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The human body comprises an unthinkable 30 
trillion human cells, which is overshadowed by 
the amount of resident bacterial cells, estimated 
at approximately 40 trillion.1 The impact of the 
microbiome on human physiology and pathology 
is extensive; it has been suggested to function 
as an essential, yet ‘forgotten,’ organ.2–4 The 
gut microbiome alone is estimated to be more 
than 100 times larger than the human genome, 
containing >22 million microbial genes vs. 22,000 
human genes.5,6 Substantial data suggest the gut 
microbiome plays a role in virtually all physiological 
processes in the human body, including metabolism 
and immune homeostasis.7,8 Over a century ago, 
the Russian biologist Élie Metchnikoff advocated 
for exploiting the intestinal microbiome using 
host bacteria in yogurt, owing to enhanced health 
benefits.9 While Metchnikoff’s hypothesis didn’t 
gain traction, the popularity of the gut microbiome 
had grown substantially since the 2010s, when we 
witnessed a stream of significant developments in 
the field, leading to Forbes naming this period The 
Decade of the Microbiome (Figure 1):10

– 2010: The first extensive catalog of human 
intestinal microbial genes based on studies on 
124 individuals was published.11

– 2011: The National Institutes of Health initiated 
“The Human Microbiome Project” and published 
the sequences of 178 bacterial species.12,13

– 2012: The METAgenomics of the Human Intestinal 
Tract collaboration was funded by the European 
Commission.14

The gut microbiome is now a popular target in 
the biotechnology industry owing to intensified 
interest in the physiological benefits. Using the 
CAS Content Collection™, we have undertaken 
a tailored analysis to investigate advances in 
knowledge relating to the human gut microbiome, 
its complexity and functionality, its communication 
with the central nervous system, and the effect 
of the gut microbiome-brain axis on mental and 
digestive health.

A forgotten organ
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1670 
Anntonie van Leeuwenhoek discovers the 
microorganisms, making use of his newly 

developed microscopes

1958
Ben Eiseman reported a case of 4 patients 

with pseudomembranous enterocolitis cured 
with a fecal enemas, before C. difficile was 

found as the cause (Eiseman, 1958)

1907
Ilya Metchnikov presents a theory on the role 

of gut microbiome in health and disease 
(Metchnikoff, 1923)

1981
Microbiota progression in early life reported

(Stark, 1982)

1875 
Ferdinand Cohn lays the foudations of 

bacteriological taxonomy (Drews, 2000)

1965
Gut microbiota transfer in germ-free animals  

(Schaedler, 1965)

1928
Discovery of antibiotics by Alexander Fleming

(Tan, 2015)

1996
First human fecal sample sequenced  

(Wilson, 1996)

1729 
Pier Antonio Micheli classification of 
plants and fungi 

1959
Germ-free mice reared (Reyniers, 1959)

1917
Alfred Nissle isolated E. coli Nissle 1917 strain, 
probiotic that antagonized pathogens 
(Sonnenborn, 2016)

1995 
First complete genome sequences of the 
bacteria Haemophilus influenzae and 
Mycoplasma genitalium (Fleischmann, 1995) 

1890 
Robert Koch published four postulates, 
establishing the causative relationship 
between the presence of a microorganism 
and a specific infectious disease (Segre, 2013)

1972 
Microbiota affects metabolism of host-
directed drugs (Peppercorn, 1972)

1944 
Pioneering work of Robert E. Hungate on the 
refinement of anaerobic culture techniques 
which enabled first isolation of human-
associated anaerobes (Hungate, 1969)

2003 
Studies of host-associated microorganisms 
other that bacteria (Guarner, 2003)



GUT MICROBIOME INSIGHT REPORT  |  5GUT MICROBIOME INSIGHT REPORT  |  5

Figure 1. Timeline of major research and development 
milestones related to the microbiome

2004
Mucosal immunity regulation by microbiota 
(Rakoff-Nahoum, 2004; Mazamanian, 2005)

2007 
Human microbiome project launched

2010 
Antibiotic effects on microbiota composition 

and host health (Jernberg, 2010)
Bioinformatics tools enable analysis of 

microbiome sequencing data (Caporaso 2010)

2012 
The microbiota–gut–brain axis link 

elucidated (Collins, 2012)
Modern culturing methods expand the 

culturable microbiota (Lagier, 2012)

2014 
Production of antibiotics by the human 

microbiota (Donia, 2014)

2016 
Intestinal microbiota signature associated 
with severity of irritable bowel syndrome 

identified (Zheng, 2016)

2018 
Human microbiota affects response to cancer 

therapy (Routy, 2018; Matson, 2018)

2020 
Gut bacteria regulate inflammatory pathways 

through NLRP3 signaling (Pellegrini, 2020)

2022 
Flavonoids and intestinal microbes interact to 

alleviate depression (Zhao, 2022)

2006 
Host phenotypes transfer by fecal microbiota 
transplantation (Turnbaugh, 2006)

2009 
Early life stress modulates gut-brain axis and 
increases risk of depression  
(O'Mahony, 2009)

2011 
Vagus nerve is major regulatory pathway 
between brain and gut microbiota
(Bravo, 2011)

2013
Microbially produced short-chain fatty 
acids induce regulatory T cell production  
(Smith 2013; Atarahi 2013; Arpaia 2013)

2015  
Recurrent antibiotic exposure is associated 
with increased risk for depression and 
anxiety (Lurie, 2015)

2017  
Docosahexaenoic acid (DHA) modulation 
of gut microbiota has beneficial effect on 
anxiety and depression (Davis, 2017)

2019  
Metagenome-assembled genomes provide 
unprecedented characterization of human-
associated microbiota (Almeida, 2019; Pasolli, 
2019; Nayfach, 2019)
Intestinal epithelial Nod-like receptors are 
modulators of gut-brian communication
(Pusceddu, 2019)

2021



A closer look at our gut bacteria
The gut microbiome differs according to the 
gastrointestinal (GI) anatomy and other factors 
relating to its physiology, pH and O2 tension, flow 
rates, substrate availability, and host secretions.15 The 
microbiome is affected by many factors, including diet, 
medications (especially antibiotics), ethnicity, age, and 
general health.16 The four dominant phyla that reside in 
the human gut are (Figure 2):16

– Firmicutes (which contain Lactobacilli)

– Bacteroidetes

– Actinobacteria (which contain Bifidobacteria), and

– Proteobacteria

Other phyla found in lower numbers are Fusobacteria 
and Verrucobacteria.

Research to date has uncovered relationships between 
e.g. metabolic, neurological, and autoimmune disorders, 
allergies, infections, cancers, and the microorganisms 
that live on and in humans.

Figure 2. Gut microbiota participant bacteria
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Promote digestion by assisting the 
absorption of nutrients by gut cells or the 
fermentation of some food fractions, which 
generate important metabolites, including 
short-chain fatty acids.

Support digestive tract maturation by 
participating in the assembly of GI mucus 
and promoting the enzymatic activity of  
the mucosa.

Provide a barrier function against 
pathogens and toxins; some bacteria 
release antimicrobial agents that protect 
from pathogenic bacteria.

Play a protective role in promoting 
immune system development.

Support the synthesis of essential 
vitamins, including vitamin B.

Owing to altered transmission within the GBA, changes in the levels of gut microbial metabolites have been 
reported to be associated with neurological diseases such as Parkinson’s disease, Alzheimer’s disease, 
autism spectrum disorders,24 and mental health disorders including anorexia nervosa,25 chronic stress, and 
depression26 however, the underlying mechanisms remain unclear.

Role of the gut microbiome in health and disease

01

02

03

04
05

Human microbiota collaborates closely with the digestive tract to exert five predominant functions:17

Gut microbes contribute to important 
physiological activities, including 
immunomodulation and the regulation of various 
hormones and metabolites (Figure 3). Alterations 
to these processes can disturb the balance in 
the microbiome (a process termed dysbiosis)18 
and trigger a range of pathological processes 
fundamental to mental health, metabolism, and 
many organ systems (Table 1).

There is substantial evidence supporting a 
relationship between gut microbiota and 
digestive system disorders (disorders of gut-
brain interaction, DGBIs), particularly irritable 
bowel syndrome (IBS), inflammatory bowel disease 
(IBD, including Crohn’s disease and ulcerative 
colitis), and functional constipation.19–21

Owing to its wide prevalence, IBS is considered the prototype of DGBI. IBS typically presents 
in early adulthood with symptoms including abdominal pain, bloating, and altered bowel 
habits. IBS can be classified into four subtypes: constipation-predominant (IBS-C), diarrhea-
predominant (IBS-D), mixed type (IBS-M), and undefined IBS (IBS-U). Pathophysiological 
processes in IBS involving gut microbiota are thought to influence pathophysiological processes 
involving the immune system, the hypothalamic-pituitary-adrenal (HPA) axis, the gut-brain axis 
(GBA) and the enteric nervous system (ENS).22 A large genome-wide analysis suggests shared 
pathogenic pathways between IBS and mood and anxiety disorders.23 While it is widely accepted 
that alterations in gut-brain interactions are fundamental to IBS pathology, a causative role of 
the microbiome must still be elucidated. The heterogeneity of healthy gut microbiota presents 
challenges in identifying a clear IBS microbial signature.
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Obesity and diabetes, both of which are regarded as metabolic disorders, are believed to be strongly affected 
by gut microbiota status.29 Research also suggests a correlation between gut microbiota composition and levels of 
cytokines and inflammatory markers in patients with COVID-19.30

Figure 3. Exemplary gut microbiome metabolites and their mechanism of action in gut-brain communications

Chronic stress is an inherent part of modern living. A link between stress and the abundance of Lactobacilli 
in mice was discovered for the first time more than 40 years ago.26 A growing number of animal and human 
studies have verified the bidirectional relationship between stress and modulation of gut microbiota however, 
issues remain owing to limited translatability from animal models to humans and host heterogeneity.27 
Modulation of the gut microbiome has emerged as a possible way to improve stress resilience and mental 
health. In 2013, Dinan et al. coined the term psychobiotic — live microorganisms which when ingested 
in adequate amounts, produce a health benefit in patients suffering from psychiatric illness.28 The term 
psychobiotic has since been widely adopted by neuroscientists to describe the use of different biotics to tackle 
depression, stress, anxiety, and other mental health complaints through the GBA.
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The gut microbiome and particularly its links between the digestive and nervous systems present an attractive target 
for the development of novel therapeutics for an ever-growing list of disorders.

Table 1. Gut dysbiosis in digestive system diseases, mental health, and metabolic disorders

Diseases v| Decreasing bacteria |^ Increasing bacteria
Digestive system diseases  
Irritable bowel syndrome 
 
 
 
 

IBD: Crohn’s disease 
 

IBD: Ulcerative colitis

Bifidobacterium 
Faecalibacterium 
Bacteroides 

 
 
Bacteroides 
Faecalibacterium prausnitzii  
Bifidobacterium adolescentis 
Bifidobacteria  
Roseburia hominis  
Faecalibacterium prausnitzii 
Lachnospiraceae 
Ruminococcaceae

Ruminococcus 
Dorea 
Enterobacteriaceae 
Lactobacillaceae 
Bacteroides 
Firmicutes:Bacteroidetes ratio

Mental health disorders   
Anxiety disorder 
 

Post-traumatic stress disorder 
 

Depression

Bacteroidetes 
Ruminococcus gnavus 
Fusobacterium
Actinobacteria 
Lentisphaerae 
Verrucomicrobia
Prevotella 
Dialister

Bacteroidaceae 
Enterobacteriaceae 
Burkholderiaceae
 
 

Eggerthella 
Holdemania 
Turicibacter 
Paraprevotella

Neurodegenerative disorders 
 Alzheimer’s disease 
 
 

Parkinson’s disease

Actinobacteria 
Bacteria 
Firmicutes 
Proteobacteria
Anaerostipes 
Blautia 
Clostridium  
Eubacterium 
Faecalibacterium Fusicatenibacter 
Prevotella 
Roseburia  
Ruminococcus

Bacteroidetes 
Firmicutes 
Verrucomicrobia 
 
Acidaminococcus 
Actinomyces 
Bifidobacterium 
Clostridium 
Hungatella 
Lactobacillus 
Methanobrevibacter Streptococcus 
Porphyromonas

Metabolic disorders 
 Type 1 diabetes 
 
 
 
 
 

Type 2 diabetes 
 
 
 
 
 

Obesity

Alistipes 
Akkermansia 
Bifidobacterium 
Eubacterium rectal 
Prevotella 
Firmicutes 
Verrucomocrobia
Clostridia  
Faecalibacterium prausnitzii 
Firmicutes 
Eubacterium rectale 
Roseburia  
 

Ruminococcus flavefaciens 
Bifidobacterium 
Methanobrevibacter

Alistipes 
Clostridium 
Firmicutes 
Lactococcus 
Lachnospiraceae 
Roseburia 
Veillonella
Akkermansia muciniphilia Bacteroides 
Betaproteobacteria 
Clostridia 
Desulfovibrio 
Eggerthella 
E. coli 
Firmicutes:Bacteroidetes ratio 
Firmicutes:Bacteroidetes ratio 
Actinobacteria  
Bacteroides 
Prevotellaceae



An overview of microbiome therapies

Research and development highlights

One such way of targeting the GBA to impart health 
benefits is through the use of biotics, as defined by the 
International Scientific Association for Probiotics and 
Prebiotics (ISAPP):31

– Probiotics are live microorganisms.

– Prebiotics are substrates selectively utilized by host 
microorganisms.

– Synbiotics are a mix of live microorganisms and 
substrate(s) selectively used by host microorganisms.

– Postbiotics comprise the preparation of inanimate 
microorganisms and/or their components

Fecal microbiota transplantation (FMT), or fecal 
transplantation, is another specialized research area that 
has received considerable interest, particularly in the 
prevention of Clostridium difficile (C. difficile) infection.32 
The process involves the transplantation of healthy fecal 
bacteria from a donor to a recipient via colonoscopy.32

The number of patents grew rapidly until 2004, possibly correlating with the initial accumulation of knowledge and transfer 
into patentable applications; after this time, activity plateaued (Figure 4). The United States, China, Japan, and Korea were 
the leading countries responsible for published journal articles and patents associated with the gut microbiome in mental 
and gut health (Figure 5). The most active countries in terms of patent filing between 1990 and 2022 were the United 
States (n=14,919), followed by Germany (n=1754), Switzerland (n=1520), and the United Kingdom (n=1501).

There are more than 250,000 scientific articles (mainly journal articles and patents) in the CAS Content Collection relating 
to gut/intestinal microbiome/microbiota, with nearly 15,000 linked to mental and gut health aspects. Microbiome-
related literature has sharply increased over the last decade, overcoming other “omics” topics, e.g., proteomics. A steady, 
exponential growth in the number of journal articles over time was observed from 1997 to 2021, with further accelerated 
interest in 2021 and 2022 (Figure 4).

Journal and patent activity

Figure 4. Journal and patent publication trends in gut microbiome research related to mental and gut health; Inset: Microbiome vs. 
Proteome document yearly trends
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An examination of key publication concepts (approx. total 4500) relevant to gut microbiome research in mental and gut 
health revealed “immunity” (>4000 documents) and “gut microbiome” (>3500 documents) as top concepts in the area 
(Figure 6). The “gut-brain relationship” concept exhibited the greatest growth rate between 2021 and 2022.

Research themes

Figure 5. Top countries publishing journal articles (A) and patents (B) related to gut microbiome research in mental and gut health
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Figure 6. Key concepts in the scientific publications relevant to the gut microbiome research in mental and gut health: (A) Number of 
publications exploring key concepts related to gut microbiome research in mental and gut health. (B) Trends in key concepts presented 
in the articles related to gut microbiome research in mental and gut health during 2016−2021. Percentages are calculated with yearly 
publication numbers for each key concept, normalized by the total number of publications for the same concept in the same period
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Our findings identified thousands of studies reporting correlations between gut microbiota and mental, metabolic, 
and digestive system disorders, cardiovascular and neurodegenerative diseases, various cancers, and immune and 
autoimmune diseases (Figure 7).

CAS analyzed trends in the number of publications related to various diseases from 2016 to 2021, with all conditions 
experiencing substantial increases in research output (Figure 8). The theme of dysbiosis experienced the biggest 
surge in publications during this time. Other areas of research focus based on publication numbers were depression, 
Alzheimer’s disease, and Parkinson’s disease.

Figure 7. Distribution of the publications in the CAS Content Collection related to gut microbiome-associated diseases
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Our analysis highlighted common gut microbiome metabolites that feature in the literature: neurotransmitters, 
serotonin (n=389 documents), and γ-aminobutyric acid (GABA; n=194 documents); and the short-chain fatty acids 
butyric acid (n=384 documents) and acetic acid (n=372 documents), which affect brain function and digestive  
function respectively.

Probiotics continue to be the leading focus of research interest in the global community, whereas the number of 
organizations evaluating prebiotics was significantly lower. Postbiotics have been investigated the least, owing to 
their small commercial presence however, they do exert some benefits over probiotics owing to longer shelf life and 
more specific targeting capabilities.

Figure 8. Trends in the number of publications concerning gut microbiome-related conditions during 2016−2021. Percentages are 
calculated with yearly publication numbers for each condition, normalized by the total number of publications for the same condition in 
the same period
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The top academic organizations responsible for journal publications were universities and research institutes, with the 
University College Cork, the Chinese Academy of Science, the University of California, and McMaster University leading the 
field (Figure 9). Regarding patent activity, lead universities and medical centers included the University of California, Johns 
Hopkins University, and the University of Texas (Figure 9).

Private investment is growing rapidly in the industry,33 which endorses the clinical potential of prebiotics, probiotics, 
and the gut microbiome overall. From 2014 through 2018, the total yearly investment increased from $250 million to 
approximately $1 billion (Figure 10). Investment activity continued to increase up to 2021, when more than $2 billion was 
raised in capital, followed by a decrease in investment in 2022. Notable active investors include the French venture capital 
group Seventure Partners, US life science innovators Flagship Pioneering, UK biotechnology firm Microbiotica, and 
Swedish probiotics firm Biogaia.34–37

Key players in the microbiome field

Figure 9. Top universities, research institutes, and hospital publications (until December 2022) related to gut microbiome research in 
mental and gastrointestinal health. A. Journal publications. B. Patents

Figure 10. Overall capital raised and deal counts of venture capital investment for the prebiotic, probiotic, and the microbiome field [$]
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Clinical development pipeline 

A 2022 report estimates that >130 microbiome 
companies are evaluating >200 pipeline therapies 
in various stages of development.38 An analysis of 
ClinicalTrials.gov between 2004 and 2022 showed that 
clinical trials utilizing probiotics or prebiotics for treating 
DGBIs are focused in the areas of functional dyspepsia, 
functional constipation, functional diarrhea, and IBS.39 
The most studied mental health disorders in relation 
to clinical trials of probiotic and prebiotic use for the 
same period are stress, followed by depression, anxiety, 
cognitive impairment, and sleep impairment.39 
 
 
 

There has been a recent burst of activity in the approval 
of FMT therapies for the prevention of recurrent C. 
difficile infection:

– SER-109 (Seres Therapeutics) was granted priority 
review by the US FDA in October 2022.40

– REBYOTA® (Ferring Pharmaceuticals) was approved by 
the US FDA in November 2022.41

– BIOMICTRA (BiomeBank) was approved by the 
Australian Register of Therapeutic Goods in 
November 2022.42

Some examples of completed or ongoing studies in the 
microbiome space are summarized in Table 2.

Table 1. Gut dysbiosis in digestive system diseases, mental health, and metabolic disorders

Area of  
interest Treatment Study overview

Functional 
constipation  

Retrograde colonic enema with 
fecal supernatant

Randomized clinical trial (RCT) investigating the efficacy and safety of 
retrograde colonic enema with FMT in the treatment of pediatric functional 
constipation (NCT05035784)43

IBS Healthy feces microbiota FMT intervention led to significantly fewer IBS symptoms and fatigue, and a 
greater quality of life both at two and three years (NCT03822299)44

Blautia hydrogenotrophica Data from Phase II RCT supports the use of Blautia hydrogenotrophica 
(given for 8 weeks) in both IBS with constipation and IBS with diarrhea 
(NCT03721107)45

Eight strains  encompassing 
Streptococcus, Lactobacillus, 
Bifidobacteria

PROAGE study: The use of daily probiotics for 45 days in hospitalized 
elderly patients was associated with a significant reduction in diarrhea and 
constipation, and a significant increase in serum albumin, prealbumin, and 
protein in patients ≥80 years old (NCT00794924)46

Multi-strain probiotic capsules 
containing four Bifidobacterium, 
five Lactobacillus, and one 
Streptococcus species

The RCT that showed eight weeks of probiotic treatment was associated 
with significant improvements in IBS severity and symptoms in patients with 
diarrhea-prominent IBS (NCT04662957)47

Probiotic drink containing 
Lactobacillus casei strain Shirota

12 weeks of daily probiotic consumption was associated with a significant 
reduction in acute diarrhea in children aged 1–5 years old in a developing 
country vs. a regular nutrient drink (NCT00534170)48

Mental health 
disorders  

Probiotic mixture containing 
Lactobacillus helveticus, 
Bifidobacterium longum, and 
Lactiplantibacillus plantarum

Proof-of-concept RCT showed that probiotics consumed for four weeks led 
to subtly altered brain activity and functional connectivity in healthy subjects 
performing an emotional task without major effects on the fecal microbiota 
composition (NCT03615651)49

Lacticaseibacillus paracasei  Sisu study: After five weeks of treatment, Lacticaseibacillus paracasei was 
shown to improve psychological and physiological markers of stress and 
anxiety in healthy adults (NCT03494725)50

Bifidobacterium adolescentis or 
combination of Lactocaseibacillus 
rhamnosus LGG, and 
Bifidobacterium BB-12

A pilot RCT investigating the efficacy of two probiotics given for 12 weeks in 
adults with depressive symptoms (defined as a score of 20–40 on the Beck's 
Depression Inventory [BDI-II]; NCT05564767)51

Insomnia FMT capsules A RCT to investigate whether FMT capsules, administered for four weeks, can 
improve sleep in patients with insomnia, and their effect on gut microbiota 
and its metabolites, inflammatory factors, neurotransmitters, and sex 
hormones in peripheral blood (NCT05427331)52
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Notable patents 
A diverse and growing number of patents related to 
probiotics and prebiotics were identified within the 
CAS Content Collection, including:
– Actinia chinesis, the golden kiwifruit, is being 

investigated for the treatment of constipation and 
IBS (patent number: WO2016085356A1)

– Evaluation of bacteria such as the probiotic 
Enterococcus faecalis for use in the treatment 
of social behavioral deficit symptoms such as 
depression by increasing social behavior and 
decreasing corticosterone levels along with 
c-Fos expression in the brain (patent number: 
WO2022182908A1)

– A fermented supernatant of Lactobacillus casei 
or paracasei species for the promotion of human 
health and prevention of inflammatory disorders. 
The postbiotic was shown to stimulate peripheral 
blood mononuclear cells and protect from 
endotoxic shock and Salmonella infection (patent 
number: WO2019149941A1)

– Methods and probiotic compositions that can be 
used to modulate serotonin levels by adjusting the 
composition of gut microbiota, along with adjusting 
the level of serotonin-related metabolites (patent 
number: US20160058808A1)

– Probiotic composition for the prevention and/
or treatment of a mental disorder with memory 
impairment by gut microbiome modulation for an 
increase in memory scores (EP3932415A1)
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Summary
The gut microbiome is a well-recognized player 
in the state of our health today, owing to its 
functions in metabolism, pathogenic protection, 
and immunomodulation. Research findings on the 
GBA suggest there are a plethora of conditions 
and processes dependent on the state of the gut 
microbiome. The microbial therapeutics market has 
grown to become a multimillion-dollar industry,  
and biotics are a commonplace approach to 
improving gut health.

Several fecal transplant therapies have been  
recently approved or are in late-stage approval for 
treatment of the C. difficile infection, a condition 
that causes almost 500,000 illnesses in the US 
annually.40–42,53 We’ve seen further advances in 
IBS, UC, and neurodegenerative diseases with 
investigational therapies,54 of which have significant 
implications for how we treat these conditions in the 
future. GI conditions have proven to be an important 
proof-of-concept stepping stone for microbial 
therapies, although we should expect to see much 
more activity in dermatologic, respiratory, and 
oncology pipelines.54

 

Knowledge gaps to be addressed as a priority 
include understanding the immunological function 
of specific microbes in the human gut microbiota, 
their role in neurodegenerative/psychiatric disorders, 
and how microbial metabolites influence brain 
function. Recent advances in next-generation 
sequencing technologies, along with innovations 
in metagenomics, metabolomics, multi-omics, 
bioinformatics, and artificial intelligence tools, 
provide the opportunity to characterize the microbial 
populations and their functions better and help with 
better correlation prediction.

To uncover the various interactions occurring within 
the gut microbial community, the research focus 
must shift from individual microbes to the gut 
microbiome ecosystem. Other logistical challenges 
for the scientific community to overcome include 
a lack of standardized protocols and analytical 
methods and, perhaps most importantly, the 
variable nature of microbiota composition between 
individuals. This will make it even more challenging 
to understand the complexities of this forgotten 
organ, yet may pave the way for personalized 
healthcare through harnessing the power of 
microbiomology.



GUT MICROBIOME INSIGHT REPORT  |  19

1. Voice of America. We're Only About 43% Human, Study Shows. https://www.voanews.com/a/research-
estimates-we-are-only-about-43-percent-human/4932876.html (accessed 2023-02-27).

2. O'Hara, A. M.; Shanahan, F. The Gut Flora as a Forgotten Organ. EMBO Rep. 2006, 7(7), 688–693. DOI: 
10.1038/sj.embor.7400731.

3. Baquero, F.; Nombela, C. The Microbiome as a Human Organ. Clin. Microbiol. Infect. 2012, 18 (Suppl 4), 
2–4. DOI: 10.1111/j.1469-0691.2012.03916.x.

4. Evans, J. M.; Morris, L. S.; Marchesi, J. R., The Gut Microbiome: The Role of a Virtual Organ in the 
Endocrinology of the Host. J. Endocrinol. 2013, 218(3), R37–R47. DOI: 10.1530/JOE-13-0131.

5. Tierney, B. T.; Yang, Z.; Luber, J. M.; Beaudin, M.; Wibowo, M. C.; Baek, C.; Mehlenbacher, E.; Patel, C. 
J.; Kostic, A. D. The Landscape of Genetic Content in the Gut and Oral Human Microbiome. Cell Host 
Microbe. 2019, 26(2), 283–295.e8. DOI: https://doi.org/10.1016/j.chom.2019.07.008.

6. International Human Genome Sequencing Consortium. Finishing the Euchromatic Sequence of the 
Human Genome. Nature. 2004, 431, 931–945. Supplementary Appendix. DOI: https://doi.org/10.1038/
nature03001.

7. Hasan, N.; Yang, H. Factors Affecting the Composition of the Gut Microbiota, and its Modulation. 
PeerJ. 2019, 7, e7502. DOI: 10.7717/peerj.7502.

8. Butler, M. I.; Mörkl, S.; Sandhu, K. V.; Cryan, J. F.; Dinan, T. G. The Gut Microbiome and Mental Health: 
What should we tell our Patients? Can. J. Psychiatry. 2019, 64(11), 747–760.

9. Mackowiak P. A. Recycling Metchnikoff: Probiotics, the Intestinal Microbiome and the Quest for Long 
Life. Front. Public Health. 2013, 1, 52. DOI: https://doi.org/10.3389/fpubh.2013.00052.

10. Forbes. The Decade of the Microbiome. https://www.forbes.com/sites/linhanhcat/2019/12/31/decade-of-
the-microbiome/?sh=772819d49961 (accessed 2023-02-27).

11. Qin, J.; Li, R.; Raes, J.; Arumugam, M.; Burgdorf, K. S.; Manichanh, C.; Nielsen, T.; Pons, N.; Levenez, F.; 
Yamada, T.; Mende, D. R.; Li, J.; Xu, J.; Li, S.; Li, D.; Cao, J.; Wang, B.; Liang, H.; Zheng, H.; Xie, Y., et al. 
A Human Gut Microbial Gene Catalogue Established by Metagenomic Sequencing. Nature. 2010, 464 
(7285), 59–65. DOI: 10.1038/nature08821.

12. Nelson, K. E.; Weinstock, G. M.; Highlander, S. K.; Worley, K. C.; Creasy, H. H.; Wortman, J. R.; Rusch, 
D. B.; Mitreva, M.; Sodergren, E.; Chinwalla, A. T.; Feldgarden, M.; Gevers, D.; Haas, B. J.; Madupu, R.; 
Ward, D. V.; Birren, B. W.; Gibbs, R. A.; Methe, B.; Petrosino, J. F.; Strausberg, R.L, et al. A Catalog of 
Reference Genomes from the Human Microbiome. Science. 2010, 328 (5981), 994–999. DOI: 10.1126/
science.1183605.

13. Institute for Genome Sciences. NIH Human Microbiome Project. https://www.hmpdacc.org/overview/ 
(accessed 2023-02-27).

14. Gut Microbia for Health. MetaHIT (METAgenomics of the Human Intestinal Tract). https://www.
gutmicrobiotaforhealth.com/metahit (accessed 2023-02-27).

15. Deng, P.; Swanson, K. S. Gut Microbiota of Humans, Dogs and Cats: Current Knowledge and Future 
Opportunities and Challenges. Br. J. Nutr. 2015, 113, S6–17.

16. Rinninella, E.; Raoul, P.; Cintoni, M.; Franceschi, F.; Miggiano, G. A. D.; Gasbarrini, A.; Mele, M. C. What 
is the Healthy Gut Microbiota Composition? A Changing Ecosystem across Age, Environment, Diet, and 
Diseases. Microorganisms. 2019, 7 (1): 14. DOI: 10.3390/microorganisms7010014.

17. Jandhyala, S. M.; Talukdar, R.; Subramanyam, C.; Vuyyuru, H.; Sasikala, M.; Nageshwar Reddy, D. Role 
of the Normal Gut Microbiota. World J. Gastroenterol. 2015, 21 (29), 8787–8803. DOI: 10.3748/wjg.v21.
i29.8787.

References

GUT MICROBIOME INSIGHT REPORT  |  19



18. Belizário, J. E.; Napolitano, M. Human Microbiomes and their Roles in Dysbiosis, Common Diseases, 
and Novel Therapeutic Approaches. Front. Microbiol. 2015, 6, 1050. DOI: 10.3389/fmicb.2015.01050.

19. Lloyd-Price, J.; Arze, C.; Ananthakrishnan, A. N.; Schirmer, M.; Avila-Pacheco, J.; Poon, T. W.; Andrews, 
E.; Ajami, N. J.; Bonham, K. S.; Brislawn, C. J.; Casero, D.; Courtney, H.; Gonzalez, A.; Graeber, T. G.; 
Hall, A. B.; Lake, K.; Landers, C. J.; Mallick, H.; Plichta, D. R.; Prasad, M., et al. Multi-omics of the Gut 
Microbial Ecosystem in Inflammatory Bowel Diseases. Nature. 2019, 569 (7758), 655–662. DOI: 10.1038/
s41586-019-1237-9.

20. Mars, R. A. T.; Yang, Y.; Ward, T.; Houtti, M.; Priya, S.; Lekatz, H. R.; Tang, X.; Sun, Z.; Kalari, K. R.; Korem, 
T.; Bhattarai, Y.; Zheng, T.; Bar, N.; Frost, G.; Johnson, A. J.; van Treuren, W.; Han, S.; Ordog, T.; Grover, 
M.; Sonnenburg, J.; et al. Longitudinal Multi-omics Reveals Subset-Specific Mechanisms Underlying 
Irritable Bowel Syndrome. Cell. 2020, 182 (6), 1460–1473. DOI: 10.1016/j.cell.2020.08.007.

21. Pan, R.; Wang, L.; Xu, X.; Chen, Y.; Wang, H.; Wang, G.; Zhao, J.; Chen, W. Crosstalk between the Gut 
Microbiome and Colonic Motility in Chronic Constipation: Potential Mechanisms and Microbiota 
Modulation. Nutrients. 2022, 14 (18), 3704. DOI: 10.3390/nu14183704.

22. Enck, P.; Aziz, Q.; Barbara, G.; Farmer, A. D.; Fukudo, S.; Mayer, E. A.; Niesler, B.; Quigley, E. M.; Rajilić-
Stojanović, M.; Schemann, M.; Schwille-Kiuntke, J.; Simren, M.; Zipfel, S.; Spiller, R. C. Irritable Bowel 
Syndrome. Nat. Rev. Dis. Primers. 2016, 2, 16014. DOI: 10.1038/nrdp.2016.14.

23. Eijsbouts, C.; Zheng, T.; Kennedy, N. A.; Bonfiglio, F.; Anderson, C. A.; Moutsianas, L.; Holliday, J.; Shi, J.; 
Shringarpure, S.; Agee, M.; Aslibekyan, S.; Auton, A.; Bell, R. K.; Bryc, K.; Clark, S. K.; Elson, S. L.; Fletez-
Brant, K.; Fontanillas, P.; Furlotte, N. A.; Gandhi, P. M.; et al. Genome-wide analysis of 53,400 people 
with irritable bowel syndrome highlights shared genetic pathways with mood and anxiety disorders. 
Nat. Genet. 2021, 53 (11), 1543–1552. DOI: 10.1038/s41588-021-00950-8.

24. Socała, K.; Doboszewska, U.; Szopa, A.; Serefko, A.; Włodarczyk, M.; Zielińska, A.; Poleszak, E.; Fichna, 
J.; Wlaź, P. The Role of Microbiota-Gut-Brain Axis in Neuropsychiatric and Neurological Disorders. 
Pharmacol Resh. 2021, 172, 105840. DOI: 10.1016/j.phrs.2021.105840.

25. Roubalová, R.; Procházková, P.; Papežová, H.; Smitka, K.; Bilej, M.; Tlaskalová-Hogenová, H. Anorexia 
nervosa: Gut microbiota-immune-brain interactions. Clin. Nutr. 2020, 39 (3), 676–684. DOI: 10.1016/j.
clnu.2019.03.023.

26. Tannock, G. W.; Savage, D. C. Influences of Dietary and Environmental Stress on Microbial Populations 
in the Murine Gastrointestinal Tract. Infect. Immun. 1974, 9 (3), 591–598. DOI: 10.1128/iai.9.3.591-
598.1974.

27. Bear, T.; Dalziel, J.; Coad, J.; Roy, N.; Butts, C.; Gopal, P. The Microbiome-Gut-Brain Axis and Resilience 
to Developing Anxiety or Depression under Stress. Microorganisms. 2021, 9 (4):723. DOI: 10.3390/
microorganisms9040723.

28. Dinan, T. G.; Stanton, C.; Cryan, J. F. Psychobiotics: A Novel Class of Psychotropic. Biol. Psychiatry. 2013, 
74 (10), 720–726. DOI: 10.1016/j.biopsych.2013.05.001.

29. Nicholson, J. K.; Holmes, E.; Kinross, J.; Burcelin, R.; Gibson, G.; Jia, W.; Pettersson, S. Host-gut 
Microbiota Metabolic Interactions. Science. 2012, 336 (6086), 1262–1267. DOI: 10.1126/science.1223813.

30. Burchill, E.; Lymberopoulos, E.; Menozzi, E.; Budhdeo, S.; McIlroy, J. R.; Macnaughtan, J.; Sharma, N. 
The Unique Impact of COVID-19 on Human Gut Microbiome Research. Frontiers in Medicine. 2021, 8, 
(652464). DOI: 10.3389/fmed.2021.652464.

31. International Scientific Association for Probiotics and Prebiotics. For Scientists. https://isappscience.org/
for-scientists/ (accessed 2023-02-27).



GUT MICROBIOME INSIGHT REPORT  |  21GUT MICROBIOME INSIGHT REPORT  |  21

32. John Hopkins Medicine. Fecal Transplant. https://www.hopkinsmedicine.org/health/treatment-tests-
and-therapies/fecal-transplant (accessed 2023-02-27).

33. PitchBook. https://www.pitchbook.com/ (accessed 2023-02-27).
34. Microbiome Post. Clinical Microbiomics set to Accelerate its Expansion with EUR 10 Million Investment 

from Health for Life Capital™ II managed by Seventure Partners. https://microbiomepost.com/clinical-
microbiomics-set-to-accelerate-its-expansion-with-eur-10-million-investment-from-health-for-life-
capital-ii-managed-by-seventure-partners/ (accessed 2023-02-27).

35. Flagship Pioneering. Flagship Pioneering Unveils Kaleido Biosciences and First Chemistry Platform for 
Microbiome Health. https://www.flagshippioneering.com/press/flagship-pioneering-unveils-kaleido-
biosciences-first-chemistry-platform-microbiome-health (accessed 2023-02-27).

36. Microbiotica. Microbiotica Raises £50 million ($67 million) to Advance Pipeline of Microbiome-based 
Therapeutics. https://microbiotica.com/microbiotica-raises-50-million-67-million-to-advance-pipeline-
of-microbiome-based-therapeutics/ (accessed 2023-02-27).

37. NutraIngredients Europe. BioGaia forms Investment Arm with the Gut Microbiome in Mind. https://
www.nutraingredients.com/Article/2021/03/19/BioGaia-forms-investment-arm-with-the-gut-
microbiome-in-mind (accessed 2023-02-27).

38. CISION® PR Newswire. Microbiome Clinical Trial Pipeline Space Brims with Novel Emerging Therapies 
with 130+ Key Players Working in the Domain | DelveInsight. https://www.prnewswire.com/news-
releases/microbiome-clinical-trial-pipeline-space-brims-with-novel-emerging-therapies-with-130-key-
players-working-in-the-domain--delveinsight-301672552.html (accessed 2023-02-27).

39. ClinicalTrials.gov. https://www.clinicaltrials.gov/ (accessed 2023-02-27). 
40. Seres Therapeutics. Seres Therapeutics Announces FDA Acceptance of Biologics License Application 

for Investigational Microbiome Therapeutic SER-109 for Recurrent C. Difficile Infection for Priority 
Review. https://ir.serestherapeutics.com/news-releases/news-release-details/seres-therapeutics-
announces-fda-acceptance-biologics-license#:~:text=The%20SER%2D109%20manufacturing%20
purification,for%20the%20prevention%20of%20rCDI.&text=Seres%20Therapeutics%2C%20Inc.,-
(Nasdaq%3A%20MCRB)  (accessed 2023-02-27).

41. Ferring Pharmaceuticals. Ferring Receives U.S. FDA Approval for REBYOTA™ (Fecal Microbiota, live-jslm) 
– A Novel First-in-class Microbiota-based Live Biotherapeutic. https://www.ferring.com/ferring-receives-
u-s-fda-approval-for-rebyota-fecal-microbiota-live-jslm-a-novel-first-in-class-microbiota-based-live-
biotherapeutic/ (accessed 2023-02-27).

42. BiomeBank. BiomeBank Announces World First Regulatory Approval for Donor Derived Microbiome 
Drug. https://www.biomebank.com/news/media-release/biomebank-announces-world-first-
regulatory-approval-for-donor-derived-microbiome-drug/ (accessed 2023-02-27).

43. ClinicalTrials.gov. NCT05035784. Available at: https://clinicaltrials.gov/ct2/show/NCT05035784 (accessed 
2023-02-27).

44. El-Salhy, M.; Winkel, R.; Casen, C.; Hausken, T.; Gilja, O. H.; Hatlebakk, J. G. Efficacy of Fecal 
Microbiota Transplantation for Patients With Irritable Bowel Syndrome at 3 Years After Transplantation. 
Gastroenterology. 2022, 163 (4), 982–994. DOI: 10.1053/j.gastro.2022.06.020.

45. Quigley, E. M. M.; Markinson, L.; Stevenson, A.; Treasure, F. P.; Lacy, B. E. Randomised Clinical Trial: 
Efficacy and Safety of the Live Biotherapeutic Product MRx1234 in Patients with Irritable Bowel 
Syndrome. Aliment. Pharmacol. Ther. 2023, 57 (1), 81–93. DOI: 10.1111/apt.17310.

46. Zaharoni, H.; Rimon, E.; Vardi, H.; Friger, M.; Bolotin, A.; Shahar, D. R. Probiotics improve bowel 
movements in hospitalized elderly patients--the PROAGE study. J. Nutr. Health Aging. 2011, 15 (3), 
215–220. DOI: 10.1007/s12603-010-0323-3.



47. Skrzydło-Radomańska, B.; Prozorow-Król, B.; Cichoż-Lach, H.; Majsiak, E.; Bierła, J. B.; Kanarek, E.; 
Sowińska, A.; Cukrowska, B. The Effectiveness and Safety of Multi-Strain Probiotic Preparation in 
Patients with Diarrhea-Predominant Irritable Bowel Syndrome: A Randomized Controlled Study. 
Nutrients. 2021, 13 (3), 756. DOI: 10.3390/nu13030756.

48. Sur, D.; Manna, B.; Niyogi, S. K.; Ramamurthy, T.; Palit, A.; Nomoto, K.; Takahashi, T.; Shima, T.; Tsuji, H.; 
Kurakawa, T.; Takeda, Y.; Nair, G. B.; Bhattacharya, S. K. Role of Probiotic in Preventing Acute Diarrhoea 
in Children: A Community-based, Randomized, Double-blind Placebo-controlled Field Trial in an Urban 
Slum. Epidemiol. Infect. 2011, 139 (6), 919–926. DOI: 10.1017/S0950268810001780.

49. Rode, J.; Edebol Carlman, H. M. T.; König, J.; Repsilber, D.; Hutchinson, A. N.; Thunberg, P.; Andersson, 
P.; Persson, J.; Kiselev, A.; Lathrop Stern, L.; Salomon, B.; Mohammed, A. A.; Labus, J. S.; Brummer, R. J. 
Probiotic Mixture Containing Lactobacillus helveticus, Bifidobacterium longum and Lactiplantibacillus 
plantarum Affects Brain Responses Toward an Emotional Task in Healthy Subjects: A Randomized 
Clinical Trial. Front. in Nutr. 2022, 9, 827182. DOI: 10.3389/fnut.2022.827182.

50. Patterson, E.; Griffin, S. M.; Ibarra, A.; Ellsiepen, E.; Hellhammer, J. Lacticaseibacillus paracasei Lpc-
37® Improves Psychological and Physiological Markers of Stress and Anxiety in Healthy Adults: A 
Randomized, Double-blind, Placebo-controlled and Parallel Clinical Trial (The Sisu Study). Neurobiol 
Stress. 2020, 13, 100277.DOI: 10.1016/j.ynstr.2020.100277.

51. Good Clinical Practice Network. NCT05564767. https://ichgcp.net/clinical-trials-registry/NCT05564767 
(accessed 2023-02-27).

52. ClinicalTrials.gov. NCT05427331. Available at: https://clinicaltrials.gov/ct2/show/NCT05427331 (accessed 
2023-02-27).

53. Guh, A. Y.; Mu, Y.; Winston, L. G.; Johnston, H.; Olson, D.; Farley, M. M.; Wilson, L. E.; Holzbauer, S. M.; 
Phipps, E. C.; Dumyati, G. K.; Beldavs, Z. G.; Kainer, M. A.; Karlsson, M.; Gerding, D. N.; McDonald, L. 
C.; Emerging Infections Program Clostridioides difficile Infection Working Group. Trends in U.S. Burden 
of Clostridioides difficile Infection and Outcomes. N. Engl. J. Med. 2020, 382 (14), 1320–1330. DOI: 
10.1056/NEJMoa1910215.

54. Genetic Engineering and Biotechnology News. Microbiome Drugs: Multiplying Recent Gains.  
https://www.genengnews.com/topics/omics/microbiome-drugs-multiplying-recent-gains/ (accessed 
2023-02-27).



GUT MICROBIOME INSIGHT REPORT  |  23

For more details on the 
current challenges and 
research landscape of  
Gut Micorbiome, see  
our publication at  
cas.org/microbiome-journal

GUT MICROBIOME INSIGHT REPORT  |  23



CAS is a leader in scientific information solutions, 
partnering with innovators around the world to 
accelerate scientific breakthroughs. CAS employs 
over 1,400 experts who curate, connect, and analyze 
scientific knowledge to reveal unseen connections. 
For over 100 years, scientists, patent professionals, 
and business leaders have relied on CAS solutions 
and expertise to provide the hindsight, insight, and 
foresight they need so they can build upon the 
learnings of the past to discover a better future. 
CAS is a division of the American Chemical Society. 

Connect with us at cas.org

© 2023 American Chemical Society. All rights reserved.
INSGENENGWHP101101230517


