs such as the kidney or uterus.28 UC typically 
manifests as contiguous inflammation involving only the 
surface layers of the intestinal wall. It is primarily localized 
in the colon and most commonly originates at the rectum.29 

Although individual microbial species may play 
significant roles in immunomodulation, aberration of the 
gut microbiome due to loss or overabundance plays a key 
role in the persistence of inflammatory responses in 
chronic disease. The role of the gut microbiota in IBD 
pathogenesis has been demonstrated by studies showing 
that antibiotic use can reduce or prevent inflammation, 
both in murine models of disease and in patients.30 Also, 
results from studies with UC patients inoculated with 
stool collected from healthy donors indicated disease 
remission within 1 week of receiving their fecal transfer, 
with complete recovery noted after 4 months.31 

Similarly to IBS, IBD dysbiosis is concerned with large-
scale alterations in the abundance and diversity of the 
Firmicute population, the relative abundance of which has 
been observed to be greatly reduced in IBD patients. The 
reduction in the numbers of Firmicutes is of particular 
interest because they are known producers of important short 
chain fatty acids (SCFAs), such as acetate and butyrate, that 
are known to have potent anti-inflammatory properties.32 
Nagalingam and Lynch28 comprehensively reviewed the 
microbial alterations observed in IBD patients, detailing 
myriad microbial outcomes in different individuals and 
studies, with no apparent conclusions on relevant microbial 
biomarkers or the microbial cause or effect of IBD.

Systemic Metabolic Diseases
Systemic metabolic diseases include obesity and type 

2 diabetes. Early indications that the gut microbiota are 
involved in obesity came when metabolically obese mice, 
with a mutation in the leptin gene, were shown to have a 
significantly different microbiota compared with mice 
without the mutation.9 Further investigation indicated 
that the ratio of Firmicutes to Bacteroidetes in the gut 
microbiota of obese mice was shifted in favor of Firmicutes, 
whereas lean mice were dominated by Bacteroidetes.33 In 
more recent human studies, the researchers found that the 
composition of the gut microbiota was altered in obese 
when compared with normal-weight individuals and that 
the composition changed in response to changes in a host’s 
body weight.34 Subsequent studies have failed, however, to 
demonstrate a consistent relationship between obesity and 
the ratio of Firmicutes to Bacteroidetes at both the phylum 
and the species levels. These studies have been 
comprehensively reviewed by Tagliabue and Elli.35

Type 2 diabetes is a complex disorder influenced by 
both genetic and environmental elements, which has 
become a major public health concern throughout the 
world.36 Research studies investigating the underlying 
genetic contributors to type 2 diabetes mainly involve the 
use of genome-wide association studies focusing on 
identifying genetic components in a patient’s genome.37 

Recently, research has indicated that the risks related to 
the development of type 2 diabetes may also involve the 
composition of the intestinal microbiota. The gut 
microbiota of participants with type 2 diabetes displayed 
only a limited deviation from the control group’s, although 
a decline in butyrate-producing bacteria that may be 
metabolically beneficial was observed.38 This observation 
suggests that a state of functional dysbiosis, rather than 
any specific microbial species, could have a direct 
association with the pathophysiology of type 2 diabetes. 
Increases in the presence of several categories of 

Table 1. Etiological Classification of Symptoms of IBS 

IBS Subtype Characteristics
IBS with diarrhea IBS-D •	 Loose stools >25% of the time and hard stools <25% of the time 

•	Up to one-third of cases 
•	More common in men 

IBS with constipation IBS-C •	Hard stools >25% of the time and loose stools <25% of the time  
•	Up to one-third of cases  
•	More common in women  

Mixed or cycling IBS IBS-M •	 Both hard and soft stools >25% of the time  
•	One-third to one-half of cases 

Unsubtyped IBS •	 Insufficient abnormality of stool consistency to meet criteria

Abbreviation: IBS = irritable bowel syndrome.
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opportunistically pathogenic bacteria were also detected, 
although the abundance of these categories of opportunistic 
pathogens seemed to be quite variable.38 

The gut microbiota is implicated in nutrient acquisition 
and energy harvest and produces exometabolites, such as 
SCFAs, that may regulate a host’s metabolic processes.39,40 
SCFAs have been implicated in metabolic diseases, including 
obesity39 and type 2 diabetes.41 Higher levels of fecal SCFAs, 
mainly butyrate and propionate, have been reported in 
obese adults42 and children,43 when compared with lean 
individuals. Changes in the concentration and proportion 
of individual SCFAs may be in line with changes in the 
bacterial phyla present.42,43

A wealth of evidence now exists that indicates close 
ties between metabolic and immune systems, and the gut 
microbiota is being increasingly recognized as an 
important factor connecting genes, environment, and 
immune system. Among the many reasons to maintain a 
healthy weight is the emerging paradigm that metabolic 
imbalance leads to immune imbalance, with starvation 
and immunosuppression on one end of the spectrum and 
obesity and inflammatory diseases on the other end.36 It is 
possible that any dysbiosis that results in a disordered, 
rather than directional, alteration in the composition and 
functionality of gut microbials may itself have a role in 
increasing the susceptibility to a diseased state.38

Atopic Eczema and Other Allergic Disease
Allergic diseases, specifically those driven by type 1 

hypersensitization—atopic eczema, atopic asthma, 
rhinitis—and type 1 food allergies have risen globally in 
incidence over the past 50 years, with the developed world 
now showing an incidence at 20% of the population, 
providing a considerable proportion of overall disease 
burden.44 Atopic sensitization occurs primarily in the first 
2 years of life and can persist through a lifetime, with the 
expression of allergic disease typically beginning with 
eczema (0-2 y), asthma (>5 y), and rhinitis (>8 y) in what 
is referred to as the atopic march.45 Atopic eczema, an 
inflammatory skin condition, was found to affect up to 
20% of children younger than 12 months of age in England 
and Wales during 200646 and cost the UK government 
nearly £500 million per annum in 1996. 

The causes of atopic eczema are potentially numerous 
and are not well understood, although the method of birth 
(ie, vaginal vs cesarean) and a mutation in a particular 
human gene involved in skin-barrier function are known 
to be implicated.47 Characterization of the gut microbiota 
of sufferers of atopic eczema showed that infants at 1 
month of age with the disease had a significantly lower 
bacterial diversity, particularly with regard to the 
Bacteroidetes phylum, compared with infants without 
atopic eczema.48 The study also highlighted decreased 
diversity of Bacteroidetes at 12 months of age in the 
atopic-eczema group, suggesting that sufferers may 
maintain a lower level of bacterial diversity when compared 

with healthy controls. In addition, a lower number of 
Proteobacteria, the cell walls of which contain 
lipopolysaccharide molecules, was observed in infants 
presenting with atopic eczema. Lipopolysaccharides have 
the ability to elicit a host’s immune response, and low 
exposure to lipopolysaccharides in infancy is linked with a 
higher risk of atopic eczema.49 

As an explanation for the marked increase in allergic 
disease, the concept of reduced quantitative and qualitative 
exposure to the microbial world during the neonatal 
period has been termed the hygiene hypothesis and is 
based on the observation of increased atopy in smaller, 
and particularly urbanized, families50 from reduced 
exposure to microbial challenge. This underexposure to 
microbial antigens results in the aberrant outcome to 
allergen processing of immunological response rather 
than immunological tolerance.45

Conclusions and Perspective
The gut microbiota in humans evolve throughout life 

and appear to play a pivotal role in both health and 
disease. In a healthy state, the gut microbiota have myriad 
positive functions, including energy recovery from 
metabolism of nondigestible components of foods, 
protection of a host from pathogenic invasion, and 
modulation of the immune system. A dysbiotic state of the 
gut microbiota is becoming recognized as an environmental 
factor that interacts with a host’s metabolism and has a 
role in pathological conditions, both systemic—obesity, 
diabetes, and atopy—and gut-related IBS and IBD, 
although the specific contribution of the gut microbiota to 
these diseases is unclear. The heterogeneous etiology of 
metabolic and gastrointestinal diseases has been associated 
with different microbes, although little information exists 
about the causal direction of the association.

In the second part of this review, the authors will 
investigate interventions that have been shown to modulate 
and stabilize the gut microbiota and also to restore it to its 
healthy composition from the dysbiotic states seen in IBS, 
IBD, obesity, type 2 diabetes, and atopy.
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