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Numerous studies have been emphasizing the role of microbiota in health and
diseases. The intestinal microbial flora, referred to as the second gene pool of the
human body, plays a crucial part in immune function, nutrient absorption, and
various activities of host cells, as well as in human disease. These microbial
communities exist in symbiosis with the host, contributing to homeostasis,
regulating immune function, and playing a significant role in the development of
certain organs. However, dysbiosis of the microbiota can result in the dysregulation
of bodily functions and the occurrence of diseases such as cardiovascular diseases
(CVDs), cancers, autism, dementia, inflammatory bowel disease (IBD), and
respiratory diseases. This review delves into the recent understanding of how the
microbiota is linked to the health or pathogenesis of the host. First, we outline the
findings on the transmission of gut microbiota and the functions of microbiota in
maintaining good health, such as their involvement in the development of the
immune system, formation of bones, and influence of bacteria on brain function and
behavior. Next, we discuss the contribution of the gut microbiome to various human
illnesses, including immune system imbalances, osteoporosis, and autism spectrum
disorder. Extensive research has focused on the gut microbiome and its impact on
both health and disease, demonstrating its influence on human metabolism,
nutrition, physiology, and immune function. Changes in the composition of the gut
microbial community, known as dysbiosis, have been associated with
gastrointestinal conditions like inflammatory bowel disease (IBD) and irritable
bowel syndrome (IBS), as well as broader systemic effects including obesity, type 2
diabetes, Autism, Parkinson's disease, dementia, and cancer.

1. Introduction

The term "microbiota” has its roots in the
early 1900s. It is believed that around 90% of
the cells in our bodies are prokaryotic. Although
the exact number is challenging to pinpoint, it is
suggested that the human intestinal tract could
harbor up to 100 trillion microorganisms, which
is roughly 10 times the number of cells present
in our eukaryotic "human™ cells. Furthermore,
the human microbiota, also referred to as "the
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hidden organ,” contributes more than 150 times
the amount of genetic information compared to
the entire human genome (Grice and Segre,
2012). The human intestinal system harbors a
community of approximately 500-1000 diverse
bacterial species. It is challenging to provide a
more precise calculation, partly due to the fact
that many of these bacteria have not been
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successfully grown in a lab setting; in fact, only
around 7% have been cultured in vitro.

The human gut microbiome weighs
approximately 2 kg, surpassing the weight of the
brain. It is equally active metabolically as the
liver and contains a hundred times more unique
genes compared to the human genome (Rawls et
al., 2006).

The terms "microbiota” and "microbiome"
are often used interchangeably, but there are
specific  distinctions  between the two.
Microbiota refers to the living microorganisms
present in a specific environment, such as the
oral and gut microbiota. On the other hand,
microbiome encompasses the collection of
genomes from all microorganisms in the
environment, not only including the
microorganism community, but also the
microbial structural components, metabolites,
and environmental conditions (Berg et al.,
2020). Therefore, microbiome covers a wider
range than microbiota. This review primarily
focuses on the role of microbiota in human
health and diseases.

The gut bacteria and the microbial cells both
exhibit the ability to change their characteristics.
In order to survive in the intestinal microbiome,
the gut bacteria create biofilms, which are
interconnected communities of microbes that
can withstand forces that could otherwise
dislodge and remove them (Sonnenburg et al.,
2004). When bacteria become part of a biofilm,
they activate different genes and develop new
traits (Macfarlane et al. 2005). These genes are
triggered by the gut's epithelial cells and mucus,
enabling the bacteria to stick together and
modify how they take in nutrients. Interestingly,
the presence of biofilms in the human appendix,
and the location and narrow aperture of this
structure, suggests that the normal appendix acts
as a “safe house,” harboring a reserve of the gut
commensals that typically colonize the healthy
colon; this normal gut microbiome of the colon
aids in the immune regulation and native
immunity of the gut. In cases of diarrhea or
other severe evacuation of the gut, the appendix
would be able to maintain its bacterial
population to serve as a culture that can
repopulate the bowel during its recovery (Yap et
al., 2024).

The attachment of gut microbes to intestinal
mucus helps to clarify why the gut bacteria
composition varies in different parts of the

intestine. The thickness and composition of
intestinal mucus differ in various gut regions,
allowing different bacteria to form biofilms in
distinct areas. This segregation of bacteria
enables specialization. For instance, in one gut
region, various bacteroides species produce
products that are subsequently metabolized by
Escherichia coli, another gut resident, in a more
distant gut region (Sonnenburg et al., 2004). The
link between the gut microbiome and gene
expression in the host has been established
through numerous studies in model organisms
and humans. In the gut, bacteria trigger gene
expression in the host's tissue, while the gut
tissue also stimulates new gene expression in the
microbes. For instance, in mice, gut bacteria are
responsible for triggering the expression of
intestinal Cytochrome P450 (Cyp) 3a sub-family
and transporter genes (Fu and Cui, 2017).
Several molecular mechanisms facilitate the
communication between the microbiome and
host gene expression. Transcription factors are
host proteins that bind to DNA and regulate the
transcription of genes. Elements of the
microbiome bind directly to transcription factors
(Krautkramer et al. 2017). It has been found that
the microbiome suppresses the transcription
factor hepatocyte nuclear factor 4A (HNF4a),
preventing the regulation of host inflammatory
pathways,  potentially leading to an
inflammatory state (Davison et al., 2017).
Studies on the skin microbiome of mice showed
that colonization of the skin microbiome
regulates the expression of several key
transcription factors (KIf4, AP-1 and SP-1),
albeit via an unknown mechanism (Meisel et al.,
2018).

2. Inheritance of the gut bacteria

The gut microbiome and the immune system
co-develop around the time of birth, well after
genetic information has been passed from the
parents to the offspring. Recent observations
suggest that maternal factors encountered both
in utero and after birth can directly or indirectly
impact the development of the offspring’s gut
microbiome and immune system (Knoop et al.,
2018). It is believed that human babies acquire
the beginnings of such communities largely
from the reproductive and digestive tracts of
their mothers. In support of this idea, babies
born through Caesarean section have been found
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to have an altered bacterial colonization
pattern early in life compared with vaginally
delivered babies (Ley et al., 2006) It appears that
the gut microbiota are an epigenetic inheritance
from the mother.

3. Gut bacteria and normal mammalian
organ development

The enteric bacteria have been shown to
induce or regulate the expression of many genes
in the gut. In other words, products of the
bacterial cells can induce gene expression in the
mammalian intestinal cells. Additionally, normal
gut development requires this gene expression.
Fucosyl transferase, an enzyme characteristic of
mouse intestinal villi, was shown to be induced
by bacteria. More recent studies have shown that
the intestines of germ-free mice (i.e., mice bred
in sterile facilities and having no contact with
bacteria or fungi) can initiate, but not complete,
their differentiation. For complete development
of the mouse gut, the microbial symbionts are
needed. Microarray analyses of mouse intestinal
cells have shown that normally occurring gut
bacteria can upregulate the transcription of
numerous mouse genes, including those
encoding colipase, which is important in nutrient
absorption; angiogenin-4, which helps form
blood vessels; and Sprr2a, a small, proline-rich
protein that is thought to fortify matrices that
line the intestine, Nucleotide-binding
oligomerization domain-containing protein 2
(NOD2) and Human Leukocyte Antigens
(HLAs) genes which involves in inflammatory
bowel disease (IBD) (Cohen et al., 2019). Thus,
the “normal” amount of gene expression in the
gut is regulated by the microbes. In human
cultured colon cells, bacteria (through their
flagellin proteins) are responsible for activating
the synthesis of transcription factors that are
necessary for several intestinal functions
(Nichols and Davenport, 2021). Thus, we
develop as holobionts.

Mammals are not the sole vertebrates whose
intestinal and immune system growth relies on
microbial symbionts. Zebrafish intestinal tracts
harbor a wide variety of microorganisms, and
these microbial partners utilize the Wnt/f-
catenin signaling pathway to trigger cell division
in the stem cells of the intestine. In the absence
of this cell division, germ-free mice have
smaller intestines and a deficiency of
enteroendocrine and goblet cells (Jemielita et al.,

2014). Studies have shown that without specific
intestinal microbes, the capillaries of the small
intestinal villi do not develop their complete
vascular networks. Bacteroides
thetaiotaomicron is crucial for stimulating host
angiogenesis. Mice raised without any gut
bacteria, known as germ-free mice, were found
to have a reduced gut capillary network
formation compared to normal mice (Schirbel et
al., 2013). However, when the intestines of
germ-free mice were colonized with either a
sample of bacteria from conventionally raised
mice or with B. thetaiotaomicron alone, the
capillary network formation was completed
within 10 days. It was observed that this
outcome was not affected by the age of the
mouse, as even adult mice were able to complete
capillary growth quickly in the presence of the
necessary symbiotic bacteria.

The presence of Paneth cells, which are
essential gut cells located in the intestinal
glands, was found to be necessary for the
development of the capillary network. Mice
lacking Paneth cells did not properly form the
capillary network even after being exposed to B.
thetaiotaomicron or regular gut bacteria. Further
tests demonstrated that Paneth cells react to B.
thetaiotaomicron by producing the gene that
encodes angiogenin-4, a protein that is known to
stimulate the formation of blood vessels. This
suggests that when exposed to intestinal flora
and microbiota-derived elements, Paneth cells
secrete not just antimicrobial peptides but also
pro-angiogenic signaling molecules, which in
turn encourage intestinal and mesenteric
angiogenesis (Hassan et al., 2022). Ang4
disrupts the integrity of bacterial membranes by
targeting critical basic amino acid residues with
different functionalities, rather than relying on
overall electrostatic ~interactions. This
mechanism potentially allows Ang4 to maintain
gut microflora both in vivo under physiological
conditions and in pathophysiological conditions,
as demonstrated in the study by Sultana et al.,
2022. The experiments clearly showed that the
presence of a specific environmental factor, such
as B. thetaiotaomicron in this case, is essential
for inducing the expression of important factors
needed for the formation of capillary networks
in the host's gut.

3.1. Maturation of gut-associated lymphoid
tissue by symbionts
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The gut microbiota play a crucial role in
maintaining  the  balance  of  various
interconnected metabolic and immune systems
in the body. In mice, delayed initial microbial
colonization results in the failure of gut-
associated lymphoid tissues (GALT) to develop,
leading to long-term  immune  system
dysregulation (West et al., 2015). Research has
demonstrated  that the combination  of
Bacteroides fragilis and Bacillus subtilis is
capable of inducing GALT (Rhee et al., 2004).
The presence of microbial colonization is
essential for the development of T- and B-cells
in the intestinal mucosa (Wesemann et al.,
2013). Therefore, symbiotic bacteria play a
critical role in the differentiation of mammalian
immune system lymphocytes.

3.2. Impact of bacteria on brain and behavior

The human physiology is greatly influenced
by the gut microbiome, including its impact on
the nervous system. The colonization of the
microbiome during fetal development occurs at
the same time as the development of the nervous
system, and it happens in a well-coordinated
manner. Recent research indicates that the
microbiome and its metabolic by-products play
an active role in controlling early brain
development. Any disruption during this early
developmental process can have a negative
effect on brain function, and it can lead to

various neurodevelopmental and
neuropsychiatric disorders (NPD) (Dash et al.,
2022).

Studies have indicated that symbiotic bacteria
can promote the postnatal growth of the
mammalian brain (Wang and Kasper, 2014).
Germ-free mice exhibit reduced levels of NGF1-
A and BDNF in relevant brain areas compared
to normal mice. Research has demonstrated that
specific Lactobacillus strains contribute to the
regulation of emotional behavior through the
vagus nerve—dependent control of GABA
receptors (Forsythe et al., 2012). The gut
microbiota has the potential to influence brain
development and modify the structure of
specific brain regions linked to social behavior,
stress response, and internal balance. The gut
microbiota can impact the amygdala, a brain
region that significantly influences social
behavior and anxiety (Awe et al., 2024).

Furthermore, introducing gut bacteria to mice
at an early age normalized many of these
behavioral  traits.  Studies  with  mice
demonstrated that being exposed to Bacteroides
fragilis could result in social and behavioral
impairments, particularly in males, emphasizing
the microbiome's influence on
neurodevelopment. This innovative study paves
the way for gaining a better grasp of the
complexities of autism spectrum disorder (ASD)
and creating potential interventions (Carmel et
al., 2023). The gut microbiota might play a role
in causing damage to the blood-brain barrier
(BBB) and leading to the development of
neurodegenerative diseases. However, even
germ-free mice have a BBB that is not
completely impermeable to proteins, whether
they are young or mature. This issue can be
resolved by reintroducing normal gut bacteria to
the pups' guts. It seems that substances from the
mother's beneficial gut bacteria control the
permeability of the blood-brain barrier while it is
forming in the fetal mice. It is probable that both
our brains and our behaviors cannot develop
properly without the right symbiotic organisms
(Parker et al., 2020).

4. Gut bacteria and human disease

The presence of gut bacteria can significantly
impact our health. An imbalance in our
symbiotic microbes is now recognized as a
medical condition known as dysbiosis. This
condition is linked to various human diseases
such as anxiety, depression, hypertension,
cardiovascular  diseases, obesity, diabetes,
inflammatory bowel disease, and cancer.
Studying the role of gut bacteria in human
obesity and bowel inflammation has become a
priority due to the increasing obesity rates in
developed countries and the associated health
issues.  Furthermore, there are theories
suggesting that certain diseases like asthma,
rectal cancer, and gastric cancer may be caused
by imbalances in gut microbes (Afzaal et al.,
2022).

4.1. Gut microbiome and immune system

The gastrointestinal tract is home to the gut
microbiota, which plays a crucial role in
maintaining the host's health by balancing the
immune system. Recent findings indicate that
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changes in these microbial communities
can lead to immune imbalances and subsequent
autoimmune conditions. H. hepaticus has the
ability to trigger an immune response in the host,
leading to inflammatory bowel disease (IBD),
while Bacteroides can prevent this response.
This beneficial effect of Bacteroides is achieved
through the action of Polysaccharide A (PSA).
Bacteroides strains lacking the ability to produce
PSA are unable to protect susceptible mice from
IBD, and administering PSA to susceptible mice
via a feeding tube can prevent Helicobacter-
induced IBD. Bacteroides secretes a PSA that
can inhibit the inflammatory response triggered
by Helicobacter, particularly the interleukins.
This suppression occurs due to the activation of
gut CD4+ T lymphocytes, which produce 1L-10,
an interleukin that hinders the inflammatory
immune reaction (Danne et al., 2017).

Many documented reports show direct
evidence that highlights the crucial role of the
gut microbiota in controlling the development of
Antigen presenting cells (APCs). Germ-free
(GF) animals displayed a decreased count of
intestinal dendritic cells (DCs) but not systemic
ones, and introducing Escherichia coli into GF
animals was adequate to attract DCs to the
intestines. GF mice also lacked macrophage
activation markers like major histocompatibility
complex class Il (Wu and Wu, 2012). The
regulation of neutrophils by the microbiota's
systemic influence has been demonstrated, and
one notable phenotype of GF rats is their
neutropenia. NK cells, a type of innate
lymphocytes, can identify and remove
transformed and infected cells by secreting
interferon-y (IFNy) or perforin. Research has
distinguished two categories of NK cells
expressing the NKp46 receptor in the gut
mucosa (Satoh Takayama et al., 2008). One type
of gut NKp46+ cell closely resembles
conventional NK cells while the other type,
unlike classical NK cells, shows limited IFNy
production and lacks perforin. Moreover, these
atypical gut NKp46+ cells differ from classical
NK cells by their expression of the nuclear
hormone receptor retinoic acid receptor-related
orphan receptor gamma t (RORyt) and
interleukin-22 (IL-22). As GF mice lack IL-22-
producing NKp46™ cells, this suggests that the
gut microbiota may play a crucial role in
promoting 1L-22+NKp46+ cell differentiation
(Sanos et al., 2009).

4.2. Gut microbiome and bone formation

The presence of gut microbiota contributes to
various processes impacting bone health.
Genetic variation is closely linked to gut
microbes, and the regulation of genes
significantly influences the onset of bone-related
ailments like osteoporosis. Gut microbiota can
disturb the equilibrium between bone formation
and resorption by indirectly stimulating or
inhibiting  osteoblasts and  osteoclasts.
Furthermore, intestinal microorganisms impact
bone metabolism by controlling growth factors
or modifying bone immune status, and they can
also influence the metabolism of serotonin,
cortisol, and sex hormones, ultimately affecting
bone mass in mice (Zhang et al., 2023).
Osteoporosis is characterized by reduced bone
mass and mineral density, leading to alterations
in bone microstructure. The influence of
genetics and environmental factors
predominately contributes to this condition, and
numerous research studies have verified the
existence of a correlation between the intestinal
microbial flora and osteoporosis (Marini et al.,
2016). Osteoporosis results from estrogen
deficiency causing bone loss, and the absence of
estrogen in mice is induced by surgical ovarian
resection (OVX) or inhibition of sexual
hormones. Treatment of OVX mice with
Lactobacillus acidophilus resulted in decreased
levels of bone resorption markers and inhibition
of osteoclast formation (Ohlsson et al., 2014).
Furthermore, Lactobacillus reuteri reduced the
number of T lymphocytes in OV X mice, leading
to inhibition of osteoclast formation (Britton et
al., 2014). Type | diabetes may lead to
osteoporosis as well. According to a study, L.
reuteri was found to inhibit the expression of
tumor necrosis factor (TNF) and Wnt10b, which
helps prevent bone loss and bone marrow
adiposity in a mouse model with type | diabetes
(Zhang et al., 2015). Numerous research studies
have demonstrated that the intestinal microflora
can regulate the insulin-like growth factor
(IGF)-1 levels, thereby influencing bone
formation and absorption in young and middle-
aged mice. The use of antibiotics to eliminate
the intestinal microflora in young mice resulted
in decreased levels of IGF-1. Furthermore, it
was discovered that intestinal microbes can
impact bone metabolism by altering the immune
status of the bone (Yan et al., 2016).



F. Mashayekhi and Z. Salehi/International Journal of Molecular and Clinical Microbiology 14(1) (2024) 1970-1980 1975

4.3. Gut microbiome in Autism Spectrum
Disorder

ASD, or autism spectrum disorder, is a
neurological condition that impacts the normal
development of the brain. The growing number
of ASD diagnoses is causing concern, with
statistics revealing that 1 in 68 individuals
worldwide are affected. ASD is a prevalent
neurodevelopmental disorder characterized by
impaired communication  skills, deficient
reasoning, and repetitive and obstructive
behavioral patterns (Taniya et al., 2022).
Multiple studies indicate that genetic factors
such as chromosomal abnormalities, gene
polymorphisms, and environmental factors like
diet and stress play a role in the onset and
progression of ASD (Matsuzaki et al., 2012;
Hosseinpour et al., 2017; Mashayekhi et al.,
2021; Lord et al., 2022). Throughout numerous
years, parents have documented that their
children who have been diagnosed with ASD
experience gastrointestinal (GI) issues such as
constipation, abdominal pain, diarrhea, and
vomiting. Recently, researchers have highlighted
the gut microbiome as a potential factor
contributing to the development of ASD, as
individuals with ASD often experience digestive
issues and exhibit a distinct composition of
intestinal microbes (Peralta-Marzal et al., 2024).
During prenatal development inside the mother's
womb, in the placenta, and amniotic fluid,
microbial colonization initiates as indicated by
numerous pieces of evidence. It has been
observed that the gut microbiota of children with
ASD differs from that of neurotypically
developed children (Korteniemi et al., 2023).
The colonization of bacteria in the maternal-fetal
unit may have positive or negative effects on
pregnancy and/or fetal development. Infants
receive colonization of certain bacterial species
like Lactobacillus, Enterococcus, Streptococcus,
Peptostreptococcus, Corynebacterium,
Escherichia, and Staphylococcus passed through
breast milk from lactating mothers (Senn et al.,
2020). The commencement of pioneer microbial
colonization inside the Gl tract of preterm
infants begins at birth. Around the age of 2-3
years, the microbiota stabilizes after 1 year of
development. The period during pregnancy and
after birth can critically impact infant
microbiome development and have lasting
effects on overall health (Lee, 2020). Numerous

research studies indicate that infants delivered
vaginally harbor a greater abundance of
beneficial bacteria compared to infants delivered
via cesarean section. Infants born through
vaginal delivery come into contact with the
mother's vaginal bacteria, while those born via
C-section are primarily exposed to the mother's
skin flora and environmental microorganisms.
Throughout pregnancy, the baby's
gastrointestinal tract is colonized by a diverse
array of bacteria from the mother through
breastfeeding and exposure to vaginal and
intestinal microorganisms (Groer et al., 2015).
At the time of birth, the baby's microbiota
closely resembles that of the mother's
microbiome (Forsshberg, 2019). A significant
population-based study involving 5 million
births from Norway, Sweden, Denmark, Finland,
and Western Australia observed each participant
for 36-42 weeks. The study confirmed more
than 31,000 cases of ASD, supporting the
hypothesis that C-section birth delivery carries a
higher risk of ASD compared to vaginal delivery
(Yip et al., 2016). It has been proposed that the
gut microbiome can influence an individual's
sociability. Understanding the connections
between gut microbiota, the brain, and
sociability could enhance our comprehension of
psychiatric diseases and neurodevelopmental
disorders that affect sociability, as well as
potential microbial interventions to alleviate
their symptoms. The communication between
the brain and the gut microbiome involves
complex, two-way pathways. One extensively
studied pathway involves the vagus nerve
(Forsythe et al., 2014), which transmits chemical
signals from the gut to the brain and also
influences the central nervous system (CNS)
(Bravo et al.,, 2011) and the immune system
(Belkaid and Hand, 2014). The neuropeptide
hormone oxytocin, crucial for forming social
bonds and functioning as an anti-inflammatory
factor (Panaro et al., 2020), is an important
target of this communication. Several studies
indicate that an imbalance in the gut microbiota,
with an excess of unhealthy microorganisms,
can disrupt the communication pathways
between the gut and brain, leading to abnormal
characteristics. According to previous studies, an
unhealthy gut microbiome is causally related to
conditions such as depression, anxiety, and ASD
(Warner, 2019). One of the distinct features of
these conditions, particularly ASD, is abnormal
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social behavior. Research conducted in
the past decade indicates that these conditions
emerge early in an individual's life and can be
influenced by the mother's health and gut
microbiome during pregnancy, implying a
multigenerational aspect in the development of
these conditions (Di Gesu et al., 2022).
Furthermore, research has demonstrated that
probiotic therapy, whether administered before
or after birth, can help reduce gastrointestinal
and social interaction issues commonly
associated with ASD (Abdellatif et al., 2020).

4.4 Gut microbiome and cancer

Recent evidence has shown that the human
microbiome is associated with  cancer
development and progression. Microbes have
been implicated in indirectly affecting many
types of cancer. For example, gut microbes have
been shown to impact cancer stem cells, or
cancer cells that become quiescent and are
thought to be responsible for disease relapse
(Artusa et al., 2023). The gut microbiota
composition can affect  the tumor
microenvironment and its interaction with the
immune system, thereby having implications for
treatment predictions (Roy and Singh, 2024).
The intake of fermented dairy products reduces
the risk of cancer by inducing immune responses
and creating balanced and healthy gut
microbiomes to support all therapies. A detailed,
12-year-long study conducted to determine the
effect of yogurt consumption on cancer
prevention in volunteers of the EPIC-Italy
cohort suggested the protective role of yogurt
against colorectal cancer (CRC). This finding
suggests that yogurt should be part of a diet to
prevent the disease (Pala et al., 2011). It has
been shown that gastrointestinal cancer can be
caused by a dysregulation of the expression of
non-coding RNA (ncRNA) through the gut
microbiome (Agagiindiiz et al., 2023).

Conclusion

It should be clear by now that most
organisms are not “individuals,” nor do they
develop as individuals. It might be better to
think of each of us as a team, or as a collection
of ecosystems. It is suggested that gut
microbiome and its role in both health and
disease has been the subject of extensive
research, establishing its involvement in human

metabolism, nutrition, physiology, and immune
function. An alteration in the gut microbial
community or dysbiosis have been linked with
gastrointestinal conditions such as inflammatory
bowel disease (IBD) and irritable bowel
syndrome (IBS), and wider systemic
manifestations of disease such as obesity, type 2
diabetes, Autism, Parkinson's disease, dementia
and cancers.
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