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Human gut microbiota plays an important role in individual
health. When the balance between host and gut microbiota
is disrupted, changes in microbiota composition and func-
tion occur, which is referred as dysbiosis. Environmental fac-
tors as diet, proton pump inhibitors, and antibiotics can lead
to a permanent dysbiotic disruption. Clarification of these im-
balances was made possible by recent advances in genome
sequencing methods that supported acknowledgment of
the interplay between microbiome and intestinal and ex-
traintestinal disorders. This review focuses on the microbio-
ta impact in inflammatory bowel disease, gastric cancer,
colorectal cancer, nonalcoholic fatty liver disease (NAFLD), ir-
ritable bowel syndrome (IBS), and Clostridium difficile infec-
tion (CDI). Furthermore, novel therapies are summarized. Fe-
cal microbiota transplant (FMT) is a successful and estab-
lished therapy in recurrent CDI, and its application in other
dysbiosis-related diseases is attracting enormous interest.
Pre- and probiotics target microbial rebalance and have pos-
itive effects mainly in NAFLD, ulcerative colitis, IBS, and CDI

patients. Promising anticarcinogenic effects have also been
demonstrated in animal models. The literature increasingly
describes microbial changes in many dysbiotic disorders and
shows what needs to be treated. However, probiotics and
FMT application in clinical practice suffers from a shortage of
randomized controlled trials with standardized therapy regi-
mens to support their recommendation.
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Microbioma gastrointestinal — o que precisamos de
saber na pratica clinica

Palavras Chave
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Probidticos - Transplante de microbiota fecal

Resumo

A microbiota gastrointestinal desempenha um papel es-
sencial na saude humana. Quando surge um desequilibrio
entre esta e o hospedeiro, ocorrem alteracdes na com-
posicao e funcdo da microbiota que se designa de disbi-
ose. Fatores ambientais como a dieta, inibidores da bom-
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ba de protdes e antibidticos podem induzir um estado
disbidtico permanente. O esclarecimento destas desregu-
lagdes foi possivel gracas a avangos recentes nos métodos
de sequenciacdo genémica que, por sua vez, nos ajuda-
ram a perceber a interacdo entre a microbiota e disturbios
intestinais e extra-intestinais. Esta revisao foca-se no im-
pacto da microbiota na Doenca Inflamatdria Intestinal,
Cancros gastrico e colorretal, Figado Gordo Nao-Alcodlico
(FGNA), Sindroma do Intestino Irritavel (Sll) e Infecao por
Clostridium difficile (ICD). Além disso, resume-se no final as
estratégias terapéuticas que tém surgido. O transplante
fecal é um tratamento com eficacia estabelecida na in-
fecao recorrente por C. difficile, reunindo um crescente in-
teresse na sua aplicacao em outras doencas relacionadas
com disbiose. Os pre- e probiéticos promovem o reequili-
brio microbiano e tém evidéncia de efeitos positivos so-
bretudo no FGNA, Colite Ulcerosa, Sll e ICD. Em modelos
animais, estes também demonstraram efeitos anti-car-
cinogénicos promissores. E evidente na literatura uma de-
scricdo cada vez mais pormenorizada das alteragées mi-
crobianas em vérios disturbios disbidticos, oferecendo
ferramentas que permitem saber o que pode ser tratado.
No entanto, a aplicacao de probidticos e transplante fecal
na pratica clinica sofre ainda de caréncia de ensaios clini-
cos randomizados, com regimes terapéuticos standard,
em numero que permita a sua recomendacdo formal.

© 2020 Sociedade Portuguesa de Gastrenterologia
Publicado por S. Karger AG, Basel

The gastrointestinal tract is our most colonized organ,
with one hundred trillion organisms symbiotically relat-
ed to humans [1]. Human microbiota refers to the entire
population of microorganisms (bacteria, fungi, archaea,
viruses, and protozoans) that live in the human body,
with their collective genomes forming the human metage-
nome [2].

In a healthy individual, microbiota has important met-
abolic [3] and immune functions [4]. In the colon, it pro-
vides the enzymes needed to fermentation of carbohy-
drates, generating short-chain fatty acids (SCFA) as bu-
tyrate. SCFA provide about 70% of energy to the
colonocytes, preserving the intestinal barrier and en-
hancing anti-inflammatory and anticancer properties [5].
Host-microbiome interplay is essential for the mainte-
nance of a strong immune system, allowing gastrointesti-
nal tract to remain healthy and free from pathogenic bac-
teria [6].

Gastrointestinal Microbiome in Clinical
Practice

Gut microbial composition varies greatly between in-
dividuals and over different gastrointestinal segments.
However, among healthy adults, it is consistently domi-
nated by bacteria of two phyla, Bacteroidetes and Fir-
micutes, while Actinobacteria and Proteobacteria are less
frequently found [7]. Notably, the diversity and density
of bacterial species increases from proximal to distal gut.

A challenging aspect of microbiota study is the diffi-
culty in defining an ideal eubiosis state, due to this high
variability between healthy individuals. However, in most
studies, certain commensal bacteria, as Roseburia, Akker-
mansia, Bifidobacterium, and Faecalibacterium prausnit-
zii seem to be associated with a healthy gut. Regardless,
sometimes the balance between the host and gut micro-
biota is lost, and changes in its composition and function
occur, which is often referred to as dysbiosis [8]. Micro-
bial colonies live in highly competitive surroundings,
fighting for the same niches and resources. Dysbiosis typ-
ically features one or more of the following characteris-
tics: loss of commensals, excessive growth of potentially
harmful organisms, and a reduction of overall diversity
[9].

Changes in microbiota abundance and composition
have been related to several human intestinal and extrain-
testinal disorders. However, there is a gap between basic
scientific findings and clinical practice. In this review, we
describe factors affecting microbiota, and then summa-
rize microbiota imbalances associated with prevalent gas-
trointestinal diseases and potential therapies, namely in-
flammatory bowel disease (IBD), gastric cancer (GC),
colorectal cancer (CRC), nonalcoholic fatty liver disease
(NAFLD), Clostridium difficile infection (CDI), and irri-
table bowel syndrome (IBS).

Generally, gastrointestinal microorganisms are diffi-
cult to isolate in culture, making it challenging to under-
stand the true microbial complexity. This limitation has
been partially overcome over the last few decades by using
DNA sequencing to define the genetic content of the mi-
crobiome.

Most techniques target the 16S ribosomal RNA (16S-
rRNA) gene, as it is highly conserved between different
species of bacteria. While sequencing this gene, we an-
swer the question “who is there”? revealing the relative
abundance of a given bacterial taxa.

Marker gene analysis differs from metagenomic shot-
gun sequencing (so called whole genome shotgun se-
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quencing - WGS) as it is based on targeting an amplicon
(a target sequence or gene that is amplified) instead of
trying to sequence all genes in a sample [10].

16SrRNA sequencing technique hardly approaches
the deepest taxonomic levels and does not infer a relation
between a bacterial species and its functional capacity.
However, this technique remains cheaper, easily accessi-
ble and still acknowledges the microbial diversity and
composition [11].

WGS sequencing followed by metagenomic analysis
also identifies the quantity and diversity of microbial
community but adds more detailed information to the
taxonomic characterization of a sample. With this ap-
proach, we answer the question “what can they do,” by
identifying the gene content and inferred potential func-
tions of the microbial DNA [12]. Genomic DNA is iso-
lated from the environment understudy, but it does not
distinguish whether it comes from viable cells or not, or
whether the anticipated genes are expressed and in under
what circumstances [13].

The introduction of metatranscriptomic analysis has
surpassed the limitations of all other gut microbiome
methods. Metatranscriptomics reveals the total content
of gene transcripts (tRNA) in the microbiota, answering
the question “what are they doing”? [11]. As metatran-
scriptomic analysis complements metagenomics, we are
able to know which of the genes that were marked in the
metagenomic analysis are transcribed and to what extent,
demonstrating functional changes that contribute to
health and disease even before a compositional modifica-
tion occurs [14]. Nevertheless, metatranscriptomics is
even more expensive and complex than metagenomics.

The combination of all approaches may open a win-
dow to deeper understanding of potential genes and path-
ways that can contribute to homeostasis and disease sus-
ceptibility, so new pharmacological targets could be ex-
plored [15].

Many studies have been conducted on factors capable
of influencing the human gastrointestinal microbiome,
including host genetics and environmental factors [7].
Here, we will focus on the latter, namely diet, proton
pump inhibitors (PPI), and antibiotics.

Diet
Within environmental factors, diet is perhaps the most
easily modifiable. Many studies tried to elucidate the link
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between western diet and intestinal dysbiosis as a trigger
to impairment of intestinal permeability and barrier
function [16]. Western diet mainly consists of animal
proteins, total and saturated fats and simple sugars, rath-
er than fruits and vegetables, and was associated with re-
duced bacterial colonization and an increased number of
Bacteroides (mainly mucin-degrading bacteria), Fir-
micutes, and Proteobacteria phyla [17]. A recent study
reported that a low-fiber diet resulted in microbiota con-
suming the mucus layer, which leads to a thinner epithe-
lium, enhancing the chances of invasive pathogenic at-
tack [18].

Mediterranean diet is based on high consumption of
fruits, vegetables, unrefined cereals, and fish and low con-
sumption of red meat and was associated with benefits to
gut microbiota, lowering Escherichia coli load and in-
creasing SCFA levels [19].

Gut microbiota undergoes relatively rapid changes
upon exposure to different diets. David et al. [20] showed
that high-fat diets consisting exclusively of animal-based
foods changed the microbiome in only 2 days in both
structure and function. Nonetheless, the magnitude of
this effect seems modest, as dietary change does not nec-
essarily result in permanent compositional modification
at least at phylum level, since daily changes are mainly at
genus and species level. In the same study, RNA sequenc-
ing analysis revealed increased expression of genes relat-
ed to amino acid catabolism and the production of carci-
nogenic polycyclic aromatic hydrocarbons in the animal-
based diet, compared with plant-based diet.

Knowing the fact that diet can promote gut dysbiosis
and consequently associated diseases, it is clear that diet
modification should be considered as an adjuvant thera-

py.

Proton Pump Inhibitors

The luminal gastric pH is normally 1.5-3.5, and PPI
raise pH to values above 3.5-5.0, which can affect the
composition of microbiota due to increased pH and also
by directly targeting the proton pump of microorgan-
isms.

PPI use can lead to the development of enteric infec-
tions, such as CDI [21]. Tsuda et al. [22] analyzed 18 sub-
jects taking PPI for more than 2 years and 27 healthy vol-
unteers who had never taken a PPI and found a significant
correlation between pH value and bacterial count in all
gastric fluid samples. Their data suggested that bacterial
overgrowth in the stomach while using PPI may arise
from a lack of killing rather than proliferation of bacteria
due to low gastric acidity.

Ortigao/Pimentel-Nunes/Dinis-Ribeiro/
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A recent study carried out in Japan also examined fecal
samples of patients at three points (before and 4 and 8
weeks after starting PPI treatment) [23]. Differences in
total bacterial counts at these 3 points were not signifi-
cant, although the total counts of facultative anaerobes,
such as Lactobacillus, Streptococcus, Staphylococcus, and
Enterobacteriaceae were significantly increased after
treatment [23]. Streptococci are commensals of the hu-
man oral cavity, throat, and nasal cavity and are inacti-
vated by gastric acidity, which makes a barrier against
bacterial invasion of lower gastrointestinal tract. In-
creased gastric pH after using PPI may be one of the rea-
sons why many case-control studies detect Streptococcus
in fecal samples, suggesting that bacterial translocation
has occurred [22, 24].

PPI are widely prescribed both in out and inpatient
care, in many cases without formal indication. PPI side
effects are not negligible, and thus the decision-making
for their use should be more careful.

Antibiotics

Antibiotics are powerful weapons against pathogenic
bacteria, but can also affect commensal organisms, result-
ing in loss of microbial diversity, shifts in metabolic ca-
pacity, and reduced colonization resistance against inva-
sive pathogens [25].

Within days after antibiotic treatment, profound and
rapid changes in gut microbiota were described. A case-
control study found that oral broad-spectrum antibiotics
(ciprofloxacin, vancomycin, and metronidazole) for 7
days were associated with a loss of diversity and drastic
shifts in community composition at day 9 [26]. Despite
great short-term effects, there was a remarkable return
towards baseline after 8-31 months of treatment. Never-
theless, increasing evidence suggests that microbiome
might be at least slightly disturbed for long periods of
time, some strains are lost indefinitely [27], and conse-
quences as antibiotic resistance can persist for longer pe-
riods [28].

A relationship between the use of antibiotics in early
life and the development of diseases in later childhood, as
obesity and Crohn’s disease (CD), has also been suggest-
ed [29, 30]. The number of antibiotic treatments and the
sooner the children take them seem to be important con-
tributing factors.

Another concern about antibiotic therapy is C. difficile
colonization and infection, as the use of antibiotics are
their major cause. A 2016 meta-analysis showed that
clindamycin was the antibiotic most often associated with
CDI in hospitalized patients, followed by carbapenems

Gastrointestinal Microbiome in Clinical
Practice

[31]. We will later focus on the effects of CDI itself on gut
microbiota environment.

Several highly prevalent diseases have been associated
with imbalances in microbiota composition and func-
tion, including IBD, obesity, diabetes, allergy, IBS, GC,
colorectal polyps and CRGC, liver cirrhosis, NAFLD, neu-
rodevelopmental disorders, cardiovascular disorders,
cholesterol gallstones, diarrhea, malnutrition, and kidney
disease [32]. However, it has yet to be studied if this
change in microbial composition is a cause or a conse-
quence of the disease itself. We will now give emphasis to
microbiome-gastrointestinal disease associations recent-
ly described in the literature.

Colorectal Cancer

CRC is the third most common and the fourth most
deadly cancer in the world [33]. Although there are also
genetic components in the development of colorectal ad-
enomas and cancer, it is a multifactorial disease as it in-
volves various elements such as host immunity, environ-
mental factors, and intestinal microbiota [34].

Colon bacteria counts are one million times higher
than in the small intestine, and there are 12-fold more
cancers there, which may in part be due to a role of co-
lonic microbiota in carcinogenesis [35]. Previously,
CRC was associated with specific bacteria such as Strep-
tococcus gallolyticus (former S. bovis) [36], E. coli [37],
Bacteroides fragilis [38], Clostridium septicum [39], and
others. More recently, cancer cases have been related not
only to a specific bacterium but to dysbiosis, with a de-
crease in diversity and community stability of gut mi-
crobiota [40].

Microbiota changes in patients with CRC are illustrat-
ed in Table 1. In various studies, an increased prevalence
of Fusobacterium was shown in CRC patients [41-43]
and in adenomatous tissue comparing to surrounding tis-
sue [44], suggesting a possible role in the adenoma-cancer
cascade. According to Bullman et al. [45], treatment with
metronidazole highly decreases Fusobacterium load in
tumor tissue and reduces colon tumor growth in mouse
models . Therefore, Fusobacterium could be a stool mark-
er for increased CRC risk.

Bacterial RNA sequencing also revealed reduced levels
of Firmicutes in CRC patients in both stool and tumor
biopsy samples, compared to healthy individuals [41]. On
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Table 1. Microbiota changes in gastrointestinal cancer

First author Study group Samples Phylum Genus/species
[Ref.], year
Colorectal cancer
Liang [43], 203 CRC/236 healthy stool 1 Fusobacterium nucleatum
2017 controls
Feng [42], 46 CRC/57 healthy stool 1 Fusobacterium
2015 controls 1 Bacteroides

1 Alistipes

1 Escherichia

1 Bilophila

| Ruminococcus

| Biffidobacterium

| Streptococcus
Ahn [41], 47 CRC/94 control stool 1 Bacteroidetes 1 Fusobacterium
2013 subjects | Firmicutes 1 Porphyromonas

1 Atopobium

1 Porphyromonas
Wang [46], 46 CRC/56 healthy stool 1 Proteobacteria 1 Escherichia/Shigella
2012 controls | Bacteroidetes 1 Streptococcus

1 Peptostreptococcus

1 Enterococcus

| Bacteroides

| Roseburia

| Alistipes
Gastric cancer
Ferreira [62], 54 GC/8 chronic gastric mucosa 1 Actinobacteria 1 Phyllobacterium
2018 gastritis biopsy 1 Firmicutes 1 Achromobacter

| Bacteroidetes
| Fusobacteria

1 Lactobacillus
1 Clostridium
1 Rhodococcus

| Helicobacter spp.
Coker [65], 20 GC/21 superficial gastric mucosa 1 Slackia exigua
2018 gastritis/23 atrophic biopsy 1 Parvimonas micra
gastritis/17 IM 1 Dialister pneumosintes
1 Prevotella intermedia and
oris
1 F. nucleatum
1 Catonella morbi
Wang [63], 103 GC/212 chronic gastric mucosa 1 Lactobacillus
2016 gastritis biopsy 1 Escherichia-Shigella

1 Nitrospirae

1 Burkholderia fungerum
1 Lachospiraceae

= Helicobacter pylori

Aviles-Jimenez
[61],2014

5 intestinal-type GC/

gastric mucosa

5 non-atrophic gastritis/ biopsy

5IM

1 Lactobacillus

1 Lachospiraceae

| Porphyromonas

| Neisseria

| Streptococcus sinensis

CRC, colorectal cancer; GC, gastric cancer; IM, intestinal metaplasia.
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the other hand, data concerning Bacteroidetes are incon-
sistent [41, 46].

In a recent study, Rezasoltani et al. [47] found a sig-
nificant relationship between polyp size and quantity of
Fusobacterium nucleatum, Streptococcus bovis, Lactoba-
cillus spp., Roseburia spp., and Porphyromonas spp. This
case-control study elucidated the role that some specific
bacteria could have in adenoma development.

Studies in mouse models also suggest that dysbiosis
can be a trigger to inflammation-induced CRC. One sug-
gested mechanism involves the lack of SCFAs as the bac-
teria responsible for its production, like Faecalibacterium
and Roseburia, are reduced in the fecal microbiota during
CRC development [48]. Butyrate is known to be anticar-
cinogenic, as it inhibits cell proliferation, induces apop-
tosis of tumoral cells, and mediates T cells [49].

Gastric Cancer

GCis the fifth most common malignancy and the third
leading cause of cancer-related death [33]. Around 81%
of GC incidence is attributable to Helicobacter pylori,
making this microorganism the most common pathogen
linked to this malignancy [50].

Effective eradication of H. pylori does not entirely pre-
vent gastric carcinogenesis [51, 52] and only 1-2% of H.
pylori-positive individuals develop GC [53]. Besides, in
insulin-gastrin transgenic mice, simultaneous coloniza-
tion by H. pylori and a complex gastric microbiota in-
creased the incidence of GC [54], hastening the onset of
malignancy, when compared to those infected by H. py-
lori only [55]. These lines of evidence suggest that other
commensals in gastric microbiota might contribute to
cancer development.

H. pylori infection decreases gastric acidity, allowing
the establishment of a new microbiota that could potenti-
ate carcinogenesis. These bacteria overgrow in a hypo-
acid environment and are capable of converting nitrogen
compounds to potentially carcinogenic N-nitroso com-
pounds [56]. Numerous bacteria, such as E. coli, Hae-
mophilus, Neisseria, Staphylococcus, Lactobacillus, Nitro-
spirae, and Veilonella can produce these compounds [57,
58], and some authors already demonstrated an increase
in some of these bacteria in GC [59-62].

GC microbial environment is illustrated in Table 1.
Data concerning bacterial diversity in GC are inconsis-
tent. Aviles-Jimenez et al. [61] reported a decreased mi-
crobial diversity from nonatrophic gastritis to intestinal
metaplasia and GC. In fact, most of the studies reported
a decreased microbial diversity [61, 62], though some au-
thors described the opposite [59, 63].

Gastrointestinal Microbiome in Clinical
Practice

Curiously, numerous studies have observed the same
increasing pattern when studying Lactobacillus species in
GC [61-63]. These species are used in probiotics, being
beneficial to the host. However, in the stomach Lactoba-
cillus increase lactic acid that can serve as energy for tu-
mor cells and also promote inflammation and tumor an-
giogenesis [64].

Oral bacterial commensals may also have an impor-
tant role in the pathogenesis and progression of gastric
malignancy as many studies show increasing levels of
these microorganisms in GC samples [60, 65].

Inflammatory Bowel Disease

IBD is a chronic, relapsing and remitting inflamma-
tory disorder of the gastrointestinal tract, which consists
of two major forms, CD and ulcerative colitis (UC). De-
spite many efforts, no exact etiology has been described,
but it is thought to involve an interaction between genet-
ic and environmental factors that can deregulate host im-
mune response to gut microbiota.

Presently, it is accepted that intestinal dysbiosis is a
potentially relevant mechanism underlying IBD patho-
genesis [66]. Of note, regions with high loads of bacteria
are correlated with greater incidence of CD and UC, par-
ticularly terminal ileum and colon.

Microbiota changes related to IBD patients are sum-
marized in Table 2. Characteristic findings in IBD include
reduced bacterial diversity and stability, mainly due to
depleted members of Firmicutes and enriched Proteobac-
teria and Actinobacteria phyla [67, 68]. Dysbiosis can
happen prior to the onset of intestine inflammation in
genetically susceptible mouse, as proved by Glymenaki et
al. [69, 70] in two different studies.

The depletion of certain bacteria with the consequent
loss of their protective functions has an important influ-
ence on disease. Several recent studies reported lower
proportion of F. prausnitzii in patients with IBD [71,
72]. This commensal is a member of the phylum Fir-
micutes and a major producer of the SCFA, with impor-
tant anti-inflammatory and cellular protective functions
[73, 74]. In addition, a research team from France [71]
found a link between CD relapse and low levels of F.
prausnitzii, high C-reactive protein, and low rate of Bac-
teroides.

The UC dysbiosis status has been associated with in-
creased Bacteroidetes phylum [75] and Bacteroides genus
[76], more specifically with B. fragilis and vulgatus [75].

With advances in DNA sequencing, Morgan et al. [74]
indicated that microbial function was consistently more
perturbed (12%) than composition (2%), leading to the
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Table 2. Microbiota changes in inflammatory bowel syndrome patients

First author [Ref.], Study group Samples Phyla Genus/species
year
Fuentes [75], 29 UC/15 healthy ~ rectum biopsies 1 Bacteroidetes | Clostridium cluster XIVa
2017 controls 1 Bacteroides fragilis and
vulgatus
Ramakrishna [76], 32 UC/28 CD/ mucosal biopsies | Firmicutes/  UC:
2015 30 healthy controls Bacteroidetes 1 Bacteroides
ratio 1 Lactobacillus
1 Escherichia coli
CD:
| Clostridium coccoides
Rajca [71], 33 CD/29 healthy  stool | Firmicutes 1 Escherichia coli
2014 controls | Clostridium coccoides and
leptum
| Faecalibacterium prausnitzii
Wang [72], stool: stool and mucosa- IBD:
2014 21 CD/34 UC/ associated samples | Faecalibacterium prausnitzii
21 healthy controls ucC:
mucosa-associated 1 Bifidobacterium
samples: CD:
15 CD/29 UC/ 1 Lactobacillus

21 healthy control

IBD, inflammatory bowel disease; CD, Crohn’s disease; UC, ulcerative colitis.

conclusion that microbiota composition studies may un-
derestimate its impact on IBD pathogenesis.

Nonalcoholic Fatty Liver Disease

NAFLD encloses a spectrum of liver diseases from ste-
atosis to nonalcoholic steatohepatitis, fibrosis, cirrhosis,
and eventually hepatocellular carcinoma, in which liver
fat deposition occurs. NAFLD requires the exclusion of a
daily alcohol consumption of more than 30 g for men and
20 g for women. In recent years, NAFLD has emerged as
one of the most common causes of liver disease world-
wide [77].

The effectiveness of lifestyle changes, as modifications
in diet and physical activity, have a great impact on meta-
bolic control and liver histology [78], making clear the
importance of environmental factors in this disease.
However, there is a large variability in NAFLD progres-
sion that is not explained by genetics or environment.

Liver is the first organ to be exposed, through portal
tract, to gut-origin metabolites, such as dietary nutrients
and microbiota-related products. Due to this straight in-
teraction between gut and liver, microbiota dysbiosis has
been outlined as a major factor in the pathology of all

342 GE Port ] Gastroenterol 2020;27:336-351
DOI: 10.1159/000505036

stages of NAFLD [79]. Dysbiosis can lead to increased
intestinal permeability, promoting translocation of com-
mensal metabolites through the vascular system into the
liver (endotoxemia), which directly contributes to hepat-
ic lipid metabolism disruption and inflammatory pro-
cesses in the liver [80].

Numerous investigators have been studying the mi-
crobiota composition in NAFLD patients. In a study
comparing intestinal microbiome between nonobese
NAFLD patients and healthy controls, the first group had
more Bacteroidetes and less Firmicutes [81]. Within Fir-
micutes, SCFA-producing bacteria and 7a-dehydroxy-
lating bacteria were decreased [81].

Some authors have been trying to correlate a specific
bacterium with liver fibrosis in NAFLD. Duarte et al. [82]
found an association with increased Lactobacillus, and
Boursier et al. [79] described a correlation with Rumino-
coccus. A recent study [83] described NAFLD gut micro-
biota as dominated by Firmicutes and Bacteroidetes, fol-
lowed by Proteobacteria and Actinobacteria in lower pro-
portions. However, with fibrosis progression there is a
significant increase in the abundance of Proteobacteria
phylum, while that of Firmicutes decreases. Dysbiosis
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Table 3. Microbiota changes in irritable bowel syndrome patients

First author [Ref.], Study group Samples  Phyla Genus/species
year
Wang [102], 20 diarrhea- stool 1 Bacteroidetes 1 Bacteroides
2019 predominant IBS/40 | Firmicutes 1 Prevotella
healthy controls 1 Paraprevotella
| Faecalibacterium
| Lachnospiracea incertae sedis
| Blautia
| Coprococcus
Labus [99], 29 IBS/23 healthy stool 1 Firmicutes
2017 controls 1 Actinobacteria
1 Proteobacteria
| Bacteroidetes
Giamarellos- 74 IBS/163 non-healthy duodenal 1 Escherichia/Shigella
Bourboulis [98], non-IBS/21 healthy aspirate 1 Escherichia coli
2015 controls 1 Klebsiella pneumoniae
| Acinetobacter
| Citrobacter
| Leuconostoc
| Lactococcus
Rajilic-Stojanovic 62 IBS/46 healthy stool 1 Firmicutes 1 Dorea
[100], 2011 individuals | Bacteroidetes 1 Ruminococcus

1 Clostridium

1 Roseburia

| Bifidobacterium
| Faecalibacterium
| Bacteroides

IBS, irritable bowel syndrome.

starts early in liver disease and largely depends on the
etiological factors [84].

It is clear that microbiota varies during the course of
NAFLD, and this could explain the differences found in
microbiota composition. However, these studies differ in
definitions used, study design, and clinical endpoints,
making it inappropriate to draw general conclusions.

C. difficile Infection

C. difficile is an anaerobic, Gram-positive, sporulating,
bacterial pathogen, and is recognized as the primary cause
of nosocomial, antibiotic-associated diarrhea [85]. In
normal circumstances, gut commensals prevent C. diffi-
cile colonization, suppressing its pathogenic activity in
the colon, by spore germination and toxin production.

Human gut microbiota undergoes enormous changes
throughout life; consequently, it is not surprising that
CDI is more common in elderly people [86]. As well as
age, many risk factors contribute to gut microbiota dis-

Gastrointestinal Microbiome in Clinical
Practice

ruption and susceptibility to CDI, but antimicrobial ther-
apy is the one with a major impact [87].

Generally, in CDI patients, reduced overall bacterial
diversity is observed [88]. Augmented Proteobacteria and
reduction of Firmicutes and Bacteroidetes phyla are the
most frequent findings in these patients [89, 90].

Presently, the standard treatment for an initial nonse-
vere CDI episode is oral vancomycin or fidaxomicin [91].
Around a quarter of all patients with CDI will have a re-
currence, with increasing rates in each subsequent epi-
sode [92]. An investigation by Seekatz et al. [93] eluci-
dated that intestine microbiota in recurrent CDI patients
and severe CDI trended towards a lower diversity com-
munity, but differences between these two groups were
less pronounced when comparing CDI with healthy pa-
tients. The authors also concluded that gut microbiota
recovery during treatment was more dynamic in patients
without recurrence. The deeper changes in intestinal mi-
crobiota composition and the low recovery dynamics of
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recurrent CDI patients compared to individuals with
one-time infection corroborates the fact that recurrent
infection is harder to treat and has a higher reinfection
rate with each new episode. Recurrent CDI management
is therefore a major clinical challenge.

Irritable Bowel Syndrome

IBS is one of the most common gastrointestinal prob-
lems in clinical practice, with high morbidity and a glob-
al prevalence around 11% [94].

IBS has been classically linked to functional changes
on the brain-gut axis that involve gut dysmotility, sen-
sory-motor disfunction, and psychological stress. Re-
cent evidence also endorses gut dysbiosis as a potential
risk factor for IBS, directly causing abnormal intestinal
immune activation and chronic gut inflammation [95].
The belief that dysbiosis may have a role in IBS patho-
genesis is based on the fact that bacterial gastroenteritis
event is the best accepted predictor of IBS development
[96].

FODMAP (fermentable oligo-, di-, and monosaccha-
rides and polyols) have been extensively associated with
IBS, as they promote visceral hypersensitivity, increase
gut motility, and promote dysbiotic imbalance by sup-
pressing bacteria involved in gas consumption. Despite
the beneficial effects of alow FODMAP diet on IBS symp-
toms, it reduces luminal concentration of Bifidobacteri-
um and F. prausnitzii [97]. Long-term consequences of a
low FODMAP diet remain unclear.

Numerous studies evidenced a different gut microbi-
ota in IBS patients, and even intestinal symptoms were
found to be positively associated with specific microor-
ganisms. Changes in gut microbiota in IBS patients are
represented in Table 3. In general, patients with IBS have
decreased microbial diversity [98]. Data suggested an in-
creased level of Firmicutes and a decrease in Bacteroide-
tes [99, 100]. In a 2019 systematic review involving 777
patients, the authors corroborate these microbiota chang-
es [101]. In contrast, Wang et al. [102], presented contra-
dictory results.

Potential pathogenic bacteria such as Ruminococcus,
Clostridium, and E. coli have been reported to be in-
creased in IBS [98, 100]. Even though Lactobacillus and
Bifidobacterium have been used as probiotics, both are
increased in IBS patients in numerous trials [103], raising
the question about the role of these bacteria in IBS.

In several studies of dysbiosis in IBS, CD, and UC, Fae-
calibacterium, more specifically F. prausnitzii, were con-
firmed to be decreased, making this microorganism a
“healthy gut marker.” F. prausnitzii has a strong anti-in-
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flammatory effect both in vitro and in vivo, maintaining
intestinal health [100, 102].

Nonetheless, results to date are inconsistent, probably
due to influence of confounders as diet, phenotypic char-
acterization of patients, and geographical environments.

Novel therapeutic options emerged, namely probiot-
ics, prebiotics, synbiotics, and fecal microbiota transplant
(FMT) (Fig. 1). All of these aim at the restoration of mi-
crobiota composition, gut homeostasis, and physical bar-
rier defense.

Probiotics, Prebiotics, and Synbiotics

Probiotics are live microorganisms that confer a health
benefit to the host when administered in adequate
amounts [104]. Most commonly used probiotics are Bifi-
dobacterium spp., Lactobacillus spp., Lactococcus spp.,
and Saccharomyces boulardii. Probiotic benefits are ob-
tained by increasing gastrointestinal microbiota diversity
and decreasing pathogenic microorganisms (Clostridium
cluster X1, C. difficile, Clostridium perfringens, Enterococ-
cus faecium, and Campylobacter) [105], in a setting of
bacterial competition for nutrition and mucosal adher-
ence [106]. Bifidobacteria, in particular, are able to in-
hibit potential pathogens, reduce blood ammonia levels,
produce vitamins and digestive enzymes [107].

Probiotics had to overcome disbelief through the years
concerning lack of evidence for its use, due to difficulties
in reproducibility and standardization of doses and deliv-
ery methods. However, recent evidence suggests that pro-
biotics may have a role in particular disease context, as
discussed later.

Prebiotics are nondigestible polysaccharides and oli-
gosaccharides, like lactulose, fructo-oligosaccharides, ga-
lacto-oligosaccharides, and inulin, that are fermented in
the colon, resulting in specific changes in the composition
and/or functions of gastrointestinal microbiota. Prebiotic
fibers are naturally found in a common diet, mainly in
vegetables such as asparagus, garlic, leeks, and onions
[108]. Prebiotics selectively support intestinal growth of
protective organisms, notably Bifidobacterium and Lacto-
bacilli, and reduce intestinal permeability and metabolic
endotoxemia [109]. Resistant starch is a particular form
of prebiotics attracting increasing interest regarding ben-
efits on bowel movement and inflammation on IBD and
CRC [110].
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NAFLD
Probiotics: | steatosis, liver enzymes, cholesterol and
triglycerides. Improvement in sonography grade
FMT: understudied

Gastric cancer
Probiotics: adjuvant of Helicobacter pylori treatment
(low evidence)
FMT: understudied

Colorectal cancer
Probiotics: in vitro promising anticarcinogenic effects |
FMT: understudied

CDI
Probiotics: potentially useful for CDI prevention in
association with antibiotics
FMT: Established therapy in recurrent CDI, but no
evidence for first CDI episode. Consider if CDI refractory
to initial antibiotic treatment

IBD
Probiotics: no evidence in CD. E. coli Nissle 1917
equivalent to mesalazine on maintaining remission in UC.
VSL#3 induces remission and relieves relapse in mild-
moderate active UC
FMT: potentially useful in UC

IBS
Probiotics: Superior to placebo with a number needed to
treat of 7, according to a recent systematic review. Low
quality of evidence to support their use
FMT: potentially useful

Fig. 1. Overview of modulator therapies that target dysbiotic conditions and their current relevance. NAFLD,
nonalcoholic fatty liver disease; CDI, Clostridium difficile infection; IBD, inflammatory bowel disease; IBS, irri-
table bowel syndrome; UC, ulcerative colitis; CD, Crohn’s disease; FMT, fecal microbiota transplant.

Finally, synbiotics are a combination of prebiotics and
probiotics, with potential benefits to the host.

The effectiveness of probiotics, prebiotics or synbiot-
ics in clinical practice depends on the strain, dosage and
context of application. These are the aspects under inves-
tigation that will now be discussed.

Colorectal and Gastric Cancer

In addition to the immunologic and metabolic benefits
of pre- and probiotics on gut health, anticarcinogenic ef-
fects have been under research.

Experimental studies with probiotics in vitro have
shown promising anticarcinogenic results, as they have
the power to degrade carcinogenic metabolites, increase
anticarcinogenic compounds (SCFA and conjugated lin-
oleic acid), and inhibit cancer cell proliferation [111]. A
symbiotic preparation with oligofructose-enriched inu-
lin, Lactobacillus rhamnosus GC, and Bifidobacterium
lactis Bb12 reduced colorectal proliferation and improved
epithelial barrier function in polypectomized patients
[112]. However, the evidence of clinically important ben-
efits is still limited, and there are no human studies that
show a decreased risk of adenomas/CRC.

Studies on pro- and prebiotics in GC have been fo-
cused on H. pylori eradication. Probiotics used as an ad-
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juvant of H. pylori treatment seem to increase eradication
rates, by directly inhibiting H. pylori, and decreasing first-
line therapy side effects [113]. Still, the 2016 Maastricht
V/Florence Consensus assumes very low evidence for
probiotics’ beneficial effect on H. pylori eradication [114],
although they significantly decrease treatment-related
antibiotic-associated diarrhea and can increase compli-
ance.

Despite overall microbiome impact in gastrointestinal
cancer, little attention has been paid to probiotics as a
means to control gastric and colorectal carcinogenesis in
humans.

Inflammatory Bowel Disease

In IBD, discrepant results have been observed between
the power of probiotics and prebiotics in CD and UC.
Multiple studies comparing probiotics and placebo in CD
patients showed no clear evidence for the usefulness of
probiotics in this disease [115]. However, different results
were observed in UC, where adding a probiotic to con-
ventional treatment improved induction and mainte-
nance remission in mild to moderate active UC colitis
[115]. E. coli Nissle 1917 was shown to be equivalent to
mesalazine in maintaining remission in UC patients
[116]. A high-potency probiotic medical food containing
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8 different strains, called VSL#3®, induces remission and
relieves relapse in mild to moderate active UC [117].
Other probiotics as Bifidobacterium [118] and Lacto-
bacillus [119] seem to have beneficial effects in managing
active UC. Also, supplementation with prebiotics like oli-
gofructose-enriched inulin in active UC was associated
with early reduction in fecal calprotectin [120]. There-
fore, no clear recommendation on dose or strains can be
given for active UC, and more research is needed.
Pouchitis is the most common complication after an
ileal pouch-anal anastomosis in UC. According to Euro-
pean Crohn’s and Colitis Organisation, there is good evi-
dence for the usefulness of VSL#3® in preventing an ini-
tial episode of pouchitis and to maintain remission of
chronic pouchitis after antibiotic treatment [121].

Nonalcoholic Fatty Liver Disease

Certain probiotics have been suggested to be useful in
NAFLD, even altering biopsy liver characteristics, but no
long-term benefits are yet known [122]. A trial conducted
in obese children with sonography-confirmed NAFLD
demonstrated that those receiving probiotics capsule
(Lactobacillus acidophilus and rhamnosis, Bifidobacteri-
um lactis and bifidum) for 12 weeks had lower liver en-
zymes, triglycerides, and cholesterol, also with an im-
provement in sonography steatosis grade compared with
the placebo group [123].

The use of synbiotics as Bifidobacterium longum with
fructo-oligosaccharides, when compared to lifestyle
modifications, significantly reduced tumor necrosis
factor-a, C-reactive protein, serum aspartate transami-
nase levels, insulin resistance, serum endotoxin, and bi-
opsy-documented steatosis [124].

A recent systematic review and meta-analysis analyzed
25 clinical trials that studied the influence of pre-, pro-,
and synbiotics in NAFLD patients and supports the po-
tential use of microbial therapies in NAFLD treatment, as
positive results were found for body mass index, hepatic
enzymes, serum cholesterol, low-density lipoprotein cho-
lesterol, and triglycerides [122].

C. difficile Infection

As CDI rates increase, and conventional treatment
strategies become less successful, new approaches emerge.
A recent Cochrane review showed that coadministration
of probiotics with antibiotics was associated with a lower
risk for CDI, but current guidelines do not yet recom-
mend the routine use of preventive probiotics [125].
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Prebiotic formulations as a means of treatment and
prevention of recurrent CDI has still no proven clinical
application [126].

Irritable Bowel Syndrome

According to World Gastroenterology Organization,
some probiotic strains may reduce pain and provide glob-
al relief in IBS with a consistent reduction of abdominal
bloating and flatulence in published trials [127]. A sig-
nificant improvement in pain after the administration of
probiotics containing Bifidobacterium breve, Bifidobacte-
rium longum, or Lactobacillus acidophilus was also dem-
onstrated by Ortiz-Lucas et al. [128]. Interestingly, pa-
tients who had an abnormal interleukin 10(IL-10)/IL-12
ratio, indicated as a proinflammatory state, showed nor-
malized levels after Bifidobacterium infantis 36624 [129].

A recent meta-analysis promoted by American Col-
lege of Gastroenterology studied 53 RCTSs involving
5,545 IBS patients. Taken together, probiotics were sta-
tistically superior to placebo with a number needed to
treat of 7, but with low quality of evidence to support
their use [130]. Based on a 2016 update by British Di-
etetic Association, there is no good evidence to recom-
mend a specific probiotic, and they should all be used one
atatime for a minimum of 4 weeks [131]. A 2019 system-
atic review in IBS patients found no differences between
prebiotics and placebo for symptoms and quality of life
[132].

Fecal Microbiota Transplant

FMT consists in the infusion of feces from a healthy
donor to the gastrointestinal tract of a recipient patient
[133]. Hence, there is an opportunity to restore the com-
plexity and diversity of the gut microbiota, overpassing
the benefits of probiotics [134].

According to several recently published systematic re-
views and meta-analyses [135-137], FMT has been suc-
cessfully used in treating recurrent CDI, with a cure rate
of roughly 90%. According to US Guidelines published in
2018, FMT is proposed in patients with at least two recur-
rences [138]. The European Consensus guidelines [133]
recommend FMT for mild and severe recurrent CDI and
suggest consideration for CDI refractory to the initial an-
tibiotic treatment. There is still no evidence for FMT as a
treatment for the first episode of CDI. In a study in Por-
tugal, the overall cure rate of recurrent or refractory CDI
with FMT was 96% (87.5% when upper endoscopy was
used and 100% with colonoscopy) [139].

In a short-term follow-up, FMT seems to be safe, with
the most common reported adverse effects being ab-
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dominal discomfort, diarrhea, constipation, and low-
grade fever. Severe side effects seem to be uncommon
and include relapse of IBD, transmission of enteric
pathogens, pneumonia, infection/sepsis, and postinfec-
tious IBS. Potential long-term effects are related to the
possibility of transmission of unrecognized infections
that may cause disease years later and induce chronic
diseases, as reported in case reports, such as obesity, di-
abetes, NAFLD, asthma, autism, and others [140, 141].
To ensure safety conditions, there is a donor selection
process, that includes a medical interview, as well as
blood and stool tests. The European Consensus pro-
posed clinical and analytic follow-up at least for 8 weeks
after FMT [133].

Currently, due to FMT success rates in recurrent
CDI, there is a great interest in evaluating FMT for dis-
eases implicated in altered gut microbiota, in particular
IBD, IBS, and idiopathic constipation. An interesting
finding was that FMT was less effective in recurrent CDI
patients with IBD compared with patients without IBD.
In fact, 25% of the IBD patients had a flare after FMT
[142].

Like pre- and probiotics in IBD, CD is less likely to re-
spond to FMT than UC. However, a pilot study [143]
demonstrated high rates of clinical improvement and re-
mission in refractory CD patients after FMT. There are
still no FMT randomized controlled trials in CD. Active
UC patients under FMT therapy achieved remission in a
significantly greater proportion compared to the placebo
group. Those in early-stage UC reached higher success
rates than those in late-stage UC. Curiously, most of the
patients who achieved remission had received feces from
one healthy donor [144]. Hence, FMT stands as a promis-
ing alternative for IBD requiring further investigation to
support recommendation.

IBS is greatly expected to benefit from FMT potential.
A 2018 randomized control trial analyzed 83 patients
with IBS, 55 of whom received FMT. Sixty-five percent of
patients in the FMT group and 43% in the placebo group
had decreased IBS severity scores 3 months after treat-
ment [145]. Still, conflicting results do not currently sup-
port a widespread use of this treatment [146].

FMT may theoretically be useful in NAFLD and gas-
trointestinal cancer since microbiota plays a role in their
pathogenesis. Nonetheless, its potential benefits in these
conditions have not yet been studied.

The description of dysbiosis in many nongastrointes-
tinal disorders has raised investigation into potential
FMT indication for those. Currently, FMT studies are ex-
panding to autism, multiple sclerosis, metabolic diseases,
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idiopathic thrombocytopenic purpura, autoimmune dis-
eases, allergic disorders, and other psychiatric disorders
[141]. Further FMT investigation should focus on de-
scribing dosage and timing of FMT, besides patient’s de-
mographic and clinical data.

Recent outgrowth of microbiome genomic sequencing
is revealing numerous correlations between dysbiotic im-
balances and gastrointestinal diseases. However, these
represent early stages of research where few causal rela-
tionships have been established. Studies in mouse models
have stated that dysbiosis plays a role in the pathogenesis
of inflammation-induced carcinogenesis and can happen
prior to the onset of diseases.

Most Proteobacteria are considered disadvantageous,
as proven by their increase in IBD and CDI, in contrast
to Firmicutes that are decreased in IBD, CRC, NAFLD,
and CDI patients. Even in healthy patients, factors such
as diet, PPI, or antibiotics modulate gut microbiota.
Long-term therapy with broad-spectrum antibiotics,
Western diet, and the inhibition of gastric acidity by PPI
are well-established risk factors for dysbiosis-associated
diseases. However, so far there is no consensus on what
constitutes a normal microbiota, and in clinical practice
itis difficult to integrate the results of microbiota analysis
of individual patients, namely for choosing the best way
to restore normal microbiota.

Increasing evidence supports probiotics as adjuvant
therapy mainly in NAFLD, CDI, UC, and IBS. The au-
thors believe that further clinical trials of pre- and probi-
otics using standardized strains, doses, and duration of
treatment are indispensable for placing these formula-
tions in international guidelines. On the other hand, FMT
is an established option for recurrent CDI. However,
FMT application in other dysbiosis-associated diseases
lacks randomized controlled trials to support recommen-
dation.
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