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ABSTRACT
Our understanding of the link between the gut microbiome, its metabolites, and overall health is constantly 
expanding. Advances in metagenomics have helped us understand the composition and function of the microbiome 
in both diseased and healthy states. Variability in the gut microbiota is largely dependent on the host’s diet, lifestyle, 
and environment. It rapidly establishes in early life and continues to determine health and wellbeing in adult life. A 
lot of evidence highlights the role of the microbiota in various metabolic, immunological, and neurological diseases. 
Both gut microbiota and its metabolites can be significantly modulated by diet, including their diversity and 
composition. Continuous exploration of the human microbiome and affecting factors will provide opportunities for 
personalized nutrition and preventative treatments.

INTRODUCTION
The term microbiome (microbe + biome) is relatively 
new to our vocabulary; however, the concept of 
microbiome isn’t. It dates to the first discovery of 
microbes by Antonie van Leeuwenhoek, the father of 
microbiology, in late 1600s. Marchesi and Ravel (2015) 
define microbiome as the entire habitat, including 
the microorganisms, their genomes (i.e., genes), and 
the surrounding environmental conditions. These 
microorganisms, also referred to as the microbiota, 
include bacteria, archaea, viruses, and eukaryotes 
(such as fungi). The majority of microbiota reside 
in the gut (Bengmark, 1998) and greatly influence 
human physiology and nutrition—and they are 
fundamental to human life.

It has been estimated that 100 trillion microbes 
inhabit the human gut, belonging to almost 1,000 
species. Over 99% of the identified genes are 
bacterial (Qin et al., 2010). The number of bacteria 
alone significantly outnumbers the human cells within 
an individual (HMP Consortium, 2012a). The microbes 
differ in different body sites and even different areas 
along the gut likely because of different conditions 
(HMP Consortium 2012a). Each nutrient that enters 
the digestive system affects the type, the amount, the 
diversity, and the function of gut microbiota (Mills et 
al. 2019).

The human microbiome is a complex ecosystem. Large scale government funded projects were initiated a few years 
ago to better understand the microbiome colonization in humans. In 2008, the International Human Microbiome 
Consortium (IHMC) was established to enable researchers globally to understand and depict the relationship of the 
human microbiome in the maintenance of health and diseases. Two major multi-year, multi-institutional, multi-nation 
projects—the Human Microbiome Project (funded by National Instituted of Health, USA) and the Metagenomics 
of the Human Intestinal Tract (MetaHIT) project (funded by European Commission)—gathered extensive data on 
microbes in and on the human body as a basis for further in-depth studies. The aim is to put together a complete 
picture of microbiota, their genes, their role, their potential, and their overall impact on human life.

Recent studies have revealed some fascinating details about the human microbiome. Gut microbiota is believed 
to have coevolved with us. It complements human biology in ways that are mutually beneficial (Bäckhed et al., 
2005). Due to its critical role in human biology, researchers have suggested that the gut microbiome could be a 
virtual organ. However, the human-to-human variation and fluctuating diversity make the microbiota a very complex 
‘system’ (Mills et al., 2019). There is increasing evidence that the human microbiome plays an important role in 
overall health. Although we have only begun to scratch the surface in our understanding of its scope, the prospects 
seem endless.
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MICROBIOTA VARIATIONS AND INTERACTIONS
The composition of gut microbiota is largely affected by geography, food culture, and lifestyle influences in addition 
to other factors listed below. It has also been speculated that the gut microbiome differs between advanced and 
developing countries (Tanaka and Nakayama, 2017). Yatsunenko et al. (2012) compared the microbiota composition 
of over 500 individual people ranging from 0-70 years from Venezuela, Malawi, and the United States and 
concluded that microbiota composition clustered according to country, irrespective of age. This is corroborated by 
other researchers where they found significant correlations between the composition of gut microbiomes among 
individuals sharing the same household (Rothschild et al., 2017).

In an interesting study, Caporaso et al. (2011) found that while microbiota is distinguishable between different 
body sites and individuals, there is a distinct variability in an individual’s microbiota over time from the same sites. 
Only a small fraction of the total taxa is always present at the same time. This suggests that no core temporal 
microbiome exists at high abundance, at least for the ones that were detected (Caporaso et al., 2011). Bacteroidetes 
and Firmicutes phyla make up the majority of bacteria in a healthy gut (Falony et al., 2016; Eckberg et al., 2005). 
These two dominant phyla can vary from 10% to 90% between healthy individuals (HMP consortium, 2012b). 
Microbial diversity is linked to several human diseases. The diversity of microbes can be defined as the number 
and distribution of distinct types of organisms within their body habitat. A higher microbial diversity in the gut 
is associated with a healthier microbiota (Yu et al., 2015) and low diversity is linked to obesity and inflammatory 
bowel disease (Turnbaugh et al., 2009). There are, however, certain exceptions where higher diversity isn’t 
necessarily better. For example, bacterial vaginosis is a result of high diversity in the vagina (Fredricks et al., 2005). 
Proteobacteria (Escherichia coli), Verrucomicrobia, Actinobacteria, or Fusobacteria are found in large percentages in 
an ‘unhealthy’ gut (Allaband et al., 2019).

EARLY LIFE IMPLICATIONS
The interaction between human microbiota and the environment is 
dynamic. The major factors that modulate gut microbiota are maternal 
microbiota, factors during birth (delivery mode, infant diet, immediate 
environment), adulthood dietary habits, aging, exercise, stress and 
drugs (e.g. antibiotics) (Kumar et al., 2019; Mackie et al., 1990). Intestinal 
microbial colonization is believed to begin when a fetus is in the uterus. 
However, an infant’s gut microbiota is established after birth (Tanaka and 
Nakayama, 2017). These microbes originate mainly from the mother’s gut, 
vaginal tract, skin, and the surrounding environment (Mackie et al., 1990). 
There are several factors that affect the microbial profile that early on, 
including genetics, maternal weight during pregnancy, mode of delivery, 
newborn diet (breastfeeding or/and formula), and immediate environment 
(Collado et al., 2010). One study found that infants living with pets had a 
richer and diverse microbiota (Azad et al., 2013).

It is evident that a healthy intestinal microbiota profile in early life is 
directly associated with health later in life (Isolauri, 2012; Dalby and 
Hall, 2020). Infants that are delivered naturally and breastfed show 
a Bifidobacterium rich microbiota (Turroni et al., 2018), while infants 
delivered via a C-section show a disrupted transfer of Bifidobacterium 
(Shao et al.,2019). The microbiota continues to evolve and change 
through infancy and childhood due to various factors including changing 
nutritional environment and other external factors such as antibiotics that 
significantly impact the composition of microbiota (Dalby and Hall, 2020). 
This change continues until three years of age, after which a typical adult 
like gut microbiota is established (Yatsunenko et al., 2012).

It is critical to explore the role of gut microbiota in early life as evidence 
mounts up that its imbalance (dysbiosis) is also associated with certain 
childhood or adult diseases such as asthma, atopic dermatitis, allergies, 
obesity, cardiovascular diseases, and neurological disorders (Sarkar et 
al., 2021).
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DIET

Diet is a known modulator of gut microbiota, its composition, diversity, function, and metabolism activity 
(Sonnenburg et al., 2016; Zmora et al., 2019). One study analyzed bacterial 16S rRNA gene sequences from the 
fecal microbiota of 60 mammalian species: humans and 59 other species living in the zoo and in the wild. The 
results indicate that both the host diet and phylogeny influenced their bacterial diversity. Herbivores, compared to 
omnivores and carnivores, had the most diverse microbiota (Ley et al., 2008). This finding is further supported by 
evidence that vegan diets positively affect both bacterial composition and metabolic pathways of gut microbiota by 
increasing beneficial microorganisms (Sakkas et al., 2020). The gut microbiota of humans living a modern lifestyle 
bear a resemblance to that of omnivorous primates (Ley et al., 2008).

One human study hypothesized that long-term diets effect distinct enterotypes seen between those who follow 
an omnivorous diet and those who eat none or little animal products (Wu et al., 2011). Another study, however, 
postulates that the gut microbiome rapidly responds to an altered diet. The animal-based diet can lead to an 
increase in the number of bile-tolerant microorganisms (Alistipes, Bilophila and Bacteroides) and decrease the ones 
that metabolize dietary plant polysaccharides (Roseburia, Eubacterium rectale and Ruminococcus bromii) (David et 
al., 2014). Both are promising scenarios when looking to alter gut microbiota via diet to improve the risk factors of 
metabolic diseases.

Two dietary components that have been heavily studied in directly influencing the gut microbiota are prebiotics and 
probiotics, which are later documented in this article.

Dietary polyphenols have shown the ability to modulate the microbiota composition and exert prebiotic effects 
(Kumar et al., 2019; Alves-Santos, 2020). They can stimulate both the growth of microorganisms identified as 
prebiotic targets and an increase in the production of key metabolites of short chain fatty acids (SCFA). A systemic 
review of preclinical and clinical studies showed that dietary supplementation with polyphenols increased 
Lactobacillus acidophilus, Bifidobacterium and Faecalibacterium spp. in the gut, in addition to increasing butyrate, 
a SCFA (Alves-Santos, 2020). Omega 3 fatty acids have also been found to significantly impact the intestinal 
environment and gut microbiota composition. These polyunsaturated fatty acids are also shown to positively 
influence the gut-brain axis, acting through gut microbiota composition (Costantini et al., 2017).

The microbiome diet developed by Dr. Raphael Kellman centers around the concept of a balanced gut bacteria for 
optimal body function.

EXERCISE 
There is a linear relation between physical activity and health state of an 
individual. It is widely known that regular exercise is beneficial to health 
in several ways, including managing stress, strengthening the immune 
system, and of course preventing weight related disorders that are usually 
associated with other metabolic diseases. Exercise can also adaptively 
alter the gut microbiota. In reverse, a healthy gut microbiota is also crucial 
for exercise performance (Hsu et al., 2015). The gut and its microbiota help 
facilitate the delivery of water, nutrients, and hormones during exercise. 
They also aid in the production, storage, and expenditure of energy 
obtained from the diet. All these resulting factors, including inflammation 
and redox reactions might be able to influence an individual’s adaptation 
to exercise (Clark and Mach, 2016; Mach and Fuster-Botella, 2017). Recent 
studies have demonstrated benefits of certain microorganisms in fighting 
pathogens and reducing inflammation (McFadzean, 2014). 

Physical exercise in early life is also associated with varying microbial diversity. During this time, the microbiota 
composition is still evolving and may positively influence this evolution that could create lasting adaptations in lean 
mass and psychological wellbeing (Mika and Fleshner, 2016). A surge in beneficial Lactobacillus and Bifidobacterium 
is associated with exercising, in addition to several health benefits (Queipo-Ortuño et al., 2013). Individuals who 
exercise more often show a significant elevation in their microbial diversity, as well as a significant elevation of 
certain members of the Firmicutes phylum (McFadzean, 2014). One study compared the fecal bacterial profile of 
athletes with non-athletes and found that athletes had a higher diversity of gut micro-organisms, representing 22 
distinct phyla. This diversity also positively correlated with protein consumption and creatine kinase, a marker of 
extreme exercise, and other inflammatory and metabolic markers (Clarke et al., 2014).



6Wellness Academy | Human Microbiome

ANTIBIOTICS

Numerous studies have demonstrated that external forces can alter the community of microbes in the gut and 
antibiotics are one such example. Antibiotics are prescribed to combat pathogenic bacteria that has caused adverse 
symptoms within the host. The antibiotics available today are broad spectrum and target the host’s normal or ‘good’ 
microbiota as well. One such antibiotic, Ciprofloxacin, influenced the abundance of about a third of the bacterial taxa 
in the gut, and within three days, it decreased the richness, diversity, and evenness of the community. The extent 
of this effect varied among individuals. In some individuals, the taxonomic composition of the community began 
to closely resemble its pretreatment state four weeks after the end of treatment, but several taxa didn’t recover 
even at six months (Dethlefsen et al., 2008). When studied the long-term effect of clindamycin, another antibiotic, 
highly significant disturbances in the bacterial community were observed and some persisted up to two years post-
treatment (Jerbnerg et al., 2007). Similar effect was seen from antibiotics such as fluoroquinolones and β-lactam 
where they significantly reduced the host’s microbial diversity by 25% and diminished the core phylogenetic 
microbiota by more than 50% (Panda et al., 2014). 

MICROBIAL METABOLITES
Gut microbiome and its metabolites play a key 
role in human metabolism. The critical microbial 
metabolites include SCFAs, neuroactive molecules, 
vitamins, epigenetic factors, hormones, and probably 
hundreds of other still unidentified factors (Sarkar 
et al., 2016). The overall output of these metabolites 
is significantly dependent on the intake of dietary 
components (Flint et al., 2014). SCFAs are one of 
the main end products of microbial fermentation 
of non-digestible carbohydrates. Humans lack the 
enzyme to digest the bulk of dietary fibers. These 
non-digestible carbohydrates or fibers pass the upper 
gastrointestinal tract unaffected and are fermented 
by gut microbiota in the large intestine. SCFAs are 
saturated organic acids that consist of one to six 
carbon units and the most abundant one produced 
by the microbes are acetate (C2), propionate (C3), 
and butyrate (C4). The amount and type of fiber 
consumed has dramatic effects on the composition 
of the intestinal microbiota and consequently on the 
type and amount of SCFAs produced (Walker et al., 
2011; den Beston et al., 2013; Campbell et al., 1997). 
In addition to supplying energy to multiple organs, 
SCFAs directly modulate host health via several 
identified mechanisms. 

Human beings lack the capacity to produce most 
vitamins, which need to be provided by a nutritionally 
balanced diet. Some gut microbiotas are capable 
of synthesizing several B vitamins including biotin, 
cobalamin, folate, niacin, pantothenate, pyridoxine, 
riboflavin, and thiamine (Magnúsdóttir, 2015; LeBlanc 
et al., 2012). B-vitamins are necessary for numerous 
aspects of human metabolism, including fat and 
carbohydrate metabolism and DNA synthesis. Initially 
it was speculated that the gut bacteria contribute to 
almost 50% of Vitamin K (menaquinone) requirement 
(Conly et al., 1992), however, recent work shows 
that dietary Vitamin K amount influences microbial 
composition (Ellis et al., 2021). The modulation of gut 
metabolic activity and metabolites could prove critical 
in health and disease. 
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THE ROLE OF GUT MICROBIOTA BEYOND THE GUT
MICROBIOME IN DISEASES

The gut microbiota has been extensively linked to multiple diseases, such as obesity (Delzenne et al., 2011) diabetes 
(Yang et al., 2018), IBD, IBS (Tomasello et al., 2016), cancers (Dart, 2018; Ma et al., 2018), inflammatory diseases 
(Hakansson and Molin, 2011) and cardiovascular diseases (Jie et al., 2017; Jin et al., 2019) to name a few.

 

GUT-LUNG AXIS

It is evident that early life exposures regulate microbial composition. Many studies support a role of the intestinal 
microbiome in the development of childhood asthma and atopic disease. There is also evidence that reduced 
diversity in the infant gut microbiota directly correlates with heightened risk of allergic disorders (Russell et al., 
2012; Bisgaard et al., 2011). A study conducted on 298 infants under 11 months of age, suggested that dysbiosis in 
neonatal gut microbiome promotes CD4+ T–cell dysfunction associated with childhood atopy and asthma (Arrieta et 
al., 2015). CD4+ T–cells play an important role in immune system by triggering the body’s response to infection. In 
an animal study, mice that were fed a high-fiber diet showed higher circulating levels of SCFAs and were protected 
against allergic inflammation in the lung, while the ones on a low-fiber diet had reduced levels of SCFAs and 
increased allergic airway disease. These results suggested that dietary fermentable fiber and SCFAs can regulate 
the immunological environment in the lung while influencing the severity of allergic inflammation (Trompette et al., 
2014). Antibiotic exposure in neonatal mice also showed enhanced susceptibility to allergies and asthma due to 
reduced microbial diversity (Russell et al., 2012).

GUT-IMMUNE CONNECTION 

The immune system is an intricate system of both innate and adaptive components and has an extraordinary 
capacity to acclimatize and retort to various challenges. Several studies have focused on the interactions between 
the immune system and the gut microbiota. It gets a kick-start right at birth. Early encounters between the immune 
system and the microbiota have significant long-term implications for humans. Colostrum and breast milk contain 
live microbes, their metabolites, immunoglobulins (IgA, IgG), immune cells as well as cytokines. These, among other 
factors, help shape the breast-fed infant microbiota and the response of the host to these microbes (Belkaid and 
Hand, 2014).

It is speculated that the development of immune functions and 
gut microbiota may be mutually dependent and influenced by 
each other (Belkaid and Hand, 2014). This also explains why the 
immune system in infants is highly susceptible, while the gut 
microbiota is still ‘in development’. The immune system remains 
neutral to beneficial microbes and dietary antigens but activates 
pro-inflammatory responses against pathogens for host defense 
(Kayama and Takeda, 2015). It quickly responds to the gut 
microbiota in an antigen-nonspecific manner by activating 
pattern recognition receptors, and releases cytokines (such as 
interferon-a, interleukin-18 (IL-18) and IL-22) to promote epithelial 
antimicrobial responses such as the production of antimicrobial 
peptides. Innate immunity is finely regulated in the gut (Kayama 
and Takeda, 2015) and any abnormalities in the communication 
between the innate immune system and the gut microbiota 
might contribute to diseases (Thaiss et al., 2016).

Recent research has also uncovered a relationship between 
the microbiome and the adaptive immune system (Zheng et al., 
2020). T-helper cells of the adaptive immune system, Th1 and 
Th17 in particular, promote autoimmunity. These proinflammatory 
cells help clear microbial invaders. Healthy microbes that 
stimulate T-helper cell development may also increase the  
inherent immune reactivity of the host, mediated by the  
adaptive immune system (Lee and Mazmanian, 2010). 

The strong link between gut microbiome and immune system has already formed the basis of microbiome-mediated 
therapeutic strategies in immune-mediated diseases. As an example, fecal microbiome transplantation has been 
used as a potential treatment to restore a healthy microbiome in Clostridium difficile infections (Zheng et al., 2020).
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GUT-BRAIN AXIS

There is an increasing body of evidence that shows the ability of the gut microbiota in modulating the functions 
of central nervous system (CNS). The gut brain axis can be described as a bidirectional communication system 
between the brain and the gut, via multiple pathways, with the microbiome being at the center of this network. This 
network includes the CNS, the enteric nervous system (ENS), the sympathetic and parasympathetic parts of the 
autonomic nervous system (ANS) and the hypothalamic pituitary adrenal (HPA) axis (Carabotti et al., 2015; Baj et 
al., 2019). The ENS is also referred to as the gut brain (Knauf et al., 2020). It consists of approximately 200 million 
neurons that regulate the function of the entire digestive tract (Barbosa and Barbosa, 2020).

A variety of mechanisms are known to be 
involved in the modulation of gut-brain axis. Neuro 
mechanisms via the Vagus Nerve, endocrine via 
HPA axis, immune via pro-inflammatory cytokines 
involvement, and metabolic via the microbiota 
metabolites like SCFA, tryptophan, serotonin, 
other neurotransmitters, and more (Cryan and 
Dinan, 2012; Galland, 2014; Sarkar et al., 2016). 
The neuroactive elements that are released by 
the gut microbiota act locally on the ENS. These 
include γ-aminobutyric acid (GABA), serotonin, 
dopamine, acetylcholine (Sarkar et al., 2016) and 
some of these reach the CNS via the Vagus Nerve 
(Bonaz et al., 2018). The Vagus Nerve, which is the 
main component of the parasympathetic nervous 
system, and the longest nerve in the human body, 
connects numerous organs including the gut. It 
is thought to be at the interface of the gut-brain 
axis (Bonaz et al., 2016). It senses the microbial 
metabolites through its afferent nerve fibers and 
communicates the information to CNS, which 
generates the required response (Bonaz et al., 
2018). Afferent fibers are also responsible for 
carrying signals from the brain and spinal cord. 
A strong association has been shown between 
balanced neurotransmitter levels and a healthy 
gut microbiome (Chen et al., 2021). Any glitch 
in the Vagus Nerve’s function may also cause 

inflammatory bowel diseases and symptoms (Pellisier et al., 2014). The gut microbiota metabolites, SCFA, help 
release gut hormones like cholecystokinin (CCK), ghrelin, peptide tyrosine tyrosine (PYY), glucagon-like-peptide-1 
(GLP-1), and glucose-dependent insulinotropic polypeptide (GIP) are involved in energy metabolism and important 
gut-brain communication as they can enter the CNS via Vagus Nerve (Sarkar et al., 2016; Sun et al., 2020).

The microbiota is also known to interact with the HPA (Galland, 2014; Foster and McVey Neufeld, 2013). Exposure 
to stress can activate the HPA axis (Carabotti et al., 2015; Misiak et al., 2020). Stress is described as a state of 
disharmony or threatened homeostasis and it has substantial impact on the immune system (Chrousos and Gold, 
1992). Stress is also associated with inflammation, gastrointestinal dysfunction, increased intestinal permeability, 
altered bacterial-host interactions, epithelial abnormalities, and microbial translocation (Söderholm and Perdue, 
2001; Gareau et al., 2008). Chronic stress can also impair glucose absorption (Boudry et al., 2007).

SCFAs and ENS neurotransmitters may improve cognitive functions by modulating gut microbial homeostasis and 
metabolism, and dietary prebiotics and probiotics could intensify this effect (Chen et al., 2021). Probiotics have been 
proven in various animal studies to be a potential targeted approach for stress management. In one study, probiotics 
Lactobacillus helveticus and L rhamnosus were able to prevent chronic stress induced intestinal abnormalities 
(Zareie et al., 2006), whereas L. farciminis helped minimize the HPA axis response to stress in another (Ait-Belgnaoui 
et al., 2012). Separating rat babies from their mothers during the first 14 days of life alters their GI microbiome 
(Barouie et al., 2012). A study conducted on adult rats that had undergone maternal separation as newborns, 
showed reduced depressive like symptoms when administered with probiotic Bifidobacterium infantis (Desbonnet 
et al., 2010).

Due to its important role in neuroinflammation, neurodevelopment, and neuroendocrine stress responses, the gut 
microbiome modulation could be crucial for psychobiological treatments (Liu, 2017).
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GUT MICROBIOME, SLEEP, MOOD, STRESS, AND ANXIETY 

It is increasingly becoming more evident that insufficient sleep causes hosts of adverse physiological and emotional 
dysfunctions. Insufficient sleep is prevalent across various age groups and is considered a public health epidemic 
(Chattu et al., 2018). Nutrients that support serotonin metabolism and stress reduction may benefit sleep related 
disturbances (Schaafsma et al., 2021). In a recent human clinical trial, adults between the ages of 30-50 years with 
mild-moderate sleep disturbances were given prebiotic galacto-oligosaccharides (GOS) and whey protein rich 
supplement enriched with amino acids tryptophan and cysteine, magnesium, zinc, niacin, vitamin B6, and vitamin 
D3 for a period of 3 weeks. The microbiota analysis of the treatment group showed an improvement in gut health by 
enhanced Bifidobacterium levels (Schaafsma et al., 2021). 

Mounting evidence on the link between stress and gut microbiota is hard to ignore. A majority of the initial evidence 
on the crucial role for the microbiota in regulating stress-related physical and behavioral symptoms have come from 
animal studies. Stressors can induce differential responses in anxiety-like behavior and corticosterone outputs in 
mice. One study found that germ-free mice had exaggerated HPA reaction to stress with corticosterone elevation 
compared to SPF (specific pathogen free) and gnotobiotic mice, but it was reversed by Bifidobacterium infantis 
reconstitution (Sudo et al., 2004). Several subsequent studies have also supported a connection between gut 
microbiota and stress responsiveness, building up potential for possible microbe-based interventions for stress-
related disorders (Bharwani et al., 2016; De Palma et al., 2015; Bailey et al., 2011; Jasarevic et al., 2015). 

One study examined the impact of academic stress in undergraduate students on salivary cortisol concentrations 
and lactic acid bacteria activity. Significant findings indicated that fecal lactic acid bacterial levels were lower during 
the high-stress condition. This coincided with their perceived levels of stress as being greater during the exam 
period compared to the baseline condition (Knowles et al., 2008). 

Loneliness may also possibly alter the gut microbiome, 
or alterations of the gut microbiome may predispose an 
individual to become lonely. When studying a possible 
connection between the gut microbiome and health 
affecting psychosocial factors in 184 adults, Nguyen 
et al. (2021) found that lower levels of loneliness and 
higher levels of wisdom, compassion, social support, 
and social engagement, were all associated with greater 
phylogenetic richness and diversity of the gut microbiome 
(Nguyen et al., 2021). They speculate the possibility that 
genetic and environmental effects on psychological well-
being are via influence from the microbiome and vice 
versa. 

Tryptophan, an essential amino acid, is the sole precursor 
of key neurotransmitter serotonin, which actively partakes 
in the modulation of central neurotransmission and 
enteric physiological function (Gao et al., 2020). While a 
majority of tryptophan from our diet is absorbed in the 
small intestine, a certain amount can still reach the large 
intestine, where it is metabolized by the gut microbiota 
(Kałużna-Czaplińska et al., 2017). Serotonin is produced in 
the brain through the tryptophan hydroxylase 2 enzyme 
(TpH2), where it plays an important role. However, almost 
90% of the body’s serotonin is produced in the gut. This 
process occurs through the tryptophan hydroxylase 1 
enzyme (TpH1), which produces 5-hydroxytryptophan 
(5-HTP), which is further metabolized into serotonin, also 
known as 5-HT (Agus et al., 2018). In the gut, the three 
major Trp metabolism pathways leading to serotonin, 
kynurenine (Kyn), and indole derivatives are under the 
direct or indirect control of the microbiota (Agus et al., 
2018). Serotonin dysmetabolism has been linked to 
various physiological disorders, including autism (Kałużna-
Czaplińska et al., 2017), IBS (Clarke et al., 2012), obesity 
(Hodge et al., 2012), and possibly more, elucidating the 
importance of gut microbiome in tryptophan metabolism. 
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MICROBIOME AND WEIGHT MANAGEMENT

According to the World Health Organization (WHO), worldwide obesity nearly tripled between 1975 and 2016. An 
estimated 1.9 billion adults are overweight and of these, 650 million are obese (WHO fact sheet, 2021). It is one of 
the most chronic diseases and contributes to several comorbidities. Numerous animal and human clinical studies 
have shown that the gut microbiota is an integral component in the regulation of the host’s physiology, energy, 
and metabolism, which makes it an attractive area of study for the treatment of obesity and other weight-related 
disorders. It affects energy balance by influencing how the calorie is harvested from the diet, used, and stored. 
It has been determined that obesity is linked to phylum-level changes in the gut microbiota, decreased bacterial 
diversity, and altered representation of bacterial genes and metabolic pathways (Ley et al., 2005; Turnbaugh et al., 
2008; Turnbaugh et al., 2009). In an animal study, obesity rich genes showed an abundance of Actinobacteria and 
Firmicutes while most of the lean-enriched genes were from Bacteroidetes. The ‘core’ microbiome was different in 
both obese and lean mice, which influenced a number of important metabolic functions such as carbohydrate, fat 
and protein metabolism. The obese microbiome has a higher capacity to harvest energy from the diet (Turnbaugh et 
al., 2009; Turnbaugh et al., 2006). Interestingly, these traits are transferrable. When germ-free mice, devoid of any 
microbial inhabitants, were colonized with obese microbiota, an increase in total body and fat mass was observed 
(Turbnaugh et al., 2006). Gut microbiome is also a crucial factor in kwashiorkor, a severe form of acute malnutrition. 
In a similar study, transplantation of kwashiorkor microbiome into germ-free mice produced a rapid weight loss 
(Smith et al., 2013). 

An inverse association between body mass index of obese individuals and detection of hydrogen gas and 
methane gas in breath tests has been reported (Jung et al., 2017; Wilder-Smith et al., 2018). One study suggests 
that differences in the microbiota precede overweightness and obesity. Children that had normal weight at 7 years 
of age, had higher Bifidobacterial and lower Staphylococcus aureus concentrations during infancy (ages 6 and 12 
months) than did children who became overweight or obese (Kalliomäki et al., 2008). 

Not all species of bacteria, however, work in the same manner. Even under the same genus, different species can 
have different interactions with the host and mechanisms and bring different outcomes. There is a lot of interspecies 
variation (Barrett et al., 2012). For example, different Lactobacillus species can affect both weight gain and weight 
loss. Lactobacillus spp. associated with weight- protection have developed defense mechanisms for enhanced 
glycolysis and defense against oxidative stress, while weight gain-associated Lactobacillus spp. have reduced ability 
to breakdown fructose or glucose monosaccharides and might reduce ileal brake effects (Drissi et al., 2014).

A clinical study comparing children with type 1 diabetes to their healthy counterparts found significant differences 
in their gut microbiota. Children in the diabetes group had a significant increase in the number of Clostridium, 
Bacteroides and Veillonella and a significant decrease in the number of Lactobacillus, Bifidobacterium, Blautia 
coccoides/Eubacterium rectale group and Prevotella. Moreover, the quantity of bacteria essential to maintain gut 
integrity was significantly lower in the children with diabetes than the healthy children (Murri et al., 2013).

GUT-SKIN AXIS

The skin is the human body’s largest organ and is host to several microorganisms. These microorganisms, or 
skin microbiota, like gut microbiota, are important in maintaining homeostasis and any changes could contribute 
to several skin disorders (Ellis et al., 2019). Skin disorders not only alter the skin microbiome but also the gut 
microbiome (De Pessemier et al., 2021). The gut microbiome directly influences skin health through complex 
immune mechanisms (Salem et al., 2018). A strong link has been shown between inflammatory bowel disease 
and psoriasis, possibly because of the involvement of Th17 cells and their cytokines (Huang et al., 2019). Dietary 
supplementation with prebiotics and probiotics can also modulate the immune system to prevent various chronic 
inflammatory skin disorders such as acne, atopic dermatitis, sebhorric dermatitis, rosacea, and psoriasis (Salem et 
al., 2018; Krutmann, 2009). Gut microbiome modulation can also counteract UV damage and provide anti-aging 
benefits, as proven in human clinical trials by administration of probiotic L. plantarum HY7714 (Lee et al., 2015). 
A deeper understanding of the gut-skin axis and skin microbiota could be a significant tool in nutricosmetics 
and cosmetics applications. Since skin is largely exposed to the environment, it will be crucial to identify which 
microorganisms are resident or transient and how their fluctuation affects skin homeostasis. 
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MODULATING GUT MICROBIOTA WITH 
PROBIOTICS AND PREBIOTICS
Probiotics and prebiotics are some of the first 
microbiome therapies and have been extensively 
reviewed and researched. Probiotics are proposed to 
restore gut health and treat dysbiosis. Upon ingestion, 
they are believed to become transient residents of the 
gut microbiota and deliver numerous positive health 
benefits to the host. Largely used in functional foods 
and supplements, they have become a preferred 
targeted approach to impart microbial health benefits. 
Lactobacillus and Bifidobacterium are the most used 
probiotics. An important point to note is that not only 
is there an interspecies difference, but also variability 
between strains. These variations can dramatically 
change bacterial physiology and functionality (Barrett 
et al., 2012; Arnold et al., 2018).

There is no shortage of animal and human clinical 
studies in the field of probiotics. They have been 
evaluated for various health disorders ranging from 
gastrointestinal disorders, obesity, diabetes, skin 
health, immune health, and such. A recent meta-
analysis that examined the effect of probiotics and 
synbiotics on inflammatory and oxidative stress 
markers in autoimmune disease concluded that their 
supplementation may have a promising role in the 
alleviation of some autoimmune disease-related 
inflammatory conditions (Askari et al., 2021). In a 
randomized double-blind placebo-controlled clinical 
trial, Peguet-Navarro et al. (2008) showed that oral 
supplementation with probiotic bacteria Lactobacillus 
johnsonii accelerates the recovery of skin immune 

homeostasis after UV-induced immunosuppression. The data showed promising results on the effect of probiotics 
on skin immune system. Supplementation with B. longum APC1472 in mice fed with a high fat diet was associated 
with decreased bodyweight and fat accumulation and increased glucose tolerance. However, when replicated 
in healthy overweight/obese human population, the supplementation of B. longum APC1472 strain did not affect 
weight markers. The authors, however, reported a positive effect on fasting blood glucose levels (Schellekens et  
al., 2020).

Prebiotics, on the other hand, are known to selectively influence the gut microbiota and their effect on health is 
mediated through the metabolites produced by the microbiota. The International Scientific Association for Probiotics 
and Prebiotics defines a prebiotic is “a substrate that is selectively utilized by host microorganisms conferring a 
health benefit”. To classify as a prebiotic, the product must be selectively utilized and have adequate evidence 
of health benefit for the target host and must not be degraded by the target host enzymes (Gibson et al., 2017). 
Fructooligosaccharides (FOS) and Galactooligosaccharides (GOS) are the most studied prebiotics, however the list 
continues to grow.

Prebiotics have mostly been assessed on Bifidobacterium and Lactobacillus. Upon fermentation, probiotics 
help produce SCFAs which confer a number of health benefits. They also help lower the pH in the intestines to 
prevent the growth of harmful pathogens. Prebiotics are believed to increase the number of beneficial microbiota 
and reduce the ones that are detrimental (Wang et al., 2020). In a human clinical trial, supplementation with 
FOS encouraged the production of higher levels of butyrate-producing microbes such as Faecalibacterium, 
Ruminococcus and Oscillospira (Tandon et al., 2019). In prebiotic (oligofructose) fed obese mice, researchers 
witnessed a decrease in Firmicutes and an increase in Bacteroidetes phyla. Prebiotics, in addition, reduced 
inflammation and oxidative stress. An improvement in glucose tolerance and reduction in fat-mass development 
was also observed (Everard et al., 2011). A study by Kubota et al. (2014) reported that an intake of 4 g of prebiotic 
FOS twice daily by pregnant and lactating women increased concentration of the immunoregulatory cytokine IL-
27 in breast milk, which may have a role in preventing the onset of allergies in their children (Kubota et al., 2014). 
Prebiotics have a significant potential in preventing and managing gut dysbiosis and studying their effect on other 
genera will probably expand the magnitude of their impact in the gut.
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CONCLUSION
Based on our current scientific understanding, there is an untapped potential in the human gut. A compromised 
intestinal barrier has a negative effect on nutrient absorption and pathogen defense, both of which can lead to an 
array of health disorders. The microbiome profile varies among individuals and the variance can be attributed to 
diet, lifestyle, and the immediate environment. The importance of early years in establishing the core microbiome is 
well studied and is known for being pivotal in lifelong health. The link between a rich microbial diversity and better 
health could be the basis of how diets evolve. The discovery of higher microbial diversity from a plant-based diet is 
one such example.

The human microbiome influences their host’s susceptibility to chronic diseases ranging from gastrointestinal, 
cognitive, immunologic, respiratory, and other metabolic disorders. Modulation of the gut microbiota and its 
metabolites can open a myriad of opportunities in various health and wellness sectors. The next decade could 
very well witness personalized microbiome-targeted preventative and restorative treatments for a wide range of 
disorders. Fecal microbiota transplantation is becoming an accepted method for the restoration of a disrupted 
microbiota and increase microbial diversity in the recipient for health benefits (Smits et al., 2013). Taken from 
a healthy donor and introduced in the gastrointestinal tract of an unhealthy person, either by oral capsules or 
colonoscopy, this method is a forerunner in the field of microbiome therapeutics. There is an increasing evidence 
in the role of microbiome in life-saving surgical treatments. Recent research has highlighted the importance of gut 
microbiota in managing Graft-versus-host disease (GVHD), which contributes to a high mortality rate during stem cell 
or bone marrow transplantation (Kumari et al., 2019; Staffas et al., 2017). Loss of intestinal diversity is postulated to 
be a big factor in GVHD.

Research continues to evolve in several areas of 
human biology and each theory can change the 
way we understand life, health, and diseases. 
However, it is important to note that many 
discoveries in the field of gut microbiome and 
potential microbiome therapeutics have been 
demonstrated in animal models. For recognized 
therapeutical applications, similarities in human 
models will need to be evaluated and established. 
A lot of questions remain: What does the “core set” 
of microbiota in its healthiest form look like and can 
the microbiome be successfully modulated early 
on in life to maximize chances of a healthy and 
disease-free life? Could there be universal donors 
of healthy microbiome within the same geography? 
How critical does a set diet need to be to maintain 
a permanent healthy microbiome? Could a healthy 
microbiota be banked similar to stem cells to be 
used for future treatments? Could it be banked 
prior to an antibiotic treatment and replaced right 
after? Despite a substantial body of evidence, there 
is a lot of mystery around the human microbiome. 
None the less, it makes for a promising future for 
disease intervention. 
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