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Abstract. Recent advances in molecular genetics and the invention of new technologies led
to a development in our knowledge about human microbiota, specifically bacterial one. The
microbiota plays a fundamental role in the immunologic, hormonal and metabolic homeosta-
sis of the host. After the initiation of the Human Microbiome Project, it became clear that the
human microbiota consists of the 10-100 ftrillion symbiotic microbial cells harbored by each
person, primarily bacteria in the gut, but also in other spots as the skin, mouth, nose, and
vagina. Despite of the differences in studying bacterial species, decreased bacterial diversity
and persistence has been connected with several diverse human diseases primarily diabe-
tes, IBD (inflammatory bowel disease) and others; attempts were made even to explain psy-
chiatric pathology. Several species emerged as dominant and were clearly linked to certain
disorders or accepted as biomarkers of others. The current review aims to discuss key issues
of our current knowledge about bacteria in human, the difficulties and methods of its analysis,
its contribution to human health and responsibility for human diseases.
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coexist with and on them. The human microbio-

ta refers to microorganisms that inhabit the epi-
thelial barriers of our body, such as our skin, respiratory
tract, and especially the gastrointestinal (Gl) tract. The
colon and rectum at the end of the gastrointestinal (Gl)
tract contain the highest microbial density in the human
body [1]. This complex ecosystem is mainly composed
of bacteria; the remainder includes viruses, archae,
protozoa, and fungi [2]. Common bacterial phyla in the
microbiota includes: Bacteroides, Firmicutes, Proteo-
bacteria and Actinobacteria, comprising > 1000 preva-

I I uman beings live with trillions of microbes which

lent bacterial species to confer a common core in the
metagenome [3, 4].

The advantages of human microbiota on the host organ-
ism are numerous. The microbiota in the gut has been
considered to be an “essential organ” [5]. It has the po-
tential to increase energy extraction from food [6], nutri-
ent harvest [9, 10], and alter appetite signaling [7, 8]. In
addition, a large amount of metabolic processes of the
microbiota are beneficial to the host, like the metabolism
of undigested carbohydrates and the biosynthesis of vi-
tamins [9]. The human microbiota also provides a physi-
cal barrier, protecting its host against foreign pathogens
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through competitive exclusion and production of antimi-
crobial substances [10, 11]. Finally, the microbiota is es-
sential in the development of the intestinal mucosa and
immune system of the host [12, 13].

Collectively, the entire microbial genome is about — 150
times larger than our own. All these microorganisms
participate in various physiological processes in the hu-
man body as food digestion [3], energy metabolism [14,
15], maturation of the immune cells [16], and provision
of resistance [17]. Bacteria in the GIT follow a specific
gradient of bacterial load being highest in the colon,
lower in the duodenum and jejunum and lowest in the
stomach. Alterations in microbial load are manifested in
different types of human diseases, such as infectious
diseases, liver diseases, gastrointestinal cancers, met-
abolic diseases, respiratory diseases, mental or psy-
chological diseases, and autoimmune diseases [18].

DIFFICULTIES IN STUDYING MICROBIOTA

Next-generation metagenomic sequencing (NGS)
methods offer a possibility to sequence all available
genomes in a sample. This is due to the shotgun
methodology in which the generated short fragments
are subsequently assembled and reconstructed into
contigs. This approach allows all genes from all or-
ganisms present in a sample to be analyzed, includ-
ing microorganisms that cannot be easily cultured.
This gives a new perspective to our understanding of
the microbial pathogenesis in diseases.

The first metatranscriptomic analysis of the healthy
human gut microbiota was performed in 2011 [19].
The most common approach to study bacteria is its
16S ribosomal RNA (rRNA) sequencing [20]. 6S rRNA
geneis organized in an operon and is transcribed with
into an rRNA subunit [21]. Being universally present
in all bacteria and evolutionally conserved over time,
sequencing of this gene provides a relatively easy
approach for studying bacterial phylogeny and tax-
onomy. The analysis of 16S transcripts showed the
phylogenetic structure of the active microbial com-
munity. Lachnospiraceae, Ruminococcaceae, Bacte-
roidaceae, Prevotellaceae, and Rickenellaceae were
the predominant families detected in the active mi-
crobiota. A transcriptome analysis of bacteriophage
communities in the periodontal microbiota performed
later by RNAseq correlated the high microbial ex-
pression with the periodontal health [22].

Unfortunately, most gut microbes are currently uncul-
tivable. Even with the use of recent technologies, 16S
rDNA high-throughput sequencing identifies only ap-
proximately half of the bacterial species [23]. There-
fore, other technologies are tried and developed in
order to identify and isolate these microorganisms.

A chip-based isolation device (the iChip) was specifi-
cally designed to identify uncultivable microbes within
complex microbial ecosystems [24]. The iChip is com-
posed of hundreds of miniature diffusion chambers,
each of which is inoculated with a single environmental
cell. The capacity for microbial recovery using the iChip
is many times higher than that of standard cultivation.
A new device for in situ cultivation (the I-tip) was sub-
sequently developed. The principal of the I-tip is similar
to that of the iChip; however, the I-tip traps individual
microbes within a gel. The in situ isolation of microbes
from invertebrate organisms using the I-tip has recov-
ered isolates from 34 novel microbial species [25].

The use of traditional animal models in microbiome
studies continues to be widely applied but is limited as
it cannot fully predict the results obtained in humans.
There are two methods of in vitro simulation based on
stem cells: the gut-on-a-chip system and colonic stem
cell construction. The “gut-on-a-chip” systems were de-
veloped to study the complex crosstalk occurring within
the gut microbiome. The gut-on-chip system is in vitro
living cell-based model of the intestine, it is composed of
microfluidic channels and a porous flexible membrane
coated with an extracellular matrix and lined with hu-
man intestinal epithelial cells [26]. Microfluidic devices
can also be used to study microbe-microbe interactions
by traditional capillary-based assays [27].

Colonic stem cell construction is a recently devel-
oped in vitro system that is used to grow 3D organ-
oid colonic epithelium [28]. Within a Matrigel overlay,
spherical 3D structures are grown from colonic stem
cells or intestinal stem cells as organoids. They con-
tain various differentiated cell types, and mimic a
barrier similar to that of intestinal or colonic epithelia
[29, 30]. These organoids have recently been used
to demonstrate that the Salmonella enterica serovar
Typhimurium can successfully invade the epithelial
cell layer [30], and that C. difficile can disrupt the epi-
thelial barrier function [31].

HUMAN MICROBIOTA IN HEALTH AND DISEASE

The body contains at least 1000 different species of
known bacteria and carries 150 times more microbial
genes than are found in the entire human genome
[2]. The human microbiota affects host physiology to
a great extent. Microbiotic composition and function
differ according to different locations, ages, sexes,
races, and diets of the host [27]. Commensal bac-
teria colonize the host shortly after birth. This simple
community gradually develops into a highly diverse
ecosystem during host growth [28].

Over time, host-bacterial associations have devel-
oped into beneficial relationships. Symbiotic bacteria
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metabolize indigestible compounds, supply essential
nutrients, defend against colonization by opportunistic
pathogens [29]. For example, the intestinal microbiota
is involved in the digestion of certain foods that cannot
be digested by the stomach and small intestine, like di-
etary fibers (xyloglucans), which are commonly found
in vegetables and can be digested by a specific spe-
cies of Bacteroides [30]. Other non-digestible fibers,
such as fructooligosaccharides and oligosaccharides,
can be utilized by beneficial microbes, such as Lacto-
bacillus and Bifidobacterium [31]. Studies have clari-
fied the role of the gut microbiota in lipid and protein
homeostasis as well as in the microbial synthesis of
essential nutrient vitamins [32]. The gut microbiota
has been shown to deliver vitamins to the host, such
as folates, vitamin K, biotin, riboflavin (B2), cobalamin
(B12), and possibly other B vitamins. In addition, gut-
colonizing bacteria stimulate the normal development
of the humoral and cellular mucosal immune systems
[37]. A report has demonstrated that the gut micro-
biota generates a tolerogenic response that acts on
gut dendritic cells and inhibits the type 17 T-helper cell
(Th17) anti-inflammatory pathway [40]. However, not
all microbiota lead to health benefits. Some induce in-
flammation under certain conditions.

Gastric, colorectal and esophageal cancers

Apart from inherent genetic factors (such as mutations
in oncogenes and tumor suppressor genes), NUMerous
studies have revealed the important influence of microor-
ganisms to cancer biology. Infectious agents such as He-
licobacter pylori, hepatitis B and C viruses, and human
papillomaviruses have been recognized as carcinogenic
agents [32]. Some studies report an existing communi-
cation between the microorganisms in cancer and the
surrounding tumor environment. Xuan C et al. noticed a
dramatic reduction in bacterial load in breast tumor com-
pared to healthy breast tissue and suggested that it could
be an additional indicator used in the establishment of
the diagnosis or staging of breast cancer [33]. It could be
therefore speculated that a decrease in bacterial load in
a healthy individual may be a signal of an elevated breast
cancer risk. Relationships between gut microbiota and
cancer are multifactorial and bidirectional [33].

Helicobacter pylori is another important bacterium
that infects the stomach and contributes to the occur-
rence of gastric cancer, chronic gastritis, peptic ulcers
and mucosa-associated lymphoid tissue lymphoma. It
is well established that it acts by activating oncogenic
signal transduction pathways (Ras-ERK -PI3K) to alter
cell proliferation (through virulence factors (vacuolat-
ing cytotoxin A (VacA) and cytotoxin-associated gen
A (CagA)), as well as by causing a continued oxida-
tive stress within the tissue. Other microorganisms,

besides H.pylori, could also cause gastric cancer. In
human, members of Proteobacteria, Firmicutes, Ac-
tinobacteria and Fusobacteria phyla can be readily
detected in samples of gastric cancer patients [34,
35]. On the contrary, only 3% of H. pylori infected
people develop cancer [36], implying the importance
of other phyla in gastric carcinogenesis. Gastric can-
cer microbiota increase nitrate reductase and nitrite
reductase functions, potentially leading to more N-
nitroso compounds that are carcinogenic [37]. Differ-
ent groups observed a change in gastric microbiota
in different stages of gastric carcinogenesis [38]: a
significant enrichment of 21 bacterial taxa and deple-
tion of 10 others. Some of these taxa correspond to
Peptostreptococcus stomatis, Parvimonas micra,
Fusobacterium nucleatum and some other bacteria,
which are members of the human oral microbiota.

Colorectal cancer is the third most common cancer
in the world with a high level of heritability that ac-
counts for up to 35% [39], whereas about 5% of the
cancer occur as a part of a known genetic predis-
position syndrome [40]. The bacterial population of
the colon consisted mainly of Firmicutes and Bacte-
roidetes [41]. Less abundant phyla in the colorectum
include Proteobacteria, Actinobacteria, Fusobacteria
and Verrucomicrobia. An important finding is that the
stool transfer from colorectal cancer patients to two
different mice models could promote intestinal carci-
nogenesis [42]. This demonstrated the carcinogenic
properties of the colorectal cancer microbiota. Func-
tional studies suggested that several bacteria, includ-
ing Bacteroides fragilis, Escherichia coli and Pepto-
streptococcus anaerobius, may promote colorectal
carcinogenesis, inducing direct DNA damage [43]
and cholesterol biosynthesis [60]. The colorectal can-
cer microbiota exhibits dysbiosis with reduced overall
bacterial diversity. Nevertheless, there is a significant
enrichment in several genera as Fusobacterium,
Peptostreptococcus, Parvimonas and Porphyromo-
nas [44]. Similarly to gastric cancer, many of these
bacteria are known members of the oral microbiota,
present in the Human Oral Microbiome Database and
are associated with periodontal diseases [45]. This
suggests that oral-gut translocation of the microbiota
can be associated with intestinal carcinogenesis.

The alpha bug hypothesis in cancer [46] states
that certain oncogenic bacteria may remodel the
microbial community to alter mucosal microenviron-
ment and lead to cancer formation [46, 47]. There
is a relationship between oral microbiota, periodontal
disease and cancers [32]. In human, periodontal dis-
ease has been reported to be associated with can-
cers of the pancreas [48] and colorectum [49], head
and neck carcinoma [50], lung cancer [51], breast
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cancer [52]. Specific members of the oral microbiota
including Porphyromonas gingivalis were associated
with increased risk of pancreatic cancer [53, 54].

Chronic inflammation caused by gastroesophageal
reflux (GER) is closely related to esophageal ad-
enocarcinoma (EA) [55]. Regional differences in its
incidence appear to be correlated with economic de-
velopment. Long-term and frequent antibiotic expo-
sures worldwide may lead to a higher incidence of
GERD, thus resulting in an increasing morbidity from
EA [56]. There were no detectable changes between
local microbiomes of squamous cell carcinoma and
adenocarcinoma [57]. A series of case-control stud-
ies suggested that H. pylori may play a protective role
in the development of GERD and be associated to
EA. However, the eradication of H. pylori does not
worsen GERD or increase new GERD [58].

Metabolic, allergic and psychiatric diseases
A. Metabolic diseases

The dysbiosis of intestinal flora affects the production
of immune mediators and induces chronic inflamma-
tion, as well as metabolic dysfunction [59]. The inter-
actions between the gut microbiota and host genotype
may be crucial factors for obesity and related metabol-
ic disorders [60]. Diet can modulate the composition
and function of microbes in humans [61]. For example,
a mouse study revealed that mice that were fed with
lard for 11 weeks exhibited increased Toll-like recep-
tor activation and white adipose tissue inflammation,
along with reduced insulin sensitivity, compared with
mice that were fed with fish oil [62]. The gut microbiota
influences the circadian clock and undergoes circa-
dian oscillations [63]. Disruption of the host circadian
clock induces dysbiosis, which is associated with host
metabolic disorders [64]. Growing numbers of studies
indicate that an altered gut microbiome characterized
by lower diversity is associated with diabetes. A study
demonstrated that the human gut microbiome may in-
duce insulin resistance [65] through species such as
Prevotella copri and Bacteroides vulgates. The gut
microbiota may directly affect T2D through its effect
on the metabolism of amino acids; thus, future antidia-
betic treatment strategies may target bacterial strains
that cause imbalances in amino acid metabolism [66].

A reduced taxonomic or functional diversity of the mi-
crobiome was often observed in association with poorer
health outcomes or disease in general [67]. Individuals
suffering from metabolic liver disease exhibit microbiota
instability in general. Specifically, fatty liver disease is
linked to a long-term increase in opportunistic patho-
gens like Enterobacteriaceae or Escherichia/Shigella.

B. Allergic diseases

Bunyavanich et al. [68] examined the association
between early-life gut microbiota and the resolution

of cow’s milk allergy. According to the results, early
infancy (between age 3 and 6 months) is a window
during which gut microbiota may shape food allergy
outcomes in childhood. Bacterial taxa within Clostrid-
ia and Firmicutes could be studied as probiotic can-
didates for milk allergy therapy. The gut microbiota
interacts with the immune system intimately, provid-
ing signals to promote the maturation of regulatory
antigen-presenting cells (APCs) and regulatory T cells
(Tregs), which play a crucial role in the development of
immunological tolerance. The specific members of the
microbiota, such as Clostridium species, interact with
Treg and regulate immunoglobulin E (IgE) levels [69].

Food allergy (FA) is associated with the intestinal microbi-
ota composition of infants [70]. There are several key FA-
associated bacterial phylotypes, which are significantly
changed in infancy and are positively associated with the
development of FA. The proportion of abundant Bacte-
roidetes, Proteobacteria, and Actinobacteria phyla were
significantly reduced, while the Firmicutes phylum was
highly enriched in the FA group. The genera Enterococ-
cus and Staphylococcus are FA-enriched phylotypes
which negatively correlate with interleukin-10 [70].

C. Psychiatric diseases

The gut-brain axis plays a key role in psychiatric dis-
eases and its normal functioning maintains the nor-
mal brain and Gl function. Depression is accompanied
by increased IgM and IgA responses directed against
gram negative gut commensals including Hafnia al-
vel, Pseudomonas aeruginosa, Morganella morganii,
Pseudomonas putida, Citrobacter koseri, and Klebsi-
ella pneumonia [71]. The average values of serum IgM
and IgA against LPS of these commensals were sig-
nificantly higher in chronically depressed patients than
in those with melancholia or recurrent depression. The
authors conclude that the “translocated” gut commen-
sal bacteria activate immune cells to produce IgA and
IgM responses and that this phenomenon may play a
role in the pathophysiology of chronic depression [71].

Gut microbiota regulates neurotransmitter signals.
Common neurotransmitters include serotonin (5-HT),
noradrenaline, dopamine, and gamma-aminobutyric
acid (GABA), which have marked effects on the brain
and behavior [72]. The gut microbiota can regulate both
the expression of central neurotransmitters and related
receptors, as well as the peripheral neurotransmitter
levels. Germ-free (GF) mice showed different alteration
of 5-HT, noradrenaline, dopamine, and related recep-
tors in different areas of the brain [73], as well as de-
creased serotonin in the peripheral nervous system and
intestine [74]. Although some gut neurotransmitters —
such as 5-HT, GABA, and dopamine — cannot cross the
BBB (blood-brain-barrier), these gut neurotransmitters
may act on the vagus nerve or affect periphery signal-
ing, thereby influencing brain functions [75].
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Gut microbiota dysbiosis in early years of life be-
fore three years of age can result in neurodevelop-
mental diseases such as autism spectrum disorder
(ASD) [76]. The pathophysiology of autism is not fully
clear. However, children with ASD often have Gl prob-
lems, such as indigestion, poor absorption, overgrowth
of intestinal pathogenic bacteria and abnormal Gl fis-
tula [77]. Finegold et al. [78] reported that in patients
with severe autism, Bacteroidetes and Actinobacteria
phyla were at a higher level, while Firmicutes and Pro-
teobacteria phyla were more abundant in the healthy
individual. Desulfovibrio species and Bacteroides vul-
gatus in the feces of autistic children were significantly
higher than the healthy controls. Moreover, Wang et
al. [79] confirmed that Bifidobacteria species and Ak-
kermansia muciniphila in autistic children were at lower
relative abundances when compared to the control.

Gut microbiota can modulate drug efficacy, and
used as a biomarker of patients’ outcomes

The gut microbiota has been shown to modulate an-
ticancer drug efficacy. Altered gut microbiota is as-
sociated with resistance to chemo drugs or immune
checkpoint inhibitors (ICls), whereas supplementa-
tion of distinct bacterial species restores responses
to the anticancer drugs.

Moreover, microbial shifts are highly distinct across
tumor stages [80, 81]. Bacteria have been reported
to promote inflammation and cancer cell proliferation
via cytokine production. In addition to its function in
modulating inflammation, the microbiota influences
the efficacy of cancer treatment. Preclinical data
from a colon cancer mouse model identified Gam-
maproteobacteria as the key bacteria that metabolise
gemcitabine, a chemotherapeutic drug, into its inac-
tive form via cytidine deaminase. Human pancreatic
ductal adenocarcinoma (PDAC) contains elevated
level of Gammaproteobacteria compared to the nor-
mal pancreas. The detection of Gammaproteobacte-
ria may explain the gemcitabine resistance in PDAC
patients and targeting these bacteria may sensitize
tumor to gemcitabine treatment [82].

Microbiota could mediate chemotherapy induced tox-
icity. Mice depleted in gut microorganisms after treat-
ment with broad-spectrum antibiotics were more sus-
ceptible to methotrexate induced small intestinal injury.
Gastrointestinal toxicity, causing diarrhoea, pain and
weight loss, is a common adverse effect of chemo-
therapy, resulting in morbidity and mortality [83]. Such
a drug is irinotecan which causes severe diarrhoea in
up to 40% of patients, requiring dose reduction and, in
many cases, premature termination of the drug [84].
Its administration increases the abundance of caecal
Clostridium cluster XI and Enterobacteriaceae, both of
which are potentially pathogenic [84].

Irinotecan’s active metabolite, SN-38, is converted
in the liver to an inactive glucuronide (SN-38G).
Wallace and colleagues [85] showed that bacterial
B-glucuronidases cleaves the glucuronide moiety for
use as a carbon source, releasing the active SN-38
metabolite into the bowel lumen, generating diar-
rhoea. All these experiments show that gut microbiota
could be potentially targeted to improve efficacy and
reduce the toxicity of current chemotherapy agents.

Dysbiotic states seem to be associated with poor or
deleterious outcomes from chemotherapy so clinicians
need urgently biomarkers of dysbiosis as predictors of
patients’ outcomes. They have to reflect the bacterial
variation in tumour stage and phenotype. Such an ex-
ample is Fusobacterium nucleatum which is associat-
ed with advanced stage and poor outcome in patients
with colorectal cancer [86]. Montassier and colleagues
[87] found that a diverse gut microbiota is associated
with protection against chemotherapy-related blood-
stream infection. The authors suggested a microbio-
ta-based predictive risk index model, which might be
used to stratify patients at risk of complications before
treatment. Generally, the reduced microbial diversity
over the course of chemotherapeutic treatment cor-
responds to higher rate of infection within 90 days in
patients with acute myeloid leukaemia [88].

CONCLUSION

The past two decades appeared to be very fruitful
in understanding the impact of the human microbiota
on the host health and disease, and more specifically
the impact of its bacterial component. The role of de-
creased bacterial variety and increased homogeneity
has been implicated in a plethora of human patholo-
gies. Few papers subtly attempted to depict enriched
bacterial species as biomarkers of certain disorders.

Despite the enormous progress that has been made,
our knowledge of the specific bacterial microbiota
members is out-of-date. The current review aimed to
discuss key issues of our current knowledge about
bacteria in human, the difficulties and methods of its
analysis, its contribution to human health and respon-
sibility for human diseases. The next steps will prob-
ably include the development of novel probiotic strains
to treat diseases, improving bacterial microflora. But
before that, scientific society has to be aware of the
molecular-level details underpinning bacterial effects.
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