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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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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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