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Abstract
The human gut is a house to approximately 1,000 different species of bacteria. The bacterial
composition of gut microbiota is influenced by several factors, including age, sex, mode of
delivery, geographical location, ethnicity, diet, drugs, and administration of prebiotics and/or
probiotics. Similarly, human health depends on the composition of gut microbiome, with gut
bacteria playing a crucial role in human physiology. For instance, gut microbiota synthesizes
vitamins and amino acids, and affects the biotransformation of bile acid. Intestinal microbiota
produces short-chain fatty acids (SCFAs) that stimulate intestinal gluconeogenesis, protect the
host from diet-induced obesity, and may play a role as an energy substrate. Changes in the
composition of gut microbiota, termed dysbiosis, due to, for example, change in the diet or
uptake of certain drugs, may result in metabolic diseases, autoimmune and allergic diseases,
cancers, and many others. Conversely, dysbiosis can be a consequence of a disease in several
cases. This review outlines the current knowledge of the associations between human gut
microbiota and human health and diseases.
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Abbreviations
APJ – Apelin receptor; BCAAs – Branched-chain amino acids; BCFAs – Branched-chain fatty acids;
CB1R, CB2R – Cannobinoid receptors 1 and 2; eCB – Endocannabinoid system; FMT – Faecal microbial
transplantation; FXR – Farnesoid X-activated receptor; GLP-1, GLP-2 – Glucagon-like peptide 1 and
2; GPBAR1 – G-protein-coupled bile acid receptor 1; HFD – High-fat diet; IL – Interleukin; IMT –
Intestinal microflora transplantation; LPS – Lipopolysaccharide; MAPK – Mitogen-activated protein
kinase; NF-κB – Nuclear factor-κB; PYY – Peptide YY, peptide tyrosine-tyrosine; SCFAs – Short-chain
fatty acids; SFAs – Saturated fatty acids; TLRs – Toll-like receptors; TNF-α – Tumor necrosis factor-α
1. Introduction
The adult intestine contains an average of 1014 microorganisms/mL of luminal content and
weighs around 1.5 kg. The majority of the gut microbiota resides in the colon [1, 2]. The density of
bacteria changes in the gastrointestinal tract from 102 to 104 cells/mL in the stomach to more than
1012 cells/mL in the colon [3]. The majority of gut microbiota consists of bacteria and Archaea, with
a small number of viruses, fungi, and protists (protozoa).
Approximately 1,000 different species of bacteria reside in the gut. The most abundant phyla are:
1) Firmicutes; these are gram-positive bacteria, which account for 60 to 80% of gut microbiota and
consists of more than 200 genera, most important of which are Ruminococcus, Mycoplasma,
Clostridium, and Lactobacillus; 2) Bacteroidetes (20–30%); these are gram-negative bacteria and
include the following genera: Bacteroides, Prevotella, Xylanibacter; 3) Actinobacteria (<10%); these
are gram-positive bacteria and include the genus Bifidobacterium; 4) Proteobacteria (<1%), these
are gram-negative bacteria with genus Escherichia and family Enterobacteriaceae [1, 4].
The bacterial composition of gut microbiota is influenced by several factors, such as age, sex,
geographical location, ethnicity, diet, and drugs [5]. The gastrointestinal tract of the newborn is
sterile. The composition of the gut microbiota in infants depends on the mode of delivery. In the
case of vaginal delivery, newborns develop microbiota within 20 min of birth from the maternal
vagina or fecal microflora (Lactobacillus, Prevotella, and Sneathia). Babies born by cesarean section
have a gut with bacteria resembling those from mother’s skin and hands that touch the newborn
after birth (Staphylococcus, Corynebacterium, and Propionibacterium) [6]. In the few days after
delivery, the infant’s microbiota primarily comprises Proteobacteria and Actinobacteria [1, 7]. The
composition of gut microbiota changes during life, and as mentioned above, depends on several
factors. In infants, the gut microbiota is narrow and unstable. At the end of the first year of life, the
gut microbiota changes to a state to resemble that of an adult. At approximately 2.5 years of age,
the bacterial composition is like that of the adult microbiota. From this stage, Firmicutes and
Bacteroidetes start predominating [1], such that from the age of seven years, Firmicutes and
Bacteroidetes comprise approximately 90% of the bacterial composition of the gut. The remaining
10% of microorganisms include Tericutes, Cyanobacteria, and Proteobacteria. From this stage, the
gut bacteria become more stable and are characteristic of that present in the adults [6]. During
adulthood, the composition of the microbiota is stable; however, it depends on several factors.
According to Wu et al. [8], three enterotypes are present in the adult gut: Bacteroides, Prevotella,
and Ruminococcus.
In this review, we focus on the role of gut microbiota in maintaining human health, metabolism,
and homeostasis. Moreover, the gut microbiota protects against invading pathogens. In contrast,
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alterations in the composition of gut microbiota, termed dysbiosis, may result in the development
of multiple diseases, such as autoimmune diseases, metabolic diseases, neurodevelopmental
disorders, neurodegenerative disorders, as well as progression and development of cancers.
2. Role of Gut Microbiota in Human Health
The gut microbiota influences human health by using the metabolic pathways to produce
numerous small molecules. Some of these molecules are absorbed into the circulating system.
These can be chemically modified by the host and secreted in the urine [9]. For example, the gut
microbiota synthesizes vitamins and amino acids and influences the biotransformation of bile acids
[10]. Further, the intestinal microbiota produces short-chain fatty acids (SCFAs) (butyrate, acetate,
and propionate) in the cecum and colon [11], which are absorbed into the circulatory system [11].
21The increased levels of propionate promote intestinal gluconeogenesis [12], which are associated
with the microbiota following gastric bypass [13]. It protects from diet-induced obesity [14] by
transducing signals through the central nervous system and resulting in glucose intolerance [12].
Butyrate, another SCFA produced by gut microbiota, acts as an energy substrate for colonocytes [15,
16] and reduces energy availability [17]. Similarly, acetate acts as a histone deacetylase inhibitor
[18-20].
The gut microbiota produces other metabolites, such as branched-chain fatty acids, amines,
alcohols (mainly yielded from monosaccharides); ammonia, sulfur compounds, phenols, and indoles
(derived from amino acids); glycerol and choline derivatives (obtained from the breakdown of lipids);
and tertiary cycling of carbon dioxide and hydrogen [21]. Branched-chain fatty acids (BCFAs), such
as isovalerate and isobutyrate, generated from valine and leucine fermentation, respectively, are
often used as biomarkers of protein catabolism. BCFAs contribute to the production of 5% of total
SCFAs [22].
However, little is known about the effect of BCFAs on human health. It is reported that similar to
SCFAs, BCFAs can modulate glucose and lipid metabolism in the liver. For instance, isobutyric and
isovaleric acids are involved in human lipid metabolism. These metabolites are rare in internal
human tissues; however, they are present in high concentrations in the skin and vernix caseosa, the
unique waxy white substance coating the skin of term newborns, and in the healthy term infant's
gut. A study involving a mouse model of the tumor and cultured cells reported that BCFAs inhibited
the tumor growth, leading to the speculation that these could induce apoptosis in human breast
cancer cells [21].
Primary bile acids, such as cholic acid and chenodeoxycholic acid, are synthesized from
cholesterol by the host in hepatocytes [20]. These acids are metabolized by microbiota to generate
secondary bile acids [23, 24]: deoxycholic acid (DCA), and lithocholic acid (LCA). Bile acids act not
only as naturally occurring detergents that help to absorb dietary fats but also function as signaling
molecules. Bile acids bind to their specific receptors: G-protein-coupled bile acid receptor 1
(GPBAR1, also known as TGR5) and the farnesoid X-activated receptor (FXR, also known as the bile
acid receptor) [25] to affect host metabolism. Furthermore, gut microbiota produces agonists that
regulate TGR5 signaling [26]. They also regulate FXR signaling by reducing the levels of tauro-βmuricholic acid, a naturally occurring antagonist [27]. Secondary bile acids act as ligands and bind
to TGR5 and G-protein coupled receptors (GPCRs) and stimulate the production of GLP-1 in L-cells.
The secreted peptide increases energy expenditure in muscles and improves insulin sensitivity [28].
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The gut microbiota synthesizes and releases glycoside hydrolases that hydrolyze plant
polysaccharides into monosaccharides and SCFAs. Short-chain fatty acids function as ligands for two
receptors on endocrine cells in the gut: G-protein-coupled receptor 41 (GPR41) and G-proteincoupled receptor 43 (GPR43) [29]. These fatty acids bind to distinct receptors and stimulate the
secretion of peptide YY (PYY, peptide tyrosine-tyrosine). The secreted PYY slows the intestinal
transit by inhibiting the gut motility and thus enhances the absorption of nutrients in the intestine
[10].
The gut microbiota plays a crucial role in the development of the immune system [30].
Metabolites secreted by microbiota act as signals for the development of regulatory T-cells, T-helper
type 1 and type 2 cells, as well as T-helper 17 cells [31]. Short-chain fatty acids, especially butyrate,
exert strong immunomodulatory effects. These metabolites stimulate the synthesis and release of
protective peptides, cytokines, chemokines, and phagocytes [183] [488]. Moreover, they protect
the commensal bacteria, initiate an inflammatory response to pathogenic organisms, and/or induce
apoptosis [10]. The building of the mucus layer and secretion of mucins in the intestine by these
bacteria may strengthen the intestinal barrier. Moreover, it has been proposed that the gut
microbiota affects the development of different types of cells and tissues [32].
Short-chain fatty acids produced during the bacterial fermentation of insoluble dietary fibers in
the intestine bind to GPR41 and GPR43 [33]. This binding reduces the inflammation in immune cells
and stimulates L cells to release glucagon-like peptide 1 (GLP-1) and PYY. These peptides improve
the insulin sensitivity of cells and tissues [34]. Butyrate, an SCFA, acts as an energy substrate in the
mucosal cells of the colon, whereas acetate and propionate enhance hepatic gluconeogenesis and
lipogenesis [28].
Several other metabolic products of bacteria are known to be associated with human health and
diseases. For example, methylamines (trimethylamine, trimethylamine-N-oxide, etc.) are linked
with diseases, such as progressive renal fibrosis/dysfunction, insulin resistance, non-alcoholic fatty
liver disease, and atherosclerosis. Branched-chain amino acids (BCAAs), membrane phospholipids,
and triacylglycerols, are associated with insulin resistance, whereas aromatic amino acids (AAAs),
best-known for their role in the nervous system, influence human health. Further, phenylacetic acid,
a microbial product of phenylalanine, is associated with hepatic steatosis and increased lipid storage
in human primary hepatocytes and in animal models [35].
3. Modulators of Gut Microbiota
Several factors are known to influence the composition of gut microbiota. It is recently accepted
that changes in the gut microbiota, termed dysbiosis, can have negative consequences because of
the changes in the metabolic activity of gut bacteria. For example, it can disturb the metabolism
and result in several diseases such as autoimmune and allergic diseases [36-38], metabolic diseases
[39, 40], and several others.
3.1 Diet
Diet is one of the important factors that can change the composition of microbiota. The
traditional diets of most pre-agricultural people were low in carbohydrates [41, 42]. However, with
industrialization, the intake of fat and saturated fatty acids has increased rapidly. In contrast, the
composition of dietary fiber and diet with a low glycemic index decreased [43]. Human studies
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demonstrated that switching from a fat-rich to low fiber diet changes the gut microbiota in only 24
h [1]. Dietary fat decreases the population of Lactobacillus and increases that of gram-negative
bacteria [44, 45]. For example, De Filippo et al. [46] found gut microbiota in European children to
be depleted of Bacteroides and enriched in Enterobacteriaceae as compared to the gut microbiota
in rural African children. The diet of the African children from an African village Burkina Faso, is
mostly derived from plants. Therefore, they have greater proportions of Bacteroidetes and grampositive bacteria. These children have increased Bacteroidetes: Firmicutes ratio in addition to an
abundance of Prevotella and Xylanibacter. The genus Xylanibacter was found to be absent in
European children. European children have a low intake of dietary fibers and a high intake of animal
proteins and saturated fats. This “western diet” and lifestyle promote the growth of Firmicutes and
gram-negative bacteria [46]. Moreover, these findings were confirmed in animal studies [47]. The
carbohydrate-reduced and calorie-restricted diets also influence the composition of gut microbiota
[48, 49]. For example, mice consuming the “western diet” had a significantly lower level of bacterial
diversity, indicating unhealthy gut microbiota [50]. Claesson et al. [51] reported that decreased
diversity in the gut microbiota is linked to increased frailty and poor health [51]. These mice had a
significantly higher proportion of Firmicutes and a lower proportion of Bacteroidetes as compared
to mice on a low-fat diet rich in complex plant polysaccharides [52].
The type of diet exerts a strong effect on the composition of microbiota. For example, the
Mediterranean diet, which predominantly consists of fruits, vegetables, grains, and
monounsaturated fats, is suggested as the gold standard for optimum health [53]. This diet can
change the ratio of Bacteroidetes and Clostridium (increases): Proteobacteria and Bacillaceae
(decreases) [54]. Italian people that prefer the Mediterranean diet have a higher abundance of
Prevotella and SCFAs [55]. The vegetarian and vegan diets in healthy subjects decreases Bacteroides
fragilis as compared to that in subjects on an omnivore diet [56]. These results have been described
in detail by Matijàši et al. [57]. Researchers observed that in comparison to an omnivore diet,
vegetarian diet in Slovenian people, increased the ratio of Bacteroides-Prevotella, levels of
Bacteroides thetaiotaomicron, Clostridium clostridioforme, and Faecalibacterium prausnitzii but
decreased the count of Clostridium cluster XIVa [57]. High-fibered diet, rich in plant fibers, promote
the diversification of the microbiota [46, 58, 59]. This diet significantly increases the microbial
counts of Actinobacteria and Bacteroidetes and increases the Firmicutes: Bacteroidetes ratio [8],
and increases the number of bifidobacteria, which is a positive indicator of prebiotic activity [60].
High-fat diet, as mentioned earlier, decreases the number of Bacteroidetes and increases that of
Firmicutes [60] . The characteristic “high-fat, western diet“ results in an elevated microbial count of
Bacteroides enterotype (Alistipes, Bilophila, and Bacteroides) [8] and decreased levels of Firmicutes
that metabolize plant polysaccharides (Roseburia, Eubacterium rectale, Ruminococcus bromii) [60,
61].
The following points summarize the influence of diet on the composition of gut microbiota [59,
62]; ↑ refers to increase, ↓ refers to decrease:
1) Rich in plant-derived polysaccharides: Actinobacteria, Bacteroidetes↑, Firmicutes↓,
diversification of the microbiota↑;
2) Vegetarian diet: ratio Bacteroides-Prevotella, B. thetaiotaomicron, C. clostridioforme, F.
prausnitzii↑, Clostridium cluster XIVa↓;
3) Mediterranean diet: Bacteroidetes, Clostridium, Prevotella↑, Bacillaceae, Proteobacteria↓;

Page 5/63

OBM Hepatology and Gastroenterology 2020; 4(3), doi: 10.21926/obm.hg.2003049

4) High-fat diet: Firmicutes ↓ (↑), Bacteroidetes↑ (↓); varying results have been obtained in
different studies. Observed differences may be due to different methods used in a particular study,
use of different organisms (human and animal models), as well as use of different foods, such as fat,
during experiments.
5) High-protein diet: Bacteroides enterotype↑, Firmicutes, Ruminococcus bromii↓;
6) Reduced variety due to long-stay care: Bacteroidetes↑, overall diversity↓;
7) Change from a vegetarian diet to “western” diet: Bacteroides↑, Prevotella↓;
8) Calorie-restricted diet: ratio Firmicutes to Bacteroidetes↓.
3.2 Effect of Drugs on the Composition of Gut Microbiota
The increased use of antibiotics greatly affects the composition of gut microbiota. As reported
by Jernberg et al. [63] and Dethlefsen and Relman [64], certain taxons could not be recovered even
several months after the use of antibiotics. The use of antibiotics in the very early stage of infancy
could disturb the healthy microbiota with adverse metabolic consequences[5]. A decrease in
bifidobacteria and Bacteroides, which are antiobesogenic bacteria was observed. The use of
antibiotics slowed the regrowth of bifidobacteria and prevented the re-establishment of
Bacteroides spp. [65]. The effect of antibiotics on children and adults is associated with reduced
diversity of gut microbiota [66]. It was found that a 5-day antibiotic treatment changed the human
composition of gut microbiota for up to four weeks. Following this, the composition of gut
microbiota reverted to the composition present before the administration of antibiotics. However,
certain communities failed to recover within six months [67]. The antibiotic therapy may cause
antibiotic-associated diarrhea due to the pathological overgrowth of Clostridium difficile [68].
Antibiotic therapy in neonates increases the risk of intestinal intussusception [69]. The use of
antibiotics in critically ill patients reduces gut microbial diversity due to the overgrowth of
Enterococci [70].
Metformin is widely used in patients with type 2 diabetes. Its hypoglycemic effect is attributed
to the suppressed glucose output from the liver through the activation of AMPK-dependent and
AMPK-independent pathways. Further, metformin might modify the gut microbiota [71]. Significant
alterations in 81 and 86 strains of gut microbiota, respectively, were reported in patients with type
2 diabetes treated for two and four months with metformin. The majority of these belonged to γproteobacteria (for example E. coli) and Firmicutes [72]. Moreover, researchers observed increased
number of Bifidobacterium and E. coli and decreased number of Intestinibacter in patients treated
with metformin. Similarly, abundant Akkermansia muciniphila were observed in patients after four
months of treatment with metformin. In vitro studies reported that metformin promoted the
growth of Bifidobacterium adolescentis and A. muciniphila, but not E. coli.
3.3 Role of Probiotics
According to the World Health Organization (WHO), probiotics are “live microorganisms which,
when administered in adequate amounts, confer a health benefit on the host” [73]. The currently
used probiotics include majorly lactic acid bacteria, such as Lactobacillus (L. salivarius, L. paracasei,
L. reuteri, L. plantarum, L. gaseri) and Bifidobacterium lactis [74, 75]. According to Rijkers et al. [76],
probiotics influence the growth or survival of pathogenic microorganisms, thus improving the
mucosal barrier function or mucosal immune system. Moreover, it affects the systemic immune
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system and other organs. In animal studies, the administration of certain strains of Lactobacillus
had both an antidiabetic effect and reduced endotoxemia [77-79]. Obesity and diabetes in these
animals were prevented by increasing the number of butyrate-producing bacteria. The
administration of probiotics enhanced the secretion of GLP-1, a hunger-reducing hormone.
Furthermore, the expression of genes involved in the synthesis and excretion of GLP-1 was
upregulated [80].
3.4 Role of Prebiotics
According to Gibson and Roberfroid [81], “prebiotics” is defined as “a non-digestible food
ingredient that positively affects the host by selectively stimulating the growth and activity of one
or a limited number of bacteria in the colon, thus improving the host health.” Prebiotics are
selectively fermented by colonic bacteria; however, these are not hydrolyzed by human intestinal
enzymes. Examples of prebiotics include inulin, oligosaccharides, and polyphenols in red wine.
Animal studies showed that mice on a high-fat diet and fed prebiotics containing oligofructose
showed restored levels of bifidobacteria, decreased endotoxemia, and improved glucose tolerance
[82]. The administration of prebiotics increased the abundance of Bifidobacteriaceae and decreased
the number of bacteria belonging to the Bacteroidaceae family [83]. Other studies reported that
the administration of prebiotics reduced the levels of triglycerides, and intestinal permeability and
inflammation [81, 84], reduced high-fat, diet-induced lipopolysaccharide endotoxemia, systemic
inflammation, and liver inflammation [85]. Prebiotics stimulate the secretion of gut peptides:
GLP-1 and peptide YY, which control the appetite sensation and glucose excursion responses
following a meal in healthy subjects [86]. The effects of red wine consumption include increased
levels of Enterococcus, Prevotella, Bifidobacterium, Bacteroides uniformis, Eggerthella lenta, Blautia
coccoides, and reduced levels of lipopolysaccharide (LPS); these changes are attributed to the
polyphenols present in red wine [87, 88].
3.5 Role of Macrobiotic Ma-Pi 2 diet
The Ma-2Pi 2 diet contains low amounts of fat (16–18% of total energy), protein (12% of total
energy), and fructose. The diet is rich in complex carbohydrates and comprises whole-grain cereals,
vegetables, legumes, natural fibers, and other prebiotic products. It is devoid of animal protein and
sugar [75, 89]. In patients with type 2 diabetes, treated with macrobiotic Ma-Pi 2 diet, a positive
effect on glycemia, HbA1c, insulinemia, total cholesterol, low-density lipoprotein (LDL), high-density
lipoprotein (HDL), and other biochemical parameters was observed [10]. Authors conclude that this
diet affects the gut microbiota, because it contains large quantities of prebiotics and probiotics.
3.6 Intestinal Microflora Transplantation
Intestinal microflora transplantation (IMT) [84], also known as fecal microbial transplantation
(FMT) [59], is a method of transplantation of fecal bacteria from a healthy “donor” to a recipient
with disrupted or altered microbiota. This method is less accepted by patients in comparison to
other methods, such as the administration of probiotics and/or prebiotics. This method is commonly
used to treat recurrent C. difficile infections (CDIs). It uses endoscopy to introduce microbiota into
the large intestine or into the duodenum, in the case of metabolic syndrome [84] . It was found that
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in patients with CDI who were deficient in both Bacteroidetes and Firmicutes, the gut microbiota
changed to closely resemble the donor’s microflora 14 days after bacteriotherapy (FMT) [90, 91].
4. Metabolic Endotoxemia
A high-fat diet (HFD), such as the western-style diet, is rich in saturated fatty acids (SFAs). This
diet contains 35 to 45% of calories derived from fat, of which 11.1% is derived from SFAs alone [92].
Such a diet promotes the overgrowth of gram-negative bacteria [93]. Cani et al. [94] reported an
association between the levels of serum LPS and the fed state, and that an HFD was responsible for
three-fold greater serum LPS in mice. In addition, a study showed that HFD feeding significantly
enriched the gut microflora with LPS-containing bacteria [94]. Lipopolysaccharide is a component
of gram-negative bacteria [92]. It is absorbed by enterocytes, carried in plasma, and binds to
chylomicrons [95]. It induces inflammation and metabolic diseases [94], and its concentration
depends on the number of gram-negative bacteria. Metabolic endotoxemia is described as an
increased level of LPS in the plasma [94, 96]. Toll-like receptors (TLRs) play a key role in innate
immunity. Studies in animals demonstrated that LPS binds to the CD14/TLR4 receptor in
macrophages (CD14/TLR4) [97] and triggers an inflammatory cascade [94, 98]. It was found that in
healthy human subjects, endotoxemia increased the levels of adipose tumor necrosis factor-α (TNFα) and interleukin-6 (IL-6), thus promoting insulin resistance. Moreover, researchers reported that
the western diet increased the postprandial plasma LPS levels, correlated with increased
mononuclear cell expression of TLR-4, nuclear factor-κB (NF-κB), and suppressed cytokine
signaling-3 (SOCS-3), which is involved in insulin resistance. These changes were not observed after
a diet rich in fibers and fruits [99, 100]. Because LPS induces metabolic endotoxemia, it may be
treated as a first step for the development of insulin resistance and diabetes [94, 101]. In humans,
increased levels of circulating LPS stimulate the TLR-4/CD14 complex with subsequent stimulation
of TLR-2-mediated inflammatory response and increased secretion of proinflammatory cytokines
by the adipose tissue [102]. Moreover, another mechanism was reported [103]. Researchers
suggested that changes in the composition of gut microbiota were attributed to HFD, characteristic
of the western diet, and increased luminal LPS and gut permeability. Increased gut permeability
increases the plasma levels of LPS, resulting in hyperphagia and obesity.
5. The Endocannabinoid System and Apelinergic System
According to Guerts et al. [104], two physiological systems are linked to the gut microbiota: the
endocannabinoid system (eCB) and apelinergic system.
The endocannabinoid system acts as a link between gut microbiota, development of obesity, and
related disorders such as type 2 diabetes [101]. This system is widely expressed in tissues and organs
and controls the energy balance by regulating the feeding behavior and metabolism [105]. A close
relation between LPS, metabolic endotoxemia, and eCB was shown [106]. The endocannabinoid
system consists of bioactive lipids that activate specific G protein-coupled receptors known as
cannabinoid receptors 1 and 2 (CB1R and CB2R). The most studied lipids present in the body are Narachidonoylethanolamine (anandamide, AEA) and 2-arachidonylglycerol (2-AG) [107]. The balance
between the synthesis and inactivation of these lipids regulate their tissue levels [108]. Gut
microbiota controls the eCB and regulates the expression of CB1R in the intestine and adipose tissue
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[101]. LPS controls the synthesis of eCB in macrophages, and macrophage infiltration depends on
LPS activation.
Both eCB and LPS influence the adipose tissue. Physiological levels of LPS reduces differentiation
and adipogenesis. In contrast, the activation of eCB has been reported to increase adipogenesis in
an animal model. According to the suggestion proposed by Cani et al. [101], the eCB system, through
CB1R-dependent mechanisms, contributes to the gut barrier function and metabolic endotoxemia.
This system controls the gut barrier function via distribution and localization of tight junction
proteins (Zonula occludens-1 [zonulin] and occludin). Blockage of CB1R in obese mice lowered the
alteration of zonulin and occludin and decreased the plasma levels of LPS [109]. The administration
of eCB agonist increased the LPS levels and metabolic endotoxemia through changes in the
permeability [109, 110]. The eCB system is overactivated in obese humans and rodents.
The apelinergic system consists of apelin and apelin receptor (APJ). Apelin is an adipokine
synthesized and secreted by adipocytes. Studies in animals demonstrated that intravenous
intracerebroventricular injections of apelin lowered the glucose levels via eNOS, MAPK (mitogenactivated protein kinase), and Akt-dependent pathways, and restored glucose metabolism in obese
and insulin-resistant mice [111, 112]. The high doses of apelin, observed in obese/diabetic mice,
caused pathologies such as hyperinsulinemia, hyperglycemia, glucose intolerance, and insulin
resistance in normal mice that were put on fasting [112]. It was observed that under physiological
conditions, eCB downregulates the expression of apelin and its receptors. In contrast, stimulation
of eCB decreased the expression of apelin and APJ in adipose tissue, and LPS stimulated apelin and
apelin receptors in adipose tissue [113]. Also other authors have found several positive and negative
correlations between the gut microbiota and apelinergic system.
6. Role of Dysbiosis in Development of Diseases
The healthy gut microbiota is composed of three groups of bacteria: 1) symbionts that exert
health-promoting effects, 2) commensals that exert a neutral effect on the host, and 3) pathobionts
that could be pathogenic. The composition of these groups is well balanced in healthy gut
microbiota [114]. Dysbiosis refers to a change in the composition of the gut microbiota in
comparison to healthy or control microbiome, which is attributed to a reduced number of symbionts
and commensals and/or increased number of pathobionts. As mentioned above, several factors
alter the gut microbe balance, thus creating dysbiosis. Diseases related to dysbiosis are, for example,
autoimmune diseases, metabolic diseases, bacterial infections, and cancers. Growing evidence
indicates that several diseases and disorders may alter the composition of gut microbiota [115], for
example: esophageal cancer [116], type 2 diabetes [71] , liver and lung diseases [117, 118], obesity
[119], psychiatric diseases [120, 121], multiple sclerosis [122], and Alzheimer’s disease [121].
Abbreviations
Aβ – β-amyloid; AD – Alzheimer’s disease; ADHD – Attention-deficit-hyperactive disorder; AIEC –
Adherent-invasive E. coli; AITDs – Autoimmune thyroid diseases; AMPK – AMP-activated protein
kinase; AN – Anorexia nervosa; ASD – Autism spectrum disorders; BD – Bipolar disorder; BE –
Barrett’s esophagus; BPAD – Bipolar affective disorder; CCA – Cholangiocarcinoma; CD – Crohn’s
disease; CNS – Central nervous system; CRC – Colorectal cancer; EAC – Esophageal adenocarcinoma;
EC – Esophageal cancer; GC – Gastric cancer; GD – Graves’ disease; GERD – Gastroesophageal reflux
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disease; HCC – Hepatocellular carcinoma; HT – Hashimoto’s thyroiditis; IBD – Inflammatory bowel
disease; IL – Interleukin; IPMNs – Intraductal papillary mucinous neoplasms; LN – Lupus nephritis;
LPL – Lipoprotein lipase; LPS – Lipopolysaccharide; MS – Multiple sclerosis; OSCC – Oral squamous
cell carcinoma; PCNs – Pancreatic cystic neoplasms; PD – Parkinson’s disease; PDAC – Pancreatic
ductal adenocarcinoma; PKC-δ – Protein kinase-δ; RA – Rheumatoid arthritis; SD –Senile plaques;
SIBO – Small intestinal bacterial overgrowth; SLE – Systemic lupus erythematosus; TSHR – Thyroidstimulating hormone receptor; T1DM – Type 1 diabetes mellitus; T2DM – Type 2 diabetes mellitus;
UC – Ulcerative colitis
6.1 Dysbiosis and Autoimmune Diseases
Intestinal mucosa acts as an important barrier against pathogen invasion. The intestinal wall
consists of a layer of mucus, IgA secretory cells, antimicrobial peptides, as well as adhesion and tight
junctions. These compounds form an epithelial barrier [123]. However, gut microbiota can change
the mucosal immunity by modulating the immune responses and consequently, autoimmunity [124].
Type 1 diabetes mellitus (T1DM) is an autoimmune disease characterized by the destruction of
insulin-producing pancreatic β-cells in the islets of Langerhans. Autoantibodies against glutamic acid
decarboxylase (GAD-65), tyrosine phosphatase-2 (IA-2), insulin (IAA), as well as autoreactive CD4+
and CD8+ T cells are present in patients with T1DM. In 1987, Suzuki et al. in their animal study,
suggested the effect of gut microbiota on the development of T1DM [125]. This was further
confirmed in human and animal studies. It was found in a case-control study in Finland that the gut
microbiota of healthy children differed from that of patients with T1DM, and healthy children had
more diverse and stable microbiota [126]. In children who developed T1DM, the Firmicutes count
reduced, whereas that of Bacteroidetes increased. In another study, children with T1DM had higher
counts of Clostridium, Bacteroides, and Veillonella and lower counts of Bifidobacterium and
Lactobacillus [127], increased count of Bacteroides ovatus and decreased count of B. fragilis. In
children with T1DM, a lower abundance of lactate- and butyrate-producing bacterial species
(Bifidobacterium adolescentis and B. pseudocatenulatum) and increased abundance of Bacteroides
genus was observed as compared to those in children without T1DM [128]. Similar changes in the
gut microbiota were observed in Mexican children [129]. In children with autoantibodies against βcells, a higher count of Bacteroidetes phylum and Bacteroides genus and lower count of butyrateproducing bacteria, such as Clostridium clusters IV and XIV a [130] were observed, as reviewed by
Bibbo et al. [131].
Mucin plays a critical role in maintaining gut integrity. Its synthesis is induced by lactate- and
butyrate-producing bacteria, whereas its synthesis is impaired by non-butyrate-producing, lactate
utilizing bacteria. Disturbances in the mucin synthesis and disruption of the intestine barrier may
result in β-cell autoimmunity and T1DM [132]. The activity of gram-positive bacterial species of
Lactobacillus (L. acidophilus, L. fermentum, L. gasseri, and L. rhamnosus) can change the expression
of genes encoding for junction and adhesion proteins E-cadherin and β-catenin, as well as
downregulate the expression of protein kinase C-δ (PKC-δ) [133]. The activation of PKC-δ can disrupt
adherence and increase intestinal permeability [134]. For instance, ultra-structural alterations and
increased intestinal permeability were observed in patients with T1DM [135]. Results obtained by
Bosi et al. [136] reported that increased gut permeability preceded the clinical onset of T1DM.
However, their studies suggest that increased permeability alone could induce T1DM [137]. As
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summarized by Gülden et al. [137], “… gut permeability may be an important player in the
development of T1DM, but, yet, the findings in human studies have shown association, but
causation will be more difficult to prove” [137]. Increased permeability facilitates the absorption of
antigens, resulting in the injury of pancreatic β-cells [138] and triggering immune responses. Most
information on the role of gut microbiota in the development of T1DM has been obtained from
animal studies. The components of the bacterial cell wall, for example, LPS, flagellin, and
polysaccharide A (PSA), activate the innate immune response [139-141]. They can alter the
development and function of lymphocytes. Bacterial components induce the proinflammatory
signals, culminating in the production of inflammatory T cells: Th1, Th2, and Th17 that function with
IL-1, IL-6, and IL-12 to result in autoimmunity [142]. Both Th1 and Th2 T cells play a significant role
in destroying the pancreatic β-cells. According to Round and Mazmanian [143], Th1 cells may invade
pancreatic islets, and Th2 cells may initiate β-cell destruction. The gut epithelial cells express
microbe-associated molecular pattern (MAMP) receptors, principally TLRs. Activation of these
receptors induces a proinflammatory response that activates the NF-κB pathway, as well as the
production of cytokines, chemokines, and antibacterial products [141]. LPS inhibits IL-1 receptorassociated kinase M (IRAK M), which acts as a modulator of IRAK1, necessary for NF-κB activation.
Activation of TLR4 by LPS stimulates the differentiation of effector Th1, Th2, and Th17 cells,
development of regulatory T cells (Treg), and production of secretory immunoglobulin A (for details
see [141]). Th17 T cells induce pancreatic inflammation. Differentiation of Th17 T cells into Th1 is
involved in the development of type 1 diabetes. Therefore, differentiated Th17 phenotypes may
inhibit diabetogenic phenotype [144]. Gram-positive bacteria induce Th17 cell differentiation into
cells that protect the host from fungal and bacterial infections. This is attributed to the secretion of
IL-17, IL-21, and IL-22 by these cells [145, 146]. Furthermore, IL-22 activates epithelial cell tight
junction and induces the production of mucin and antimicrobial proteins [114]. However, Th17 cells
play a protective role in the development of different diseases, such as type 1 diabetes. Strains of
Clostridia (clusters IV, XIVa, and XVIII) and Bacteroidetes enhance the abundance of CD4+Foxp3+
regulatory T cells [31, 147]. These immunosuppressive T cells suppress aggressive immune
responses to auto- and bacterial antigens. Moreover, these cells promote epithelial cell repair by
activation of NF-κB-dependent signaling pathways [148, 149].
Rheumatoid arthritis (RA) is a chronic autoimmune disorder characterized by inflammation and
hyperplasia of synovial joints. It is caused by the production of autoantibody rheumatoid factor and
anti-citrullinated protein antibodies [150]. Bacterial DNA and cell wall components have been found
in the joints of patients with RA, suggesting that bacteria may play a role in the pathogenesis of RA.
In patients with early RA, decreased abundance of Bifidobacterium, Bacteroides, Group XIV
Clostridia, and Lachnospiraceae [151-153] has been observed, whereas levels of C. asparagiforme,
Gordonibacter pamelaeae, Eggerthella lenta, Bifidobacterium dentium, Ruminococcus lactaris,
Lactobacillus salivarius, L. iners, L. ruminis, and Prevotella copri increased in these patients as
compared to healthy controls [153-155]. Bifidobacteria, P. copri and B. fragilis, are treated as human
commensal bacteria. It was found that P. copri induced RA [156], implying that the commensal
bacteria may have a pathogenic or protective influence in this disease [130].
A study observed increased microbial diversity and abundance in patients with RA [155].
However, results from other studies report decreased gut microbiota diversity in patients with RA
as compared to healthy controls. This correlates with disease duration and levels of serum
autoantibodies. In these patients, an expansion of Actinobacteria, which is a rare taxon in the
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human intestine [157], was observed. Based on the obtained results, Chen et al. [158] suggested
that three genera Collinsella, Eggerthella, and Faecalibacterium, distinguished patients with RA.
Genus Collinsella stimulates the production of proinflammatory cytokine IL-17A by the host and
alters gut permeability and disease severity [158]. These results were confirmed in animal studies.
In germ-free animal models, RA may be induced by bacteria, such as Lactobacillus species and
segmented filamentous bacteria [159]. These bacteria stimulate Th17 and decrease the activity of
Treg cells [159]. Lactobacillus spp. bind to the mucosal barrier of the gut and increase in abundance
and diversity in patients with RA in the early stage [155]. Based on the obtained results, it is
suggested that the bacteria, such as Mycoplasma fermentans [160], E. coli [161], and Proteus
mirabilis [162] could be responsible for the initiation of RA. In contrast, other studies suggest that
infections of the gastrointestinal tract and urogenital organs are associated with a significantly lower
risk of RA [163]. Moreover, patients with RA have decreased gut microbial diversity in comparison
with controls [157, 164].
Administration of Lactobacillus casei 01 as a probiotic in patients with RA resulted in significantly
low disease activity score [165], decreased serum levels of proinflammatory cytokines, such as
TNF-α, IL-6, and IL-12, whereas it increased the serum levels of IL-10 as compared to the placebo
control patients [166, 167].
The human oral cavity consists of over 700 bacterial species [168]. Microbiota of a healthy human
contains bacteria, such as Streptococcus, Veillonella, Prevotella, and Haemophilus, whereas gingival
plaque samples contain Corynebacterium as the predominant genus [169]. Dysbiosis was detected
in the oral cavity in patients with RA. Observed differences in the oral profile between patients with
RA and healthy control are probably attributed to the severity of periodontitis but not RA status
[170]. Moreover, another study observed differences in the composition of mouth microbes
between patients with RA and healthy control [171]. In patients with RA, an abundance of Veillonella
and anaerobic bacteria, such as Lactobacillus salivarius and Atopobium spp. were reported. Healthy
controls showed an increased number of Haemophilus species, aerobic species, and Porphyromonas
gingivalis [172]. Furthermore, an increased level of Cryptobacterium curtum and decreased levels
of Neisseria spp. and Rothia aeria were observed [153].
In patients with RA, a higher prevalence of periodontitis (PD), inflammatory damage of the
connective tissue and bone of the tooth was observed. This could be attributed to the immune
response to microbial plaque [173]. In patients with early RA, there are two characteristic
pathogenic bacteria: subgingival Tannerella forsythia and supragingival Streptococcus anginosus
[174]. In patients with PD, P. gingivalis, a pathogenic bacterium that belongs to the pathogenic
group called “red complex bacteria,” was reported. This group also contains Treponema denticola
and T. forsythia [175].
Inflammatory bowel disease (IBD) is not a classical autoimmune disorder. It is associated with
changes in the composition of the gut microbiota and is characterized by disturbances in the host
response against microbiota [176]. IBD includes Crohn’s disease (CD) and ulcerative colitis (UC).
These diseases are characterized by chronic inflammation of the small bowel and/or colon [177].
There are studies that suggest that autoimmune reactions play a role in the pathogenesis of IBD.
Autoimmune reactions are attributed to bacterial–host mimicry [178]. The obtained results
revealed that the majority of mimickers are pathogenic bacteria, such as Mycobacteria spp.,
Campylobacter, and Klebsiella [149]. Patients with IBD often benefit from the treatment with
antibiotics, suggesting that bacteria play an important role in the pathogenesis of this disease, and
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IBD is a consequence of an abnormal immune response to bacterial components of the gut
microbiota [179]. However, it is still unclear whether the observed alterations in the composition of
gut microbiota are the cause or consequence of IBD [178] and requires further investigation [114].
However, in patients with IBD, antibodies directed against a variety of microbial antigens derived
from intestinal bacteria have been detected. The detected antibodies were directed against bacteria,
such as E. coli, Pseudomonas fluorescens, and yeast (Saccharomyces). This observation may suggest
that these microorganisms may induce immune responses [180].
The association of gut microbial dysbiosis with the pathogenesis of IBD is well established. In
patients with IBD, the counts of E. coli, bifidobacterial, and Lactobacillus are increased as compared
to healthy control subjects [181-183]. In contrast, the levels of Bacteroides and Firmicutes (in
particular F. prausnitzii) decreased in these patients [180, 184, 185]. Results obtained from several
studies revealed decreased microbial diversity, especially of phyla Firmicutes and Bacteroidetes [180,
184, 186]. The reduction was primarily observed in the number of bacteria, such as F. prausnitzii,
which, as observed in animal studies, exerts anti-inflammatory functions [185]. In contrast,
increased numbers of Proteobacteria and Actinobacteria have been reported in patients with active
IBD [149, 180, 187]. In patients with CD, increased numbers of certain strains of E. coli, which are
associated with intestinal epithelial cells, have been reported [178, 180, 186]. These adherentinvasive E. coli (AIEC) adhere to and invade intestinal epithelial cells (IECs), as well as survive and
replicate within macrophages [181, 188]. An increased tendency of genetic defect(s) in the host to
kill intracellular bacteria [189] may cause the development and/or progression of chronic intestinal
inflammation [180]. According to Png et al. [190], an increased number of Ruminococcus gnavus
and R. torques, mucolytic bacteria, may facilitate the adhesion and invasion of AIEC. A study
revealed an increased abundance of Enterobacteriaceae, Pasteurellaceae, Veillonellaceae, and
Fusobacteriaceae in patients with CD, whereas the abundance of Erysipelotrichales, Bacteroidales,
and Clostridiales decreased as compared to healthy controls [191].
Reports also suggested that other bacteria may be involved in the pathogenesis of IBD. In 1913,
the role of Mycobacterium avium paratuberculosis was shown in the development of CD [177].
However, the role of this bacteria has remained uncertain [192]. Moreover, H. pylori was postulated
as a pathogen in the development of IBD [177]. In contrast to these studies, the role of
Campylobacter spp. in the etiology of IBD was confirmed in several studies [193, 194] The role in
the development and/or progression of IBD has also been postulated in several other bacteria, such
as Fusobacterium varium [195], Klebsiella pneumoniae [196], Salmonella [197], and Yersinia
enterocolitica [198].
Commensal bacteria, such as Bifidobacterium, Bacteroides, Clostridium, and Lactobacillus
protect against inflammatory/autoimmune diseases. Therefore, the restoration of the microbial
balance in patients with IBD via administration of probiotic VSL#3, may be a promising therapeutic
strategy [199].
Animal studies revealed that microbiota induces inflammation in animal models of colitis due to
the activation of T cells involved in innate and adaptive immune mechanisms [200]. A study reported
that bacterial species, such as Helicobacter hepaticus, B. fragilis, and B. vulgatus, isolated from the
intestine of patients with IBD are capable of inducing intestinal inflammation in rodents [201]. This
effect was observed only in immunodeficient mice [201]. Oral administration of B. vulgatus, isolated
from patients with IBD, induced ulcerative colitis in guinea pigs, whereas those isolated from healthy
subjects did not [202]. The proliferation of T cells requires the presence of the microbiota. Bacteria
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can induce the production of IL-6 by dendritic cells, a step required to reach the threshold number
of interferon-γ- and IL-17-producing microbiota-specific T cells. These processes induce ulcerative
colitis [200].
Polymorphisms in genes, such as NOD2, ATG16L1, and IRGM, which are involved in the killing of
bacteria, have been identified in patients with CD. Therefore, researchers suggest that
inappropriate innate immune responses to intestinal microbiota may promote chronic gut
inflammation in individuals who are genetically susceptible [180, 181, 189, 203].
Systemic lupus erythematosus (SLE) is a complex heterogenous autoimmune disorder, which
involves a variety of organs and tissues. Unfortunately, the relationship between SLE and gut
microbiota is still not well characterized. These observations have been limited to the gut [173].
A study reported an increase in the relative abundance of Bacteroidetes and an over two-fold
reduction in the Firmicutes/Bacteroidetes ratio in patients with SLE, as compared with healthy
controls, whereas no significant difference in the bacterial diversity was observed [204]. In contrast,
Luo et al. [205] reported that the ratio Firmicutes/Bacteroidetes was not significantly lower in
patients with SLE in comparison to healthy controls. Moreover, researchers observed differences in
the composition of several bacterial species within the genera Odoribacter and Blautia, as well as in
the family Rikenellaceae between patients with SLE and healthy subjects. In patients with SLE, the
bacterial diversity was lower, whereas the levels of gram-negative bacteria increased [205].
Dysbiosis in the gut microbiota in patients with SLE was also described by Rojo et al. [206]. In
patients with SLE, circulating levels of interferon-γ correlated negatively with the abundance of
Bacteroidetes, and positively correlated with the abundance of Firmicutes and the
Firmicutes/Bacteroidetes ratio. These correlations were not observed in healthy controls [173]. In
patients with SLE, significant negative correlations were observed between the phylum
Synergistetes and the titer of anti-dsDNA antibodies and serum level of IL-6, whereas a positive
correlation was observed between these bacteria and total IgM and anti-phosphorylcholine IgM
[207]. A lower count of bacteria belonging to the family Lactobacillaceae, exhibiting antiinflammatory functions by inducing Treg cells, was reported in the gut microbiota of patients with
SLE [208].
Approximately 60% of patients with SLE suffer from lupus nephritis (LN) complications [209]. A
study using animal models of LN reported a lower Firmicutes/Bacteroidetes ratio. Moreover, the
study also suggested the role of Lactobacillus in the pathogenesis of LN [209, 210].
Changes in the composition of gut microbiota due to SLE were confirmed using animal studies
[164]. The relative abundance of Lactobacilli, Lachnospiraceae, and Clostridiaceae depends on the
progression of the disease in the gut of female lupus-prone mice [211]. Administration of
Lactobacillus reuteri in two mouse models of SLE prevented the development of SLE, increased the
survival and levels of peripheral Treg cells [130]. In these mouse models, the levels of Treg cells were
impaired [212]. These results suggested that the administration of lactobacilli changed the
composition of gut microbiota, and therefore protected against the development of SLE by
stimulating Treg cells. However, contradictory results on the effect of the composition of gut
microbiota on the progression of SLE also exist. For example, the presence of segmented
filamentous bacteria in the intestine of a mouse model of SLE (lupus-prone SNF1) was shown in a
study to be related to the development of lupus in these mice [213], whereas another study
reported no relation of SFB with the outcome of the disease [214]. Therefore, this requires further
investigation [130].
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Autoimmune thyroid disease. There are several autoimmune thyroid diseases (AITDs), the most
prevalent of which is Hashimoto’s thyroiditis (HT) and Graves’ disease (GD). Other autoimmune
thyroid diseases include painless thyroiditis (PT), postpartum thyroiditis (PPT), and subacute
thyroiditis (SAT) [215]. AITD is frequently associated with other autoimmune diseases, such as
Sjögren’s syndrome, SLE, and RA [215].
Hashimoto’s thyroiditis is also known as autoimmune or chronic lymphocytic thyroiditis [216]. Its
pathology involves the interaction of a predisposing genotype with endogenous and environmental
factors. Several studies have indicated that dysbiosis of the gut microbiota may be involved in HT
pathogenesis. In 1988, animal studies revealed that the transfer of gut microbiota received from
conventional rats to specific pathogen-free rats caused increased susceptibility to experimental
autoimmune thyroiditis [217]. This observation suggested the possible role of the microbiota in
influencing the susceptibility to autoimmune thyroiditis. Certain components of Bifidobacterium
and Lactobacillus share amino acid sequences with human thyroid peroxidase and thyroglobulin
and selectively bind to human autoantibodies [218]. In contrast, animal studies have revealed that
the administration of probiotic Lactobacillus rhamnosus HN001 and Bifidobacterium lactis HN019
did not induce experimental autoimmune thyroiditis in these mice [219]. Moreover, it is postulated
that HT could occur due to immune activation by LPS derived from the cell wall of gram-negative
bacteria [220].
The composition of microbiota in fecal samples of patients with HT and healthy controls revealed
similar levels of bacterial richness and diversity in both HT patients and healthy subjects. Increased
levels of the following genera: Blautia, Roseburia, Ruminococcus torques group, Romboutsia, Dorea,
Fusicatenibacter, and Eubacterium halli group were found in patients with HT, whereas the levels
of genera Faecalibacterium, Bacteroides, Prevotella_9, and Lachnoclostridium decreased as
compared to healthy controls. These differences in the composition of gut microbiota strongly
correlated with clinical parameters. Therefore, according to the authors’ suggestion, the
composition of gut microbiota could be used for disease diagnosis [221]. The role of dysbiosis of gut
microbiota in the pathogenesis of HT was confirmed by another study that revealed a similar
diversification of gut microbiota in patients with HT in comparison to healthy controls. Moreover,
researchers have reported an abundance of Prevotella_9 and Dialister, an increased number of the
genera of the diseased group, Escherichia-Shigella and Parasutterella [222].
Other changes in the composition of gut microbiota between hypothyroid patients and healthy
subjects include the following: an association between bacterial overgrowth in the small intestine
and hyperthyroidism was reported, and authors postulate that changes in the neuromuscular
function of these patients could be attributed to bacterial excess [223]. The abundance of
Bifidobacterium, Lactobacillus, Clostridium, and Enterococcus is higher in patients with HT as
compared to healthy controls. For example, Clostridium butyricum [224, 225] and Lactobacillus are
considered probiotics. For more details on the role of probiotics in HT, please refer to these studies
[226, 227]. It should be noted that the gut microbiota also plays a beneficial role in thyroid hormone
metabolism [228].
Graves’ disease (GD) is an autoimmune disease. Like other autoimmune diseases, its
pathogenesis is attributed to interpreting self-antigens as foreign or harmful antigens [229]. The
immune system in patients with GD cannot differentiate between foreign antigens and the thyroid
tissue. Therefore, the thyroid gland is destroyed by body’s immune response, which recognizes the
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thyroid-stimulating hormone receptor (TSHR) as an autoantigen, thus producing autoantibodies
against TSHR [230].
It is suggested that GD could be due to gut microbial dysbiosis [229]. Researchers have reported
lesser diversification of the gut microbiota in patients with GD in comparison to healthy subjects. In
patients with GD, a significantly higher abundance of Prevotellaceae and Pasteurellaceae, and
significantly lower abundance of Enterobacteriaceae, Veillonellaceae, and Rickenellaceae were
observed as compared to healthy controls. At the genus level, in the diseased group, a significantly
higher abundance of Prevotella_9 and Haemophilus, and significantly lower abundance of Alistipes
were present in comparison to control subjects [229]. Moreover, antibodies against Yersinia
enterocolitica and Helicobacter pylori were detected; however, these responses were not observed
in all patients with GD [216] . Unfortunately, there exists a lack of investigations on the role of
microbial dysbiosis in other autoimmune thyroid diseases.
6.2 Dysbiosis and other Inflammatory and Autoimmune Diseases
Inflammatory diseases include allergic disorders. The interaction between the gut microbiota and
these diseases is poorly characterized.
It is reported that the gut microbiota is altered in infants with food allergies and eczema, in
comparison to healthy subjects. Lower levels of lactobacilli and bifidobacteria were found in
children with allergies; however, levels of coliforms and S. aureus were higher, as compared to in
children without allergies [231]. The decreased levels of bifidobacteria and Enterococcus and
increased levels of Clostridium were observed in infants with atopic eczema [232, 233]. An
important and interesting observation is the colonization of the gut by lactobacilli at one week of
life, which decreases the risk of allergy for five years of age [234]. Controversial results were
obtained from studies on infants with asthma. For instance, one study reported high levels of
Clostridium species as protective [235]. Another study reported that the colonization of the gut by
C. difficile in 1-month-old infants could cause asthma at 6 to 7 years of age [236].
In addition to the above-mentioned autoimmune diseases, the dysbiosis of gut microbiota may
result in several other autoimmune diseases. An association was found between gut microbiota
dysbiosis and development and/or progression of diseases such as: ankylosing spondylitis, psoriatic
arthritis, Sjögren’s syndrome, irritable bowel syndrome, psoriasis, vasculitides, and atopic
dermatitis. In contrast, it is not completely understood if these organisms play a specific role in the
development and progression of mentioned diseases. There are limited reports on the association
of these diseases and dysbiosis, and obtained results are sometimes controversial, as well as the
interactions of gut microbiota and the above-mentioned inflammatory and autoimmune diseases
are poorly characterized. Moreover, an important question is: Is dysbiosis a cause or effect of a
disease?
6.3 Dysbiosis and Metabolic Disorders
Dysbiosis of human microbiota may also cause metabolic disorders such as obesity and type 2
diabetes mellitus.
Obesity has become a pandemic-like situation and is associated with several metabolic changes.
Several accumulating data suggest an association between gut microbiota and the development of
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adiposity. Therefore, dysbiosis of gut microbiota is treated as a risk factor in the obesity epidemic
[237].
The first report of changes in the gut microbiota was described between obese and lean mice
with a mutation in the leptin gene (ob/ob) [52]. Researchers observed a significant reduction in
Bacteroidetes and an increased number of Firmicutes in obese (ob/ob) mice as compared to lean
mice. Other results revealed that the most common class among Firmicutes phyla was Mollicuses in
obese mice [238]. Similar observations were performed in humans. In obese subjects, the number
of Firmicutes increased, whereas the proportional increase in the number of Bacteroidetes reduced
the weight [239]. The increase in the number of Firmicutes by 20% and decrease by 20% in the
number Bacteroidetes suggested that the amount of energy obtained from the food increased by
150 kcal [240]. Species belonging to both Firmicutes (S. aureus) and Bacteroidetes
(Bacteroides/Prevotella) were observed in overweight women [241]. Moreover, increased levels of
S. aureus were observed in overweight children [242], and significantly higher levels of F. prausnitzii
(phylum Firmicutes) were detected in obese Indian children in comparison with non-obese children
[243]. The number of Bacteroides decreased in overweight pregnant women, whereas the number
of Staphylococcus, Enterobacteriaceae, and E. coli increased in comparison to pregnant women with
normal weight [244]. Increased proportions of the Bacteroides-Prevotella [245] was reported in
obese adolescents after weight loss. In contrast, a study reported a lack of associations between
body weight and the ratio Bacteroidetes: Firmicutes in the human intestine [246]. Similarly, another
study revealed a higher proportion of Bacteroidetes in overweight and obese subjects [247]. These
differences could be attributed to the different methods used in the studies [248]. Moreover, it also
remains unclear whether changes in the composition of human gut microbiota in obese subjects
are a result or cause of obesity [84]. A decreased number of Firmicutes and/or increased proportions
of Bacteroidetes was observed in obese patients with type 2 diabetes following Roux-en-Y gastric
bypass [249].
The association between obesity and the composition of intestinal microbiota was confirmed in
several other animal studies. For example, it was observed in these studies that normalization of
proportion of A. muciniphila caused an improvement in several metabolic disorders such as fat mass
gain, metabolic endotoxemia, and insulin resistance [250, 251].
Lipopolysaccharide (LPS), a compound present in gram-negative bacterial cell walls, plays an
important role in obesity. Increased plasma LPS levels, defined as metabolic endotoxemia, triggers
chronic inflammation associated with obesity [103]. LPS binds to TLR4 and initiates inflammatory
events such as secretion of proinflammatory cytokines (IL-6 and TNF-α). Based on the results
obtained from animal studies, the development of obesity could be attributed to suppression of
fasting-induced adipose factor (FIAF), also known as angiopoietin-like protein 4 (Angptl4), by gut
microbiota. FIAF is an inhibitor of lipoprotein lipase (LPL). LPL hydrolyzes triglycerides and stimulates
their storage in the adipocytes. Suppression of FIAF increases the activity of LPL and lipid storage,
thus stimulating the deposition of triglycerides in fat cells [252, 253]. Moreover, it is suggested that
gut microbiota enhances gut permeability, resulting in increased LPS plasma levels and the
appearance of hyperphagia and obesity [103]. Downregulation of T1DM (AMPK) expression by
intestinal microbiota inhibits the oxidation of fatty acids, resulting in obesity [253]. Furthermore,
the endocannabinoid system has been reported to regulate the gut barrier function during obesity
[109].
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Animal studies have revealed that intake of prebiotics alters the composition of 102 different
taxa in obese mice, a model of type 2 diabetes. Administered therapy resulted in lower
accumulation of fat mass, increased muscle mass, and improved metabolism of glucose and lipids
[251]. Reduced gut permeability, metabolic endotoxemia, and whole-body inflammation were
observed in these mice. Prebiotics stimulate the synthesis and secretion of gut peptides, such as
GLP-1 and GLP-2, in the proximal colon, and increase the number of enteroendocrine cells (L cells)
that produce these gut peptides [251]. Therefore, the authors conclude that targeting endocrine
function may be a therapeutic strategy against metabolic inflammation associated with obesity and
type 2 diabetes.
In humans, consumption of prebiotics alters the composition of gut microbiota, increases plasma
levels of GLP-1 [86, 254, 255], lowers postprandial glycemia [86], increases satiety, decreases
hunger and energy intake, and reduces visceral fat mass [86, 254, 255].
Type 2 diabetes mellitus (T2DM) is a prevalent metabolic disease worldwide, and obesity is
associated with its development. As described above, dysbiosis in the gut microbiota influences the
development of obesity, and therefore, it is not surprising that the composition of the gut
microbiota might also influence T2DM.
Specific changes in the gut microbiota are observed in patients with T2DM. For example, the
levels of Bacteroides and Prevotella are increased, whereas levels of those belonging to the phylum
Firmicutes and class Clostridia decreased proportionally . A decrease in anti-inflammatory bacteria,
such as bifidobacterial, was observed in another study [39, 40] . Moreover, specific changes in the
composition of the gut microbiota in each progressive stage, leading to the development of diabetes,
was observed [256]. The relative abundance of A. muciniphila and F. prausnitzii, a butyrateproducing bacteria, and Verrucomicrobia decreased with the decrease in glucose tolerance, with
increased levels of Betaproteobacteria. Chinese diabetic patients exhibited only a moderate degree
of intestinal dysbiosis. The levels of butyrate-producing bacteria, such as Roseburia intestinalis and
F. prausnitzii, decreased, whereas those of several opportunistic pathogens, such as Bacteroides
caccae, Clostridium hathewayi, C. ramosum, C. symbiosum, E. lenta, and E. coli – increased, as
compared with the healthy controls. In patients with T2DM, sulfate-reducing species Desulfovibrio
and the mucin-degrading A. muciniphila were frequently detected [256], whereas in the healthy
subjects, butyrate-producing bacteria, such as F. prausnitzii, R. intestinalis, and others, were
enriched. A study from Europe revealed that in postmenopausal women with T2DM, the abundance
of Lactobacillus gasseri, Streptococcus mutans, and Clostridium clostridioforme increased. In
contrast, decreased levels of at least five other Clostridium species, R. intestinalis, and F. prausnitzii
were observed in these women as compared with healthy controls [257]. Furthermore, changes in
the composition of human gut microbiota in patients with T2DM were described by other study
groups [258, 259]. Several results obtained in human clinical studies were confirmed in animal
studies [260].
Several mechanisms have been proposed to explain the crosslink between gut microbiota and
T2DM. One of these suggested mechanisms is metabolic endotoxemia due to LPS, which could be
involved in chronic inflammation observed in patients with T2DM. Animal studies have revealed
that changes in the gut microbiota, due to HFD, increased the LPS levels and changed the grade of
adipose tissue inflammation [77, 261]. The role of LPS in the development of T2DM was confirmed
in animal studies. Injection of LPS to mice with the genetic absence of CD14/TLR4 receptor did not
result in the development of metabolic disturbances and T2DM [77].
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Excessive intake of fructose is another dietary pattern involved in metabolic disorders and
endotoxemia. A high-fructose diet fed to mice led to a 27-fold increase in portal endotoxin levels,
resulting in a significant increase in plasma inflammatory cytokines and insulin resistance, as
compared with water control [262].
Animal studies revealed that the administration of prebiotics that increased the numbers of
Bifidobacterium, modulated inflammation in obese mice by increasing the intestinal secretion of
GLP-1 and PYY. These molecules decreased insulin resistance and increased the functionality of βcells [95]. Modulation of the gut microbiota due to prebiotics increased the production of GLP-2 in
the colon, increasing the expression of zonula occludens-1. It improved the mucosal barrier function
by reducing the intestinal permeability and leading to decreased levels of plasma LPS [263]. In
patients with type 2 diabetes, decreased number of butyrate-producing bacteria were observed
[256]. The elevated levels of butyrate-producing bacteria exert a protective role against functional
dysbiosis because butyrate is the preferred source of energy, and repair and maintain cell health in
the human digestive system.
6.4 Dysbiosis and Psychiatric Disorders
Autism spectrum disorders (ASD) are a heterogeneous group of neurodevelopmental disorders.
These are neuropsychological disorders in which the gut microbiota plays a key role. There has been
growing evidence of microbial dysbiosis in ASD [264-266]; however, the possible mechanisms of this
link remain unknown [267].
The association of ASD with gut microbiota began with a study on Clostridium, and the hypothesis
that it plays a role in the etiology of ASD[268]. Clostridium is a common bacterium in the
gastrointestinal tract, with significantly higher levels in patients with ASD [269]. Clostridium tetan
produces the tetanus neurotoxin (TeNT), which may be transported by the vagus nerve. TeNT
inhibits the release of neurotransmitters by proteolytic cleavage of synaptobrevin, resulting in
behavioral disruptions observed in ASD [268]. The post-mortem analysis of the cerebellum of
patients with ASD revealed a decreased number of Purkinje cells [268], producers of GABA, that are
vulnerable to the TeNT[268]. Moreover, Clostridium releases a metabolic product, 3-(3hydroxyphenyl)-3-hydroxypropionic acid (HPHPA), which is specific to this genus and responsible
for emptying and depleting catecholamines in the brain, thus inducing autism symptoms [270]. In
fecal samples of children with ASD, a high abundance of Clostridium clusters I and XI, which contain
C. perfringens and C. difficile, both species are known to produce the toxin, were found with reduced
levels of the cluster XIVab. The cluster XIVab contains beneficial bacteria [271, 272]. Clostridia are
propionate producers, and animal studies revealed that propionic acid impairs social behavior in
rats [273].
Investigations of Indian children with ASD showed a higher relative abundance of families
Lactobacillaceae, Bifidobacteriaceae, and Veillonellaceae. The family Prevotellaceae is
predominantly present in healthy children. The obtained results in these studies showed that the
prevalence of beneficial bacteria in Indian children with ASD had considerably lower levels of
Bifidobacterium, slightly lower levels of Enterococcus, and significantly higher levels of Lactobacillus
[274], as compared with healthy controls. In fecal samples of children with ASD, compared with
healthy children, the gut microbiota composition was less diverse, with reduced levels of Prevotella,
Coprococcus, and Veillonellaceae - bacteria responsible for carbohydrate ingestion and
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fermentation. At the phylum level, a higher abundance of Firmicutes and a lower abundance of
Bacteroidetes, Actinobacteria, and Proteobacteria were present [271]. However, in another study,
lower levels of Firmicutes in fecal samples of children with ASD were observed [275]. In these
children, an increased ratio of Firmicutes: Bacteroidetes was found, with higher levels of
Lactobacillus and Desulfovibrio species [276, 277]. The abundance of Desulfovibrio positively related
to the severity of ASD [277]. In fecal samples of patients with ASD, increased levels of Sutterella and
Ruminococcus torques, bacteria that are associated with the mucosa [278], were observed and
those belonging to genera Lactobacillus, Clostridium, Desulfovibrio, Caloramater, Alistipes, Sarcina,
A. muciniphila, Anaerofilum, Barnesiella intestinihominis, Dorea, F. prausnitzii, Parasutterella
excrementihominis, Prevotella copri, P. oris, Turicibacter sanguinis, as well as families of
Sutterellaceae and Enterobacteriaceae [275, 279-281]. In contrast, in autistic children, in
comparison with healthy controls, decreased levels of Eubacterium siraeum, E. coli, Collinsella
aerofaciens, Enterococcus, Lactobacillus, Lactococcus, Staphylococcus, Bifidobacterium, Blautia,
and Dialister were observed [280, 281].
Samples obtained from the intestinal biopsies of the cecum and terminal ileum showed increased
levels of Sutterella spp., as compared with healthy subjects. Higher levels of these bacteria were
detected in patients with ASD [282]. An analysis of the duodenal biopsies revealed that levels of
genera Burkholderia, Actinomyces, Oscillospira, Peptostreptococcus, and Ralstonia were elevated in
patients with ASD, whereas the levels of those belonging to genera Neisseria, Bacteroides, Devosia,
Prevotella, Streptococcus, and E. coli decreased in these patients in comparison with healthy
subjects [283]. For more details on the association of gut microbiota dysbiosis and ASD, refer to
cited studies [265, 266].
Dysbiosis in ASD also involves yeasts; however, their role in ASD has not been clearly elucidated
[284, 285]. Animal studies have revealed that fungal infection causes Th-17 cells to respond and
produce cytokine IL-17, which is implicated in the etiology of ASD [286].
Administration of probiotics and fecal microbiota transplants are suggested as potential
therapeutics for ASD [287, 288].
Attention-deficit hyperactive disorder (ADHD) is a common, early-onset neurodevelopmental
disorder. The etiology and pathophysiological mechanisms of ADHD have remained unclear [289].
However, diet, such as the “Western” diet, has been suggested as a potential predisposing factor
for ADHD [290, 291]. Moreover, a change in the diet has been reported to exert positive outcomes
on symptoms of ADHD [292].
The composition of gut microbiota in adolescent and adult patients with ADHD differs in
comparison with healthy controls [293]. Increased levels of Actinobacteria and reduced levels of
Firmicutes have been observed. Researchers attribute these differences to differential regulation
and/or synthesis of dopamine precursors. Furthermore, these changes were found to be associated
with decreased reward anticipation [293]. Dopamine is a catecholamine that plays a role both as a
hormone and a neurotransmitter. It is suggested that a link exists between ADHD and alterations in
dopamine metabolism [294]. Bifidobacterium, belonging to the phylum Actinobacteria, may
influence the levels of dopamine in the body. This bacterium contains enzyme cyclohexadienyl
dehydratase (CDT) [293], which is important for the synthesis of phenylalanine, a precursor of
tyrosine, which is metabolized into dopamine and finally to noradrenaline. Increased levels of
Bifidobacterium increases the levels of CDT. The authors conclude a negative correlation between
the abundance of CDT and reward anticipation, a key symptom in ADHD. Researchers have
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suggested high levels of phenylalanine could be a risk factor for abnormal dopamine signaling,
causing reduced reward response [293]. It was found that patients with ADHD had significantly
lower levels of Dialister spp., in comparison with healthy controls [295]. Interleukin-6, a
proinflammatory cytokine, is inversely associated with Dialister spp., and this bacterium positively
correlates with an altered temperament and impulsiveness in toddlers, common symptoms of
ADHD [296]. In patients with ADHD, increased levels of proinflammatory cytokines have been
observed [297]. Several other differences in the composition of gut microbiota between patients
with ADHD and healthy subjects were described. For example, obtained results revealed decreased
levels of Bacteroides coprocola in patients with ADHD, whereas the relative abundance of B.
uniformis, B. ovatus, and Sutterella stercoricanis was higher in these patients in comparison with
healthy subjects. Moreover, these bacteria positively correlated with ADHD symptoms. In patients
with ADHD, the levels of Fusobacterium and Alistipes were higher, whereas a higher abundance of
Lactobacillus, Prevotella, and Escherichia-Shigella was detected in healthy controls [290]. In patients
with ADHD, α-diversity was significantly lower in comparison with healthy subjects, which could be
attributed to bacteria of the family Prevotellaceae and Neisseriaceae [298], whereas β-diversity was
similar in both patients with ADHD and healthy subjects [290].
S. stercoricanis in both patients with ADHD and healthy subjects is significantly associated with
the intake of dairy, nuts/seed, legumes, ferritin, and magnesium, whereas the presence of
Bacteroides uniformis correlates with the intake of fats and carbohydrates. This observation
suggests that the composition of gut microbiota is linked to dietary patterns and susceptibility to
ADHD [290]. Moreover, it is suggested that Bifidobacterium, belonging to the phylum Actinobacter,
as well as four species Bacteroides uniformis, B. ovatus, B. coprocola, and S. stercoricanis, may serve
as potential microbiota markers for ADHD [289, 290]. Administration of Lactobacillus rhamnosus as
probiotic during the perinatal period showed that probiotic-treated children were less likely to be
diagnosed with ADHD [299].
Schizophrenia is a mental disorder in which patients present with delusions, hallucinations,
disorganized thoughts and speech, abnormal motor behavior, and negative symptoms. An
association of schizophrenia with gastrointestinal comorbidities, such as IBD, IBS, and diseases that
are associated with dysbiosis of gut microbiota has been reported. Therefore, it is suggested that
the gut microbiota may be involved in the pathogenesis of schizophrenia. Moreover, the
involvement of the gut microbiota is suggested based on other observations, such as increased
intestinal permeability in patients with schizophrenia [300] and chronic inflammation associated
with its progression [301]. Unfortunately, the obtained results are different and controversial. For
example, one study revealed a higher abundance of Proteobacteria in patients with schizophrenia
in comparison with healthy controls, accounting for predominantly increased levels of Succinivibrio.
Based on the obtained results, researchers suggest that Gammaproteobacteria may serve as a
biomarker of schizophrenia [302]. Other results showed decreased levels of Proteobacteria in these
patients [303] or no major differences at the phylum level [304].
Results from a study suggest that infection by T. gondii acts a risk factor for early-onset
schizophrenia [305]. Schizophrenia is also associated with bacteriophages, which change the
metabolism of bacteria and the composition of the microbial community. For example, an increased
load of the Lactobacillus bacteriophage in the oropharyngeal lumen of patients with schizophrenia
was reported [306].
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Probiotics have been proposed as a potential adjunctive treatment for schizophrenia.
Unfortunately, only one published study and authors of this study found no effect of probiotic
treatment (L. rhamnosus GG and Bifidobacterium animalis subsp. lactis) on the symptoms of
schizophrenia [307].
Depression is a mental disorder in which patients present low mood, low self-esteem, and loss
of interest in normally enjoyable activities. It is a major form of mood disorder. It was found that
the Mediterranean diet enriched with 15 g of walnuts, 7.5 g of hazelnuts, and 7.5 g of almonds per
day decreased the risk of depression by 41% in patients with T2DM, as compared with healthy
controls [308].
A study showed strong evidence that gut microbiota plays a role in depression [309]. The
association between gut microbiota and depression has been revealed using studies in animal
models. In humans, only a few correlations have been demonstrated.
The composition of gut microbiota of patients with depression differs in comparison with that in
healthy subjects [310]. However, some findings are contradictory [311]. It is not known whether an
altered composition of gut microbiota is a cause or an effect of depression. In fecal samples of
patients with depression, increased bacterial α-diversity was reported in comparison with healthy
controls. The relative abundance of Bacteroidetes, Proteobacteria, and Actinobacteria increased in
depressed patients, whereas the level of Firmicutes decreased [310]. The reduced relative
abundance of Faecalibacterium [310, 312] was found to have a negative correlation between the
severity of depression and the prevalence of Faecalibacterium [310]. In another study, the levels of
Bifidobacterium and Lactobacillus were found to be decreased in patients with depression as
compared with those in healthy controls [313]. In another study, an elevated abundance of
Bacteroidales and lower abundance of Lachnospiraceae family and genera Alistipes and Oscillibacter
were found in patients with depression in comparison with healthy controls. Based on the obtained
results, the authors conclude that the order Bacteroidales is associated with depression [314].
Animal studies confirmed the association between dysbiosis of gut microbiota and depression
[312, 315].
The first probiotic treatment for depression was started 1910 [316]. In 2016, the intake of
probiotics was observed to result in significant improvement in depressive symptoms [317]. A
positive effect on the healthy population and depressed patients was observed only on the
participants under 60 years, with no effects of probiotics on people aged above 65 years [318]. A
variety of probiotics have been investigated in animal models of neurological disorders [319]. As an
antidepressant treatment, no beneficial effect has been found in studied prebiotics [320]. Moreover,
a fecal microbiota transplant was suggested in the case of depression; however, it lacked
information.
Bipolar disorder (BD), also known as bipolar affective disorder (BPAD), is a psychiatric disorder
associated with dysbiosis of gut microbiota. Several studies have been conducted on the
composition of the microbiome in patients with BD. In patients with BD, significantly lower levels of
Faecalibacterium were detected in comparison with healthy controls [321, 322]. Atypical
antipsychotic intake changes the composition of gut microbiota in comparison with non-treated
patients. Significantly reduced species diversity was found in treated women as compared with nontreated women [323]. BD is also associated with Flavonifractor, a bacterial genus that may induce
oxidative stress and inflammation [324]. This result may suggest an abnormal inflammatory
response in bipolar disorder.
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Clinical trials demonstrate a beneficial effect of adjunctive probiotics containing different strains
of Lactobacillus or Bifidobacterium in patients with bipolar disorder [325, 326].
Anxiety disorder is a mental disorder in which the main clinical manifestation is anxiety [327]. A
small investigation suggested an association of dysbiosis with anxiety [328]; however, a direct link
between anxiety and the gut microbiota has not yet been identified. Based on animal studies,
researchers suggest that the observed symptoms are due to increased gut permeability [329]. In
one study, lack of significant association between anxiety and microbial composition in healthy
females was observed [330], whereas reduced microbial richness and diversity in drug-naïve and
medicated patients with anxiety disorders, as well as decreased levels of SCFA-producing bacteria,
such as Faecalibacterium, Eubacterium rectale, and Sutterella were found in another study [331].
Small cross-sectional studies report the potential of treatment using probiotics for anxiety
disorders. Moreover, animal studies have confirmed that Bifidobacterium and Lactobacillus may
have beneficial effects on neurological disorders, such as anxiety [319].
Anorexia nervosa (AN) is one of the most common chronic illnesses in female adolescents.
Medication is very limited, and psychotherapeutic interventions are only moderately effective.
Moreover, not many studies have investigated the association of the gut microbiota with AN during
the acute and recovered states. Therefore, our knowledge of the association of the gut microbiota
and AN is scarce. In one study, from a single AN sample, 11 new, previously unknown bacterial
species were identified [332]. In another study of patients with AN, a reduced number of total
bacteria and obligate anaerobes as compared with healthy individuals was detected [333]. An
analysis of the fecal samples of females, mostly adult patients with AN, revealed significantly
reduced α-diversity in these patients [334]. Moreover, increased levels of mucins degraders (e.g.,
Verrucomicrobia and bifidobacteria) and decreased numbers of butyrate producers (e.g., Roseburia
spp.) were observed. E. coli may play a crucial role in the pathogenesis of AN. This bacterium plays
a role in the bulimia nervosa and binge-eating disorder, secreting a protein called ClpB, which
mimics α-melanocyte-stimulating hormone. ClpB is a bacterial heat-shock protein, an antigenmimetic of the anorexigenic peptide α-MSH [335].
6.4.1 Gut Microbiota and Neurodegenerative Disorders
Alzheimer’s disease (AD), also known as senile dementia or cognitive disorder, is a
neurodegenerative disease of the central nervous system (CNS) in the elderly; it is the most common
form of dementia. AD occurs due to the accumulation of extracellular proteinaceous misfolded
β-amyloid (Aβ) fibrils, senile plaques (SPs), and intracellular neurofibrillary tangles [336].
Studies report that gut dysbiosis might be associated with the onset of AD [336, 337]. Moreover,
this suggestion was confirmed based on the results obtained using the Aβ precursor protein (APP)
transgenic mouse model. Authors have found that dysbiosis in the gut microbiota may contribute
to amyloid deposition [336].
Glutamate and N-methyl-D-aspartate (NMDA) glutamate receptors play an important role in the
physiological functions of the human brain, such as learning and memory [338, 339]. Post-mortem
investigations of the brains of patients with AD showed an elevated level of neurotoxic
β-N-methylamino-L-alanine (BMAA) amino acid, which is influenced by NMDA. It is released by
cyanobacteria in the human intestine. Moreover, this neurotoxin may be involved in inflammatory
neurodegeneration observed in patients with AD [338, 340]. Chronic exposure to BMAA triggers the
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formation of intracellular neurofibrillary tangles and Aβ deposits in the brain, increasing the risk of
AD [341]. Furthermore, cyanobacteria secrete other neurotoxins, such as saxitoxin and anatoxin-α,
which may be involved in neurological diseases. Therefore, researchers suggest that the risk of AD
may depend on the number of cyanobacteria in the human intestine [342, 343]. Lactobacillus brevis
and Bifidobacterium dentium synthesize γ-aminobutyric acid (GABA), the major inhibitory
neurotransmitter in the human CNS. The concentration of GABA in the CNS depends on its
concentration in the gastrointestinal tract. Decreased levels of GABA in the CNS are attributed to
decreased concentration of GABA in the intestine, as an effect of decreased levels of L. brevis and
B. dentium in the intestine. The dysfunction in CNS due to GABA perturbations could be linked to
the development of AD. A post-mortem study of patients with AD revealed reduced levels of GABA
in the frontal, temporal, and parietal cortex as compared with patients without AD [344].
Increased risk of AD development could be linked to the infection by Chlamydia pneumoniae.
Post-mortem investigations of the brain of patients with AD revealed the presence of these bacteria
in the astrocytes, microglia, and neurons. These were detected in senile plaques and intracellular
neurofibrillary tangles in infected cells [345]. In another post-mortem investigation of brain samples
of patients with AD, researchers observed significantly higher levels of Actinobacteria, primarily
those of Propionibacteriaceae family, in comparison with control samples. The authors concluded
that the migration of bacteria into the CNS could cause neurological diseases or facilitate the
pathogenesis of these diseases [346]. Reduced microbial diversity in patients with AD in comparison
with healthy subjects was observed. The levels of Firmicutes and Bifidobacterium decreased,
whereas those of Bacteroidetes increased [347]. Moreover, an association between infection by H.
pylori and AD was described. These bacteria release the proinflammatory cytokines and induce
oxidative stress, which may stimulate the development of AD [348]. Development AD may be also
be stimulated by other bacteria, such as E. coli, Salmonella enterica, S. typhimurium, Bacillus subtilis,
Mycobacterium tuberculosis, and S. aureus, which produce functional extracellular amyloid fibers
[340, 349]. Results obtained in an animal study using the Aβ precursor protein transgenic mouse
model showed decreased levels of Firmicutes, Verrucomicrobia, Proteobacteria, and Actinobacteria,
whereas the levels of Bacteroidetes increased [336].
An association between the infection by T. gondii, a protozoan intracellular parasite, and the
development of AD has been suggested. T. gondii stimulates chronic inflammation in the brain and
CNS. In patients with AD, the levels of serum anti-T. gondii antibodies are elevated [350].
Animal studies implicate that the modulation of gut microbiota by probiotics may protect against
the progression of AD. The administration of probiotic formulation SLAB51, containing
Streptococcus thermophilus, Bifidobacterium longum, B. breve, B. infantis, Lactobacillus acidophilus,
L. plantarum, L. paracasei, L. delbrueckii subsp. Bulgaricus, and L. brevis in a mice model of AD
showed partial restoration of the two impaired neuronal proteolytic pathways (the ubiquitin
proteasome system and autophagy). Therefore, the authors suggested that the modulation of gut
microbiota may slow down the progression of AD [351].
The administration of prebiotics has been reported to decrease the risk of development and
progression of AD. Obtained results revealed that people aged 65 to 79 years, who daily drank 3 to
5 cups of coffee at midlife, showed 65% decreased risk of AD in comparison with people who did
not drink or drink less than 2 cups per day [352]. Polyphenols, which contain coffee, reduce oxidative
stress. Moreover, coffee influences the composition of gut microbiota. It reduces the ratio of
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Firmicutes to Bacteroidetes, causing reduced inflammation [353]. Further, reports suggest other
therapies for the prevention and treatment of AD and other disorders of CNS [354, 355].
Parkinson’s disease (PD) is a CNS disease associated with the dysbiosis of gut microbiota. PD is a
multicentric neurodegenerative disorder that occurs due to synucleinopathy, i.e., accumulation and
aggregation of α-synuclein in the substantia nigra in the CNS and in other neural structures [356].
In the CNS, α-synuclein, involved in the regulation of neurotransmissions, is abundantly expressed.
Accumulation of insoluble polymers of phosphorylated α-synuclein in the perykaria of the neuronal
body of substantia nigra may cause neurodegeneration and neuronal death.
A direct association between the gut microbiota and PD has not been clearly established. It is
suggested that the gut microbiota increases the intestinal permeability in patients with PD causing
the release of α-synuclein from the intestine into the circulation and finally to the brain via the vagal
nerve [357]. The composition of gut microbiota undergoes alteration during aging. For example, the
ratio of Bacteroidetes to Firmicutes increases, whereas the level of bifidobacteria decreases.
Moreover, a close association between Prevotellaceae and other bacteria and the motor phenotype
of patients with PD has been reported [358].
In patients with PD, a reduced abundance of bacteria belonging to the family Prevotellaceae and
increased levels of Enterobacteriaceae were observed in comparison with healthy controls [358].
Bacteria belonging to the family Prevotellaceae are commensals, which are involved in the synthesis
of mucin in the gut mucosal barrier. Decreased abundance of Prevotellaceae leads to decreased
synthesis of mucin, causing increased intestinal permeability. In patients with PD and animal models
of PD, an association of inflammatory changes with increased colonic permeability has been
reported [359].
In 54 to 67% of patients with PD, a high prevalence of small intestinal bacterial overgrowth (SIBO)
has been reported [360]. It is suggested that SIBO predisposes to motor function impairment [360]
and facilitates the translocation of bacteria and endotoxins across the intestinal epithelium. The
induced pro-inflammatory response may cause motor dysfunction by disrupting the integrity of the
small intestine, resulting in immune stimulation and/or altered absorption of L-dopa. Another
hypothesis postulates changes in gut permeability in comparison with healthy controls. In this
manner, SIBO facilitates the translocation of bacteria and endotoxins across the intestinal
epithelium, inducing the pro-inflammatory response [361]. In fecal samples of patients with PD,
significantly reduced amounts of butyrate-producing bacteria, belonging to the genus
Faecalibacterium, Coprococcus, and Roseburia were observed, whereas the increased abundance
of Ralstonia was detected in the mucus of these patients [362]. Another study revealed an increased
level of Lactobacillus, Bifidobacterium, Akkermansia, and Verrucomicrobiaceae in patients with PD,
whereas levels of Faecalibacterium, Coprococcus, Blautia, and Prevotella reduced [363]. The
composition of the gut microbiota also correlated with the PD stage. The levels of cellulosedegrading bacteria from genera Blautia, Faecalibacterium, and Ruminococcus significantly
decreased in patients with PD, whereas the levels of putative pathobionts belonging to the genera
Escherichia-Shigella, Streptococcus, Proteus, and Enterococcus increased in these patients in
comparison with healthy controls [364]. Moreover, researchers observed that the disease severity
and duration of PD negatively correlated with the cellulose-degrading bacteria and positively
correlated with the pathobionts. According to the author’s suggestion, observed changes in the gut
microbiota may reduce the production of SCFAs and increase the production of endotoxins and
neurotoxins, which may cause the development of PD [364]. As a potential triggering factor in the
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pathogenesis of PD, the involvement of H. pylori has been suggested. However, its role in the
development of PD remains controversial [365]. Infection by H. pylori may predispose an individual
to autoimmunity, causing damage to neurons, which may lead to the development of parkinsonism
[366]. The role of H. suis has been suggested in the pathogenesis of PD, a common zoonotic species
of Helicobacter in humans. In patients with idiopathic parkinsonism, a higher frequency of this
bacterium in comparison with healthy control subjects was observed [367]. It is suggested that
infection by viruses, such as H5N1 influenza virus and HCV (not HBV), may cause PD [368, 369].
Modification of the gut microbiota has been suggested as a therapy for the prevention and
treatment of PD. These changes could be attributed to the administration of probiotics, prebiotics,
or fecal microbiota transplantation [370, 371].
Multiple sclerosis (MS) is a chronic, autoimmune disease, mediated by the invasion of the CNS
by immune cells. It is suggested that a link exists between MS and gut microbiota [122]. This
autoimmune disease could be attributed to the invasion of the CNS by immune cells. It was found
that commensal microbiota is necessary to activate myelin-specific B cells and invade the neurons
by effector T cells [372-374] .
A specific type of microbiome [375, 376] has been reported during dysbiosis of gut microbiota In
patients with MS. Patients with MS, in comparison with healthy controls, have a relatively low
abundance of bacterial genera, such as Bacteroides, Parabacteroides, Prevotella, Butyricimonas,
Faecalibacterium, Eubacterium, Clostridium, Lactobacillus, Coprobacillus, Collinsella, Adlercreutzia,
and Slackia, and families, such as Lachnospiraceae, Ruminococceae, Erysipelotrichaceae, and
Veillonellaceae. In these patients, increased levels of genera Blautia, Dorea, Streptococcus,
Ruminococcus, Acinetobacter, Bifidobacterium, Eggerthella, Pseudomonas, Mycoplasma,
Haemophilus, Bilophila, Sutterella, and Akkermansia were observed [377-380]. In the case of the
genus Akkermansia, a mucine-degrading bacterium, patients with MS had high levels of A.
calcoaceticus and A. muciniphila [378]. These bacteria caused the transformation of mucin into
SCFAs, and therefore, could compensate the inflammatory state in patients with MS [379].
Oral intake of polysaccharides derived from the human commensal B. fragilis exerts a beneficial
role. It reduces the experimental autoimmune encephalomyelitis pathologies in animal models of
MS, demyelination, and levels of interferon-γ and IL-17, and increases the levels of IL-10 and
conversion of T cells to Tregs [381, 382].
6.5 Dysbiosis and Lung Diseases
Lungs have a low density of microbiota - 103 to 105 colony-forming units/g of the lung tissue [383],
which reflects good health.
Most of the bacteria in the lung microbiota belong to four phyla: Bacteroidetes, Firmicutes,
Proteobacteria, and Actinobacteria with predomination of two phyla: Bacteroidetes and Firmicutes.
In a healthy human, the most abundant genera in the lungs are Prevotella, Streptococcus, Veillonella,
Neisseria, Haemophilus, and Fusobacterium [384].
In patients with lung diseases, such as asthma, the composition of microbiota gets altered.
However, it is not yet known if asthma is a cause or result of dysbiosis. An analysis of
bronchoalveolar lavage in children with asthma revealed different distribution, with, in order of
abundance of Proteobacteria, Firmicutes (mainly Streptococcus), Bacteroidetes (mainly Prevotella),
and Actinobacteria in comparison with healthy controls [384]. In children with asthma, more
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abundant microbes belonged to the genera Staphylococcus and Haemophilus, whereas Prevotella
was found to be more abundant in healthy children [384]. Moreover, it was observed that in
patients with asthma, lung microbiota was more diverse and abundant [385]. A fecal transplant
from a child at risk for asthma into the GF (Germ-free) mice caused severe lung inflammation after
challenge with an allergen, ovalbumin [386]. There is no evidence to support a beneficial role of
probiotics used in the perinatal period against asthma or children wheeze [387].
The gut microbiota may play a protective role against lung diseases. For example, the gut
microbiota is involved in the host defense against S. pneumoniae infections; however, the precise
role of the intestinal microbiota in this process remains unknown [388].
Microbiota in healthy human lungs comprises environmental fungi or those disseminating from
the oral cavity. These fungi belong to the genera Cladosporium, Aspergillus, Penicillium, and Candida
[389]. Moreover, fungal dysbiosis might cause lung diseases, such as severe asthma [390] and cystic
fibrosis [391]. Increased number of mycobiota and reduced α-diversity have been observed in the
lungs of patients with cystic fibrosis, which correlates with disease severity. In these patients,
dominant fungal genera include Candida and Aspergillus, which are linked to morbidity [391].
However, it is unclear whether the effect is local or is due to the intestinal mycobiota [392].
6.5.1 Dysbiosis and Cancer
A study suggests that gut microbiota plays a role in the development of cancer. The first such
study reported that bacteria could cause stomach cancer after the presence of H. pylori in the
stomach was discovered [393].
6.5.2 Cancers of Digestive System
Oral cavity cancer, primarily oral squamous cell carcinoma (OSCC), arises from the oral mucosa.
In a healthy oral cavity, 772 bacterial species reside that belong to 185 genera and 12 phyla [394,
395]. Furthermore, the oral cavity consists of non-bacterial microorganisms such as protozoa and
85 fungal genera [396].
OSCC could result from environmental factors, as well as from alterations in the composition of
oral microbiota [395]. Reduced species richness and diversity were observed in samples obtained
from OSCC tissues in patients with fibroepithelial polyp (FEP), benign hyperplasia of the oral mucosa,
as compared with control subjects. The over-represented genera in these samples included
Capnocytophaga, Pseudomonas, and Atopobium, whereas the most abundant genera present in
samples obtained from the FEP controls were Lautropia, Staphylococcus, and Propionibacterium
[397]. A study reported drastic changes in the composition of bacterial communities of OSCC [395].
Another study revealed significantly higher bacterial diversity in cancer samples in comparison with
samples from healthy controls. The oral microbiota of patients with OSCC had a significantly high
abundance of Fusobacterium, Peptostreptococcus, Filifactor, Peptococcus, Catonella, and
Parvimonas. Poor oral hygiene may cause the overgrowth of pathogenic bacteria. Increased risk of
OSCC is associated with the presence of periodontopathogenic bacteria, such as Prevotella tannerae,
P. intermedia, and Fusobacterium nucleatum, which may induce the inflammation of the squamous
oral mucosal epithelium [398]. In comparison with the healthy control group, Peptostreptococcus,
Fusobacterium, Alloprevotella, and Capnocytophaga were more abundantly present in samples
obtained from Japanese patients with oral cancer, with a lower abundance of Rothia and
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Haemophilus [399]. A strong association between oral cancer and epithelial precursor lesions was
observed in the case of bacteria belonging to genera Fusobacterium, Veilonella, Actinomyces,
Clostridium, Haemophilus, as well as Enterobacteriaceae [400].
Colonization with fungal species is considered a risk factor in OSCC. In patients with OSCC, a
significantly high level of Candida albicans was reported [401].
The pathogenesis of cancer could be attributed to three mechanisms of action of oral microbiota:
stimulation of chronic inflammation by bacteria, affecting cell proliferation, cytoskeletal
rearrangements, activation of NF-κB, and inhibition of cellular apoptosis; and production of
carcinogenic substances [402]. Further research is required to define the exact role of oral bacteria
in the development of OSCC.
Esophageal cancer (EC) is the eighth most common cancer; it has two major histological types:
esophageal adenocarcinoma (EAC) and esophageal squamous cell carcinoma (ESCC).
Investigations of normal esophageal microbiome revealed the presence of bacteria belonging to
six phyla: Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, Fusobacteria, and TM7.
Moreover, 97 species with the most common genera Streptococcus, Prevotella, and Veillonella were
detected [403]. The distal esophagus contains microflora similar to that of the oropharynx; however,
the phylum Spirochaetes, prevalent in oral microflora, are absent. Gut dysbiosis is associated with
several esophageal diseases; however, it is unclear whether esophageal diseases are due to changes
in the gut microbiota or changes in the gut microbiota in the esophageal environment cause changes
in the microbial composition [404]. Several investigations suggest the association of gut dysbiosis
with several esophageal diseases, such as Barrett’s esophagus (BE), gastroesophageal reflux disease
(GERD), irritable bowel syndrome, colitis, and esophageal cancer.
Bacteria isolated from patients with BE are closely associated with the mucosa of the specimens.
Therefore, the authors conclude that Barrett’s mucosa is colonized by resident bacteria [405].
Another investigation showed a greater abundance of gram-negative anaerobes/microaerophiles
from phyla Bacteroidetes, Proteobacteria, Fusobacteria, and Spirochaetes in patients with GERD and
BE as compared with healthy subjects. The composition of microbiota did not differ between
patients with GERD and BE. Therefore, researchers suggest that inflammation and intestinal
metaplasia are associated with changes in the microbiome in the distal esophagus [406]. Results
obtained from other studies revealed that Veillonella, Prevotella, Neisseria, and Fusobacterium are
abundantly present in patients with BE. These bacteria were not detected in the esophagus of
healthy subjects, and recently published studies by other authors confirmed these results [404, 407].
A higher abundance of Treponema denticola, Streptococcus mitis, and S. anginosus was found in
surgically resected EAC in comparison to healthy control tissue [408]. Another research showed
decreased diversity in patients with EAC as compared with healthy controls and patients with BE.
The reduced genera included Veillonella and Granulicatella, whereas an abundance of L. fermentum
was found to be enriched in patients with EAC [409]. Moreover, a study reports a well-documented
inverse correlation between the risk of EAC and chronic infection with H. pylori [410]. H. pylori may
affect carcinogenesis in the lower esophagus; however, the mechanisms of this dependence has
remained unclear, as well as the association between the microbiome and esophageal
adenocarcinoma.
The data available regarding the microbiome in patients with ESCC are minimal, and the
microbiome in ESCC is less well characterized than in EAC. It was found that gastric corpus
microbiota affected by ESCC was enriched in Clostridiales and Erysipelotrichales [411].
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Porphyromonas gingivalis was detected in the esophageal mucosa of patients with ESCC, but not
the mucosa of healthy controls. The presence of these bacteria was positively correlated with cancer
cell differentiation and metastasis and with poor clinical outcome [412]. Changes in the composition
of bacterial microbiota in the saliva is related to a higher risk of ESCC. In patients with ESCC, a
decreased abundance of genera Lautropia, Bulleidia, Catonella, Corynebacterium, Moryella,
Peptococcus, and Cardiobacterium was detected in comparison to healthy controls [413]. Results
obtained in other studies revealed a higher proportion of Firmicutes and a lower proportion of
Gammaproteobacteria and higher levels of Bacilli in patients with ESCC than in healthy control
groups. Moreover, slightly lower α-diversity and richness were detected in these patients in
comparison to healthy controls. In contrast, β-diversity was higher than that in healthy subjects
[414]424]. An important role in the development of ESCC is played by F. nucleatum, which primarily
inhabits the oral cavity and is frequently detected in colon cancer tissue. In about 23% of patients,
who underwent surgical resection of esophageal cancer, F. nucleatum was detected in cancer
tissues. The presence of these bacteria in cancer tissue was also associated with a significantly
shorter survival time [414].
Gastric cancer (GC) is the fifth most common cancer in the world and the third leading cause of
cancer-associated deaths worldwide. The most well-established risk factor for the development of
gastric cancer is H. pylori infection [415-417]. This bacterium is associated with more than 90% of
GC cases [417, 418]. Since 1994, H. pylori has been recognized by the World Health Organization as
a “definite carcinogen” [417, 419]. Specific host responses to H. pylori infection include vacuolating
cytotoxin (VacA) and cytotoxin-associated antigen A (CAGA). Moreover, it is associated with a higher
risk of gastric cancer [420]. VacA stimulates the apoptosis of gastric epithelial cells, suppresses the
immune responses by stimulation of dendritic cells to release the anti-inflammatory cytokines (IL10 and IL-18), promotes H. pylori evasion, and enhances tumor survival [421]. Some strains of H.
pylori consist of the cag pathogenicity island (PAI), which increases the risk of adenocarcinoma of
the stomach [422]. The cag PAI has genes that encode specific proteins, which form the bacterial
type IV secretion system. This system exports CagA and peptidoglycans from bacteria into the host
cells to activate the PI3-K pathway and contribute to carcinogenesis [423].
Gastric acidity influences the composition of the microbiome in the human stomach [424] . Acidic
environment renders the human stomach as not amenable for colonization by bacteria other than
H. pylori. The bacteria stimulate the secretion of gastrin, leading to more gastric acid production
and making patients more vulnerable to duodenal ulcers. In contrast, it protects patients against GC
[425]. H. pylori may suppress the production of gastric acid through inflammatory mediators,
causing progressive loss of gastric glands and leading to atrophic gastritis [426]. Reduced secretion
of gastric acid increases the gastric pH, can encourage colonization and proliferation of bacterial
species other than H. pylori from the oral cavity, the upper respiratory tract, or the intestine. These
changes disrupt the microbial balance of the gastric mucosal ecological niche, resulting in an
increased nitrosating species and raised nitride and N-nitrosamine levels in the stomach.
Several findings have suggested the potential involvement of microbes other than H. pylori in the
carcinogenesis of the stomach. The examination of gastric mucosal microbiota in patients with H.
pylori-negative gastritis (HpN) and H. pylori-positive gastritis, and H. pylori-negative non-gastritis
group as a control revealed significantly lower bacterial richness in the HpP patients. In contrast,
enrichment of Firmicutes, Fusobacteria, Bacteroidetes, and Actinobacteria was detected at the
phylum level in the HpN group. It was found that Streptococcus sp. and Haemophilus parainfluenzae
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significantly increased the risk for HpN. The presence of Treponema sp. was unique to HpN patients.
Therefore, Streptococcus sp., H. parainfluenzae, and Treponema sp. should be treated as potential
pathogenic bacterial species for HpN [427]. Patients with GC after the surgical procedure showed a
higher diversity of species and richness as compared with healthy control subjects. In these patients,
a higher abundance of aerobes, facultative anaerobes, and oral microbes was observed. The levels
of F. nucleatum, a colorectal cancer-related bacterium, were significantly higher in patients who
underwent total gastrectomy compared with the control samples [428]. In cancer samples, oral
bacteria, such as Peptostreptococcus, Streptococcus, and Fusobacterium were predominantly
detected. In the non-tumor tissues, lactic acid-producing bacteria, such as Lactobacillus lactis and L.
brevis were present in more abundance. At the phylum level, the predominant phylum in the
cancerous samples was Proteobacteria (overall 90% of cancerous samples), followed by Firmicutes,
Bacteroidetes, Actinobacteria, Acidobacteria, and Fusobacteria. In non-cancerous tissues,
Proteobacteria (higher levels in comparison with cancerous samples) predominated and, in
comparison with cancerous tissues, decreased levels of Firmicutes, Bacteroidetes, Actinobacteria,
and Fusobacteria were found [429]. Bacteria such as E. coli, Lactobacillus, Nitrospirae, Clostridium,
Veillonella, Haemophilus, and Staphylococcus that can produce N-nitroso compounds are also
present. In contrast, Streptococcus, Prevotella, and Neisseria are associated with a low risk of GC
development [417, 430]. According to authors, colonization by H. pylori changes the composition of
the microbiota, and these changes, especially of oral microbiota, may influence the maintenance of
the local microenvironment, resulting in the development or progression of GC. To date, the role of
the gastric microbiome in the development of GC has remained largely unclear [431]. In contrast, H.
pylori eradication therapy is suggested as effective in preventing GC [432].
Colorectal cancer (CRC) is one of the most diagnosed malignancies. Obtained results suggest the
role of the intestinal microbiota in the development of colorectal cancer. It was observed that
enterotoxigenic B. fragilis produces a toxin (fragilysin) that stimulates cell proliferation and induces
the synthesis of inflammatory mediators [433]. In animal studies, this human colonic commensal
bacterium was shown to increase the risk of development of colon adenomas and tumors [434]. In
contrast, several bacterial metabolites suppress the development of colon cancer. These include
SCFAs (acetate, propionate, and butyrate). Especially, butyrate protects against colonic neoplasia.
Of note, whether the dysbiosis is a cause or consequence of adenomas and CRC is still unclear [435].
Several species of bacteria garner attention for their associations with CRC. The primary risk
factor in up to 80% of all cases of CRC is diet, and a strong association between the diet and
composition of gut microbiota with the risk of developing CRC has been observed [436]. The
development of CRC could be attributed to microbial dysbiosis[437]. Investigation of fecal samples
of patients with CRC revealed higher levels of bacteria belonging to the group Bacteroides-Prevotella
in comparison with healthy controls [438]. In the gut microbiota of patients with CRC, increased
prevalence of bacteria belonging to Enterococcus, Escherichia, Shigella, Klebsiella, Streptococcus,
Peptostreptococcus, Pseudomonas, Helicobacter, Acinetobacter was found, whereas the prevalence
of bacteria belonging to Lachnospiraceae, as well as to genera Roseburia, Clostridium,
Faecalibacterium, and Bifidobacterium, butyrate-producing bacteria was low [439, 440]. Other
investigations and meta-analyses showed that microbiota from patients with CRC contained a
higher proportion of Fusobacterium, Parvimonas, Butyrivibrio, Gemella, Fusobacteria, and
Akkermansia. Microbiome is often enriched in proinflammatory opportunistic pathogens and
microbes that cause metabolic disorders, such as Streptococcus bovis, F. nucleatum, E. coli, B. fragilis,
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and Enterococcus faecalis, and lower proportions of Ruminococcus, Bifidobacterium, Eubacteria,
and Lachnospira in comparison with healthy controls [441-443]. The higher abundance of
Bacteroides and bifidobacteria increases the risk of colon polyps, whereas that of Lactobacillus and
Eubacterium is protective [444]. A study reported an association of increased risk of colon cancer
with a higher abundance of bacteria producing hydrogen sulfide and bile salts [445]. Several other
studies describe the association between gut microbial dysbiosis and colorectal cancer.
Different hypotheses have been introduced to explain the role of microbial dysbiosis in
carcinogenesis. It was suggested the epigenetic nature for host DNA alterations and the association
between gut microbial dysbiosis and colorectal cancer caused gene methylation. This suggestion
was confirmed in animal and human studies; therefore, researchers conclude that dysbiosis
associated with CRC, inducing methylation of host genes, may promote carcinogenesis via
dysregulation of the genome [437].
An increased abundance of F. nucleatum was observed in patients with CRC. It was found that F.
nucleatum surface protein, FadA binds to E-cadherin on epithelial cells, activating the oncogenic,
pro-proliferative β-cadherin signaling [446]]. Moreover, F. nucleatum can alter the functions of
tumor-infiltrating lymphocytes and natural killer (NK) cells [447]. This bacterium also stimulates the
production of inflammatory cytokines such as IL-6, IL-8, and IL-18[446]. Moreover, a correlation was
found between the levels of F. nucleatum with tumor invasion, lymph nodes, and distal metastasis
[448].
Bacteroides fragilis is an enterotoxigenic (ETBF) bacterium that may play a role in colorectal
carcinogenesis. As mentioned earlier, this bacterium produces toxin called B. fragilis-derived toxin
(BFT). It activates the host’s spermine oxidase, generating hydrogen peroxide and reactive oxygen
species (ROS), which initiate DNA damage in epithelial cells and promote tumorigenesis [449]. BFT
interacts with the host’s epithelial E-cadherin to disrupt the intracellular junction, activate β-catenin
nuclear signaling, thus inducing cellular proliferation. B. fragilis may activate Th17 immune
responses and may lower the host’s anti-tumor immune responses, resulting in unhindered growth
of cancer cells [434, 450]. Animal studies have demonstrated that B. fragilis exacerbates
tumorigenesis in susceptible mice [434]. Adenomatous polyposis coli (APC) null mouse is used as a
model of colon cancer. In the APCmin/+ mice, B. fragilis induced tumorigenesis through an
inflammation-dependent mechanism [434] involving activation of Th17 via Stat3 [434].
E. coli has a higher prevalence in patients with CRC in comparison with the healthy controls [441].
This enterotoxic bacterium expresses the genomic island polyketide synthase (pks+). This gene
enhances tumorigenesis in animal models of colorectal cancer and is enriched in human tissues. In
colon tissue samples, the toxigenic pks gene cluster was found in the metagenome in 14 of 21
patients (66.6%) with CRC and only in 5 of 24 (20.8%) healthy control subjects [451]. E. coli pks+
produces a genotoxin termed colibactin [451], which alkylates DNA, resulting in double-strand
breaks in mammalian cells, such as colonic epithelial cells [452]. Moreover, it triggers premature
and transmissible cellular senescence in cells, which initially survive the DNA damage [453]. Feeding
animal models of CRC with E. coli containing the pks gene resulted in increased cases of tumors in
these mice [451].
Pancreatic ductal adenocarcinoma (PDAC) is a lethal and the most aggressive and devastating
malignancy.
Growing evidence suggests that gut microbiota might influence pancreatic carcinogenesis, and is
associated with PDAC susceptibility, initiation, and progression [454]. Moreover, the gut microbiota
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could influence therapeutic efficacy; however, the role of the microbiota in pancreatic
carcinogenesis remains unclear.
The pancreas was traditionally considered a sterile organ due to the presence of numerous
proteases and a highly alkaline environment [455]. In cancerous pancreatic tissues, increased
bacterial abundance was observed; for example, a 1000-fold increase in intrapancreatic bacteria in
patients with PDAC was observed as compared with normal pancreatic tissue [456]. The presence
of Fusobacterium sp. in the pancreatic tissues correlated with poor pancreatic cancer prognosis
[457]. The presence of Gammaproteobacteria in PDAC tissue specimens reduced the therapeutic
effects by metabolizing the anticancer drug, gemcitabine [458]. H. pylori can colonize the pancreas
and may initiate the process of carcinogenesis; however, different subspecies of Helicobacter have
been identified in the pancreas [459]. Several investigations suggest the role of H. pylori in the
development of PDAC. Pathogenic components derived from H. pylori, such as ammonia, LPS, and
inflammatory cytokines, damage the pancreas. H. pylori infection activates NF-κB and the activator
protein-1 (AP-1), dysregulating cellular processes. LPS from these bacteria may cause mutations in
K-Ras gene, which are detected in over 90% of the cases of PDAC [460]. This bacterium activates the
signal transducer and activator of transcription 3 (STAT3), causing the overexpression of antiapoptotic and pro-proliferative proteins such as Bcl-xL, MCL-1, survivin, c-myc, and cyclin D1.
Changes in the expression of these proteins may promote the progression of pancreatic cancer [461].
Pancreatic carcinogenesis and increased risk of PDAC may also be caused by oral microbiota,
periodontal diseases, and tooth loss [459, 462]. Dysbiosis of oral microbiota preceded the
development of pancreatic cancer rather than developed PDAC and stimulated microbiota dysbiosis.
In blood samples of patients with PDAC, a significantly higher level of antibodies against P. gingivalis,
a periodontal pathogen, which causes chronic periodontitis, as compared to healthy controls, was
observed. The highest abundance of P. gingivalis was associated with a twofold increased risk of
pancreatic carcinogenesis [463]. The presence of P. gingivalis and Aggregatibacter
actinomycetemcomitans in the oral cavity increases the risk of pancreatic cancer [464], whereas the
presence of Fusobacteria and Leptotrichia decreases this risk [465]. Investigations of salivary
samples showed that patients with pancreatic cancer had higher levels of Leptotrichia and
Bacteroides, whereas levels of P. gingivalis, Neisseria elongata, and A. actinomycetemcomitans,
were lower. The main oral bacteria involved in PDAC carcinogenesis are P. gingivalis, Fusobacterium,
N. elongata, and Streptococcus mitis [459]. Three species of bacteria, P. gingivalis, T. denticola, and
Tannerella forsythia, known as “the red complex” are described as the major pathogens causing
periodontitis. These bacteria secrete peptidyl-arginine deiminase (PAD) enzyme and may cause
point mutations in p53 (tumor suppressor gene) and oncogene K-Ras. It was found that p53
Arg72Pro and K-Ras codon 12 arginine mutations indicated poor prognosis of patients with PDAC
[466]. Fusobacterium spp. are pathogens that cause periodontal diseases. This bacterium increases
the production of reactive oxygen species (ROS), inflammatory cytokines, and modulates the tumor
microenvironment. Therefore, it potentiates tumorigenesis [446]. In contrast, results from other
studies suggest an association of Fusobacterium with reduced risk of PDAC [465]. Investigations of
saliva samples of patients with PDAC showed higher levels of Leptotrichia, Bacteroides,
Granulicatella adiacens, Porphyromonas, Streptococcus, Prevotella, Campylobacter, Atopobium,
and Neisseria [464], whereas N. elongata, S. nitis, Corynebacterium, and Aggregatibacter were
found to be significantly lower in patients with PDAC as compared with healthy controls[464].
However, a report suggests that A. actinomycetemcomitans is linked to a higher risk of development
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of PDAC [465]. It is suggested that Leptotricha plays a protective role and decreases the risk of PDAC.
However, a higher ratio of Leptotrichia to Porphyromonas in saliva samples was detected in patients
with PDAC.
Investigations of fecal samples from patients with newly diagnosed pancreatic cancer revealed a
higher abundance of Bacteroides, Verrucomicrobia, Sutterella, Veillonella, Odoribacter, and
Akkermansia, and lower levels of Firmicutes and Actinobacteria, as compared with healthy subjects
[467]. In another study, selective enrichment of Proteobacteria, Synergistetes, and Euryarchaeota
in fecal samples of patients with PDAC was observed [468]. Comparison of microbial composition in
surgically resected patients who survived more than five years after surgery (long-term survival
[LTS], median survival of 10.1 years) with patients who survived less than five years (short-time
survival [STS], median survival of 1.6 years) revealed a higher α-diversity in the tumor microbiome
composition in patients with LTS than in patients with STS [469]. Moreover, researchers have
observed a higher abundance of Pseudoxanthomonas, Saccharopolyspora, and Streptomyces with
LTS as compared with STS. The authors conclude that the presence and abundance of these three
genera along with the presence of Bacillus clausii, influence the prediction of LTS in patients with
PDAC [469]. Fecal microbiota transplantation from STS patients or LTS patients into mice can
modulate the tumor microbiome and affect the tumor growth and tumor immune infiltration [469].
There are also investigations that describe oral microbiota in patients with intraductal papillary
mucinous neoplasms (IPMNs), which are most common among pancreatic cystic neoplasms (PCNs).
PCNs are characterized by malignant transformation to invasive carcinoma. It is suggested that
IPMN could be considered an early detection marker of pancreatic cancer [462]. IPMNs display
varying degrees of cellular dysplasia, from low-grade dysplasia through high-grade dysplasia to
invasive carcinoma. In samples from patients with IPMNs, a higher abundance was observed in the
case of F. nucleatum and G. adiacens in comparison with healthy controls [462]. In another study,
IPMN high-grade dysplasia was found to be highly enriched for genera Granulicatella, Serratia, and
Fusobacterium, whereas low levels of Methylobacterium, Sphingomonas, and Propionibacterium
were observed in comparison to remainder two diagnosis groups [462].
As described above, microbiota induces PDAC via multiple pathways [459, 469, 470].
Hepatocellular carcinoma (HCC) and cholangiocarcinoma (CCA) are the most common
histological types of liver cancer. There is little evidence on the associations between the gut
microbiota and HCC in humans.
In fecal samples of patients with HCC, higher counts of E. coli were detected compared with
healthy controls [471, 472]. Another research revealed reduced numbers of Bifidobacterium and
enrichment of Bacteroides and Ruminococcus in these patients as compared with healthy controls
[473]. In patients with early HCC, increased levels of Actinobacteria phylum and 13 genera including
Gemmiger, Parabacteroides, Prevotella, Alistipes, Phascolarctobacterium, and Ruminococcus were
observed, whereas reduced numbers of Verrucomicrobia, Klebsiella, and Haemophilus were
observed in comparison with healthy controls. Butyrate-producing bacteria were decreased,
whereas genera producing LPS increased in patients with HCC. In early HCC, increased gut microbial
diversity was observed [474]. The role of Helicobacter spp. in the development of HCC has been
reported. Helicobacter spp. have been detected in the liver of patients with primary hepatic
carcinoma, whereas this bacterium is not present in healthy controls [475]. H. hepaticus is not
present in HCC patients with chronic hepatitis B or C. H. pylori is detected in HCC patients with HCVhepatitis [476]. Moreover, it was found that other Helicobacter species, such as H. pylori, H. bilis, H.
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hepaticus, and H. ganmani are specifically associated with cholangiocarcinoma, but not with nontumor diseases in the bile duct [477], and Salmonella typhi is associated with gallbladder and
hepatobiliary carcinoma [478]. Another study described changes in the composition of the tongue
coating in patients with HCC.
LPS produced by bacteria can activate TLR4, resulting in the development of liver cancer. In a
mouse model of HCC, LPS influenced hepatic Kupffer cells that produce inflammatory cytokines,
such as TNF-α and IL-6. Paracrine activated the cytokines through the LPS-TLR4-NF-κB signaling
pathway to stimulate precancerous hepatocellular proliferation and induce HCC [479]. Bile acids
(BAs) are common and important components of the gastrointestinal tract. Gut microbiota
influences liver cancer pathogenesis through BA-mediated regulation of the liver immune system.
For example, secondary BAs suppress anti-tumor immunity, promoting liver cancer progression.
This suppression could be attributed to the prostaglandin E receptor on CD8 T cells [480]. Further,
liver cancer can be regulated by NKT cells. The inhibition of Clostridium species enhances the
accumulation of NKT cells in the liver, whereas colonization of the gut by C. scindens decreases the
number of NKT cells in the liver. Clostridium spp. are responsible for the enzymatic conversion of
primary BAs to secondary BAs.
Associations between gut microbiota dysbiosis and the development of HCC were also described
in other studies [473, 481, 482].
Dysbiosis of microbiota may result in cancers such as lung cancer (mainly due to dysbiosis of
airway and lung microbiota) [483], melanoma (due to dysbiosis of skin microbiota) [484], cancers of
the urogenital system (due to dysbiosis of urinary tract microbiota) [485, 486], and breast cancer
(due to dysbiosis of breast tissue microbiota) [487].
7. Concluding Remarks
Gut microbiota plays an important role in human health and diseases by affecting the host
metabolism and immune function. Changes in the composition of gut microbiota, termed dysbiosis,
may cause several diseases. In contrast, alterations in the composition of these bacteria may have
a beneficial role. Probiotic bacteria are often consumed as part of foods such as yogurts and cheese,
as well as drugs, in the case of antibiotic therapy. Commensal bacteria inhibit the colonization by
pathogens, protect against physiological stress, and stimulate the immune system. Therefore,
further investigation into the relationship between gut microbiota and human health, as well as
between dysbiosis and diseases, is warranted.
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