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Preface

Advances in Probiotics for Health and Nutrition examines the exploitation of probiotics
from natural habitats for plant, animal, and human health and nutrition. Though

the world is experiencing rapid advancements in science and technology, probiotics
and probiotic-based products, which have been around since ancient times, are still
effective as health and nutritional supplements for plants, animals, and humans.
Scientific advancements have led to the creation of new tools and techniques for
developing next-generation probiotics from various natural habitats. This book
explores novel probiotics and the microbiome and its impact on plants, animals, and
humans. Probiotics in agriculture act as biostimulants and plant protectants, whereas
probiotics in food and feed act as nutraceutical supplements and immune boosters
for the treatment and prevention of various diseases, pathogens, and disorders. This
book includes eleven chapters organized into two sections: “Probiotics in Health” and
“Probiotics in Nutrition”.

Chapter 1, “Translation of Immunomodulatory Effects of Probiotics into Clinical
Practice”, provides insight into the health benefits of probiotics. It surveys the
interaction between probiotics, innate immunity, adaptive immunity, and the host
gut microbiome. The introduction of probiotics to the diet greatly influences the
microbial composition and type of gut microbiome. These are described to preserve
a healthy state with many curative properties. The main highlights of this chapter
include the clinical uses of probiotics in human health.

Chapter 2, “Nonalcoholic Fatty Liver Disease, Procalcitonin, and Gut Microbiota:
Players in the Same Team”, explains the correlations between procalcitonin (PCT)
and gut dysbiosis in non-cirrhotic patients with non-alcoholic fatty liver disease
(NAFLD). Procalcitonin (PCT) is a peptide whose levels may increase in patients
with liver diseases as a response to pro-inflammatory conditions, even without a
bacterial infection. The chapter describes that dysbiotic patients with NAFLD exhibit
significant elevation of PCT that correlates well to the H-index of stool’s microbiota
biodiversity, F/B ratio, CRP level, and severity of cytolytic syndrome.

Chapter 3, “Personalized and Targeted Gut Microbiome Modulation in the Prevention
and Treatment of Chronic Diseases”, examines the role of gut microbiota in health.
Distinct shifts in the composition and diversity of gut microbiota have been closely
correlated with various chronic diseases. In this chapter, the authors explore the
diverse methods available for modulating gut microbiota, including dietary inter-
ventions, probiotics, prebiotics, postbiotics, pharmabiotics, and fecal microbiota
transplantation. These approaches have the potential to revolutionize the treatment
of chronic diseases by reshaping the gut microbiota to promote health and mitigate
illness. Furthermore, this chapter offers a concise overview of a multitude of research
studies that shed light on the specific alterations in the diversity, composition, and
function of the gut microbiota. These investigations provide valuable insights into



the intricate relationship between the gut microbiota and chronic diseases, offering a
promising path toward personalized and targeted interventions.

Chapter 4, “Probiotic Effects on Disease Prevention and Treatment”, explores the pro-
found influence of probiotics on mitigating and preventing various diseases through
arange of intricate mechanisms. These mechanisms encompass the direct elimination
or inhibition of pathogenic growth, the production of antimicrobial substances, toxin
neutralization, competition with target cells, immune system modulation, restoration
of microbial balance, reinforcement of intestinal integrity, and heightened mucus
production. The chapter highlights that the effectiveness of probiotics depends on the
type of utilized strain, duration, dose administration, and whether single or com-
bined strains are used. Probiotics have helped in enhancing resistance to respiratory
tract infections, reducing inflammation and oxidative stress in pancreatic cells, pre-
venting the onset of diabetes, and regulating important neurotransmitters. They are
also effective in the improvement of mental disorders. Nevertheless, a more extensive
body of evidence is necessary to firmly establish the efficacy of probiotic microorgan-
isms in these contexts, which underscores the importance of further randomized
clinical trials with various probiotic strains.

Chapter 5, “Adherence of Candida albicans on Polymethyl Methacrylate in Probiotics
Solution”, discusses the role of probiotic solutions in the oral cavity and treatment of
candidiasis. Candida albicans is a ubiquitous microorganism, typically residing harm-
lessly in various mucous membranes throughout the body, including the ears, eyes,
gastrointestinal tract, mouth, nose, reproductive organs, sinuses, skin, stool, and
vagina. The chapter explains that an imbalance in the normal flora causes an over-
growth of C. albicans thereby causing candidiasis or thrush. Probiotic solutions can be
used to reduce the number of C. albicans microorganisms and their adherence thereby
treating candidiasis or thrush. The chapter discusses how probiotic solutions can
serve as valuable tools for reducing the adherence of C. albicans, thereby offering a
potential therapeutic approach to managing candidiasis. Comprehending the intricate
interactions between probiotics and C. albicans can lead to an advanced understand-
ing of innovative solutions for tackling this prevalent oral health concern.

Chapter 6, “Advances on Probiotics Utilization in Poultry Health and Nutrition”,
explores the profound impact of probiotics on enhancing poultry immunity, opti-
mizing growth performance, improving feed utilization, and maintaining overall
health. The poultry industry is experiencing rapid growth, particularly in developing
countries. Historically, antibiotics have played a crucial role in ensuring the safety and
well-being of poultry flocks. However, the rising concerns about antibiotic resistance
have spurred a pressing demand for antibiotic-free poultry production. This chapter
presents probiotics as promising alternatives to antibiotics, revolutionizing the poultry
farming landscape. It highlights the concept, impact, and mode of action of probiotics
in sustainable poultry production. Significant work and studies have proved that probi-
otics help in maintaining health status in poultry animals, as they improve gut condi-
tions and enhance nutrient absorption, thus improving overall growth performance.

Chapter 7, “Regular Physical Activity Influences Gut Microbiota with Positive Health
Effects”, explains how the gut microbiota is influenced by physical activity. In this

XIvV



chapter, the authors describe recent animal and human studies that suggest that
regular physical activity improves gut health through the modulation of the gut eco-
system. They explain that aerobic exercises may significantly change the composition
of the microbiota, depending on the types and intensities of exercise. This chapter
also explores recent studies that have shown that probiotics reduce inflammation and
improve gut barrier function and the immune system. Through these actions, probi-
otics may influence the performance of athletes by preventing diseases that can affect
exercise. Specific probiotic strains have been associated with improved body composi-
tion and lean body mass, faster recovery of muscle from intense exercise, and overall
health. The main highlights of this chapter are how physical activity, gut bacteria,
and probiotics work together to improve the health, well-being, and performance of
athletes.

Chapter 8, “Probiotics in the Management of Diabetes”, discusses how probiotics

play a crucial role in the management of diabetes through the modulation of the gut
microbiome. This chapter provides valuable insight through a discussion of experi-
mental and clinical trials that highlight the significant potential of probiotic strains

in the management of diabetes. Since insulin signaling is hindered by lipopolysaccha-
rides, trimethylamine, and imidazole propionate, probiotic administrations enhance
the secondary bile acids, short-chain fatty acids (SCFAs), and tryptophan metabolites
and improve impaired glucose metabolism. This chapter also reviews the mechanisms
through which probiotics alleviate diabetes by addressing the gut microflora from

the perspectives of amino acid metabolism, intestinal permeability, immunological
responses, oxidative stress, and SCFAs.

Chapter 9, “Probiotics as a Beneficial Modulator of Gut Microbiota and Environmental
Stress for Sustainable Mass-Reared Ceratitis capitata’, explores the transformative
potential of probiotics in medfly control, summarizing the evidence and shedding
light on symbiotic relationships. Probiotics hold promise not only for medflies but

also for insect farming, including edible insects, by enhancing production quality and
quantity. The probiotic selection schemes outlined in the chapter can be adapted for
other insects’ mass-reared for Sterile Insect Technique (SIT) and beyond. This chapter
explores the practical application of probiotics for innovative biocontrol tools.

Chapter 10, “Intestinal Microbiomics in Physiological and Pathological Conditions”,
explores the realm of microbiomics, a pioneering science that explores the entirety

of microorganisms within a given community. This chapter focuses on the human
microbiome, a significant organ boasting 150 times more genes than the human
genome. It explores the associations between intestinal dysbiosis and inflammatory
and metabolic diseases, even though the intricate mechanisms are not fully elucidated.
As microbiomics parallels human genomics and the microbiome is recognized as a
second genome within the human body, this chapter points towards an exciting future
in precision medicine. The ongoing development of next-generation sequencing
technologies will offer new insights into modulating the microbiome via non-invasive
methods such as prebiotics, probiotics, and dietary changes.

This book provides a comprehensive overview of advancements in probiotics
research, presenting cutting-edge knowledge and recent trends.
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Chapter1

Translation of Immunomodulatory
Effects of Probiotics into Clinical
Practice

John Ryan, Shruthi Narasimha, Robert Pattison, Rasiq Zackria,
Youssef Ghobrial, Syed Abdul Basit, Tarek Ammar,
Vijay Jayarvaman, Christian Stone and David Shih

Abstract

Probiotics have emerged as an in-demand and highly marketed commodity in the
healthcare space. In 2021, the global market valued the probiotic industry at USD
58.17 billion in 2021. It is expected to have a compound annual growth rate of 7.5%
yearly from 2021 to 2030. The inclusion of probiotics in various products has become
synonymous with health benefits despite limited understanding of mechanism of
action or benefit. This chapter will survey the state of our understanding of the
interactions between probiotics with the innate immunity, adaptive immunity, and
the host gut microbiome. Additionally, we will also highlight the theorized beneficial
and possible detrimental immunomodulatory effects of probiotics on human health.

Keywords: probiotics, adaptive immunity, innate immunity, microbiome, clinical use
of probiotics

1. Introduction

The word probiotic comes from the Latin word pro and the Greek word bios,
which when joined together, literally means “for life” The concept of probiotics
has evolved over the many millennia but modern scientific theory of it only began
in the twentieth century. The term probiotics was first used in 1953 by Werner
Kollath, a German scientist who defined it as an “active substance that is essential
for a healthy development of life.” The definition of the term changed multiple times
through the century but the most accepted one comes from the Food and Agriculture
Organization of the United Nations and the World Health Organization (FAO/WHO).
They define probiotics as “live microorganisms which when administered in adequate
amounts confer a health benefit on the host [1-3].”

Although probiotics are believed to confer important health benefits, including
amelioration of C. diff colitis, inflammatory bowel disease, metabolic syndrome, etc.,
the understanding of the mechanisms of action of probiotics is limited. Thus, the aim
of the present chapter is to review the immune modulatory effects of probiotics and
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how it interacts with the host gut microbiome. We will also highlight the practical
clinical uses of probiotics on human health and disease. Lastly, we will speculate on
the future direction on the use of probiotics.

2. Modulation of innate immunity by probiotics

Innate immunity is one of the major arms in our immune system and consists of a
complex complement cascade that acts as a physical and chemical barrier. It works to
protect against infectious agents by recognizing conserved features of pathogens that
become quickly activated to help destroy microbial invaders and to produce factors
such as cytokines to activate adaptive immune response.

The most recognized innate mechanism comes from the concept of a barrier.
This intrinsic wall helps evade foreign microbe penetration and prevents all the
deleterious effects of colonization. The three major components that have been
studied in barrier protection are mucin production, reinforcement of tight junc-
tions in the epithelial layer, and enzyme regulation. Mucin production made by
epithelial cells helps deter pathogen attachment. The permeable gel-like layer
offers innate immunity by helping release secretory IgA, which prevents invad-
ing pathogen adherence. Additionally, the mucin layer helps identify self with
nonself and can activate the immune system against invaders. Pathogen-associated
molecular patterns are embedded in commensal microbiome organisms and these
are recognized by Toll-like receptors to be noninvasive microbiota. The mechanisms
of mucin for barrier enforcement are well known but studies now are starting to
show how probiotics may help with boosting this barrier production [4]. In vivo
rat studies have shown that administration of a specific probiotic mixture named
VSL#3, which included strains of Lactobacilli, Bifidobacteria, and Streptococci,
was associated with increased mucin gene expression and secretion. Increased
mucin production theoretically leads to a more robust barrier [5]. The third bar-
rier mechanism includes enzyme activity modification. Foreign microbes can also
invade by activating destructive enzymatic processes. Pathogens secrete enzymes
like B-glucuronidase that result in toxic metabolites and can be pre-carcinogenic in
the intestines. Bifidobacterium longum is a probiotic that was used in animal studies
and showed a decrease in fecal B-glucuronidase activity and abnormal intestinal
crypt structure by about 53% [6].

Tight junctions between epithelial cells help create a firm seal and prevent inva-
sion. Lactiplantibacillus plantarum WCFS1, a probiotic, was noted to increase proteins
like zonula occludens-1 (ZO-1) and transmembrane occludins near tight junctions,
which help promote a good seal and ensure integrity of the epithelial barrier [7].
Another probiotic, Lactobacillus rhamnosus, was used to pretreat intestinal epithe-
lial cells of pigs and was later exposed to enterotoxigenic Escherichia coli (ETEC).
Pretreated cells have less TNF-a inflammatory response, higher ZO-1/occludin levels,
and helped deter pathogenic adhesion to the epithelium. TNF-a activity correlates
with an inflammatory cytokine response, which can lead to cell injury, so a subdued
response helps taper these detrimental events [8]. In addition to the formation of
a strong barrier, the components of the epithelial layer also add to its fortitude.
Basolateral cells in the intestine have B cells that secrete sIgA, a secretory IgA trans-
porter, which helps build a robust innate immunity. This secretory immunoglobulin
works through a process called immune exclusion, which is when sIgA recognizes sur-
face molecules on pathogens and prevents adherence. Probiotics like Bifidobacterium

4



Translation of Immunomodulatory Effects of Probiotics into Clinical Practice
DOI: http://dx.doi.org/10.5772/intechopen.109864

breve, L. rhamnosus, and Lactobacillus casei have shown to increase the sIgA produc-
tion and thus prevent colonization [9, 10].

Competitive exclusion is another important innate mechanism used to prevent
pathogenic growth. The general concept here is that one microbe outcompetes,
through various mechanisms, another and dominates the microbiome. Probiotics take
advantage of this principle by creating toxic environments, competitively taking over
resources, and producing antimicrobial bacteriocins to overtake pathogens [9].

Another key area of probiotic function comes from the cytokine cascade that leads
to immune activity. Several examples exist but to understand their function, a brief
review of immune cells and cytokines will help showcase the various mechanisms.
Natural killer (NK) cells are lymphocytes that work to kill foreign pathogens with
their cytotoxic proteases. Monocytes include macrophages and dendritic cells, which
work by phagocytosis and present antigens to adaptive immune cells, respectively.
IL-10 and IL-4 are anti-inflammatory interleukins that can prevent cell damage [11].
A plethora of studies exists to showcase how particular strains evoke a complex cyto-
kine pathway. Daily consumption of Lactobacillus salivarius, a probiotic from breast
milk, increased production of natural killer cells, monocytes, immunoglobulins, and
IL-10 [12]. The SETOPROB study showed that probiotics like L. rhamnosus, L. case,
and B. breve increased IL-4, IL-10 and fecal secretory IgA. These cytokine and cell
activations lead to downregulation of inflammation and prompt the activation of the
adaptive immune system [9].

Finally, probiotics help maintain homeostasis by way of pathogen recognition and
T cell regulation. Pattern recognition receptors (PRRs) bind to pathogen-associated
molecular patterns (PAMPs), or damage-associated molecular patterns (DAMPs),
which are expressed on most pathogens. PRRs are made up of toll-like receptors
(TLRs) and NOD-like receptors (NODLRs), which function to activate immune acti-
vation and protect the cytoplasm. Additionally, TLR activation by PAMPs or DAMPs
on monocytes triggers T cell activation and naive T cells are prompted to differentiate.
Activation of TLRs and NODLRs prompts cytokine cascade activation and the result-
ing inflammation could facilitate cell damage. Probiotics, however, regulate nuclear
factor-kB (NFkB) and dampen the inflammatory response [9, 13-15].

The innate immunity is the body’s initial defense mechanism and is made up of a
variety of pathways to fortify the barriers and activate immune cascades. Probiotics
assist in this pathway in many ways as outlined above. This initial response lends itself
to initiate the acquired immunity discussed below, which goes on to form a more long-
lasting immune response.

3. Modulation of adaptive immunity by probiotics

Adaptive immunity is responsible for identifying and destroying individual
invading microbes in mammalian hosts. The cells that carry out the adaptive immune
response are B and T cells, which produce a cascade of immune responses upon rec-
ognition of foreign antigens interacting with their specific toll-like receptors (TLRs)
[16]. Unlike the innate immune system, which is preprogrammed to react to common
broad categories of pathogens, the development of adaptive immune responses to
new pathogens is slower. Due to its highly specific antigen receptors, specifically the B
cell receptor (BCR) and T cell receptor (TCR), to the pathogen, the body has encoun-
tered. Adaptive immunity creates immunological memory after an initial response
to a specific pathogen and leads to a robust response to encounter with pathogens

5



Advances in Probiotics for Health and Nutrition

in the future. B cells act via humoral immunity by secreting antibodies while T cells
work via T helper cells (CD4+) and cytotoxic T cells (CD8+) to either expand or
suppress downstream immune activation [17]. CD4 T cells can be broken down into
5 major subsets: Thl, Th2, Th17, T regulatory (Treg), and follicular T helper (Tth).
This categorization is determined based on the expression of specific cytokines and
lineage-specific transcription factors. Th1 cells activate macrophages to help protect
against intracellular pathogens such as bacteria and viruses. Th2 cells recruit eosino-
phils, basophils, and mast cells to sites of infections caused by parasites. Th17 cells
aid in the clearance of extracellular bacteria by stimulating continuous neutrophil
recruitment and the creation of antimicrobial peptides by epithelial cells. Treg cells
contribute to the maintenance of immune tolerance and the prevention of autoim-
mune diseases. Tfh cells support B cells in the production of antibody formation by
aiding in germinal center formation and immunoglobulin class switching [18]. The
gastrointestinal tract is the largest immune organ in the human body and comprises
the epithelial layer, lamina propria, and mucosal-associated lymphoid tissue (MALT).
Adaptive immunity plays a vital role in the development and maintenance of the
mucosal immune system (MIS) [16, 19]. Peyer’s patches are aggregates of lymphoid
follicles found throughout the intestinal mucosal cells [20]. They are the main site
for B cell activation and class-switch recombination from IgM to IgA. These cells
also aid the immune system in discriminating between pathogenic and commensal
bacteria. Their function is imperative to maintaining the integrity of the gut mucosal
barrier, protecting the host from infections, and maintaining homeostasis with the
native microbiota [21]. At the mucosal level, antigen-presenting cells (APCs) present
in Peyer’s patches will retrieve immunoglobulin A antigen from mucosal folds and
communicate with T cells resulting in different T cell activation, which then ensures
mucosal barrier integrity [16, 22].

Numerous studies have demonstrated a variety of molecular pathways where
probiotics appear to have influence, such as the production of cytokines, IgA
secretion, formation of antibacterial compounds, mucosal cellular integrity, and
competition with opportunistic pathogens for enterocyte adherence. A proposed
probiotic immunomodulation works by antigenic proteins native to the probiotic
microorganism crossing epithelial cells and interacting with the innate and adaptive
immune system that resides in Peyer’s patches [23]. In turn, this interaction produces
a cascading effect resulting in the release of cytokines, such as tumor necrosis factor
(TNF), interferons (IFN), interleukins (IL), and chemokines. This interaction
between probiotics and the host suggests probiotics play an important role in the
production and deployment of a more robust immune response by the host when
faced with pathogenic organisms. Cellular wall compounds, such as lipoteichoic
acid, which is found in Bifidobacteria and Lactobacilli, are known to stimulate nitric
oxide (NO) synthase. The production of NO is a critical component in the cell death
mechanism carried out by macrophages when dealing with pathogen-infected cells
[24]. B. longum is considered one of the first immune-priming probiotics. Known
as the “maternal probiotic”, most of the inoculation comes via the mode of vaginal
birth. Studies have demonstrated that B. longum plays a crucial role in immune
system priming, Peyer’s patch development, and IgA production [25]. Lactic acid
bacteria such as L. casei, Lactobacillus acidophilus, L. rhamnosus, Lactococcus lactis,
and Streptococcus thermophilus have been shown to play a role in maintaining the
intestinal barrier by stimulating B cells to produce IgA. Lai, Hung-Hsiang, et al.
administered L. casei and L. rhamnosus to children with acute diarrheal illness. When
compared to the control group, the children who received the probiotics had higher
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total fecal IgA levels and significantly lower concentrations of fecal lactoferrin and
calprotectin. This study suggests that the probiotics L. casei and L. vhamnosus may be
useful supplements during acute diarrhea to reduce clinical severity and intestinal
inflammatory reaction [26].

Additionally, probiotics have been observed to modulate pro—/or anti-inflamma-
tory responses by the adaptive immune system via interaction with dendritic, Thi,
Th2, and Treg cells at the intestinal mucosal surface [24]. In Celiac disease (CD)
patients, dysbiosis is thought to play a primary role in its pathogenesis [27]. Numerous
studies have demonstrated a significant difference between intestinal microbial
populations in healthy children and children with CD [28]. With a gluten-free diet,
many of these microbial differences dissipate, except for persistently reduced levels
of Bifidobacterium in the CD subjects [29]. This finding is particularly important as
Bifidobacteria has been shown to protect human intestinal cells from the noxious
effects of gliadin peptides by altering their molecular structure. Unmodified glia-
din peptides result in an adaptive immune response leading to the development of
anti-tissue transglutaminase antibodies (anti-tTG), which cause a local inflammation
destroying microvilli responsible for nutrient absorption and disrupting the intestinal
mucosal barrier [30]. Current murine model studies suggest that the immunomodu-
latory effects of probiotics are strain specific. Borruel et al. studied ileal mucosal
samples from patients with active Crohn’s disease and cultured them with either
Escherichia coli, Lactobacillus casei, Lactobacillus bulgaricus or Lactobacillus crispatus.
The probiotic Lactobacillus bulgaricus and Lactobacillus casei cultured samples dem-
onstrated a significant reduction in TNF-«, a known proinflammatory cytokine. The
most robust effect on the downregulation of TNF-a came from viable bacteria, while
heat-killed bacteria did not produce a statistically significant change. This finding
suggests that cellular products manufactured by viable bacteria play an important
role in the suppression of TNF-a production in inflamed tissue [31]. Livingston et al.
explored the immunoregulatory response of bone marrow-derived dendritic cells to
Lactobacillus reuteri 100-23, as previous studies suggested that this bacterial strain
had modulatory effects on proinflammatory cytokines in murine models. They found
that exposure to L. reuteri increased the production of IL-10 suggesting an induction
of a regulatory dendritic cell phenotype. This resulted in lower IL-2 production while
increasing TGF-g output [32]. This is important as IL-10 and TGF-f are immunoregu-
latory cytokines and the overall suppression of the murine immune response directed
at L. reuteri allows the bacteria to colonize and have a commensalistic relationship
with the host. Moreover, various probiotic strains have demonstrated the ability to
stimulate immunoglobulin receptors in intestinal epithelial cells [33].

4. Modulation of the gut microbiome by probiotics

Probiotic mechanisms resulting in human gut microbiome alteration include
effects on the microbial composition and function of these native organisms. More
recent studies have utilized culture-dependent methods and metagenomic sequenc-
ing techniques to evaluate probiotic effects on changes in microbiome composition,
diversity, and function. Certain strains of probiotics have been shown to release
antimicrobial proteins or metabolic waste products that suppress the growth of other
bacteria in the local vicinity. Others have been shown to compete with local bacterial
populations for receptors and binding sites on the intestinal epithelial cells [34-36].
Lactobacillus reuteri is an anaerobic probiotic that converts glycerol into reuterin, a
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potent antimicrobial compound that inhibits the growth of pathogenic gram-negative
and gram-positive bacteria. Agar spot testing has demonstrated these inhibitory
effects on enterohemorrhagic E. coli (EHEC), enterotoxigenic E. coli (ETEC),
Salmonella enterica, Shigella sonnei, and Vibrio cholerae [34]. Gut microbiota growth
and metabolism are heavily dependent on the supply of dietary carbohydrates. The
probiotic Bifidobacterium has been observed to contribute to interspecies cross-
feeding resulting in an increase in beneficial microorganisms, including Firmicutes
bacteria. This occurs as Bifidobacterium can utilize starch and fructo-oligosaccharides
for energy and release lactate as a metabolic byproduct. The lactate is then used by
local Firmicutes bacteria for energy. This relationship is important for the host as
Firmicutes bacteria produce butyrate, a beneficial short-chain fatty acid [37, 38].
Interestingly, cross-feeding between different Bifidobacterial strains has been shown
to upregulate the transcription and expression of various genes resulting in metabolic
profile changes, primarily genes that play a role in carbohydrate metabolism [38].
Shifts in metabolic gene expression have also been observed in murine models when
supplemented with fermented milk products that harbored a variety of probiotic bac-
teria. Results of metatranscriptomic analysis on fecal samples revealed a significant
change in carbohydrate enzyme gene expression, further strengthening the proposed
relationship between probiotic bacteria supplementation and shifts in the metabolic
function of the gut microbiome [39].

A study analyzing the fecal microbiota of 6-month-old infants explored the
changes in intestinal microbiota communities when supplemented with L. vhamno-
sus. Their results showed an abundance of L. vhamnosus and an increased microbial
species evenness index suggesting ecological stability and diversity [40]. In murine
models, supplementation of L. reuteri resulted in an increase in microbial community
evenness and diversity when compared to vehicle-treated mice [41]. These findings
are notable as maintaining diversity in microbial communities is associated with
ecological stability [42]. Interestingly, insults such as infections or antibiotic therapy
that result in a decline in microbial diversity have been associated with autoimmune
diseases such as Crohn’s disease and eczema [43, 44]. These findings suggest that
probiotics may induce local changes in the gut microbiota and directly contribute to
healthy diversity and stabilization of microbial communities.

5. Clinical uses of probiotics

Probiotics are live bacteria meant to inoculate the gut of the host and incorporate
into an already diverse microbiota. Probiotics are broadly used in three categories:
immunomodulation, normalization of intestinal microbiota, and metabolic effects
[45]. In general, the quality of evidence for use in clinical conditions remains low. The
literature to support their use has been most clear in necrotizing enterocolitis (NEC)
in neonates and pouchitis in ulcerative colitis (UC) patients. However, the use of
probiotics well beyond the gastrointestinal tract is ongoing. We will review the studies
about the current state of probiotics used in various disease states in this section
(Table1).

5.1 Antibiotic-associated diarrhea

Antibiotic-associated diarrhea (AAD) is a common side-effect of the antibiotics
that can affect up to a third of patients receiving antibiotics [58]. Broad-spectrum
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Probiotic Human health Proposed mechanism References
condition
Saccharomyces cerevisiae Antibiotic- Interference with cell signaling, [46]
variant boulardii associated direct production of bacteriocins,
diarrhea and augmentation of the systemic

immune response of the host.

Lactobacillus GG, E. [47, 48]
faecium (SF68 strain) and
S. boulardii
S. boulardii Clostridioides Protease that inhibits Clostridioides [1, 49]
difficile infection difficile toxin A and B activity.
Lactobacillus spp. Inhibit toxin A/B in human [50]
enterocytes Caco-2 and HT-29 cells.
Lactobacillus GG Inflammatory To inhibit pro-inflammatory [51, 52]
bowel cytokines such as NF-Kb potentially
providing anti-inflammatory
properties to the host.
S. boulardii [46]
Lactobacillus reuteri Tumor Necrosis Factor (TNF) a [53]

common target of biologics often
used in IBD treatment was reduced.

VSL#3 containing [54]
Lactobacillus,
Bifidobacterium, and

Streptococcus
Bifidobacterium infantis and Necrotizing Unclear [55, 56]
Lactobacillus acidophilus enterocolitis
Bifidobacterium spp Irritable bowel Unclear [57]
syndrome
Table1.

Summarization of known effects of probiotics in specific disease states.

antibiotics with activity against anaerobes are associated with higher rates of the
AAD [47]. AAD may last two months after the onset of antibiotic therapy resulting in
significant morbidity [47]. Several randomized-controlled trials and meta-analyses,
including bacterial strain-specific trials, have shown that the use of Lactobacillus and
Saccharomyces has shown potential benefits of probiotics in addressing AAD [59, 60].
It is postulated that probiotics could antagonize the pathogenic microorganisms in
the human flora when the host has been exposed to antibiotics [61]. The mechanism
of their interference involves interference with cell signaling, direct production

of bacteriocins, and augmentation of the systemic immune response of the host
[62-66]. Most studies in AAD have focused on inpatients who were on intravenous
antibiotics at higher concentrations where concurrent administration of probiotics
has conferred a protective effect in some instances [67]. Probiotics have also been
shown in meta-analyses to have a protective effect in outpatients receiving antibiotics
without adverse side effects [68]. However, there remains a dearth of direct com-
parisons between specific strains and their effectiveness when used in conjunction
with specific antibiotics. In addition, in the studies finding evidence of benefit, there
are inconsistent definitions of diarrhea, specific infections treated, and the types of
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antibiotics being used [59]. This makes it challenging for clinicians to target probiotic
treatment regiments to specific diseases. Thus, clinicians are not able to make specific
recommendations to patients despite the strong interest and high prevalence of AAD.

To date, there is no global consensus on the use of the probiotics for AAD. The
World Gastroenterology Organization (WGO) has supported their use of AAD in
both adults and pediatrics. The use of L. vhamnosus GG and Saccharomyces boulardii
was recommended by the Canadian Agency for Drugs and Technologies (CADTH)
[69]. However, this recommendation is not shared by AGA or the IDSA (Infectious
Disease Society of America) [49]. While there are certainly benefits to using probiot-
ics in patients with AAD, the recommendations have not been able to clearly define
the most appropriate patient or context.

5.2 Probiotics in Clostridioides difficile infections (CDI)

C. difficile is the most prevalent AAD for inpatients and outpatients leading to
significant morbidity and mortality [70]. CDI is often associated with exposure to
anaerobic coverage and antibiotics such as clindamycin, fluoroquinolones, or cepha-
losporins. Strategies to prevent C. difficile spread have typically involved patient
segregation and hygiene measures. However, attempts to alter the host microbiota
with fecal transplant or probiotics have become mainstream and shown themselves to
be conclusive. In hospitalized patients receiving antibiotics, prophylactic administra-
tion of probiotics has been shown to significantly reduce the risk of developing C.
difficile-associated diarrhea [71-75].

A proposed mechanism of this has been seen in Saccharomyces boulardii, which
in murine models was shown to make a 54-kDa serine protease that cleaves toxin A
and its intestinal receptor [50, 72, 76]. This has also been replicated in humans where
toxin A and B cytotoxic effects in the human colon were attenuated when incubated
in purified S. boulardii protease prior to being placed in the human colon [77]. When
used in combination with metronidazole or vancomycin it reduced the number or
relapses of diarrhea [78]. Efforts made for targeted primary prevention of CDI have
typically focused on a multi-modal approach involving hygiene, antibiotics, and
probiotics. A specific formulation of probiotics known as Bio-K+, which includes
L. acidophilus CL1285, L. casei LBC80R, and L. vhamnosus CLR2, has been marketed
in North America since 1996. Mouse models exposed to Bio-K+ have been found to
increase concentrations of lactobacilli while decreasing levels of staphylococci [1]. The
pathology in the human colon arises from toxins A and B of C. difficile that affects
the colonic epithelium, which results in loss of cellular integrity and disruption of the
colon mucosal cell cytoskeleton. Bio-K+ strains have been shown to produce superna-
tants (extracellular products) that inhibit toxin A/B in human enterocytes Caco-2 and
HT-29 cells [1].

The American College of Gastroenterology (ACG), ESCMID (European Society
of Clinical Microbiology and Infectious Diseases), and IDSA recommend probiot-
ics for prevention or treatment of primary and recurrent C. difficile infections.
However, the AGA is in favor of the use of S. boulardii, L. acidophilus CL1285, and L.
casei for adults and children who are being treated with antibiotics except in situa-
tions of severe illness [79]. The difference among professional organizations comes
from lack of clear evidence on the safety profiles and whether there is a true benefit
[49]. Given the conclusive evidence on fecal microbiota transplants as a definitive
treatment for recurrent CDI, there is no question of the significance that micro-
biota plays in the development of CDI and the potential manipulating it has in the
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prophylaxis and treatment of CDI. Furthermore, optimizing probiotic supplementa-
tion may have a meaningful role in CDI treatment.

5.3 Inflammatory bowel disease and probiotics

IBD pathophysiology involves a complex interplay between genetics, the host
microbiome, environmental conditions, and the individual’s immune response
[80, 81]. Changes in the intestinal mucosa and microbiota may disrupt homeostasis
between the human immune system and the flora [82]. These changes may then trig-
ger areaction of the human immune system playing a role in development of the IBD.
Indeed, specific intestinal microbiota profiles have been associated with active disease
[83]. CD and UC patients have been found to have less Firmicutes and Bacteroidetes
and more Proteobacteria and Actinobacteria when compared to healthy controls
[84]. In addition, CD patients have been found to have reduced levels of Bacteroides,
Eubacterium, Faecalibacterium, and Ruminococcus possibly leading to increased gut
permeability [84]. A technology to help distinguish commensal from quiescent
pathologic bacteria has been developed known as IgA-SEQ , which combines cell sort-
ing with 16srRNA gene sequencing to quantify the amount of IgA on various taxa of
bacteria found in the gastrointestinal tract. By measuring the amount of IgA coating,
immunostimulatory and immunoregulatory taxa of the microbiota can be measured
more accurately. This can then be used to confer susceptibility to IBD. While IgA itself
does not contribute to the inflammatory response in IBD, this technology revealed
three potential bacteria, which were associated with disease progression in IBD and
three protective taxa. Taxa with relatively low abundance (based on 16S rRNA) were
Erysipelotrichaceae sp. and Faecalibacterium prausnitzii, as well as low IgA coating
of Oscillospira was associated with less progression to surgery [85]. These studies
identify disease-modifying taxa and biomarkers for disease severity and progression.
By identifying bacteria taxa as so-called “bad actors” in the human microbiome there
may be a framework for the development of more refined biomarkers impacting
disease courses and the possibility of microbiome-based therapeutics.

There has also been an association between CD and the colonization of adherent-
invasive Escherichia coli (AIEC). AIEC is thought to impair mitochondrial function
in epithelial cells of the gastrointestinal mucosa by invading the Peyer’s patches
and the lamina propria via M cells [86]. It is thought that AIEC incorporates into
macrophages and possibly increases the proinflammatory cytokine TNF-a. Patients
with highly expressed CEACAMS6 and CHI3L1 receptors, which are often expressed
during times of inflammation, have been shown to promote the adhesion of AIEC and
consequently bacteria invasion at the ileum [87]. Monocyte-derived macrophages
(MDM) taken from patients with CD are unable to restrict AIEC as compared to
healthy controls MDM iz vitro models leading to pathologic immune response [88].
The overall prevalence of AIEC in healthy individuals is about 0-16% in the colon and
6-19% in ileal samples compared to 21-63% in CD patients suggesting that AIEC may
be an additive factor in the pathogenesis of CD [51, 89, 90].

The increasing interest in the immune response to the gut microbiome in IBD has
been met with interest in probiotic supplementation in this condition for induction
and maintenance of remission. Specifically, it is thought that probiotics might be able
to impact IBD pathophysiology by improving epithelium integrity, downregulating
inflammatory bacterial byproducts, and reducing mucin production [91, 92]. Certain
probiotic strains such as lactobacilli and bifidobacteria produce bacteriocins that
act as antimicrobial peptides [54, 93]. Lactobacillus paracasei L74 CBA often found
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in fermented milk products like Kefir has been shown to inhibit pro-inflammatory
cytokines such as NF-Kb potentially providing anti-inflammatory properties to the
host. In addition, Duary et al. found that TNF-a was reduced by Lactiplantibacillus
plantarum Lp91. While these findings have not been shown in human-based clinic
trials, they provide a potential mechanism by which probiotics may have some clinical
value in IBD [94].

The most used formation of probiotics in IBD patients is known as Visbiome®/
VSL #3® (Italian form), which was developed by Sigma-Tau Healthscience/
Alfasigma. The original formulation was changed in 2016 and there is now a U.S. ver-
sion known as Visbiome® and an Italian version known as (VSL3®). In CD, the data
has remained mixed on the efficacy of probiotics to induce or retain remission as an
adjuvant or stand-alone therapy. The mechanism of action possibly includes improv-
ing tight junction protein function, positive composition of the intestinal microbiota,
and regulating immune-related cytokine expression. In regard to CD, there was one
randomized control (RCT) that evaluated the ability of VSL#3 to prevent human
recurrence after surgery. This study looked at early and the late administration of
VSL#3 and found that early VSL#3 administration was associated with later recur-
rence after surgery. While there have been no statistical differences in endoscopic
recurrence rates at day 90 between patients who received VSL#3 and patients who
received placebo. Levels of inflammatory cytokines and recurrence rates leading to
repeat surgery were lower among patients who received early VSL#3 (for the entire
365 days). This indicated that this probiotic should be further investigated for preven-
tion of Crohn’s disease recurrence [94, 95].

While it is understood that there may be a potential for probiotics in UC, there is
still no convincing data to constitute a recommendation. In a small cohort of pediatric
patients with UC, Lactobacillus veuteri was shown to improve clinical and endoscopic
disease activity [96, 97]. This has not been replicated in adults. However, in patients with
UC who have undergone total proctocolectomy and ileal pouch-anal anastomosis for
UG, a definitive connection to gut microbiota has been made. There has been a potential
benefit in VSL#3 containing Lactobacillus, Bifidobacterium, and Streptococcus for preven-
tion of the initial episode of acute pouchitis. To date, there have been four clinical trials
showing VSL#3 could prevent or maintain remission in patients with chronic pouchitis
[98-101]. A potential mechanism suggested is the improvement of the intestinal barrier
function (IBF). While VSL#3 has shown efficacy in chronic pouchitis, an open-label
trial showed that most patients on chronic antibiotics for pouchitis were not able to use
VSL#3 for long-term therapy largely due to disease recurrence [102]. This formulation
has been demonstrated in preventing future episodes and improving inflammation [96].
However, according to the AGA, this only constitutes a weak recommendation due to the
small size of the patient population in which these studies were done.

The next generation of probiotics in IBD may involve the use of genetically engi-
neered bacteria that could release therapeutically operative molecules in the intestine.
This will involve organisms that could sense and respond to intestinal inflammatory
cytokines or topically produce molecules to treat the inflammation. Harnessing the
power of the biotherapeutics with synthetic biology could provide a future of person-
alized medicine in the diverse IBD patient population [103].

5.4 Necrotizing enterocolitis

Preterm birth impacts about 10% of newborns born in the US and 15 million preg-
nancies worldwide. A preterm infant’s gut is exposed to colonization of commensal
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and pathological bacteria. During this time, their innate immune system is sorting
through a constant excess of peptidoglycans and liposaccharides [104]. In this delicate
time, NEC inflammation can be driven by Toll-like receptor 4. By influencing the
innate and adaptive immune systems, probiotics are thought to aid in the balance of
these two systems and prevent the pathogenesis of NEC [104, 105]. NEC is associated
with bowel necrosis leading to short bowel syndrome and impaired development,
and can be fatal in up to 30% of patients [55]. There have been case-control studies
identifying an overpopulation or so-called “bloom” of Gammaproteobacteria tending
to precede NEC in many preterm infants [56, 106]. In contrast, commensal bacteria
such as bifidobacterial are found to be protective of NEC and plentiful in breastfed
infants likely due to the breast milk-specific oligosaccharides that this preferentially
consumes [107].

A Cochrane review article found probiotics were superior to placebo in reducing
the risk of severe necrotizing enterocolitis (RR = 0.43; 95% CI, 0.33-0.56; 20 studies
with 5529 infants) and mortality (RR = 0.65; 95% CI, 0.52-0.81; 17 studies with 5112
infants) [108]. Combinations of certain probiotics containing Bifidobacterium infantis
and L. acidophilus have shown strong association with preventing NEC and reducing
need for abdominal surgery and all-cause mortality [109, 110].

There are numerous hypotheses on the mechanism of how they might protect
against NEC in infants. One such proposition involves the production of butyrate
and other short-chain fatty acids that could supply nutrition to the colonocytes
thereby lowering the pH and decreasing the oxygen tension within the intestinal
lumen. This ultimately is thought to suppress the growth of Enterobacteriaceae
(phylum Proteobacteria), which is well known to be pathologic in NEC [111, 112].
Other proposed mechanisms include supporting the maturation and functions of the
infants’ bowels by regulating the Th1:Th2 balance [57, 113]. Specifically, it is known
that an imbalance of Th2 levels greater than Th1 levels can predispose to autoimmune
disease and gut inflammation by lack of regulation of the gut immune response [57].
According to the AGA, in babies less than 37 weeks of gestational age and low-birth-
weight infants, it is recommended to use a combination of probiotics containing
Lactobacillus spp. and Bifidobacterium spp. over no probiotics to prevent the develop-
ment of NEC in this population. This constitutes a conditional recommendation with
a moderate to high level of evidence in this population.

5.5 Irritable bowel syndrome

Irritable bowel syndrome (IBS) is classified as a functional gastrointestinal disease
[114]. Prevalence rates worldwide are around 11% with impact on younger patients.
For this reason, there is a significant economic and sociologic burden associated with
this disease. This has amounted to around $20 billion per year in direct and indirect
costs to the U.S. Economy [115]. The pathophysiology of IBS involves changes in
the gut microbiota, malabsorption of bile acid, and changes to the enteric nervous
system. Prior metanalyses have found that probiotics demonstrate improved overall
symptom response and pain [116, 117].

One particular strain, Bifidobacterium bifidum MIMBb75, was found in a random-
ized control study by Guglielmetti et al. to cause a significant reduction in global
assessment of IBS by —0.88 points (95% CI: —1.07; —0.69) when compared with only
—0.16 (95% CI: —0.32; 0.00) points in the placebo group (P < 0.0001) with excellent
tolerability and no difference in adverse events [118]. Andresen et al. replicated this
result using a heat-inactivated Bifidobacterium bifidum MIMBb75 (SYN-HI-001) ina
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high-powered study finding that the beneficial bacterial effects of this strain on IBS
were independent of bacteria viability [119].

The metabolites of microbiota often include bile acid (BA), which has been attrib-
uted to IBS symptoms. BAs are released in the duodenum after conjugation in the
liver, which are then made into secondary BAs by gut bacteria. BAs can have prose-
cretory effects that can regulate gut motility and impact gut sensitivity [120]. BAs
are impacted by bacteria in the gut and impact the gut themselves, thus it is thought
they may impact IBS. Patients with IBS have been reported to have changes in their
microbial profiles. For example, there has been a significant increase in fecal primary
BA and a decrease in secondary BA in patients with IBS-predominant diarrhea. There
has also been a direct positive correlation between primary BA and IBS symptoms.

In IBS with predominant diarrhea, there has been an observed reduction in bacteria
from genera Ruminococcaceae and a negative correlation with primary BAs. There
seems to be a definite connection between BAs and IBS, which will need to be further
investigated [120].

Overall, the quality of the evidence behind the use in IBS remains weak. Indeed,
the ACG states that there is very low evidence for the use of probiotics in IBS, which
has resulted in a weak recommendation for their use in IBS. The AGA shares this
sentiment and makes no recommendation for the use of probiotics in IBS [121]. This
weak recommendation is justified given significant heterogeneity between stud-
ies, publication bias, and small sample size studies. This being said, the ACG does
acknowledge that when probiotics are studied as a group, they improve bloating and
the flatulence in IBS patients [121]. While there has been no broad recommendation
for the use of probiotics in IBS. There is evidence that they make a difference and are
of continued interest among patients and providers.

5.6 Probiotics in the criticallyill

There is growing evidence that probiotics may reduce the rate of the ventilator-
associated pneumonia (VAP), overall infection rate, nosocomial pneumonia, duration
of mechanical ventilation, and antibiotic use for critically ill patients. VAP is consid-
ered the second most common nosocomial infection in the U.S. imposing a significant
economic burden. While the American Thoracic Society (ATS) makes recommenda-
tions on the prophylaxis of the VAP in patients in the ICU typically involving antibi-
otics, the prospect of probiotics is compelling [122, 123]. Probiotics have also been
used in patients with pancreatitis in the ICU. A meta-analysis analyzing 13 studies
with N = 1188 found a statistically significant decrease in the length of ICU stay when
probiotics were administered [124]. While no study has been able to find any effect
on probiotics and length of hospital stay or mortality, there is convincing evidence
that the flora may impact the outcomes of the critically ill patients. Like most areas of
probiotics research, more detailed research needs to be done on how specific strains
impact specific problems experienced by the patient.

6. Safety of probiotics

Probiotics are often perceived as “natural” and safe alternatives to pharmaceuti-
cals. They are routinely marketed as something which restores or aligns the patient
back into a state of health rather than treating a specific disease state. In general,
probiotics are considered safe provided the user has a competent immune system.
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A review by the Agency for Healthcare Research and Quality (AHRQ ) looked at 387
studies of which there were 24,615 users and there was no statistically significant
increase in the number of adverse events in the probiotic group compared to the
control group [125].

Although there have been great strides to incorporate probiotic therapy into
modern medicine, researchers have presented concerns about the potential negative
effects of probiotic supplementation. Numerous virulent pathways can be expressed
and carried out by probiotics that can put the human host at risk as there is a pos-
sibility of resistance transfer from the probiotic to pathogenic bacteria. Horizontal
gene transfer (HGT) is the movement of genetic code between organisms mediated
by transformation, transduction, conjugal transfer, or with specialized gene transfer
vehicles such as viruses or other bacteria [126]. Recent literature has suggested the
human gut rich in HGT activity and the transfer of genetic code from successfully
adapted organisms to recipients provides useful properties resulting in increased
fitness and competitiveness in the microbial ecosystem. Examples of HGT among
probiotic strains have been documented for Lactobacillus rhamnosus, Lactobacillus
gasseri, Lactobacillus paracasei, Lactobacillus reuteri, and Lactobacillus plantarum.
Some literature suggests there has been a gene flux from Gram-positive cocci for
genes encoding for streptogramin resistance [127]. Tetracycline resistance gene
transfer has been reported from L. reuteri to other bacteria native to the human gut
microbiota [128].

The use of probiotics in the processed food industry has increased over the years
as some byproducts of these organisms are used as additives. One of the most popular
microbial-derived additives is transglutaminase. Interestingly, this catalytic enzyme
has been implicated in intestinal tight junction permeability and the increasing
incidence of autoimmune diseases [129]. This molecule can be detrimental when
crosslinked with gliadin as this complex mimics tissue transglutaminase and is
immunogenic in patients with celiac disease [130]. In addition to the potential for
immunogenicity, numerous case reports have described systemic infections caused
by probiotic strains. Fungemia caused by Saccharomyces cerevisiae and Saccharomyces
boulardii is by the far the most reported single event associated with the consumption
of S. boulardii [131]. Other complications reported include overt sepsis and endocar-
ditis associated with S. bouldarii, Lactobacillus GG, Bacillus subtilis, Bifidobacterium
breve, Lactobacillus, and Streptococcus species [132-137].

The PROPATRIA trial highlighted a concern surrounding probiotic safety in criti-
cally ill patients. Researchers explored the ability of multi-strain probiotics to help
prevent infectious complications in patients with severe acute pancreatitis. Patients in
the experimental arm that received the probiotic were shown to have a much higher
mortality rate. The authors of the study suggested that the increase in mortality was
associated with bowel ischemia caused by either increased mucosal oxygen demand
by the exogenous bacterial metabolic demand in the setting of decreased blood flow
or an inflammatory cascade triggered by the probiotic in the setting of decreased
capillary blood flow [138]. Other metabolic derangements such as D-lactic acidemia
and acidosis in humans have been associated with Lactobacillus and Bifidobacterium
species. Interestingly, these species of bacteria are among the most used in probiotic
formulations. D-lactic acidosis has been associated with abdominal bloating, chronic
fatigue syndrome, and neurocognitive symptoms such as brain fogginess [139-142].
These findings have also been implicated in the literature surrounding small bowel
intestinal overgrowth (SIBO). The resolution of symptoms after antibiotic therapy,
in this population, reinforces the proposed causative association [143]. In general, the
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current medical literature cautions against the use of probiotic supplementation in
patients with immunocompromised states such as those undergoing chemotherapy or
immunosuppressive therapy, HIV/AIDS, post-organ transplant, pregnancy, neutrope-
nia, antibiotic-induced diarrhea, and inflammatory bowel disease [144-146].

To date, there is no data on long-term safety of probiotic usage. This makes
meaningful safety recommendations on such a diverse array of bacterial strains
and dosages within probiotic formulations a nearly impossible task. For this reason,
probiotics tend to fall under the unregulated form of other supplements.

7. Future research and directions

As mentioned earlier, probiotics are living nonpathogenic bacteria or yeast that
can potentially be beneficial by restoring the microbial balance in the gut; how-
ever, only some probiotic products are backed by evidence-based trials [147-150].
Probiotics have been extensively utilized in numerous disease states, including gastro-
intestinal diseases, metabolic syndrome, cardiovascular disease, periodontal disease,
and osteoporosis [49]. The hallmark of maintaining a healthy intestinal ecosystem is
the integrity of the interstitial barrier [151], and probiotics employ their beneficial
effects by modulating immunologic response, strengthening gut barrier function
and competing with pathogenic bacteria [152]. Numerous iz vitro and animal studies
have implied the significance of improving the mucosal barrier function by probiotic
treatment [153]; however, extrapolating these studies to humans is challenging. For
example, some probiotic species, such as Akkermansia muciniphila, VSL#3 encom-
passing Lactobacillus and Bifidobacteria strains, and L. plantarum Dad-13, have
proven benefits of protecting against obesity, dyslipidemia, insulin resistance, and fat
mass development in mice [46, 48, 52, 154]; however, this has not been significantly
reproduced in human studies. While multiple clinical trials have attempted to evalu-
ate the prophylactic and therapeutic effect of probiotics in different disease states,
the quality of evidence to support clinical use of probiotics is poor. In addition, it is
unclear which species and their respective optimal quantity and duration are benefi-
cial for specific disease states. Hence, there is no consensus recommendation for its
use. More research is warranted exploring the overall safety of probiotic supplemen-
tation. In addition, given the laxity in oversight by the Food and Drug Administration
(FDA), allergic reactions and anaphylaxis should be a focus of safety as some pro-
biotic blends can include allergens such as cow milk and chicken egg protein [146].
Systematic reviews published within the last 5 years have highlighted concern about
the broad generalization of conclusions, lack of structural classification, variations in
bacterial strains and dosages, and incomplete reporting of probiotic supplementation
regimens and subject population identification [53, 144, 155]. Moving forward, more
randomized controlled trials with larger sample sizes would help strengthen current
data surrounding the utility of probiotics and aid in identifying any serious deleteri-
ous effects on patients’ health.

8. Conclusion

Over the last 20 years, there has been significant basic science, translational,
and clinical research into the use of probiotics in the treatment of disease. There isa
widespread belief among patients that probiotics preserve a healthy state and even
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have curative properties. It is widely believed that the beneficial aspects of probiot-
ics involve antagonism against pathogenic molecules, infections, and augmentation
of the gut microbiota, thereby maintaining the host’s immune homeostasis. Clinical
applications of probiotics are diverse, branching well beyond the gastrointestinal
system. While often used as a panacea of sorts by the public, there remains limited
evidence of specific species and dosage of efficacy for specific diseases. There is a
growing body of research supporting the clinical use of probiotics for applications
well beyond gastrointestinal ailments. More research and collaboration among basic
science researchers and clinicians to specifically define appropriate usage of probiot-
ics based on the disease targets, dosage, and specific strain deployed.
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Abstract

The study aimed to assess the link between procalcitonin (PCT) and gut
dysbiosis in patients with nonalcoholic fatty liver disease (NAFLD). A total of 125
research participants, 100 patients with NAFLD (59% women and 41% men) age
between 43 and 84 years and 25 healthy controls, joined this observational study.
Patients were consecutively enrolled into two groups: 50 with gut dysbiosis and 50
without gut dysbiosis, after several conditions have been ruled out. Patients from
dysbiotic group displayed significantly lesser use of biguanides and statins and
elevation of fatty liver index (FLI), PCT, C-reactive protein (CRP), and alanine
aminotransferase (ALT). Their gut microbiome was characterized by Bacteroides and
Prevotella sp. dominant enterotype (74%) and by Ruminococcus sp. in only 26% of
cases. The decrease of H index of biodiversity was observed in 64% of patients as
well as of Firmicutes/Bacteroidetes (F/B) ratio and Akkermansia muciniphila in 60%.
The increase of lipopolysaccharide positive bacteria was noted in 62% of patients.
PCT strongly correlated with the level of CRP and ALT as well as to stool’s H index
of biodiversity and F/B ratio. Dysbiotic patients with NAFLD exhibited significant
elevation of PCT that correlated well with the H index of stool’s microbiota biodi-
versity, F/B ratio, CRP level, and severity of cytolytic syndrome.

Keywords: nonalcoholic fatty liver disease, procalcitonin, gut dysbiosis, gut
microbiota, C-reactive protein

1. Introduction

Nonalcoholic fatty liver disease (NAFLD) represents the accumulation of fat of
more than 5% of liver cells, not related to alcohol abuse. It can manifest as simple
steatosis, inflammation with hepatocytes necrosis, known as nonalcoholic steato-
hepatitis (NASH), or in serious situations as end-stage chronic liver disease (NASH-
related cirrhosis) with severe fibrosis and architectural damages [1, 2]. Over the
past few decades, given the increased incidence of metabolic syndrome, NAFLD
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became a leading actor in liver diseases, with an exponentially upward trend, espe-
cially in developed countries [3]. As result, NAFLD features as a problem of public
health due to its evolutionary potential with propensity of development fibrosis,
cirrhosis, hepatocellular carcinoma, and liver-related morbidity and mortality, not
to mention the increase risk for cardiovascular diseases in conjunction to associated
metabolic issues [4, 5].

The development of NAFLD/NASH could be triggered by multiple conditions
such as genetic disorders, particularities of life style and diet with high intake of
carbohydrates and fats, hormones imbalance and insulin resistance, host-derived
features like age, ethnicity, gender, antibiotic use, and inflammatory state, as well as
imbalance of gut microbiota [6].

Procalcitonin (PCT), a peptide 13-kD glycoprotein, which is a precursor of cal-
citonin, without hormonal activity, rises in serum as a response to proinflammatory
conditions, especially related to those of bacterial origin. In this context, PCT along
with C-reactive protein (CRP), interleukins (ILs), and various cytokines could be
considered as an acute phase reactant [7, 8].

Interestingly, while PCT levels should decline in patients with liver diseases and
hepatocytes insufficiency, however, it was observed an increase of those levels, even
without a bacterial infection. Those observations shed a new light upon the relation
PCT and liver conditions. In patients with acute liver failure, it seems that procalcito-
nin elevation is not related to bacterial infection but more to cellular injury [9, 10].

The relation between NAFLD and gut microbiota dysbiosis was observed three
decades ago in rats with blind intestinal loop and small intestinal bacterial overgrowth
[11]. Gut microbiota dysbiosis could intervene in NAFLD pathogenesis by modulat-
ing the energy metabolism and insulin resistance, increasing free fatty acids (FFA),
decreasing choline production, increasing gut permeability, upregulating hepatic
de novo lipogenesis and triglyceride synthesis, releasing hepatotoxic compounds,
eliciting endogenous alcohol production, and eventually producing hepatocyte’s fat
accumulation as droplets of triglycerides [12].

Some studies have demonstrated that gut microbiota dysbiosis may be involved in
the perturbation of the hepatic metabolism of carbohydrates and lipids that con-
secutively could disturb the balance between pro- and anti-inflammatory local liver
cytokines, giving the possibility of development NAFLD or NASH [13].

The so-called gut-liver axis represents not only a proximity anatomical relation-
ship but also a perfect functional link between liver and the gastrointestinal tract.
Through this axis, a direct connection is made, so that many metabolites related to the
gut microbiota could rapidly reach receptors located at the liver surface and consecu-
tively trigger the activation of numerous pathogenic pathways, resulting in serious
events such as insulin resistance, liver inflammation, hepatocyte destruction, and
fibrosis [14, 15].

The increase of gut permeability seems to play an important role in NAFLD by
releasing into the portal vein stream of several substances resulted from bacterial
metabolism, such as lipopolysaccharides (LPS), bacterial components, short-chain
fatty acids (SCFAs), bile acids (BAs), choline metabolites, and endogenous ethanol
that reach the liver and seem to contribute to the pathogenesis of NAFLD [16].

A human study based on histology-proven fatty liver (FL) disease has demon-
strated that the severity of NAFLD is related not only to gut microbiota dysbiosis per
se but also to important metabolic functional modifications of the gut microbiome. It
was observed that Bacteroides sp. were significantly increased in patients with NASH
and Ruminococcus sp. were associated to higher stages of fibrosis: F > 2. The authors
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attempted to make a stratification of NAFLD related to enterotypes of gut microbiota
and hypothesized that the imbalance of microbiota could be used as a possible predic-
tor of NAFLD [17].

2. Aim of the study

The aim of the study was to assess whether there is a link between PCT and gut
dysbiosis in noncirrhotic patients with nonalcoholic fatty liver disease (NAFLD).
The study was approved by the Ethics Committee of Scientific Research of the
University of Medicine and Pharmacy “Victor Babes” from Timisoara, Romania, Nr.
15/10.05.2021 and was conducted in accordance with the Declaration of Helsinki. All
the participants provided written informed consent before the beginning of the study.

3. Patients and methods
3.1Inclusion criteria

A total of 125 research participants, 100 patients with NAFLD (59% women and
41% men) having a mean age of 48.67 + 8.66 years and 25 healthy controls, joined
this observational study. Patients were consecutively enrolled, being assigned into
two groups, based on the presence or absence of the gut dysbiosis (DB): 50 with DB,
the study group and 50 without DB, the comparison group, after several diseases and
conditions have been ruled out.

3.2 Exclusion criteria

Exclusion criteria include exposure to toxics such as alcohol abuse with heavy
drinking more than 40 g/day in men and 30 g/day in women, over the past 10 years,
or exposure to industrial toxic substances, as well as to several groups of drugs with
liver toxicity, and other liver conditions either inherited or acquired like hemochro-
matosis, alpha; antitrypsin deficiency, Wilson disease, autoimmune hepatitis, pri-
mary biliary cirrhosis, infection with viral B, D, or C hepatitis. Many other conditions
such as organ insufficiency (heart, lungs, liver, or kidney), cancer, recent trauma
and surgery, burning, myocadial infarction and cardiogenic shock, stroke, bacterial
infectious diseases and sepsis, pancreatic diseases, thyroid diseases, long-standing
parenteral nutrition, inflammatory bowel disease, and other entities resulting in
malnutrition syndromes, as well as recent treatment with antibiotics or probiotics
have been ruled out.

3.3 Examination approach and laboratory work-up

Patients underwent measurements of waist circumference and blood pressure
(BP), body mass index (BMI) assessment, as well as thoroughly clinical examina-
tion. Laboratory work-up: complete blood count (CBC), routine liver tests including
hepatitis B surface (HBs) antigen, Delta antigen, anti-HCV antibodies, plasma iron
and copper, alpha 1 antitrypsin, antinuclear antibodies (ANA), antimitochondrial
antibodies (AMA), lipase, thyroid stimulating hormone, as well as C-reactive
protein (CRP), procalcitonin (PCT), fasting plasma glucose (FPG), HbAyc, total
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cholesterol, low-density lipoprotein (LDL) and high-density lipoprotein (HDL),
triglycerides, creatinine and uric acid, microproteinuria, urine and stool microbiol-
ogy were run, using standardized, accredited methods.

Stool’s micvobiological assessment: Sterile containers with collected stool samples
were frozen at —20°C and initially processed in order to determine possible aerobe,
anaerobe, or microaerophiles species [18]. After identifying different types of stool
species by the matrix-assisted laser desorption ionization time-of-flight mass spec-
trometry (MALDI-TOF-MS) method, they were expressed as colony formatting units
(CFU)/gram stool and the severity of gut microbiota DB was semiquantitative scored
as follows: 0 = absent, 1 = mild, 2 = medium, 3 = severe [19]. In the case of dysbiosis,
frozen stools were further processed by the 16S rRNA next-generation sequencing
(NGS) method in order to assess the enterotype, H index of alpha-biodiversity, and
several bioindicators of the gut microbiome [20].

3.4 Noninvasive assessment of NAFLD
3.4.1 Imaging assessment

Every study participant was performed high-resolution real-time duplex ultraso-
nography with semiquantitative assessment of steatosis as follows: mild, moderate,
and severe [21]. Point shear wave elastography was performed in order to rule out
severe fibrosis (F4) [22]. Each patient also underwent abdominal helical computed
tomography (CT) with evidence of the decrease of liver density consecutive to lipid
accumulation [23].

3.4.2 Fatty liver index (FLI)

The FLI was calculated based on a mathematical formula that included measure-
ments of waist circumference (cm), BMI (kg/m?), gamma-glutamyl-transpeptidase
(GGT) (U/1), and triglycerides (mg/dl), as follows: FLI = (e 0.953*log e (triglycer-
ides) + 0.139*BMI + 0.718*log e (GGT) + 0.053*waist circumference — 15.745)/(1 + e
0.953*log e (triglycerides) + 0.139*BMI + 0.718*log e (GGT) + 0.053*waist circumfer-
ence — 15.745) x 100. The values could range between 0 and 100. If the FLI is under
30, there is a very low probability of fatty liver (FL), but an FLI over 60 substantially
magnifies the risk for FL, prompting complementary examinations [24].

3.4.3 Fibromax (BioPredictive®)

Fibromax (BioPredictive® ) with the calculation of SteatoTest® and NashTest®
based on some biochemical blood variables, such as alpha-2 macroglobulin, hapto-
globin, apolipoprotein Al, total bilirubin, gamma-glutamyl-transpeptidase (GGT),
alanine—aminotransferase (ALT), aspartate—aminotransferase (AST), fasting
plasma glucose (FPG), cholesterol, and triglycerides, as well as on some clinical
parameters such as age, gender, weight, and height was used in this study, in order to
assess NAFLD in enrolled patients [25].

3.5Body mass index

BMI was calculated based on patients’ height and weight, using the formula:
BMI = weight(kg)/height(m)” and interpreted as underweight (<18.5 kg/m?), normal
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(18.5-24.9 kg/m2), overweight (25.0-29.9 kg/m2), obese (30.0-39.9 kg/m2), and
morbidly obese (>40 kg/mz).

3.6 Blood pressure measurements

At least two measurements of blood pressure (BP) were taken in the morn-
ing, with patients at rest, in a sitting position, using the same standardized device
(OMRON M2 HEM-7121E). The final value of BP represented the mean of these
primary two measurements. The diagnostic of hypertension was made according to
European guidelines [26].

3.7 Assessment of diabetes mellitus (DM)

According to American Diabetes Association (ADA) criteria, a fasting plasma
glucose (FPG) of 126 mg% or higher, or a 2-hour plasma glucose level of 200 mg%
during 75-g oral glucose tolerance test, is consistent with the diagnosis of DM [27].

3.8 Assessment of dyslipidemia

The assessment of dyslipidemia was based on the presence of abnormal concen-
trations of lipids or lipoproteins in the blood, resulting in low level of high-density
lipoprotein (HDL), high blood levels of low-density lipoprotein (LDL), or high blood
levels of triglycerides. In this study, the cutoffs were considered as follows: total choles-
terol <200 mg%, LDL < 100 mg%, HDL > 50 mg%, and triglycerides <150 mg% [28].

3.9 Assessment of chronic kidney disease (CKD)

CKD diagnosis was performed using creatinine serum level and estimated glo-
merular filtration rate (GFR), presence of microproteinuria (30-300 mg/24 hours)
and imagistic characterization of kidney [29].

4. Statistical analysis

Graph Pad Prism 9.4.1 software (Graph Pad Software, Inc., LaJolla, CA, USA)
was used for statistical analysis. Given exploratory, pilot study, no sample size
calculation was needed. Quantitative variables were expressed as mean values
(MV) + standard deviation (SD). Chi-squared test was used to compare the two of
groups, in cases of qualitative variables expressed as percentages. The unpaired t test
was calculated and p < 0.05 was considered statistically significant, with confidence
interval CI = 95%. Nonparametric Pearson’s correlation test was also performed in
order to establish the “r” coefficient, drawing the direction and magnitude of pos-
sible links between variables.

5. Results

This is an observational, cross-sectional study concerning 125 research partici-
pants: 100 patients with NAFLD, 50 with gut dysbiosis and 50 patients without gut
dysbiosis, and 25 healthy controls.
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As seen in Table 1, that illustrates demographic and biological baseline aspects in all
research participants, patients either dysbiotic or not displayed significant differences
when compared with controls, related to several variables, such as ALT, FPG, HbAIC,
LDL, and HDL-cholesterol, triglycerides, creatinine, microproteinuria, CRP, and PCT.
However, no significant differences were noted when compared patients’ age, gender,
location, and complete blood count (CBC), to those of control’s group. Dysbiotic
patients from the study group displayed significant elevation of PCT, C-reactive protein
(CRP), and cytolytic enzymes: alanine aminotransferase (ALT), LDL-cholesterol,
triglycerides, and HbAlc when compared to patients with NAFLD and no dysbiosis.

No significant statistical differences were recorded between dysbiotic and normobiotic
patients related to age, gender, location, CBC, creatinine, and HDL-cholesterol.

As seen in Table 2, that depicts the comparison of several clinical studied in patients
included in this study, patients from dysbiotic group exhibited significant differences
related to higher FLI, severity of fatty liver either simple steatosis or NASH, as well as
less frequent treatment with biguanides and statins. The other variables, such as smok-
ing history, sedentary life style, obesity, dyslipidemia, hypertension, G-I associated
conditions, GSD, T2DM, IGT, CKD, and cardiovascular conditions, showed comparable
results when compared dysbiotic patients with those with normobiosis.

As presented in Table 3, that displays stool’s microbiota main alterations in
patients with NAFLD and associated gut dysbiosis, the gut microbiome of the study

Variables DB (+) DB (-) P
Smoking history 54% 38% 0.1102
Sedentary lifestyle 62% 50% 0.2291
BMI > 30 kg/m® 58% 42 0.1114
HT 36% 28% 0.3936
FLI (units) 7742 + 8.44 69.23 + 7.82 <0.0001
Simple steatosis 36% 58% 0.00283
NASH 64% 42% 0.00283
G-I associated conditions 56% 46% 0.3196
GSD 38% 34% 0.1567
T2DM/IGT 58% 46% 0.4005
Oral antidiabetics other than biguanides 4% 0% 0.3191
Insulin therapy 8% 0% 0.1538
Biguanides 24% 44% 0.0357
Statins 36% 58% 0,0283
Fibrates 42% 44% 0.8407
Dyslipidemia 40% 36% 0.2183
CKD 36% 32% 0.6641
C-V conditions 56% 44% 0.6897

DB = dysbiosis, BMI = body mass index, HT = hypertension, NASH = nonalcoholic steatohepatitis, G-I = gastrointestinal,
GSD = gallstone disease, T2DM/IGT = type 2 diabetes mellitus/Impairved glucose tolerance, CKD = chronic kidney
disease, C-V = cardiovascular, p bold = significant difference.

Table 2.
Clinical baseline aspects in patients with NAFLD.
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Variables DB+
Overall DB score 1.62 + 0.69
Decreased F/B 64%
F/B 277 £ 0.68
Biodiversity Shannon-Wiener H index 268 +0.51
Decreased Shannon- Wiener H index 76%
Increased LPS (+) bacteria 60%
Decreased Akkermansia muciniphila 62%

DB = dysbiosis, F/B = Firmicutes/Bacteroidetes, LPS = lipopolysaccharide.

Table 3.
Stool’s microbiota bioindicator alterations in dysbiotic patients.
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Figure 1.
Distribution of enterotypes in dysbiotic patients with NAFLD.

group was characterized by several alterations, expressed either by the decrease of
various bioindicators, such as H index of biodiversity, observed in 76% of patients,
Akkermansia muciniphila sp. in 62% of patients, and F/B ratio in 64%, or by the
increase of LPS (+) bacteria in 60% of patients.

The study of the stool’s microbiota enterotypes based on the mathematical
analysis of the proportional relationship between Bacteroides sp., Prevotella sp., and
Ruminococcus sp. in dysbiotic patients with NAFLD was expressed in percentages and
is depicted in Figure 1.

As seen in Figure 1, patients with NAFLD and gut microbiota dysbiosis were
characterized by a microbiological picture in which predominated Bacteroides sp. and
Prevotella spp. dominant enterotype, observed in 74% of cases. Ruminococcus spp.
dominant enterotype was noted in only 26% of cases.

Correlations of PCT to several blood biological variables such as CRP and ALT, as
well as to stool’s microbiota variables like F/B ratio, and H index of alpha biodiversity
were analyzed in dysbiotic patients with NAFLD and are displayed in Figure 2.

As illustrated in Figure 2, PCT positively strong correlated (p < 0.0001) to the
serum levels of ALT and to the F/B ratio of the gut microbiome (p < 0.0001). PCT
also positively strong correlated with the stool’s microbiota dysbiosis bioindicator,
represented by the H index of alpha biodiversity (p = 0.005) and to the serum levels
of CRP (p = 0.0031).

Figure 3 depicts the correlations of the gut microbiota dysbiosis intensity to
Fibromax analyzed scores, such as SteatoTest, that expressed the severity of simple
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Figure 2.
Correlations of PCT in patients with NAFLD and gut dysbiosis.
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Figure 3.
Correlations of severity to steatosis and NASH scores.

steatosis, and NashTest, that expressed the level of necro-inflammatory activity
caused by the metabolic condition.

Asillustrated in Figure 3, significantly positive correlations were noted between
the severity of gut microbiota dysbiosis and the NASH scores according to Fibromax
test, but no significant correlations were observed between the gut microbiota dysbio-
sis range and the severity of simple steatosis, represented by SteatoTest scores.

6. Discussions

In the present study, as we observed strong correlations between the levels of
inflammation expressed by PCT, CRP, and the severity of cytolytic syndrome, com-
parable results were also reported by other researches, related to various causes of
liver pathologies. Thus, the correlation of PCT and transaminases levels were noted in
patients suffering from various forms of acute liver failure, where authors observed
that PCT identified not the potential bacterial infections but the severity of the liver
cell injury [30]. Another study published in 2019 reported that the levels of serum
CRP and serum PCT were positively correlated with transaminases levels and alkaline
phosphatase as well, in patients with acute pancreatitis and associated liver injury [31].

As far as we know, at the moment, there are not so many studies addressing the
relationship between NAFLD/NASH, procalcitonin, and gut dysbiosis. One case con-
trol study that included 50 patients with NAFLD proven by histology did not reveal
significant increase of PCT when compared with healthy controls. However, CRP was
considered useful in the diagnosis of NAFLD being significant augmented in patients
by comparing to controls, but was not capable to discriminate between NASH and
simple steatosis [32]. An important relationship between inflammation and NAFLD
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was observed by others, as we also noted in the present study. One cross-sectional
study that included 55 patients over 30 years old, diagnosed with NAFLD, demon-
strated a relationship between fatty liver and CRP levels, bringing additional proof
regarding the role of inflammation in NAFLD. Of the proinflammatory cytokines, it
seems that tumor necrosis factor-alpha (TNF-alpha) may play a pivotal role in liver
inflammation. Also, proinflammatory cytokines and several interleukins (ILs) as well
as LPS could trigger reactive oxygen species (ROS). As a consequence, the augmenta-
tion of the hepatocyte damage will develop, accompanied by activation of Kupffer
cells and further increase of expression of TNF-a and IL-6 that will increase the
levels of local and systemic proinflammatory cytokines [33]. A recent review starting
from the known phenomenon of persistent inflammation in NAFLD discussed the
relationship between continuing subclinical inflammation in NAFLD and the risk for
developing hepatocellular carcinoma [34].

According to the Pearson’s parametric correlation analysis, the present paper
revealed that the levels of PCT correlated strong with certain characteristics of the
bioindicators of the intestinal microbiota, namely, the Shannon-Wiener index of
alpha biodiversity and the F/B ratio. We have not found in the literature similar
studies that analyze this relationship, PCT-gut DB in patients with NAFLD. Regarding
this particular relationship between PCT and DB, recently, literature studies have
been especially focused on the DB-PCT relationship mostly in COVID-19-infected
patients. Thus, in patients suffering from COVID-19 infection and associated hyper-
inflammatory reaction with augmentation of CRP > 10 mg/dl, PCT > 5 ng/ml, and
WBC > 15 G/I, alterations of the gut microbiota finger print were reported, with
modification characterized by increase of Parabacteroides sp. and Lachnoclostridium
sp., and reduction of Blautia sp., Faecalibacterium sp., and Ruminococcus sp. [35].
Other studies reported that the so-called triad in patients infected by COVID-19,
expressed by the dysbiosis of the gut microbiota, augmented immune response, and
high inflammatory state could make the difference between patients, regarding the
way they can cope, either being resilient or being fragile and developing the “cytokine
storm” with its consecutive severe outcome [36]. Understanding the changes in the
intestinal microbiome in COVID-infected patients that could associate a particular
host response could explain the unfavorable evolution of those with severe inflam-
mation and increase of CRP and PCT, as well as the persistence of some symptoms
as a consequence of remnant dysbiosis [37]. If situations that result in more or less
expressed inflammatory syndrome, in which it was demonstrated the increase of
the level of CRP and PCT, that were associated with some specific changes in the
intestinal microbiota, we could hypothesize that the dysbiosis associated with NAFLD
would generate an inflammation and would result in the growth of inflammatory
proteins of the acute phase, such as CRP and PCT.

As others and we previously reported, several alterations of the gut microbiome
were observed in the present study regarding dysbiotic patients with NAFLD [38, 39].
These modifications were characterized by the decrease of biodiversity of the F/B
ratio and of Akkermansia muciniphila sp. and by the increase of the LPS (+) bacteria.
Modifications of the enterotypes of the microbiota in patients with NAFLD and
associated dysbiosis were also seen; thus, Bacteroides sp. and Prevotella sp. were the
dominant enterotypes (enterotypes I and II) in three-fourth of patients, only one-
fourth expressing Ruminococcus sp. (enterotype III) [40, 41].

Many studies advocated the anti-inflammatory role of statins, but only recently
researchers have reported a relationship between statins and gut microbiome. We also
observed that patients with NAFLD, obesity, and associated metabolic issues exhibited
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alterations of gut microbiota and were less treated with statins for their dyslipidemia.
Recent studies reported that patients with obesity presented gut dysbiosis that was
negatively associated with statin treatment. Thus, patients displayed alterations of gut
microbiota with modifications of the enterotypes of study participants [42]. Others also
hypothesize the possibility of statins to even modulate the gut microbiome [43, 44].
Results of the present study showed that patients with NAFLD and dysbiosis with
increase of LPS positive bacteria and decrease of Akkermansia sp. were less treated
with biguanides, by comparing with those without dysbiosis. Alteration of gut
microbiota and antidiabetic drugs especially biguanides is a subject to recent debates.
Researchers reported that metformin could associate an increase of small chain fatty
acid (SCFA)-producing bacteria and may favor some species such as Proteobacteria
phylum, Allobaculum Lactobacillus genera, and Verrucomicrobia phylum. The mucin-
degrading bacteria are also abundant, such as Akkermansia sp. It was also observed
that metformin increases Escherichia sp. and decreases Intestinibacter sp. in human gut
microbiota and some species such as Bifidobacterium adolescentis were negatively cor-
related with HbAlc. From this point of view, the lowering effect of the glucose level
can also be mediated by the microbiome modifications induced by metformin [45].

7. Conclusion

Dysbiotic patients having NAFLD displayed significant elevation of inflamma-
tory acute phase reactant proteins such as PCT and CRP. Significant increase of the
cytolytic enzymes like alanine aminotransferase (ALT) and other biological variables
like LDL-cholesterol, triglycerides, and HbAlc was also noted. Patients with NAFLD
from the dysbiotic group exhibited significant differences related to higher FLI and
severity of fatty liver either simple steatosis or NASH. Less often treatment with
biguanides and statins was recorded in patients with fatty liver and gut dysbiosis. The
gut microbiome of the patients with NAFLD was characterized by various alterations.
The decrease of some bioindicators, such as H index of biodiversity, A. muciniphila sp.,
and F/B ratio, was frequently observed. However, other species, namely, LPS (+), were
often found abundant. The enterotypes of patients with NAFLD and dysbiosis were
characterized mostly by Bacteroides sp. and Prevotella spp. and rarely by Ruminococcus
spp. Strong positive correlations were observed between PCT and some blood biologi-
cal variables, such as ALT and CRP, as well as between PCT and some stool’s microbiota
bioindicators, such as F/B ratio and stool’s H index of alpha biodiversity. Gut dysbiosis
of patients with NAFLD was significantly positively correlated with the severity of
NASH scores. All these correlations between PCT and various bioindicators of the gut
microbiome and also between dysbiosis and NASH severity suggest that these three
entities, namely, PCT, dysbiosis, and NAFLD, are closely related.
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Chapter 3

Personalized and Targeted Gut
Microbiome Modulation in the
Prevention and Treatment of
Chronic Diseases

Alojz Bomba and Martin Haranta

Abstract

The gut microbiota is being recognized as a factor with a significant influence
on host physiology, health maintenance, and disease prevention. Distinct alterations
of the gut microbiota are correlated with several chronic diseases. Currently, gut
microbiota can be modulated by diet, probiotics, prebiotics, postbiotics, pharma-
biotics, and fecal microbiota transplantation. An effective strategy in gut micro-
biota modulation is needed for the prevention and supportive treatment of chronic
diseases. New and more effective approaches toward gut microbiota modulation
are emerging, namely personalization and targeted modulation. The composi-
tion of novel products and treatments based on the individual gut microbiome,
metabolome, strain specificity, and clinical data analysis can reveal and address
specific changes to the diversity, composition, and function of gut microbiota.
These analyses enable the development of personalized and targeted gut micro-
biota modulation, by the application of beneficial microorganisms, their consortia,
their metabolites, and their effective combination.

Keywords: gut microbiota, microbiome, dysbiosis, chronic diseases, personalized
medicine, probiotics

1. Introduction

The gastrointestinal tract is a major immunological organ that evolved to tolerate
commensal and dietary antigens, yet retains the ability to mount a protective immune
response to pathogens. The complex co-evolved community of the gut microbiota
impacts the development of immunity and health of an individual. Although much
of the gut microbiota is deemed non-culturable.,the advent of high-throughput
sequencing techniques has greatly improved the ability to clarify gut microbiota
composition and function. New technologies enable to include estimation of the
gut microbiome diversity as well as species and novel gene identification. Average
human gut microbiota is now better defined and has been estimated to exceed 1000
bacterial species [1, 2]. Bacteroidetes and Firmicutes represent predominantly in the
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gut microbiota. Other phyla such as Proteobacteria, Actinobacteria, Cyanobacteria,
and Verrucomicrobia, as well as methanogenic Archaea, mainly Methanobrevibacter
smithii, are present in the gut microbiota only in a minority [3, 4]. The distribution

of these phyla in the gut depends on a wide range of host factors including genetics,
epigenetics, local immune response, oxygen gradient, dietary intake, and interactions
among microbes.

Gastrointestinal microorganisms can influence host processes to impact host
physiology, immunology, and metabolism. The composition, diversity, and function-
ality of the gut microbiota can alter signaling events between the microbiome and the
host to influence gut homeostasis and host health [5]. Analysis of the microbiota can
be performed in different states of diseases, and its results together with the applica-
tion to animal experimental models can provide a simpler system in which the disease
pathogenesis can be examined [5].

Reduction of the bacterial diversity and overall disbalance of the gut microbiota
also known as dysbiosis is associated with many chronic diseases [6]. In some
instances, gut microbiota alterations can affect intestinal permeability, allowing the
transfer of lipopolysaccharide originating from the walls of gram-negative bacteria
into the circulation, leading to endotoxemia and low-grade inflammation in different
parenchymatous organs, resulting in metabolic disorders and chronic diseases [7].

The etiology of chronic diseases is often multifactorial, and gut microbiota is
also one of the key factors. Current therapy for chronic diseases mostly does not
reflect this fact, which limits its overall effectiveness. A better understanding of
gut microbiota cross-talk mechanisms and their subsequent effects could provide
new insights into the role of gut microbiota and dysbiosis in disease pathogenesis.
This knowledge and technology can allow the development of potentially effective
alternative approaches for preventive and therapeutic measures based on gut micro-
biota modulation [5, 8, 9]. More effective methods and biotherapeutics are needed
for personalized and targeted gut microbiota modulation as supportive therapy for
chronic diseases.

Targeted modulation of the gut microbiota represents an approach when specific
bacterial strains have clinically proven effects of changes in the microbiota and
human health. These bacteria are used in products to deliver specific predetermined
effects for the host based on his disease and microbiota composition.

2. The gut microbiota in chronic diseases

The gut microbiota alterations are observed in almost all chronic diseases, includ-
ing inflammatory bowel diseases (IBD), irritable bowel syndrome, metabolic syn-
drome, obesity, diabetes, cardiovascular diseases, cancer, neurodegenerative diseases,
and mental disorders. Microbiota alterations appear characteristic for each disease
state. To date, it is unclear if dysbiosis is a cause or a consequence of the disease [6].

Inflammatory bowel disease is an umbrella term for ulcerative colitis (UC)
and Crohn’s disease (CD). Changes in the composition of the gut microbiota are
reported in patients with IBD, namely a decrease in populations of Firmicutes and
Bacteroidetes and an increased Enterobacteriaceae. Other significant differences in
gut microbial composition for CD include increased representation by Ruminococcus
gnavus and decreased beneficial bacteria Faecalibacterium prausnitzii, Bifidobacterium
adolescentis, Dialister invisus, as well as an uncharacterized cluster of Clostridium
XIVa. IBD patients have a reduced number of butyrate-producing bacteria and an
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increased number of sulfate-reducing bacteria, which promote further inflammatory
processes [10]. The loss of obligate anaerobes with an increase of facultative anaer-
obes was also observed in patients with IBD [11]. It has been found that patients with
IBD have altered metabolism including defective microbial and intestinal bile acid
metabolism [6, 12, 13]. A higher level of fecal trypsin was detected in patients with
CD suggesting altered protein degradation [14].

Decreased gut microbial diversity is associated with metabolic syndrome and obe-
sity. The gut microbiota changes in these diseases are characterized by an increased
ratio of Firmicutes to Bacteroidetes [15]. It seems that gut microbiota is in close
correlation with obesity and can affect the transfer of the number of calories from the
diet to the host and the host metabolism of absorbed calories [16].

Type 1 diabetes mellitus (T1D) and type 2 diabetes mellitus (T2D) differ in the
mechanisms of pathogenesis. Both types of diabetes are associated with dysbiosis,
but with different characteristic patterns. T1D is associated with a decrease in mucin
degrading bacteria, Bifidobacteria, Lactobacillus, and Prevotella and an increase in
Bacteroidetes and Clostridium. T2D is characterized by a decrease in Clostridium and an
increase in Lactobacillus and Bacteroidetes. In both types of diabetes mellitus, changes
of the microbiota were observed such as a decrease in the gut microbiota diversity, a
decrease in butyrate-producing bacteria and Firmicutes, disrupted epithelial barrier
integrity, and increased gut permeability [12].

Autism spectrum disorders (ASD) are characterized by social and communica-
tion deficits and repetitive behaviors. A significant increase in the Firmicutes/
Bacteroidetes ratio was found in autistic individuals due to a decrease in the
relative abundance of Bacteroidetes. At the genus level, a decrease in the rela-
tive abundance of Alistipes, Bilophila, and Parabacteroides was detected, while
Corynebacterium and Lactobacillus were significantly increased. The increase in
Clostridiales bacteria in constipated autistic individuals can be important in the
pathogenesis of autism by the production of propionic acid, which can permeate
into the brain and cause cognitive impairments [17]. It was also observed that the
relative proportion of the fungal genus Candida was more than double in autistic
than neurotypical subjects, but this difference was only partially significant due to
a larger dispersion of values [18].

Dysbiosis in patients with colorectal cancer (CRC) is characterized by a decrease
of butyrate-producing bacteria and an increase in the proportion of several poten-
tially pathogenic bacteria. It has been suspected that bacterial species, such as
Bacteroides fragilis, Clostridium septicum, Fusobacterium spp., and Escherichia coli, are
involved in colorectal carcinogenesis. A decrease in Firmicutes and an increase in
Proteobacteria, Bacteroidetes, and Fusobacteria were observed in CRC. In colorec-
tal cancer tissue, an increase in the population of Akkermansia muciniphila and
Fusobacterium nucleatum has been detected. It was found that the composition and
numbers of dominant microbial species in CRC-associated dysbiosis in the gut lumen
differ depending on disease severity and tumor stage [19, 20].

3. Current possibilities of the gut microbiota modulation in chronic
diseases and future development

Current knowledge suggests that gut microbiota and gut dysbiosis could play an
important role in the etiology and pathogenesis of chronic diseases and gut micro-
biota modulation could be an effective tool for their supportive treatment.
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Nutrition significantly affects the diversity, composition, and function of the gut
microbiota and human health at an early age, in adulthood, and also in old age. Diet
high in fiber, fermented foods, and a diet containing omega- 3 fatty acids have a very
positive effect on the composition and metabolic activity of beneficial microorgan-
isms of the gastrointestinal tract. Diet represents a safe, readily modifiable, and cheap
method of early intervention in chronic diseases, which may have significant health
benefits by regulating the gut microbiota and mucous barrier [21].

New knowledge about the mutual communication between gut microorganisms and
the whole organism makes it possible to develop new and effective methods of modulat-
ing the gut microbiota using beneficial microorganisms or their metabolites [22].

Probiotics are proposed as alternatives to antimicrobial drugs, and they can be an
adjuvant therapy in the treatment of diseases associated with gut dysbiosis. Prebiotics
modulate gut microbiota by stimulating the growth and metabolic activity of gut-
beneficial microorganisms [23]. It has been shown that the positive effect of probiotic
bacteria, prebiotics, or natural bioactive substances in functional foods can effectively
reduce the incidence of chronic diseases [24]. The beneficial effects of probiotics on
the host can be significantly improved by potentiated probiotics [25], which con-
tain a suitable combination of probiotic bacteria with natural bioactive substances
such as oligosaccharides, polyunsaturated fatty acids, and plant extracts [26-29].
Experiments in gnotobiotic piglets have shown that polyunsaturated fatty acids
increased the adherence ability of lactobacilli and their inhibitory effect on the adhe-
sion of Escherichia coli O8: K88ab: H9 in the gut [26, 27]. Effects of probiotic (PRO)
Lactobacillus plantarum and combination of PRO and prebiotic (PRE) inulin enriched
with oligofructose (2%) and PRO with Linioleum virginale (O) on gut bacteria in
1,2-dimethylhydrazine exposed rats were studied. It was shown that combinations
of PRO-O and PRO-PRE had a synergistic effect which was higher than the effect of
administering only PRO [28]. Preventive application of L. plantarum LS/07 alone or in
combination with inulin to rats with chronic inflammation reduced the inflammatory
process in the gut mucosa by down-regulating of pro-inflammatory cytokine synthe-
sis and suppression of NF-kB activity in mucosal cells [29].

The next-generation probiotics hold promise to treat diverse medical conditions,
and they can be more effective than single or multi-strains commercial probiotics.
Moreover, several different strains with proven health benefits such as Akkermansia
muciniphila, Faecalibacterium prausnitzii, Bacteroides fragilis, Bacteroides uniformis,
Eubacterium hallii, and members of the Clostridia clusters IV, XIVa, and XVIII. can
be considered candidates for the next generation of probiotics and other microbiota-
based drugs. The development of the next generation probiotics holds promise for
innovation in both the food/feed sector and the pharmaceutical industry [30].

New knowledge of the role of microbiota in health and diseases allows to expand
the possibilities of administration of probiotics, in relation to their application form,
depending on the intended use. Increasing interest in the application of probiotics in
clinical practice will likely require specific regulatory approaches, if they are admin-
istered in a diseased population. More recently, the European Food Safety Authority
has defined a new “live biotherapeutic products” (LBP) category, clarifying pharma-
ceutical expectations. Similar to all products intended to prevent or treat diseases,
LBPs will have to be registered as medicinal products to reach the market in the USA
and Europe [31].

Fecal microbiota transplantation (FMT) is the administration of fecal microbiota
from a healthy person (donor) to a patient with a disease associated with dysbiosis.
FMT is an effective therapeutic alternative for Clostridium difficile infection (CDI)
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but could be a promising therapeutic approach in patients with other diseases such as
inflammatory bowel diseases (IBD), irritable bowel syndrome, metabolic syndrome,
and obesity [32, 33]. It is hypothesized that FMT improves colonization resistance of
recipient gut microbiota, but the mechanisms are not well understood. Fecal microbi-
ota can be transplanted also in lyophilized encapsulated form. Another possibility of
FMT is to use human gut microbiota cultured anaerobically in vitro. In choosing the
route of FMT administration, the indication should be taken into account [12, 34-36].

Next-generation-based therapies, including synthetic stool products or bacterial
consortia, currently have been coming to the fore, as an alternative to FMT, as they
have much fewer side effects. It was shown that gut microbiota could be effectively
modulated by the administration of defined microbiota. Application of 33 bacte-
rial strains, isolated from human stool or a stool substitute mixture comprising a
multi-species community of bacteria, may be protective against C. difficile or S.
typhimurium enteral infection. The defined consortium of 8 bacterial strains (altered
Schaedler flora) could be effective to diminish fecal urease activity and ammonia
production [12, 37, 38].

Autoprobiotic technology can be applied to modulate gut microbiota using selected
indigenous probiotic bacteria isolated from a healthy donor. The isolated bacteria are
stored in cryobanks and returned to the host if dysbiotic conditions occur [39].

One of the new therapeutic approaches targeting the gut microbiota is based on
metabolites of microorganisms—“postbiotics”. They are produced, modulated, or
degraded by the microbiota and act directly on the host with their metabolic and
signaling function. These metabolites, such as short-chain fatty acids, flavonoids,
or organic acid taurine, serve as a means of communication in interactions between
hosts and microorganisms. Postbiotics target microbial signaling pathways by miti-
gating the negative effects of deficiency or excess of metabolites involved in signaling
pathways. Postbiotics do not affect the gut dysbiosis, but have the potential to correct
its negative effects. In contrast to the application of living microorganisms, their
dosage and methods of application follow the principles of pharmacokinetics [40].
The term “pharmabiotics” refers not only to living microorganisms but also to dead or
altered microorganisms, such as bacteria, but also their metabolites [41].

4. Personalized and targeted microbiota modulation and its potential for
more efficient prevention and treatment of chronic diseases

Current knowledge suggests that the gut microbiome plays an extraordinary role
in the development of chronic diseases. A better understanding of the mechanisms of
its involvement in the pathogenesis of diseases is crucial for successful and effective
microbiota modulation. The composition and functional characteristics of a healthy
microbiome remain to be defined. Certain parameters such as the diversity of the
microbiota, an abundance of certain genera (i.e., Bifidobacteria, Lactobacillus, etc.),
or specific ratios between main bacterial phyla are considered markers of a healthy
microbiota. The characterization of a healthy microbiota would make it possible to
optimize nutrition and modify the microbiota to prevent diseases and to improve the
effectiveness of therapy in people with gut dysbiosis and associated diseases [42].

Although some diseases have been correlated with dysbiosis, it is not clear if
dysbiosis is a cause or consequence. Several trials have shown that therapies cor-
recting dysbiosis, including fecal microbiota transplantation and probiotics, are
promising in inflammatory bowel disease [10]. However, current knowledge shows
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that fecal microbiota transplantation does not have the same high effectiveness in
inflammatory bowel disease as it does in Clostridium difficile infection. Dysbiosis
occurs in both diseases, but the etiology and pathogenesis of inflammatory bowel
disease are more complex in comparison with Clostridium difficile infection [43] and
the same problem of complexity applies to many other diseases. Various strategies
have emerged in the modulation of the gut microbiota in the prevention or treatment
of diseases. Progress in this area is hampered due to ambiguities in the exact role of
the microbiota in a given disorder, variations in the phenotype of the human disease,
and variability in the formulation and delivery of the intended therapies. The use of
gut microbiota modulation in medical practice requires a significant shift on all these
fronts [41]. It is known that pathogenic microorganisms can cause various diseases,
including cancer, and gut dysbiosis plays a very negative role in the pathogenesis of
diseases. It is, therefore, reasonable to assume that modulation of gut microbiota
may be a very effective means of prevention, but also supportive therapy for many
chronic diseases shortly.

We have effective means to fight against chronic diseases through gut microbiota
modulation. The suitable diet, probiotics, prebiotics, postbiotics, and gut microbiota
transplantation represent them. However, what we need the most is a strategy for
their effective use to the patient in individual’s illness. Personalized and targeted
modulation of gut microbiota has all the prerequisites to become a key strategy for
the prevention and supportive therapy of chronic diseases [44, 45]. Personalized
and precision medicine creates prerequisites for the application of new methods
of treatment for many chronic diseases aimed at modifying the gut microbiome,
including cancer therapy. Taking into account the role of gut microorganisms in
disease pathogenesis could significantly contribute to increasing the effectiveness of
their treatment [46].

Patient-tailored manipulation of the human microbiome may enable the develop-
ment of precision microbiome-targeting treatment for a variety of multi-factorial
disorders. More effective methods of adjusting the gut microbiome can be personal-
ized probiotics and prebiotics, personalized nutrition taking into account the com-
position and functionality of the gut microbiota, postbiotics containing metabolites
of microorganisms affecting the communication of microorganisms with the host,
and phage therapy. However, their use in clinical practice requires the establishment
of standard sampling procedures, their analysis, and interpretation of the obtained
results. The use of personalized and precision medicine procedures will thus make it
possible to streamline the diagnosis and therapy of diseases in which the gut microbi-
ome plays an important role [47].

The development of precision probiotics, next-generation prebiotics resulting
from a better understanding of metabolic interactions among members of the micro-
bial ecosystem, and personalized dietary therapies tailored to an individual’s micro-
biota will form the new frontier in the field of personalized medicine [48].

It can be assumed that new knowledge will make it possible to increasingly use the
modulation of the gut microbiota to improve the effectiveness of disease prevention
and their supportive therapy. It is highly likely that a suitable solution will be the
application of a personalized approach using various possibilities of gut microbiota
modulation through beneficial microorganisms or diet. However, it will be necessary
to gain new knowledge about the composition and functionality of the optimal gut
microbiota and the role of gut dysbiosis in the pathogenesis of diseases [49].

Effective modulation of the gut microbiome will require research and devel-
opment of more effective methods and products for personalized and targeted
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modulation of the gut microbiome [24, 45]. Personalized medicine uses and combines
genomic and clinical data to more accurately predict an individual’s susceptibility
towards development of the disease and his response to treatment. Personalized
approach thus allows optimization of patient care. Personalized medicine approach
and targeted approach in gut microbiota modulation should be based on analyses of
the patients clinical data and an analysis of the patient’s gut microbiome and metabo-
lome that reveals the specific changes in his gut microbiota diversity, composition,
and function. These analyses allow using personalized and targeted gut microbiota
modulation, by the application of beneficial microorganisms, their consortia, and
their metabolites. It can be assumed that this method of modulation will in many
cases require a combination of personalized probiotics, probiotic strains with specific
effects, and metabolites of microorganisms—postbiotics.

The study of the application of personalized probiotics was conducted on 48
patients. The aim of this study was to determine changes in selected markers within
the microbiota after 3 months of treatment by the personalized probiotic supplement.
The probiotic composition (species, number of species, and number of CFU) of the
probiotic mixture was designed based on gut microbiome analysis and prepared for
each patient separately. After 3 months of probiotic supplementation, control samples
were analyzed. Data confirmed a statistically significant increase of specific beneficial
bacterial groups (lactobacilli, bifidobacteria, and actinobacteria) as well as the total
number of species, thus increasing the overall diversity of the microbiota, which is
considered a marker of a healthy gut microbiome. Results showed that the probiotic
supplementation improved stool frequency in both cases—constipation and also diar-
rhea. The study confirmed the significance of a personalized approach in probiotic
supplementation [50]. Of course, further data and studies are needed to demonstrate
the effectiveness of a personalized approach in the clinical field.

It can be expected that also a new method of personalized and targeted modula-
tion of gut microbiome combined with the auto-transplantation of ex vivo modulated
patient’s gut microbiota will be developed in near future for clinical practice [45, 51].
Innovative animal experimental models and clinical studies will greatly aid the shift
in gut microbiome research and modulation that will enable the production of high-
quality products for the patients [52].

5. Conclusions

Gut microbiota has an important role in the health and etiology and pathogenesis
of chronic diseases. Future research on gut microbiome in chronic disease should be
aimed to clarify the association between gut microbiota dysbiosis and disease patho-
genesis. Diet, probiotics, prebiotics, postbiotics, and fecal microbiota transplantation
can be used for gut microbiota modulation. Research on gut microbiota and its role in
health and disease constantly brings new knowledge, which in the foreseeable future
will significantly streamline not only prevention but also supportive therapy of many
chronic diseases. New strategies such as personalized and targeted modulation of gut
microbiota are emerging based on analysis of the patient’s microbiome, metabolome,
and clinical data. They will result in the application of beneficial microorganisms,
their consortia, and metabolites to address the specific problem for specific people.
The analysis of the patient’s gut microbiota could also serve for early diagnosis in
people at risk of chronic disease, and intervention can be made that will prevent
chronic disease from occurring.
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Chapter 4

Probiotic Effects on Disease
Prevention and Treatment

Kajal Farahmandi and Sadegh Sulaimany

Abstract

Research on the probiotic effect in preventing or treating diseases has attracted
scientists’ attention for many decades. Findings of probiotics effects on human health
indicate that they are not only no detrimental but also may have a beneficial effect
on the host. Indeed, the effectiveness of probiotics depends on the type of utilized
strain, duration, dose administration, and single or combined strains used that can
be different in a specific disease. Therefore, probiotics can play a significant role in
the treatment and prevention of different diseases through several mechanisms; for
instance, stimulating respiratory immunity in the airway and enhancing resistance to
respiratory tract infections, can prevent or reduce the duration of respiratory system
diseases. By ameliorating glucose metabolism, reducing inflammation and oxidative
stress in pancreatic cells, and preventing the destruction of p-pancreatic cells, may
prevent the onset of diabetes and the pathogenesis of diabetic retinopathy as well.
Moreover, using their metabolites, especially short-chain fatty acids production,
probiotics may have an important effect on weight modifications. Finally, from the
regulation of important neurotransmitters and regulation of inflammatory markers,
it may be effective in mental disorders improvement.

Keywords: probiotics, microbiota, diarrhea, irritable bowel syndrome, inflammatory
bowel disease, Crohn’s disease, ulcerative colitis, respiratory diseases, metabolic
disorders, mental disorders, diabetes, obesity

1. Introduction

Research on the probiotic effect in preventing or treating diseases has attracted
researchers’ attention for many decades. The importance of probiotics in such areas
can be indicated by close to 300 meta-analyses published from 2000 to 2020 inves-
tigating the efficacy of probiotics in preventing and treating diseases. Probiotics
are defined as live non-pathogenic microorganisms that confer beneficial health to
the host when administered in a sufficient number [1] (1 x 10° colony forming units
(CFU) per serving [2]). However, a concern has increased that probiotics may not sur-
vive in sufficient numbers when they are added to dairy products or pass through the
gastrointestinal tract and may not be helpful as would be expected [3, 4]. Therefore,
improving the shelf-life of probiotic strains is important. According to research,
microencapsulation of probiotic strain by spray drying through adding additives like
tragacanth to skim milk could remarkably enhance the survival of the cells during
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drying [5]. Amara and Shibl showed that probiotics are not only helpful in supporting
health or managing pathogenic infections, but also effective for the treatment and
controlling of diseases [6]. In addition, the utilization of fermented foods which are
the usual source of lactic acid bacteria can confer remarkable health benefits, such as
decreasing the incidence rate of type 2 diabetes and cardiovascular illnesses [7], and
also helpful metabolic effects [8].

Categorizing 294 meta-analysis articles have been done from the year of 2000
until 2020, on the effects of probiotics in the prevention and treatment of diseases,
demonstrated that only 21% of these studies reported the ineffectiveness of probiotics
in the prevention or treatment of various diseases but 79% showed a positive effect.
It is worth saying that no analysis was found to report a negative effect of probiotics.
This shows the importance of probiotics on human health that they are not only not
detrimental but also may have a beneficial effect on the host. Besides, the statistics of
the efficacy percentage of probiotics on diseases indicate that probiotic supplements
may be more effective in preventing or treating some diseases (80.95-100%), includ-
ing; diabetes, infections, irritable bowel syndrome, enterocolitis, and diarrhea. It is
worth mentioning that these results have been conducted with more than 14 meta-
analysis articles from 2000 to 2020 on each of these diseases (Figure1).

Probiotics have been used to modulate the microbial community in a beneficial
way and as a result, immunity improves against many infections that threaten human
and animal lives [9]. Probiotics exert their beneficial effects on the host through
different mechanisms different mechanisms including straightly eliminating or
inhibiting the growth of pathogens by producing antimicrobial substances, destroy-
ing toxins, regulating the immune system, reintroducing the microbiota balance,
competing with pathogenic microbes for adhesion sites and nutrients, enhancing
intestinal barrier function, and immunomodulation [10-13].

Using antibiotics in a large amount unselectively annihilates normal intestine
and genital tract flora, and damages the host’s mechanisms of immunity [14].
Nowadays, spreading antibiotic resistance among human pathogens is a major
public health concern in the world. It can affect people at any stage of life,
as well as the healthcare, veterinary, and agriculture industries. As it is clear
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Figure 1.
The effectiveness percent of probiotics on diseases with the highest number of studies (from 2000 to 2020).
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antimicrobial resistance is increasing nowadays due to the overuse or misuse of
antibiotics against infections; however, probiotics can be used as a great alter-
native to them [15, 16]. As probiotics help to balance the intestinal microbiota
composition, they can protect the host against diseases [17]. However, it should
be noted that to produce probiotic supplements for humans or animals, strains
containing antibiotic resistance genes must be distinguished from other strains,
as there is a possible risk of spreading resistance genes to other pathogenic or
non-pathogenic strains [18].

It is the purpose of this chapter to provide a comprehensive review of the research
that has been conducted on the importance of probiotics in the prevention/treatment
of several common human diseases.

2. Distribution of probiotic articles by type disease

Figure 2 shows the distribution of meta-analysis probiotic articles published from
2000 to 2020 by anatomical of physiological target. The greatest number of stud-
ies were associated with digestive system diseases (139 out of 283 or 49.11% of the
total) and the least of them were related to disorders of the nervous system, eye, and
adnexa. Figure 2 illustrates the proportion of probiotics in the treatment of different
diseases as well.

3. Efficacy of probiotics on gastrointestinal diseases

Probiotics have a positive effect on intestinal function. They enhance the structure
of mucus barrier and make intestinal connections closer by boosting the amount of
mucus produced. They decrease inflammation and restore normal bowel movements
as well [19, 20]. So, these mechanisms of action lead to probiotics having a major role
in the management of gastrointestinal disorders.
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Figure 2.

Distribution of probiotics-disease-related meta-analysis articles based on the category of diseases (2000—2020).
The effectiveness of probiotics was defined as the percentage of completed curing or just improvement of some
parameters in patients based on the vesult of each meta-analysis study.
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3.1 Diarrhea

Among the probiotic studies conducted on digestive system diseases, diarrhea is
approximately the most studied case. Evidence demonstrates that epidemiological
relevance of acute diarrhea, whether caused by virus or associated by using antibiotic,
is very high in the world, particularly, in developing countries [21]. Evidence show
Limosilactobacillus veuteri ATCC 55730 [22, 23] and Saccharomyces boulardii [24, 25]
play an important role in treating acute diarrhea in children. Research shows that
two probiotic strains including Lactobacillus GG and Saccharomyces boulardii play
important role in preventing antibiotic-associated diarrhea in both adult patients and
children as well [21, 26]. Research reported that treatment by probiotics could reduce
acute diarrheal illness by approximately 1 day [27-32].

Probiotics’ preventive or therapeutic effect in almost all types of diarrheas is
related to some parameters including strain type, the antimicrobial and anti-inflam-
matory properties of the probiotic strain, and utilized dosage [11-13]. The effective-
ness of probiotics on diarrhea has been imputed to their immunostimulatory effect
and also restoring gut microflora to the balance situation [33, 34].

3.2 Irritable bowel syndrome (IBS)

In rodents with intestinal inflammation, it has been proven that probiotics
can reduce intestinal cytokine secretion and improve epithelial barrier function
[35]. And a reduction of IBS symptoms happened in IBS patients due to enhanced
cytokine profile [36] after probiotic supplementation was used [19, 37-39]. A
meta-analysis of 15 human studies including 1793 IBS patients also indicated that
probiotic therapy reduced pain and symptom severity scores in these people [40].
Furthermore, studies both in humans and animals show that different probiotic
strains can be effective in alleviating abdominal pain and decreasing visceral hyper-
sensitivity by changing the expression of neurotransmitters and receptors which are
associated with the pain pathways such as the opioid or the cannabinoid receptors
[41, 42]. However, taking into account the effectiveness of probiotics based on the
type of strain used, duration, dose of administration, and single or combined strains
used, can be different in a specific disease. Although many research showed the
efficacy of probiotics on IBS patients, however, Connell et al. reported that VSL#3
probiotic supplement which is the combination of eight bacterial strains, not had
any positive effect on abdominal pain, stool consistency, abdominal bloating, or
quality of life in patients with IBS [43].

3.3 Inflammatory bowel disease (IBD)

IBD is a collective term used to describe Crohn’s disease (CD), ulcerative colitis
(UC), and nonspecific colitis [44]. The inflammation of the gastrointestinal tract is in
common characteristic of these diseases although each of them has distinct features,
the inflammation may lead to pain, diarrhea, and bleeding [44]. The precise cause
of IBS is unknown; however, it is thought that a multifactor is involved, the complex
interplay of genetics and epigenome, environmental factors, and microbiome [45].

It is shown that probiotic administration alleviated the severity of the colitis by
decreasing the NF-kB DNA binding activity, and also reducing the accumulation of
leukocytes, and downregulating IL-6 and TNF-a production. Probiotics also might
be useful in preserving remission and preventing relapse of UC [46, 47]. Other
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researchers demonstrated the efficacy of probiotics on this disease as well [48, 49]. It
should be noted that based on investigating all meta-analysis studies of probiotics on
UC published from 2000 to 2020, probiotics supplementations was 100% effective
for remission induction and preventing relapse of UC. Therefore, probiotic therapy
seems to be a safe and effective method for patient with UC, however, evidence has
not proven efficacy of this supplement on CD patients so far [49-52]. A clinical trial
confirmed this statement. In a randomized, double-blind, placebo-controlled trial of
adult patients with UC and CD, treatment with a multi-strain probiotic supplement or
placebo for 4 weeks. The result showed that utilizing probiotics could reduce intesti-
nal inflammation in patients with UC, but not in CD [53].

4. Efficacy of probiotics on respiratory diseases

Studies report that probiotics can play a significant role in treatment and prevent-
ing or reducing the duration of respiratory system diseases [54-56] and it might be a
practical alternative to promote recovery from these diseases [57, 58]. Besides, some
evidence showed that probiotics may stimulate respiratory immunity by improv-
ing T regulatory response in the airway and enhance resistance to respiratory tract
infections caused by bacteria and viruses [59-61]. Probiotics impact lung microbiota
[62] and then exert anti-inflammatory activity in the lungs [63]. For instance, orally
administered of Lactobacillus helveticus can modulated the immune response in a posi-
tive way [64-67]. And this probiotic strain by increasing the number of cells secreting
IgA in the intestine and bronchial-associated lymphoid tissue has an immunoprotec-
tive impact on mucosal immunity [68]. Evidence indicates that lactic acid bacteria
and their metabolites move from gut to lung and exert various immunomodulatory
actions [69]. Different probiotic strains including Bifidobacterium and Lactobacillus
were reported to be a great option in treating rotavirus infection in both animals
and humans [70-72]. Besides, among chronic respiratory diseases, some probiotic
strains have improved at least one symptom of allergic rhinitis (AR). In particular,
Lactobacillus paracasei LP-33 can enhance the quality of life of patients with AR,
according to a meta-analysis study carried out recently [73].

4.1 Influenza

An animal study was done by Lu et al. [69] evaluated the effect of Lactobacillus
mucosae 1025, Bifidobacterium breve CCFM1026, and their mixture on mice infected
with the influenza virus for 19 days. The result shows that the clinical symptoms were
improved by probiotic treatments. L. mucosae 1025 could directly decrease viral load-
ing in the lung, and B. breve CCFM1026 might alter the immune responses. However,
the mixture reduced viral loading and increased the antiviral protein MxA expression,
which none of the single strains alone were not able to increase MxA expression. It
is reported this is because of increasing the amount of butyrate production result-
ing from changing the gut microbiota composition [69]. In addition, other probiotic
strains which are tested in mice with influenza infection and their effectiveness were
determined are Bacillus subtilis 3 [74], Lactobacillus vhamnosus M21 [75], Bacillus
subtilis PY79 [76]. Studies indicate Bacillus subtilis 3 is not only effective for the
prevention and treatment of influenza but also helpful in the prevention and treat-
ment of bacterial infections in both animal models [77, 78] and humans [78, 79]. The
antibacterial property of this strain is due to its ability to produce an antibiotic named
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aminocoumarin which can suppress a wide range of pathogens and also strengthen
host resistance [80]. Furthermore, a double-blinded, placebo-controlled trial of the
combination of different probiotic strains containing Lacticaseibacillus paracasei
subsp. paracasei, Lactobacillus casei 431 and Lactobacillus fermentum PCC on patients
with a common cold and influenza-like infections was conducted by Zhang et al. [81].
In this trial, probiotic mixture 50-60% compared to the placebo group decreased the
outbreak of common cold and influenza-like symptoms [81].

4.2 Covid-19

The evidence indicates that gut microbiota dysbiosis happened in COVID-19
patients even 6 months after recovery [82]. Restoring gut microbiota balance has
been demonstrated to promote host resistance to viruses or invading pathogens at the
respiratory mucosa level [83, 84]. Therefore, administration of prebiotics and probi-
otics are suggested to COVID-19 patients, to modulate the balance of gut microbiota
and decrease the risk of secondary infection due to bacterial translocation [85].

In Covid-19 infected patients, reducing probiotic strains, especially Lactobacillus
and Bifidobacterium may postpone recovery. Consequently, it is suggested that host-
microbiota balance should be preserved in the gut and lung which can be beneficial in
fighting against COVID-19 [86]. Besides, Mahooti et al. [87] recommend that because
probiotics have antiviral properties against other viruses, so they can be a comple-
mentary treatment against SARS CoV-2.

In numerous human studies, it has been shown that probiotics, especially,
Lactobacillus rhamnosus GG, has the ability to improve the barrier of intestinal and
lung and homeostasis, by increasing regulatory T cells, enhancing anti-viral defense,
and reduce pro-inflammatory cytokines in systemic and respiratory infections. These
immunomodulatory agents may be helpful in individuals who have been infected or
are at risk of developing, COVID-19 [88].

4.3 Pneumonia

It seems probiotic therapy is a fascinating option as a nonantibiotic method for
protection of the host microbiota balance and VAP prevention. Probiotics may probably
decrease the incidence of VAP through diverse local and systemic effects that limit the
colonization of pathogen species or improve host immune defenses [89]. Numerous stud-
ies confirmed the promising efficacy of probiotics on the prevention of VAP [90-95].

A RCT shows that the combination of four probiotic strains including Lactobacillus
acidophilus LA-5, Lactobacillus plantarum, Bifidobacterium lactis BB-12, and
Saccharomyces boulardii could reduce the incidence of VAP by 11.9%, the time of
stay in the intensive care unit (ICU) and the length of hospital stay [96]. In addi-
tion, a clinical trial shows that using a mixture of probiotic supplements containing
Lactobacillus, Bifidobacterium, and Streptococcus spp. for 14 days, can significantly
reduce the length of ICU and hospital stays in VAP patients [97].

Despite a meta-analysis of including 15 randomized controlled trials involving 2039
patients which reported that probiotic therapy could prevent ventilator-associated
pneumonia (VAP), and decrease the duration of antibiotic treatment of VAP, however,
they had not shown any significant impact on the duration of mechanical ventila-
tion, ICU length of stay and mortality [98]. Another meta-analysis also confirmed
that there was no remarkable difference in ICU length of stay between probiotics and
placebo groups [92].
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Among the investigation we have done on reviewing probiotic meta-analysis studies
until 2020, out of 6 studies on pneumonia, 5 of them related to VAP, and one study was
on nosocomial pneumonia. The statistics show that probiotic supplementation could be
66.66% effective to prevent ventilator-associated pneumonia.

5. Efficacy of probiotics on metabolic diseases

Many hypotheses surround the feasible involvement of the intestinal microbiota in
metabolic disorders such as diabetes and obesity.

5.1 Diabetes

Some evidence suggests that in diabetic patients, disruption in antioxidant
defenses happens and free radicals are produced in large amounts [99, 100].
Oxidative stress is considered as one of the major factors in insulin resistance [101],
the onset of diabetes and the pathogenesis of diabetic retinopathy as well [102, 103].
Evidence recommends that some probiotic strains are effective in reducing inflam-
mation and oxidative stress in pancreatic cells [104, 105], and they play an important
role in preventing the destruction of f-pancreatic cells [106, 107]. A preclinical
study of the effect of probiotics on diabetic rats showed that the combination of two
probiotic strains including Lactobacillus acidophilus and Lactobacillus casei could
significantly suppress oxidative damage by repressing the lipid peroxidation and
protecting the antioxidant content of glutathione, superoxide dismutase, catalase
and glutathione peroxidase in their pancreases [108]. It has also been demonstrated
that Bifidobacterium adolescentis enhances insulin sensitivity [109] by increasing the
amount of production of glucagon-like peptide 1 (GLP-1) [110]. GLP-1, a growth
factor for pancreatic cells, through complicated mechanisms like modulation of
insulin secretion, pancreatic cell mass and food consumption improve glucose toler-
ance [111]. Furthermore, probiotics have also been found to be effective in reducing
blood glucose levels [112-114]. This may be because of properties of probiotics that
can ameliorate glucose metabolism via increasing the bioavailability of gliclazide,
suppressing or postponing the intestinal absorption of glucose and changing the
autonomic nervous activity [115-117]. The result of a clinical trial on 79 diabetic
people who had used metformin as a daily treatment, and received multi-probiotic
strains or placebo two times a day for 12 weeks, indicates glycated hemoglobin
(HbAlc), and weight significantly decreased in the probiotic-utilizing group com-
pared to placebo [118].

5.2 Obesity

Many recent meta-analysis studies proved that probiotics significantly had a
promising effect on weight loss and body mass index (BMI) improvement [119-122].
Besides, in one study, it was shown that when the combination of different probiotic
strains was used for more than 8 weeks, reducing the body weight and BMI happened
[123]. However, some other meta-analysis studies did not approve this statement
[124, 125]. Furthermore, in another research was done by million and colleagues
reported different species of Lactobacillus have different effects on weight in both
humans and animals [126]. According to this research probiotic strains associated
with weight gain in animals were Lactobacillus fermentum and Lactobacillus ingluviei.
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And a probiotic strain with anti-obesity effect was Lactobacillus plantarum, in addi-
tion, Lactobacillus gasseri was an effective strain for weight loss in both humans and
animals [126]. Contradictory results on the effect of probiotics in weight modifica-

tions may be due to differences in the probiotic strains and host.

The gut microbiota effects on energy regulation can be a prime factor in the
development of obesity [127, 128]. Human intestinal microbiota is a complicated
ecosystem that includes numerous kinds of microorganisms like bacteria, viruses,
archaea, fungi, protists, nematodes, and phages, involved in various functions of
host metabolism [129]. A higher proportion in the strains of Bacteroides fragilis,
Clostridium leptum, and Bifidobacterium catenulatum and a lower percentage of
Clostridium coccoides, Lactobacillus sensu lato, and Bifidobacterium display consider-
able weight loss [130, 131], therefore, probiotics may be a powerful tool in modulat-
ing obesity by changing the gut microbiota composition [132, 133].

The gut microbiota remarkedly can ferment the indigestible carbohydrates
into short-chain fatty acids (SCFAs). SCFAs are the main metabolites of intestinal
microbiota which have an important role in energy, glucose, lipid homeostasis and
intestinal health [134, 135]. The most plentiful SCFAs are acetate, butyrate, and
propionate (encompass 95% of all SCFAs), which are the main substrates for glucose
metabolism [129]. Multiple animal studies have shown that the gut microbiota and
their metabolites, especially SCFAs, have a significant role in obesity [136-138]
and also in the prevention and treatment of obesity-associated insulin resistance
[139-142]. Therefore, it is recommended that SCFAs have the ability to control host
energy metabolism in the advancement of diet-induced weight and also can be applied
for de-novo synthesis of lipid and glucose [143]. However, in human studies, there
is contradiction in the association between SCFAs and obesity. For instance, some
studies have demonstrated a positive interaction between fecal SCFAs levels [144-146]
and obesity while others reported an unfavorable result [147]. Evidence shows that
acetate plays an important role in the hypothalamic control of appetite [139] and also
increase anorexigenic neuropeptide expression [139] so it is suggested that acetate may
be a functional treatment for obesity. Among acetate-producing probiotic strains we
can suggest Methanobrevibacter smithii and Blautia hydrogenotrophica [148]. Chambers
etal. have demonstrated that colonic propionate can acutely lessen energy intake and
prevent long-term weight gain in people [149]. Considering probiotics, the species
of genera Lactobacillus and Bifidobacterium basically create butyrate and propionate
[150]. Butyrate has the ability to alleviate obesity and other metabolic complications
which are very usual in western nations [151]. For presentation, a decrease in the
number of microbes that produce butyrate in humans is connected with an elevated
threat of metabolic disease [152]. Clostridium butyricum, Faecalibacterium prausnitzii,
Eubacterium rectale, Roseburia are some of probiotic strains found in the intestines of
healthy animals and humans which produce butyrate [153, 154].

5.3 Other metabolic disorders

Meta-analysis studies reporting the effectiveness of probiotic supplementation on
lipid and glucose metabolism on pregnant women [155] and patients with diabetes
[156]. And also, the result of another meta-analysis study suggests that probiotics
should be used as a new way to control and management of lipid profile and blood
pressure in type 2 diabetic patients [157]. Probiotics play their role in reducing serum
cholesterol (hypocholesterolemia) through some mechanisms including bind-
ing cholesterol and fatty acids to the probiotic bacteria’s cellular membrane [147],
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deconjugation of bile acids by the presence of bile salts hydrolase enzymes in lactic
acid bacteria [139, 148-150], the transformation of cholesterol to coprostanol and
excreted into feces [147]. A clinical trial of 84 pregnant women with gestational dia-
betes mellitus (GDM) receiving 300 mg/day of yogurt contained two probiotic strains
including Lactobacillus acidophilus and Bifidobacterium lactis or placebo (ordinary
yogurt) for 2 months reported that consumption of yogurt probiotics can manage
blood glucose better and also the rate of macrosomia might be reduced in pregnant
women by GDM through this regimen [158].

6. Effect of probiotics on mental illnesses
6.1 Depression and anxiety

Depression and anxiety are common psychological disorders that they are highly
comorbid with each other, and are important public health problems. The efficacy of
probiotics on depression and anxiety through meta-analysis studies over the course
of 20 years (from 2000 to 2020) was reviewed comprehensively. Half of these stud-
ies showed that probiotics could improve the symptoms of these patients [159-162]
while the other half reported, probiotic therapy for these mental disorders is not
proven [163-166]. In a randomized, double-blind, placebo-controlled trial treat-
ment of 65 multiple sclerosis patients with multi-strain probiotics, promoted mental
health parameters [167]. Recent research found that two hypotheses may explain the
potential positive effect of probiotics on mood and cognition; one theory is control-
ling important neurotransmitters and the other is regulating inflammatory markers
by these probiotics [168]. Studies exhibit that cytokines increase by inflammatory
factors, and subsequently, cytokines effect on synthesis, release, and absorption of
neurotransmitters [169-171]. Ultimately, the increased levels of proinflammatory
cytokines are associated with neurological disorders such as depression and anxiety.
Probiotics improve mood and insomnia in depressed patients [172-174] by reducing
inflammatory cytokines Interleukin-1 beta (IL-1p), [175, 176], Interleukin-6 (IL-6),
tumor necrosis factor-alpha (TNF-«) [172-174, 176].

7. Conclusion

The effects of probiotics have been widely investigated in a broad spectrum of
diseases and are currently suggested as a possible treatment or prevention for several
diseases. Different mechanisms are known for the beneficial effects of probiot-
ics, including directly eliminating or preventing pathogens growth by producing
antimicrobial substances, eliminating toxins, competing for binding to receptors
of epithelial cells, regulating the immune response, reintroducing the microbiota
balance, enhancing tight intestinal connections, and also increasing mucus produc-
tion. Probiotic therapy seems to be a safe and effective method especially, for patients
with UC for remission induction and preventing relapse of UC, but, evidence has not
proven the efficacy of this supplement on CD patients so far. However, it is needed
to taking into account that the biological effects of probiotics on a special disease can
be distinctly strain-specific. Therefore, more randomized clinical trials of various
probiotic strains in both form of single and mixture on those patients are needed to
definitively prove the effectiveness of probiotic microorganisms on these diseases.
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Abstract

Probiotics are living microorganisms that induce health benefits and advantages on
the host, especially when it is used in an adequate amount. Over the years, different defi-
nitions of probiotics are established based on their mechanisms, site of action, delivery
format, method, or host. As probiotics have various effects, they are used in different
areas and one of them is dentistry. Approximately 150 species of yeast are referred to
as Candida. Normally, Candida lives without causing harm to its environment which in
the most cases is the mucus membranes of various parts of the body, including the ears,
eyes, gastrointestinal tract, mouth, nose, reproductive organs, sinuses, skin, stool, and
vagina. These mucus membranes are known as beneficial flora and the yeast component
in the flora performs important functions in the human body. However, an overgrowth
of Candida albicans results from an imbalance in the body’s normal flora. The term is
Candidiasis or Thrush. Most common way to treat this condition is by using Nystatin
solution. According to new studies, probiotic solutions can be used to reduce the num-
ber of Candida albicans adherence and thereby treat Candidiasis or Thrush. We aim to
discuss the actual role of probiotic solutions in oral cavity and treatment of Candidiasis.

Keywords: probiotics, probiotic solutions, dentistry, candidiasis, thrush, oral cavity,
normal flora, denture stomatitis

1. Introduction

The term probiotic comes from the Greek language meaning “for life.” It was
first introduced by Lilly and Stillwell in 1965 to describe substances that stimulate
the growth of microorganisms. In 1971, Sperti used the probiotic term to define
substances secreted by tissue, which have the ability to stimulate microbial growth.
Parker first used the term probiotic in relation to its modern usage, defining it as
“organisms and substances that contribute to intestinal microbial balance.” Later,
Fuller amended this definition by emphasizing the important role of probiotics in
establishing the balance of intestinal microbial. This reformed definition emphasizes
on the requirement of viability for probiotics and introduces the aspect of a beneficial
effect on the host. Havenaar et al. expanded the definition further to include mono
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or mixed cultures of microorganisms applied to animals or humans that improve the
properties of the indigenous microflora. Salminen and Schaafsma further broadened
the definition of probiotics to include dairy products such as fermented cereals,
sauerkraut, and salami that contain viable probiotic microorganisms. This definition
showed that probiotics benefit, effect health and nutrition of the host. Salminen and
Schaafsma broadened the definition of probiotics even further by no longer limiting
the proposed health effects to influences on the indigenous microflora.

Today, we know that unlike Salminen definition probiotic microorganisms are also
can be find in nondairy products [1].

Candida is actually another name for fungi that define over 150 yeast species that
exists harmlessly in healthy individuals. An imbalance in normal flora may lead to
an overgrowth of one of these species named as Candida albicans, which can cause
candidiasis or thrush, a fungal infection that has a widespread impact on the body’s
overall health and well-being. Candida is one of the normal flora substances, which
is known as “beneficial flora” and also has a useful purpose in the body. When there
is an imbalance in the normal flora, it can cause an overgrowth in the number of
Candida albicans. The expression used for the overgrowth of Candida albicans that
may lead to an infection is Candidiasis or Thrush. This is a fungal infection which is
also called Mycosis through any of the species of Candida; however, Candida albicans
is the most common one. When this infection happens, it can cause a widespread
deterioration to our overall health and well-being of the body.

Oral candidiasis is a common fungal infection in the oral mucosa, caused by
Candida albicans. Many people have this organism, and the rate of carriage increases
with age [2]. Denture stomatitis, an inflammation of the denture-bearing mucosa
affecting two-thirds of elderly denture wearers, is often associated with Candida. It is
more common on the palatal mucosa and in female patients [3].

There are different types of denture materials and one of the most common of
them is polymethyl methacrylate. Polymethyl methacrylate is a lightweight, synthetic
polymer that is an economical alternative to polycarbonate. Unlike polycarbonate,
polymethyl methacrylate (PMMA) does not contain potential harmful subunits, such
as bisphenol-A, and is easier to handle, process, and less expensive. This chapter aims
to discuss the effect of probiotic solutions on the adherence of Candida albicans to
polymethyl methacrylate dentures.

In this chapter, we aim to talk about the effect of probiotic solutions on adherence
of candida albicans to polymethyl methacrylate dentures.

2. Probiotic bacteria

The international definition of probiotics is “a living microorganisms that induce
health benefits and advantages on the host, especially when it is used in an adequate
amount.” Over the years, different definitions of probiotics are established based on
their mechanisms, site of action, delivery format, method, or host. As probiotics have
various effects, they are used in different areas [1].

2.1 History

The term probiotic comes from the Greek language meaning “for life.” It was
first introduced by Lilly and Stillwell in 1965 to describe substances that stimulate
the growth of microorganisms. In 1971, Sperti used the probiotic term to define
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substances secreted by tissue which have the ability to stimulate microbial growth.
Parker first used the term probiotic in relation to its modern usage, defining it as
“organisms and substances that contribute to intestinal microbial balance.” Later,
Fuller amended this definition by emphasizing the important role of probiotics in
establishing the balance of intestinal microbial. This reformed definition emphasizes
on the requirement of viability for probiotics and introduces the aspect of a beneficial
effect on the host. Havenaar et al. expanded the definition further to include mono
or mixed cultures of microorganisms applied to animals or humans that improve the
properties of the indigenous microflora. Salminen and Schaafsma further broadened
the definition of probiotics to include dairy products such as fermented cereals,
sauerkraut, and salami that contain viable probiotic microorganisms. This definition
showed that probiotics benefit, effect health and nutrition of the host. Salminen and
Schaafsma broadened the definition of probiotics even further by no longer limiting
the proposed health effects to influences on the indigenous microflora.

According to today’s definition, probiotics are called “healthy bacteria” with
many health benefits such as preventing intestinal infections, improving immunity,
lactose intolerance and intestinal microbial balance, and anti-hypercholesterolemia
and antihypertensive effect, and reduces traveler’s diarrhea. Recent research has also
focused on their use in the treatment of skin and mouth diseases [2].

2.2 Probiotics and oral cavity

Because oral cavity is the first section of the gastrointestinal tract, it is logical to
think that some probiotics may affect the oral microbiota. The most commonly used
probiotic bacterial strains are the genera Lactobacillus and Bifidobacterium. Specific
lactobacilli species are yet to be identified as exclusively in oral microbiota, although
some common ones include L. paracasei, L. plantarum, L. rhamnosus, and L. salivarius.
Bifidobacteria is among the first anaerobic bacteria to colonize in the oral cavity, and
possible species isolated from oral samples are B. bifidum, B. dentium, and B. longum.
Culture-based studies confirm that bifidobacteria is among the first anaerobes in the
oral cavity. Indeed, both lactobacilli and bifidobacteria can be found in breast milk,
suggesting early exposure of the oral cavity to these bacteria [4].

2.3 Potential mechanisms of probiotic effects in the oral cavity

Probiotics can improve oral health through three main mechanisms: normalization of
oral microbiota, modulation of the immune response, and metabolic effects. By inhibit-
ing harmful bacteria and promoting beneficial bacteria, probiotics can help restore
balance in the mouth and reduce the risk of gum disease and tooth decay. Probiotics can
also modulate the immune response and prevent inflammation, particularly in individu-
als with compromised immune systems. Lastly, probiotics can have metabolic effects that
improve overall oral health by breaking down food particles and preventing the buildup
of plaque and tartar. In summary, the potential mechanisms of probiotic action in the
oral cavity resemble those in the intestine and can benefit oral health significantly [5].

2.4 Observed effects of probiotics on oral health
* Oral candida

¢ Caries and caries-associated microbes
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¢ Periodontal disease
¢ Halitosis

(Focus of this chapter is on the effect of probiotic bacteria on adherence of
Candida albicans on polymethacrylate denture. However, we will talk about other
titles briefly).

3. Candida

Candida refers to a type of fungi that includes over 150 species of yeast. Typically,
Candida exists without causing harm in healthy individuals who are not immunosup-
pressed. It is present in various mucosal areas, such as the ears, eyes, gastrointestinal
tract, mouth, nose, reproductive organs, sinuses, skin, stool, and vagina, and is
referred to as the “beneficial flora” due to its useful purpose in the body. However, an
imbalance in the normal flora can cause Candida albicans, among other species, to
overgrow and cause a fungal infection called Candidiasis or Thrush.

If Candidiasis occurs, it can lead to significant negative impacts on overall health
and well-being it and can create a widespread impairment to our overall health and
well-being of body.

Oral candidiasis is one of the fungal diseases affecting the oral mucosa. This
infection is caused by the yeast Candida albicans. As explained, Candida albicans is
one of the normal substances of oral microflora, found in approximately 30 to 50% of
people. The carrier increased with the age of the patient. One of the conditions associ-
ated with Candida is denture stomatitis [2].

3.1 Denture stomatitis

Denture stomatitis is a term that has been applied to an inflammation of the
denture-bearing mucosa, which may affect as many as two-thirds of an elderly popu-
lation of denture wearers. It is more common on the palatal mucosa and in female
patients.

3.1.1 Classification

Classification of denture stomatitis is usually based on the clinical appearance of
inflamed mucosa observed beneath maxillary complete dentures. The most com-
monly used classification system is the one proposed by Newton in 1962. He sug-
gested three different types of denture stomatitis: (1) pinpoint hyperemic foci, (2)
diffuse hyperemia of the denture-supporting tissues, and (3) papillary hyperplasia.
However, Budtz-Jorgensen and Bertram (1970) used different terms: (1) simple local-
ized inflammation, (2) simple diffuse (generalized) inflammation, and (3) granular
inflammation.

3.1.2 Symptoms

Denture stomatitis is a condition that often presents without noticeable symp-
toms. However, some patients may experience mucosal bleeding and swelling, as well
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as a burning or painful sensation, halitosis, an unpleasant taste, and dryness in the

mouth. Studies have estimated that 28-70% of patients with denture stomatitis may
report some levels of oral discomfort.

3.1.3 Etiology

The large majority of scientists believe that the cause of denture stomatitis is mul-
tifactorial, some stating that no primary etiological factor exists. However, specific
factors have been considered to be more important:

* Denture trauma (including continuous denture wearing);

* Denture cleanness (including reaction to denture plaque);

* Allergic and primary irritant reactions to denture base materials;

* Dietary factors (including resultant hematological deficiencies);

¢ Candida infection;

* Systemic factors (including predisposing factors);

* Miscellaneous factors.

Regarding that using denture is one of the important causes of denture stomatitis,
using specific kind of denture base materials can prevent this disease [6].

4. Different bases of denture

Dentistry as a profession we are familiar with now a day is considered to have
begun about 3000 BC. About 2500 BC, the first dental prosthesis has been con-
structed in Egypt. But by 700 BC, professional dentures were made and during
medieval times, dentures were rarely considered as a treatment option. From past
to present, different materials have been used to fabricate dentures which are as
follows:

* wood

* bone

* ivory

* porcelain (1774)

* gold (1794)

* vulcanite dentures (1839)

e tortoise shell (1850)
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* gutta-percha (1851)

* cheoplastic (1856)

¢ aluminum (1867)

¢ celluloid (1869)

* bakelite (1909)

* vinyl resin (1930)

* stainless steel and base metal alloys (1937)
* polymethyl methacrylate (1937)

They are some features that are desired for a denture to contain. Dentures should
be biocompatible, nontoxic, noncarciogenic, and translucent. The color of the
denture should match color of teeth and gums [7].

4.1 Polymethyl methacrylate (PMMA)

Polymethyl methacrylate (PMMA) is a synthetic polymer that is used as an
economical alternative to polycarbonate when extremely high strength is not neces-
sary. Unlike polycarbonate, PMMA does not contain potentially harmful subunits
like bisphenol-A. Moreover, it is easier to handle, process, and less expensive than
polycarbonate, as illustrated in Figure 1.

In clinical practice, PMMA is mostly used as prosthesis for craniofacial tissue
defects such as dentures. PMMA has great mechanical properties and low toxicity.
PMMA is the most regular substance used to design complete and partial dentures.
Despite its great features, it cannot accomplish all mechanical necessities of prosthe-
sis. Flexural fatigue due to repeated masticatory and high-impact forces caused by
dropping are the major causes of denture fractures. Features of PMMA denture are
summarized in Figure 2 [8].

Figure 1.
Sample of polymethyl methacrylate denture.
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Figure 2.
PMMA features.

Polymethyl methacrylate (PMMA) is a popular material used in the fabrication of
complete dentures, accounting for 95% of cases. This is due to its ease of processing,
repair, and polishing, as well as favorable physicochemical properties and acceptable
esthetics. For over 80 years, different processing techniques, such as pouring or mold
filling (compression and injection molding), have been used to create dentures from
PMMA. Each of these techniques presents its own benefits and drawbacks, making
them more suitable for certain clinical procedures. Despite these differences, PMMA
remains a versatile and popular option in complete denture fabrication because it is
light weighted, easy to fabricate, and affordable. However, PMMA has some limita-
tions, including low fracture resistance, poor physical properties in oral fluids, and
potential allergic reactions. These limitations can impact clinical performance and
denture longevity.

To overcome these drawbacks, several attempts have been made to improve the
physical and mechanical properties of PMMA, such as material reinforcements,
alternative material use with different compositions, and polymerization tech-
niques, all of which aim to enhance the properties of PMMA to improve the clinical
outcomes.

Digital denture fabrication has advanced with the use of computer-aided design
and computer-aided manufacturing (CAD-CAM) technology. Two common meth-
ods used in this process include subtractive (milled) and additive (3D-printing)
approaches.

In the milled method, a pre-polymerized PMMA disc is used to mill the denture
base, resulting in high strength and adequate surface properties due to its fabrica-
tion under high temperatures and pressures. Compared to conventional fabrication
methods, milled denture bases have no polymerization shrinkage and less residual
monomer, providing significant advantages.
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However, the performance of 3D-printed resins is currently lower than milled
and conventional resins. The 3D-printing method builds the denture base layer-by-
layer using photo-polymerized fluid resins, which leads to noticeable impacts on the
strength and surface properties of the material after thermal cycling. Furthermore,
3D-printed resins exhibit higher levels of water sorption and solubility compared to
traditional resins.

Although there are advantages and drawbacks to both the milled and 3D-printed
denture base fabrication methods, further research is needed to improve the perfor-
mance of 3D-printed resins and enhance their potential for use in dentistry [9, 10].

5. Adherence of Candida albicans on PMMA mechanisms

According to hydrophobic proteins on the surface of Candida albicans, this fungus
is considered to be a highly hydrophobic substance. The adherence of Candida
albicans to denture base surfaces has been associated closely with the hydrophobicity
of the microorganism as a significant contributory physiochemical force.

For hydrophobic surfaces such as PMMA, monomer units exposed on the surface
have interaction with the hydrophobic domains on a protein of Candida albicans by
means of sturdy hydrophobic bonds. Therefore, the attractive hydrophobic interac-
tions could bring about an inclination for Candida albicans to adhere greater with ease
to hydrophobic surfaces than to hydrophilic surfaces. The contribution of electrostatic
interplay between Candida albicans and polymeric surfaces is secondary to the
hydrophobic force, due to the fact the adherence manner takes region in the presence
of repulsive pressure [11].

6. Adherence of Candida albicans on PMMA in probiotics solution

It has been strongly counseled that probiotic consumption improves oral
healthiness. However, the impact of probiotics at the microbial fame of denture
wearers remains blurring. The acrylic prosthesis dentures in edentulous people
possess a non-dropping, tough floor thereby facilitating candida adhesion and
subsequent fungal colonization. The ability of the yeast to stick to the epithelial cells
superficially and to the fitting denture floor remains as the essential key require-
ment for colonization of candida species and outcomes in making the denture as a
store of contamination.

To evaluate the adherence of Candida albicans on PMMA denture base materials,
many in vitro studies were conducted. In one study, two groups of PMMA dentures
were experimented. First group of PMMA dentures was coated with probiotic solu-
tion at varying concentrations dipped in saliva containing candida species, and the
other PMMA denture group was dipped in saliva containing candida species without
probiotics. The result of this study is shown in Figures 3 and 4, and Tables 1 and 2.

This study had two important result:

1. Probiotic application on denture base resin (PMMA) did decrease the Candida
albicans count compared to the denture base without probiotic application.

2. As the concentration of probiotic over the denture base increases, the candida
cell count decreased respectively [12].
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Figure 4.
Depicting the comparison of probiotics in varying concentrations against candida species [12].

DISKS Mean value of C. Probiotic concentration Mean value of C. albicans
albicans colony count— (Ig/ml) colony count—with
without probiotics probiotics

DISK 1 6551 2.5 4551

DISK2 9643 5 4655

DISK3 6777 10 3222

DISK4 8666 15 844

DISK5 5244 20 320

Table 1.

Depicting the comparison of probiotics in varying concentrations against candida species [12].

One other study showed that adhesion and colonization of probiotic bacteria on
PMMA dentures prevent attachment of Candida albicans through competition for
adhesion sites, nutrients, and products of environmental change. In this study, five
groups containing 20 PMMA dentures were examined. Each of these groups was
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Probiotic concentration (tg/ml) 2.5 5 10 15 20
Mean value of C. albicans colony count 4551 4655 3222 844 320
Table 2.

Depicting the comparison of Candida albicans colony count in varying probiotic concentrations [12].

dipped in Candida species and then exposed to different substance including the
following: (1) probiotic solution of L. rhamnosus GG, (2) probiotic solution of k12
Streptococcus salivarius, (3) sodium hypochlorite solution, (4) normal saline, and
(5) nystatin solution. According to the results of this study, probiotic solutions can
be used to reduce the number of Candida albicans adhering to the PMMA denture
base [13].

7. Probiotic bacteria and oral hygiene

Oral diseases like caries, gingivitis, or periodontitis are associated with a shift in
bacterial biofilm composition and subsequent host reactions. Probiotics have been
found to be beneficial in preventing or treating these conditions. In vitro studies
have demonstrated that probiotic species can have potential effects on cariogenic or
periodontal pathogens.

A meta-analysis of studies on the clinical effectiveness of probiotics in treating
gingivitis has suggested that probiotics can significantly improve gum condition during
therapy. When used regularly during orthodontic treatment, probiotics can reduce the
number of bacteria from the Streptococcus mutans group in a patient’s saliva and inhibit
the expression of inflammatory mediators and an excessive immune response.

Probiotics eliminate and inhibit the growth of pathogenic microorganisms by
competing for receptor sites and secreting metabolites with antibacterial activity.
They also stimulate specific and non-specific immune responses by activating T
lymphocytes and producing cytokines, allowing their effective use in oral diseases.

Probiotics offer several advantages over conventional antibiotics, including the
ability to specifically target harmful bacteria without affecting beneficial bacteria.
They restore balance to the oral microbiome and reduce the risk of oral diseases.
Regular use of probiotics can be safe and effective for maintaining oral health, par-
ticularly in conditions such as gingivitis and periodontitis. However, more research
is needed to determine the optimal strains, doses, and duration of probiotic use for
specific oral health conditions [14, 15].

7.1 Caries and caries-associated microbes

Dental caries is a complex disease that arises mostly from bacterial infection,
resulting in tooth demineralization and destruction (as shown in Figure 5). Tooth
decay is a gradual process that occurs when acidogenic bacteria in the bacteria-laden
biofilm and remnants of food accumulate on the tooth surface and eventually leads to
tooth damage, loss, and infection. These bacteria thrive in microbial communities that
form dental plaque accumulating on the tooth surface. Among the bacterial species
found in the biofilm are Streptococcus mutans, Streptococcus sobrinus, and Lactobacillus,
which produce organic acids as they metabolize fermentable carbohydrates. Organic
acid production leads to the undesired low pH levels in the tooth environment, causing
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Figure 5.
Dental caries, a multifactorial disease.

demineralization of the tooth structure. Oral bacteria are vital etiological factors in
caries development, with S. mutans, the primary causative microorganism discovered
in a caries lesion, being the most prominent in dental caries pathogenesis.

There is evidence from multiple studies that prebiotic bacteria can inhibit caries
development and probiotic supplements seem to reduce caries incidence in pre-
school children and schoolchildren with a high caries risk. Several studies suggest
that consumption of products containing probiotic bacteria (lactobacilli or bifidobac-
teria) reduces the number of mutans streptococci in saliva causing reduction of dental
caries [16-18].

7.2 Periodontal diseases

Periodontal diseases are prevalent among adults and are divided into two stages:
gingivitis and periodontitis based on the presence or absence of attachment loss.
Gingivitis is characterized by the presence of gingival inflammation with no loss of
connective tissue attachment (as shown in Figure 6). Meanwhile, periodontitis is
characterized by gingival inflammation accompanied by attachment loss and the
resorption of coronal portions of tooth-supporting alveolar bone (also shown in
Figure 6). Plaque bacteria are responsible for both conditions, inducing pathological
changes in the tissues, either directly or indirectly. Although conventional therapies
are effective, research continues through complementary therapies to improve
periodontal treatments. Recently, probiotics have gained considerable interest as a
possible management option against periodontal diseases, with several clinical trials
conducted to investigate their impact on oral health.

A new approach of treating gingivitis and periodontitis that has been tried dur-
ing the last few years is to control a number of infectious diseases through using
and consuming of probiotics, so that the disease-causing pathogens are eliminated,
promoting the development of a healthy flora, thus leading to restoration of health.
Probiotic bacteria, especially lactobacilli, were effective adjunct for treating peri-
odontal disease, particularly when combined with mechanical removal of pathogenic
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Normal periodontium, gingivitis, periodontitis.

biofilms. Studies indicate that adjunctive use of specific probiotic supplements leads
to significant amelioration of disease indices (probing pocket depth, gingival index,
plaque index, bleeding on probing, and clinical attachment level), and reduces the
need for antibiotics and surgery procedures [19].

7.3 Halitosis

Halitosis is a challenging chronic problem to address in the dental field. Aside
from its apparent social impact, it also affects patients psychologically, leading to
an increase in demand for dental treatments. Halitosis usually has an oral cause,
originating from the breakdown of sulfur-containing amino acids on the tongue and
in the periodontal sulcus, leading to the release of volatile sulfur compounds (VSC).
Traditional methods such as scaling or root planning and chemotherapeutic solutions
like chlorhexidine have shown some effectiveness, but their results are short-lived,
and they have negative side effects, such as disrupting the oral cavity’s homeostasis.
Therefore, probiotics have emerged as a promising alternative with inhibitory effects
on oral halitosis and without any of the side effects associated with the conventional
treatments.

A single study suggests that the oral probiotic Streptococcus salivarius, which is
found early in healthy individuals as a colonizer of oral surfaces and represents the
primary microorganism in the tongue microbiota, has limited capacity to produce
volatile sulfur compounds responsible for halitosis. On the other hand, other research
advocates for the use of probiotics in managing halitosis. However, the existing
evidence is not persuasive enough to support the efficacy of using probiotics for
halitosis management. For more effective future studies, standardized recruitment
protocols for halitosis subjects and organoleptic measurements are necessary when
using probiotics as an intervention for managing halitosis [20, 21].

8. Conclusions

This chapter was written with the goal of evaluating the effect of probiotic
solution on the adherence of candida albicans, the most common cause of candidia-
sis or thrush, on the polymethyl methacrylate denture in patients using partial or
complete denture.
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Based on the results of this chapter, following conclusion can be drawn:

1. Probiotic solutions can be used to reduce the number of C. albicans adhering to
the removable denture base.

2. Probiotic application on PMMA dentures decreased the C. albicans count com-
pared to the denture base without probiotic application.

3. As the concentration of probiotic over the denture base increase, the candida cell
count decreased, respectively.
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Abstract

Poultry is one of the most rapidly expanding food production sectors, especially
in developing countries. The poultry birds are safe and in good health due to the
antibiotic supplemented feeds. However, the increasing awareness regarding antibiotic
resistance has led to a dire need for the development of antibiotic-free poultry.
Therefore, in addition to the daunting challenge of sufficing the need for poultry food
of the increasing population, the industry should also ensure that the production is
based on sustainable practices. In poultry farming there are several alternatives to the
antibiotics, and one of them is probiotics. Probiotics are beneficial and safe micro-
organisms for preservation of the host’s health and well-being. There are convincing
experimental shreds of evidence that discuss the impact of probiotics on the positive
modulation of poultry’s immunity, growth performance, feed utilization and general
health condition. Therefore, this review shed light on the concept, impact and mode
of action of probiotics in sustainable poultry production. By discussing the results
obtained from the recent studies about the ability of probiotics to maintain the
poultry animal’s performance level, this chapter condensed the valuable information
and open several avenues for further investigation and development of the probiotic
applications in the poultry industry with a special focus on its effect in improving
poultry’s’ health and nutritional value.

Keywords: poultry, probiotics, growth promoters, mode of action, immunity

1. Introduction

Poultry is crucial in supplying the burgeoning urban population’s growing need for
protein rich foods and is one of the young and quickly expanding subsets of animal
husbandry [1]. The significance of raising poultry in enhancing the socio-economic
conditions of regions that lack sufficient resources cannot be exaggerated. This is
due to its features like swift bird generation, concentrated expansion, remarkable
efficiency, reduced labor expenses, and minimal resource needs [2]. However, with
increasing commercialization, poultry production continues to shift from subsidence
agricultural practices to intensive food production, which has consequently increased
the occurrence of diseases [3].
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Antibiotics (when administered at sub-therapeutic levels) have been shown to be
a successful method for illness control, growth enhancement, and feed conversion
efficiency during the last several decades [4]. However, unrestricted use of antimi-
crobial drugs has resulted in their accumulation in terrestrial habitat, which has led to
extensively documented adverse outcomes, including the rise of antibiotic-resistant
bacterial strains, the accumulation of antibiotic remnants in the meat, and changes
to the beneficial microbiota of the poultry [5]. There is always a risk associated with
transmittance of resistant bacterial genes from poultry animals to humans via non-
pathogenic bacteria to human pathogens. Therefore, the use of antibiotics in poultry
has become risky [6].

Antibiotic resistance and concerns about food safety associated with overusing
antibiotics prompted the European Union in 2006 to prohibit their use in animal
feed [7, 8]. As aresult, there has been a rise in the search for and use of alternatives to
antibiotics, in order to safeguard poultry and human health.

The use of probiotics, often known as beneficial bacteria, suppress diseases in
a number of ways, and is increasingly viewed as a substitute for antibiotics [9].
However, the significance of probiotics employed in poultry is not confined to the
gastrointestinal system; they also play a noteworthy part in the enhancement of the
organism’s overall health. This study therefore compiles and assesses the current state
of knowledge on probiotics for poultry’s health and nutrition.

2. Probiotics

Probiotics are “live organisms and its substances that contribute to gut’s
microbial equilibrium,” as Parker put it in 1974. Definition of probiotics as “a live
microbial feed additive that beneficially impacts the host animal by enhancing its
gut microbial balance” was established in 1989. More recently, “live microorganisms
that when administered in suitable proportions impart a health benefit on the host”
has been used to characterize probiotics [10].

Probiotics that are regularly utilized include strains of Bacillus subtilis,
Lactobacillus, Saccharomyces cerevisiae, Bifidobacterium, Aspergillus, and Streptococcus
all of which are capable of growth promotion and antimicrobial activity against
pathogenic bacteria like Escherichia coli, Salmonella typhimurium, Clostridium per-

fringens, Staphylococcus aureus, etc. [11]. These strains can be isolated from fermented
products or animal body such as breast milk, gut, fecal matter. Lactobacillus planta-
rum and Leuconostoc mesenteroides probiotics from some non-conventional sources of
vegetables and fruits are also reported [12].

In the past, the probiotic market was predominantly led by the Asia Pacific region,
with Europe following suit. The worldwide probiotic market’s estimated worth is
approximately USD 57.8 billion in 2022, and projections indicate a compound annual
growth rate (CAGR) of 7.5% [13]. Apart from being consumed by humans, probiotics
are also experiencing a growing application in animals, particularly in the context of
poultry farming. The rising demand for poultry probiotic components in poultry diet
can be attributed to the growing interest of consumers in eating more protein-rich
meals like eggs. Probiotics employed in poultry farming may consist of a solitary
strain or a blend of two or more strains, serving the purpose of disease prevention,
health enhancement, and the augmentation of poultry growth and efficiency. It is
widely recognized that utilizing a combination of multiple strains of probiotics can
yield synergistic advantages [14]. Probiotics exist in different forms such as granules,
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powder, liquid paste and gel out of which dry forms are better for gastric environment
and longer shelf life [11]. Several review articles have reported that probiotic use in
poultry has provided various benefits such as improvement in growth performance,
along with immune enhancement, and sustainability of gut microbes.

3. Mode of action

There is no one method via which probiotics exert their benefits; nevertheless,
they are essential to the health of the host immune system and the interaction involv-
ing the gut microbiota and the immune system of the host. Probiotic microorganisms
used in poultry production should fulfill several requirements to be considered
effective, including being indigenous to the host, adhering to the intestinal epithe-
lium, surviving gastric juices and mucous, engaging in competition for colonization
within the gastrointestinal tract alongside other microorganisms, and exhibiting high
viability under storage conditions [15].

Probiotics have been shown to improve digestion, increase the production of diges-
tive enzymes, and even detoxify substances in the diet, resulting in improved growth
and performance in poultry. Next possible action is: by prevention of pathogens via
competition for adhesion sites; producing organic acids which can alter gut pH (pre-
dominantly probiotics containing Lactobacillus strains), which can promote absorp-
tion of minerals and protein, volatile fatty acids and antibacterial substances like
bacteriocins, hydrogen peroxide, defensins, etc.; and physiological effect by regener-
ating intestinal mucosa, and immunological effects by modulating antigen presenting
cells, regulatory T and B cells, and regulation of pro-inflammatory cytokines [16].

Furthermore, probiotics might alter the development and composition of the
microbiota in the gut by restraining the impact of harmful bacteria, as well as bolster
the body’s natural defense mechanism through the synthesis of inhibitory substances.
The adhesion of specific probiotics to the gut mucin, a glycoprotein, suggested the
competitive suppression or colonization resistance of infectious pathogens adhering
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Figure 1.
Mode of action and impact of probiotics in poultry.
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to the shared route/site [17]. Thus, it out competes the proliferation of opportunistic
pathogenic microbes. Lastly, increasing the resistance of poultry animals against
stress caused by temperature as a potent environmental factor.

The aforementioned mechanism of action provided foundational data for under-
standing the positive benefits on the poultry animals (Figure 1). However, tran-
scriptome and proteomic analyses are needed in future studies of probiotic and host
interaction to better understand probiotic activity.

4. Effect on growth performance

It has been theorized that probiotics can help poultry birds continue their typi-
cal development and functioning by serving as a source of vitamins, nutrients,
and digestive enzymes that have a beneficial impact on feed utilization, nutrient
absorption, and growth rates. Various commercial probiotic supplements have been
tested for their growth-promoting effects in poultry. Studies have demonstrated
that probiotics such as Bacillus subtilis and Lactobacillus species have the potential
to improve feed conversion ratios (FCR) and increase body weight gain in broilers.
These effects are attributed to the mechanisms mentioned earlier, which collectively
lead to optimized nutrient utilization and enhanced growth rates. Zymospore®
(Vetanco Brazil, B. subtilis), a commercially available direct-fed microbe, increased
the bacterial variety of the broiler’s gut microflora evidenced by heightened levels of
lactic acid bacteria and clostridiales, thereby promoting feed digestion and growth,
even under experimentally challenging conditions [18]. Broiler chickens given com-
mercial probiotics (Lacto sacc, Alltech, Inc.) showed a considerable feed conversion
ratio, as determined by Georgieva et al. [19].

In addition to single-strain probiotic supplements, herbal probiotic additives
have also been explored for their growth-enhancing properties. These additives
often combine beneficial microorganisms with herbal extracts, creating a synergistic
effect on growth performance. For example, a study reported significant effect on
weight gain in broilers provided with diet supplemented with Promix® (B. subtilis,
Bifidobacterium bifidum, Bifidobacterium longum, Lactobacillus acidophilus, S. cere-
visiae) and herbs (Curcuma xanthorriza, Curcuma aeruginosa, Zingiber offocinale,
Curcuma domestica, Kaempferia galanga), a commercial herbal probiotic feed additive
[20]. When challenged with Salmonella pullorum, a recent study observed significant
effect (P < 0.05) on feed intake, mortality, and gut microflora in dwarf male chicks
fed with basal diet supplemented with probiotic fermented herbal blend [21].

Nutrient adequacy and nutrient deficiency conditions controlling the probiotic
growth. In cases of nutrient deficiency, probiotics assist in enhancing nutrient
absorption and utilization, effectively compensating for reduced nutrient avail-
ability in the diet. This suggests that probiotics could play a crucial role in improving
growth rates even in challenging dietary situations. A study observed, significant
improvement in Feed conversion ratio (FCR), Feed intake (FI) and on weight gain
(WG) in broiler hens fed with triticalate-based diet enriched with probiotics and
enzymes [22]. The ileal digestibility coefficient of proteins, starch, and gross energy
all improved significantly (P < 0.05) when the probiotic (Bacillus subtilis) was added
to the broiler diets of both nutrient-adequate and nutrient-deficient birds [23].
Similarly, significant (P < 0.01) increased in body weight and decreased FCR was
observed in chicks fed with meal supplemented with Bacillus subtilis probiotic, the
results were in comparison with conventional feed additive—bacitracin methylene
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disalicylate (BMD). However, when challenged with E. coli, both B. subtilis and BMD
did not compensate for the growth deterioration in chicks [24]. A study showed that
the overall performance of white Pekin ducks was enhanced when a probiotic combi-
nation of L. acidophilus and Lactobacillus casei was added to a diet low in protein [25].
Bidura et al. reported that enrichment of basal diet with probiotics, Saccharomysces

sp. Increased growth performances along with decreased levels in serum and meat
cholesterol in male duckling [26]. It has been found out that dietary supplementation
with probiotics, Pediococcus acidilactici and B. subtilis in water, improves the intestinal
health and resistance of chickens against coccidiosis-causing Eimeria species [27].

In contrast, as in Ref. [28], it was discovered that supplementing with probiotics
had no discernible effect on chicken carcass, growth performance or meat quality.
Recently, endeavors have been directed towards the identification and isolation
of lactic acid bacteria possessing probiotic capabilities, to engage in interactions,
whether direct or indirect, with aflatoxin-producing fungi, or to detoxify aflatoxins
themselves. A study reported beneficial effect of probiotic, Lactobacillus plantarum
299v in subsiding the toxic effect of poultry fed contaminated by aflatoxins [29].
According to research, supplementing the diets of dual-purpose hens with the
probiotics Lactobacillus paracasei sparacasei and Lactobacillus rhamnosus significantly
(P < 0.05) increased both body weight gain and FCR [30]. Khabirov et al. postulated
that supplementing broiler feed with Normosil, i.e., live cultures of Lactobacillus and
Enterococcus strains improved overall growth, nutrient digestibility and hematological
characteristics [31]. Another study reported that Bacillus licheniformis as probiotic
in basal diet showed better improvement in broiler chickens’ body weight gain and
production efficiency factor in comparison with Bacillus subtilis [32].

The effects of Probiotics on poultry’s growth performance are summarized in Table 1.

Probiotics Effect References

Effect on growth performance

Zymospore® Direct feed microbials, Improvement in feed intake, feed conversion ratio [18]

Bacillus subtilis and body weight

Bacillus based triticale diet Increased feed intake, feed conversion ratio and [22]
weight gain along with cellular immunity

B. subtilis Improvement in intestinal digestibility coefficients [23]
for starch, crude protein, and overall gross energy

B. subtilis Positive impact on growth performance, improved [24]
gut health

L. plantarum and L. paracasei Avoid death, improved growth performance, [21]

fermented herbal blend enhanced immunity and controlled intestinal flora

L. plantarum Protective effect against hepatotoxicity and [29]
oxidative stress caused by aflatoxin along with
improvement in growth performance

L. paracaseis sparacasei, L. rhamnosus Improvement in the growth performances [30]

Lactobacillus, Enterococcus strains Improved overall growth, nutrient digestibility and [31]
hematological characteristics

B. licheniformis Improvement in body weight gain and overall [32]
production

L acidophilus, L. casei Compensated for protein deficient diet [25]
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Probiotics Effect References
Saccharomysces sp Increased growth performances along with [26]
decreased levels in serum and meat cholesterol
P acidilactici, B. subtilis Improvement in intestinal health and resistance [27]
against Eimeria sp.
Promix® Excellent effect on weight gain [20]
B. subtilis PB6 (CLOSTAT)® Improvement in skeletal health and meat quality [33]
Effect during stress conditions
S. cerevisiae Reduction in erythrocyte osmotic fragility, lipid [34]
peroxidation and higher expressionof superoxide
dismutase activity
B. subtilis Reduce breast muscle oxidative degeneration and [35]
improved meat quality
B. subtilis Immunity suppression both in thermoneutral [36]
and heat-stimulated situations, improved food
conversion ratio
Lactobacillus strains Prevalence of Lactobacillus sp. on heat stressing [37]
S. cerevisiae, L. acidophilus selenium Inhibited hepatic oxidation [38]
enriched
L. acidophilus, S. cerevisiae selenium Improved body weight gain and bone health [39]
enriched
L. casei, L. acidophilus, and Gene regulation for immunity, and metabolism of [40]
Bifidobacterium lactis glucose and lipid
Lactobacillus acidophilus, Lactobacillus Improved intestinal integrity, ameliorated [41]
plantarum, and Enterococcus faecalis inflammatory response
(RUYIRUYI) ®
Effect on immune modulation
Lactobacillus sp. Effective against reducing pathogenic [42]
enterobacterial colonization, downregulation of
pro inflammatory cytokines
L. acidophilus, S. cerevisiae selenium Upregulation of IFN-gamma mRNA genes thus [43]
enriched protecting against E. tenella infection
L. fermentum, L. plantarum, S. Upregulation of mRNA anti-inflammatory genes [44]
cerevisiae, Enterococcus faecium, thus protecting against P multocida
Pediococcus acidilactici
L. fermentum, L. acidophilus Downregulation of pro inflammatory cytokines [45]
L. acidophilus, L. casei Improvement in overall immunity [25]
L. plantarum Improvement in both cell mediated and humoral [46]
immune response
Probiotic with diclazuril Increase in the levels of interleukin and [47]

immunoglobulin

Table 1.
Probiotics’ effects on poultry.

5. Effect during stressful conditions
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equilibrium. Environmental stressor normally weakens the immune system of
animals and increases their susceptibility to disease occurrence. Poultry birds respond
to stress by modifying their behavior, biochemistry, and physiology in an effort to
restore body’s equilibrium. Based on the above, poultry animals normally suffer from
one important stressful condition i.e., heat stress.

The deleterious effects of heat stress on the immunology, physiology, and micro-
biology of birds leads to negative impact on poultry industry. Genes like heat shock
protein (HSP) are likely to have their expression altered in response to heat stress.
Various studies have confirmed effective use of probiotics to supplementation in
eliminating poultry heat stress. Ogbuagu et al. reported that combination of fisetin
and probiotics, decreased erythrocyte osmotic fragility, lipid peroxidation and
increased superoxide dismutase, thus reducing the effects of oxidative stress altera-
tions in broiler chickens exposed to heat stress [34].

During chronic heat stress supplementing broiler with dietary probiotic of B.
subtilis improved meat quality and alleviate oxidative deterioration of breast muscles
[35]. A study similarly reported dietary B. subtilis (1 x 10° CFU/g feed) significantly
improved broiler performance with respect to FCR and alleviation of immune
response under both thermoneutral and heat stimulated conditions [36]. Terminal-
RFLP analysis was used in another study to see how probiotic. The Cecal and jejunal
microbiota of broiler chickens under heat stress is affected Lactobacillus strains. The
study found out that there was no significant abundance in the microbial popula-
tion but the supplementation did show higher prevalence of Lactobacillus sp. in heat
stressed chickens in comparison with the controls [37].

Oxidative stress is a common consequence of heat stress in poultry. The com-
bination of antioxidant compounds and probiotics offers a multifaceted approach
to combating oxidative stress. One of the trace elements, selenium, is essential for
the body’s functioning. It shields red blood cells against the detrimental impacts of
free radicals and constitutes a component of the robust antioxidant known as glu-
tathione peroxidase. In summary, the normal development of enzymatic systems
like superoxide dismutase and glutathione peroxidase is reliant on its presence.
Khan et al. postulated that supplementing basal diet of broiler with selenium
enriched probiotics (SP) (S. cerevisiae and L. acidophilus) enhanced antioxidant
system to effectively inhibit hepatic oxidation during heat stress; probiotics alone
were not as effective [38]. In another study SP, significantly improved body weight
gain and bone health by up-regulating the expression of DIO2 and T3 in heat
stressed broiler [39]. The effect of probiotic use in stressed poultry are summa-
rized in Table 1.

Moreover, stress can disrupt the balance of the gut microbiota, affecting nutrient
absorption and overall gut health. The role of probiotics in moderating this impact is
explored in the following section.

6. Immuno-modulatory effect of probiotics

The gut of poultry serves as a critical interface where the immune system interacts
with the external environment, including ingested feed and potential pathogens. This
dynamic environment houses a diverse microbial community that plays a pivotal role
in shaping the host’s immune responses. Probiotics, as beneficial members of the gut
microbiota, have gained attention for their immunomodulatory effects, influencing
the intricate relationship between the gut and the immune system.
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Certain probiotic strains have the ability to stimulate immune cells in the gut-
associated lymphoid tissue (GALT), including dendritic cells, macrophages, and T
cells. This activation enhances the recognition and response to pathogens while pre-
venting excessive immune activation [48]. Moreover, Probiotics have been explored
as potential adjuvants to enhance the efficacy of vaccines in poultry. By promoting
a balanced immune response, probiotics can improve the recognition and memory
formation of vaccine antigens. This leads to increased vaccine effectiveness and
protection against pathogens. In a study conducted by Sarwar, it was observed that
the vaccination against infectious bursal disease (IBDV) and Newcastle disease
(ND) in combination with probiotic strains of L. paracasei, L. casei, L acidophilus,
Bifidobacterium, Streptococcus thermophiles showed antibody titer improvement
when compared control broiler groups administered with only with vaccine and
probiotic alone [49].

Numerous studies have put forth the hypothesis that probiotics could potentially
function as a viable substitute for antibiotics in the diets of poultry and are antici-
pated to boost animal immunity and health status. In a study, Penha Filho et al.
presented that Lactobacillus-based probiotics proved to be effective against heavy
infection of pathogenic enterobacterial infection of Salmonella enteritidis (SE) in
chickens, by reducing SE’s colonization in chicks. Study reported immunomodulatory
effect of the probiotic such as, decrease in the levels of pro-inflammatory cytokines.
It further showed stimulation of TLR2 expression in caecal tonsils which can further
pay way to consider this probiotic as TLR2 based adjuvant with injectable vaccines
[42]. On the other hand, a study observed upregulation of IFN-gamma mRNA genes
in selenium enriched probiotic supplemented chickens when challenged with E.
Tenella, thus providing protection against infection. Here the immunomodulatory
response was linked with the increased antioxidant capacities [43]. Similarly, another
research observed elevation of mRNA anti-inflammatory genes HIF1A (hypoxia
inducible factor 1 alpha) and TSG-6 (tumor necrosis factor- (TNF) in the caecal
mucosa of broilers fed with dietary probiotics when they were challenged with P
multocida [44]. Lactobacillus fermentum and L. acidophilus decrease the expression of
pro-inflammatory cytokines in broilers affected with necrotic enteritis [45].

White pekin ducks’ nonspecific immune responses were greatly boosted when
their diets were supplemented with probiotics. Additionally, incorporation of pro-
biotics to a low crude protein diet increased duck immunity to the same levels as
those on a high crude protein diet [25]. Dietary addition of L. plantarum probiotic
(1 x 10® CFU) showed significant (p < 0.05) improvement in both cell mediated and
humoral immune response thus protecting the chickens against coccidiosis [46].
Additionally, rise in the levels of interleukin and immunoglobulin was observed by
Memon et al. in broiler chicks thus explaining the synergistic activity of probiotic
with synthetic drugs such as diclazuril, under induced Eimeria infection [47]. Table 1
highlights the influence of probiotics on the immunity of poultry.

7. Metagenomics and metaproteomics in poultry

The gut microbiota of birds plays a pivotal role in various aspects of their health
and performance. Advances in metagenomic and metaproteomic techniques have
enabled scientists to delve deeper into the complex microbial communities residing
within the avian gut. Metagenomics involves analyzing the genetic material present
in a sample to identify and characterize the diversity of microorganisms. On the other
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hand, metaproteomic focuses on the proteins expressed by these microorganisms,
providing insights into their functional roles [50].

In a study, the fecal microbiota of broiler growers with varying FCR was analyzed
using shotgun sequencing. The analysis revealed distinct microbial compositions
between low and high FCR birds, with differences in phylum-level abundances and
gene proportions related to metabolism, stress response, and virulence. Notably,
certain genes associated with improved feed efficiency were found to be overrepre-
sented in low FCR birds, providing insights for enhancing poultry feed efficiency
and formulation strategies [51]. Yet another study, investigated the influence of heat
stress on the gut microbiota of caged laying hens using metagenomics sequencing.
Firmicutes, Bacteroidetes, and Proteobacteria were dominant phyla. Heat stress
reduced Firmicutes and increased Bacteroidetes, leading to altered metabolic path-
ways like cysteine and methionine metabolism. The findings provide insights into
potential interventions for mitigating heat stress effects in poultry [52]. Moreover, a
study explored how diet affects the protein content of chicken gastrointestinal tract
(GIT) using label-free metaproteomics. The crop section showed Lactobacillaceae
dominance, irrespective of diet, while Veillonellaceae increased with phosphorus
supplementation. In the ceca, Bacteroidaceae proteins rose with phosphorus, and
Eubacteriaceae decreased; protein patterns indicated thriving communities with
supplementation, highlighting GIT dynamics [53].

Thus, metagenomic and metaproteomic analyses can assist in the selection of pro-
biotic strains with specific functional attributes. By identifying strains that promote
beneficial metabolic pathways or produce bioactive compounds, researchers can tailor
probiotic formulations to address particular challenges, such as enhancing nutrient
absorption or modulating immune system.

8. Limitations on the use of probiotics in poultry

Because the potential of probiotics supplements varies depending on the species
and is not shared between different genera and species of microbes, the widespread
adoption of probiotics as part of poultry diets has brought it with some unique
difficulties. Furthermore, there is always the possibility that the probiotics will be
inadequately handled after they have reached the market, rendering them ineffective.
Loss of viability of probiotics may occur when they come into touch with disinfec-
tants in water or other interacting compounds in feed during oral administration. The
probiotics’ lack of availability until they reach the site of action in the host body is
another potential barrier [54].

9. Conclusion

The studies discussed above indicate that probiotics may play a significant role in
sustainable poultry farming. In all likelihood, they will serve as the superior replace-
ment for antibiotics in poultry industries. Significant work and studies have proved
that probiotics help in maintaining health status in poultry animals as they improve
gut conditions and enhance nutrient absorption, thus overall improving the growth
performance. Probiotics provide protective effect against stress conditions by enhanc-
ing antioxidant potential of enzymes. Probiotics also modulate immune response and
provide protecting against infections through various mechanism of action. In future,
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probiotics in poultry feed should continue to determine the optimal conditions and
standard methodology under which their application will have the greatest possible
beneficial impact on meat quality. Additionally, more clinical trials may be conducted
to investigate other potential areas of benefit.
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Chapter7

Regular Physical Activity
Influences Gut Microbiota with
Positive Health Effects

Mihaela Jurdana and Darja Barlic Maganja

Abstract

The gut microbiota is believed to have a major impact on human health and
disease. It is involved in barrier functions and maintenance of homeostasis. It
provides nutrients and metabolites, participates in a signaling network, regulates
epithelial development, and influences the immune system as well as protects the
intestinal mucosa from the aggression of pathogenic microorganisms. There is
growing evidence that physical activity has an impact on the gut microbiota. Recent
studies in animals and humans suggest that regular physical activity increases the
presence of beneficial microbial species and improves host health. However, some
specific differences should be noted: different forms of physical activity, frequency or
intensity, aerobic or resistance training, and benefits and consequences for amateur or
competitive athletes. Because the positive role of physical activity can have an impact
on health and various types of diseases, the results of research studies in this area are
increasingly becoming the focus of scientific interest. In addition, probiotic supple-
ments modulate intestinal microbial flora, and the ability of probiotics to modulate
perturbations in immune function after exercise highlights their potential for use in
individuals exposed to high levels of physical activity.

Keywords: gut microbiota, immune system, physical exercise, health, probiotics

1. Introduction

The human gastrointestinal tract is inhabited by hundreds of thousands of
microorganisms that represent highly diverse microbiota. Gut microbiota comprises a
metabolically active and complex ecosystem (bacteria, archaea, viruses, and unicel-
lular eukaryotes) that colonizes the digestive tract soon after birth [1]. It has a crucial
role in establishing a dynamic association with the human organism, having crucial
roles in several physiological and pathological processes [2, 3]. It protects the host
from the colonization of pathogens and is linked to nutrient digestion and absorption
as well as to immunological, metabolic, and motor functions [4].

In the adult gut microbiota, four major microbial phyla are known to represent
over 90% of the bacterial components: Firmicutes, Bacteroides, Proteobacteria, and
Actinobacteria [5]. Firmicutes phyla mainly include Ruminococcus, Clostridium,
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Lactobacillus, Eubacterium, Faecalibacterium, and Roseburia, while Bacteroides include
Prevotella and Xylanibacter. Fewer representatives are from the phyla Actinobacteria
and Proteobacteria [6].

The development and maturation of gut microbiota is a dynamic process that
starts in early life. Its composition may be affected by several intrinsic and extrinsic
factors, like mode of delivery, mother’s age, diet and metabolic status, type of feed-
ing, family genetics, lifestyle, exercise, immunological factors, drugs like antibiotics,
and availability of nutrients [7-13]. Colonization of the infant’s gut was thought to
begin at birth, but scientific evidence has provided indications of bacterial presence
in the placenta, umbilical cord, and amniotic fluid in healthy full-term pregnancies
[14-16]. These findings suggest that microbial exposure may start before delivery,
allowing colonization of the fetus with maternal microbiota. Another driver affecting
the microbial colonization of the infant’s intestine represents the delivery mode [17].
Vagina-associated microbes such as Lactobacillus and Prevotella colonize the neo-
natal gut of vaginally delivered infants [18, 19], while infants which are not directly
exposed to maternal microbes during C-section become colonized by environmental
microorganisms from maternal skin, the hospital staff, and the hospital environment
[7, 11, 19-21]. The introduction of solid food to an infant’s diet changes the micro-
biota, and by the age of three, it resembles a relatively stable adult-like profile with a
dense microbial population [12]. The composition of the gut microbiota in the adult
population is relatively stable and is only transiently altered by different external
factors. It is now evidenced that dietary factors, particularly the amount, type, and
balance of the main dietary macronutrients (carbohydrates, proteins, and fats), and
different types and intensities of exercise play an important role in shaping the gut
microbiota composition [22, 23]. The preservation of healthy gut microbiota has an
important role in maintaining good health, with crucial effects on mucosal barrier
fortification, motility of the gut, conversion of food into required nutrients, immune
system homeostasis, and protection against pathogenic microorganisms [24].

2. Microbiota metabolites in health and disease

Exercise or physical activity can greatly affect the composition of the gut micro-
biota. It improves several metabolic and inflammatory parameters in chronic diseases
and has been used as a therapeutic strategy in chronic diseases. In this chapter, we
summarize several experimental findings on the possible mechanisms by which
physical activity could influence gut microbiota. We also discuss the health benefits of
physical activity, probiotic consumption, and microbiota diversity. The modification
in the composition and function of the gut microbiota has an impact on intestinal per-
meability, digestion, metabolism, and immune responses. Many diseases, from diges-
tive to metabolic problems as well as immunological and neuropsychiatric disorders,
are linked to the pro-inflammatory state caused by the alternation of gut microbiota
balance [13]. The gut microbiome contributes to digestion and promotes food absorp-
tion for host energy production. Its fermentation of non-digestible dietary residues
leads to metabolites such as short-chain fatty acids (SCFAs, like butyrate, acetate, and
propionate), which modulate the host energy balance increasing the availability of
nutrients [25]. Fermented SCFAs, secreted into the gut lumen, exceed the epithelial
barrier and are released into the bloodstream. They can be used as energy sources
by the intestinal microbiota and by the host cells. They could provide nearly 10% of
our daily energy requirements [26]. Butyrate is used as an energy source primarily by
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epithelial cells in the colon. Propionate is involved in liver gluconeogenesis [27]. It also
decreases serum cholesterol levels, inhibits fatty-acid synthesis, and may be involved
in weight control by stimulating satiety [28]. Acetate is metabolized in muscle tissue
and can also cross the blood-brain barrier. It is used as a substrate for liver cholesterol
and fatty acid synthesis [29, 30], increases colonic blood flow and oxygen uptake, and
enhances ileal motility by affecting ileal contractions [31].

SCFAs can also contribute to shaping the gut environment and colon physiology,
participating in different host-signaling mechanisms as well as possessing some
anti-inflammatory effects [32-34]. Butyrate regulates the neutrophil function and
migration, increases the expression of tight junction proteins in colon epithelia,
enhances gut integrity, and activates intraepithelial lymphocytes (IELs), which
express cytokines (IFN-y and keratinocyte growth factor) to protect epithelial cells
from injury [35, 36].

Besides producing SCFAs, bacterial species of the gut microbiota synthesize gly-
can, amino acids, and vitamins (K, B12, biotin, folate, and thiamine) and participate
in the digestion of polysaccharides, increasing the amount of glucose in the liver and,
therefore, increasing lipogenesis [33, 37-39].

Protective functions of microbiota are performed also through competition with
pathogens for nutrients and receptors and the production of antimicrobial molecules
and metabolites to avoid colonization by pathogens [40]. Through ligands from com-
mensal bacteria (lipopolysaccharide, LPS), the gut microbiota influences the mucosal
immune system development and function [41].

Gastrointestinal mucosa is a complex system acting as a physical barrier that
regulates epithelial permeability. The regulation of trans-epithelial permeability
allows the absorption of nutrients from the intestinal lumen through the cells lining
the gut wall into the blood circulation [42]. Gut bacteria-epithelial cell interactions
have been suggested as key contributors to epithelial permeability. Dysregulation of
the gut microbiota and disruption of the gut mucosa enable harmful substances to
pass through the barrier and can lead to the development of several chronic diseases
[13, 43]. Gut dysbiosis, characterized by an imbalance in the composition and activ-
ity of gut microbial communities, has been linked to functional and inflammatory
disorders [44, 45].

3. Gut microbiota composition and physical activity

Physical activity, especially moderate, has a positive effect on our body [34]. It
can reduce metabolic and inflammatory diseases and influence the microbiota and
health of humans and animals. Physical activity can be divided into the moder-
ate level (< 70% VO, max) and high-intensity level (> 70% VOyp,x). According
to published studies, moderate physical activity has a positive effect on intestinal
permeability, absorption and assimilation of food, and excretion of toxic metabolites
[46]. In contrast, higher exercise intensity can negatively affect the digestive system
and lead to the exercise-induced gastrointestinal syndrome, which affects 70% of
athletes [47]. This may be the result of exercise-induced changes in the immune
system of the digestive tract, leading to an increase in the inflammatory response
and gastrointestinal symptoms [48].

The balance between exercise intensity, performance, and microbiota composition
should be monitored for a long-time to optimize performance, health, and well-being
and limit gastrointestinal syndromes.
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3.1 Associations between physical activity and changes in gut microbiota in
animal studies

Many animal experiments have been performed on mice and rodents, which are
good models for mimicking human physiology. In animals, different forms of exer-
cise, especially voluntary and forced, resulted in different effects on the composition
of the microbiome. Many germ-free animal studies have indicated the relationship
between gut microbiota and host function [49, 50]. Alteration in gut microbiota and
its metabolites can affect the structure of the mucus layer and immune system after
gut microbiota colonization in germ-free animals. It was demonstrated [50] that
exercise training triggered changes in gut microbiota community structure in donor
mice and in gut physiology in recipient mice after 5 weeks of gut microbiota trans-
plantation and colonization. Thus, the composition of the gut microbiota of recipient
mice is dependent on the physical activity of their respective donors. This suggests
that physical training directly alters the host response through cytokines and the
production of intestinal metabolites.

SCFAs upregulated after exercise contribute to improved energy production and
reduce inflammation in the gut of physically active individuals [51]. In addition,
voluntary exercise training increases host butyrate concentration and its bacterial
genera, which is associated with an increase in fat-free mass in early life [52].

It is believed that an increase in butyrate levels after exercise protects against
intestinal inflammation and colon cancer [53, 54]. The mechanism of these changes is
not yet fully understood. However, voluntary and/or forced exercise certainly influ-
ences the composition of the gut microbiota in animals.

Maternal gut microbiota during pregnancy and lactation influences the gut micro-
biota of rat offspring. Physical activity during pregnancy affects maternal obesity in
offspring and plasma insulin and glucose concentrations [55]. Exercises started in
youth can influence the bacteria ratio. In some studies, a decrease in Firmicutes and/
or an increase in Bacteroidetes was observed [56-58], while other studies showed the
opposite effect [49, 59-61] or no effect [62].

Early childhood exercise can influence the composition of the gut microbiota in
rats and improve the development of brain function [52]. The authors confirmed the
anti-inflammatory effect of regular exercise, which protects from chronic inflamma-
tory diseases [63].

In addition, recent studies have linked the microbiota to muscle function after
antibiotic use. Depletion of the microbiota by antibiotic use resulted in decreased
running performance and contractile muscle function [34, 46]. A similar effect was
observed with low-carbohydrate diets, which decreased SCFA production.

3.2 Associations between physical activity and changes in gut microbiota in
human studies

A positive effect of physical activity on the composition of the gut microbiota
has been found in human studies and confirmed animal findings. A positive effect
of moderate exercise on the gut was the shortening of stool time and contact time
between pathogens and the gastrointestinal mucosa [64], so exercise prevents the risk
of many inflammatory diseases and various cancers. Other possible beneficial effects
of moderate exercise include reduction of LPS production, increased production of
SCFAs and immunoglobulins, and increase of butyrate concentration with anticar-
cinogenic and anti-inflammatory properties [64].
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Similar to animal studies, exercise-induced changes in microbiota diversity may
reduce obesity-related complications in humans. The effect on the microbiota can
be assessed by measuring diversity or functions. a-diversity represents the overall
diversity of samples, while p-diversity compares how different bacterial species are
distributed across different samples [42].

Based on the available studies, intense exercise, compared to moderate exercise,
seems to cause more significant disturbances than moderate exercise on the human
body’s homeostasis [34]. High levels of inflammation (higher inflammatory interleu-
kin-6 (IL-6)) and tumor necrosis factor-alpha (TNF-a), as well as gastrointestinal symp-
toms with increased intestinal permeability, were found in elite athletes [65, 66]. This
may be related to diet as macronutrient intake before, during, and after exercise may
influence performance and inflammatory responses in athletes [67]. Adequate carbohy-
drate intake after acute exercise lowers inflammatory cytokines. In addition, differences
in fiber consumption impact the type and amount of SCFAs produced by microbiota
[68]. Several studies have reported that fiber intake in athletes is low compared with
dietary guidelines. In addition, special attention should be paid to protein supplementa-
tion in athletes. It has been demonstrated that long-term protein supplementation can
have negative effects on the gut microbiota (abundance of Bacteroidetes) [69].

Importantly, the fitness status of participants also affects gut microbiota; indi-
viduals with good physical condition have more butyrate-producing bacterial taxa
from the Firmicutes phylum, and 6-week intervention study in lean adults increased
fecal SCFAs [34].

The World Health Organization (WHO) has published recommendations for
physical activity in adults (150 minutes of moderate physical activity or at least
75 minutes of vigorous physical activity per week). The composition of the gut micro-
biota in women who exercised according to the recommendation of WHO was modi-
fied [70]. Similarly, in male participants with insulin resistance, both high-intensity
and moderate-intensity continuous exercise resulted in an increase in Bacteroidetes
and a decrease in inflammation [71]. A 6-month intervention with progressive exer-
cise training leads to an increase in a-diversity as well as in the concentration of some
physiologically relevant metabolites [72].

A large study conducted on 86 elite rugby athletes showed a greater gut microbiota
richness/diversity compared to controls [73]. This study among elite rugby players
provided evidence of the beneficial effect of exercise on gut microbiota diversity.
However, the results indicated that these differences between the elite and control
groups were associated with dietary extremes that could represent confounding
factors.

Another study on international rugby players showed differences in the composi-
tion and functional capacity of gut microbiota as well as in microbial and human-
derived metabolites [74].

In addition, a positive correlation was found between cardiorespiratory fitness
(CRF), an indicator of physical fitness, and microbial diversity in 39 healthy individ-
uals, especially in taxa that augmented the production of butyrate [75]. The authors
concluded that exercise can be prescribed in patients with dysbiosis-associated
diseases.

The microbiota of professional and amateur cyclists was studied by Petersen [64].
They found that the gut microbiota of professional cyclists differed from that of
amateurs. In addition, a correlation between certain microorganisms in professional
cyclists and high training intensities was confirmed. This study suggests that training
intensity influences bacterial community structure.
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Higher exercise intensity leads to changes in the gut microbiota (Figure1).
Exercise leads to a positive change in the bacterial composition of the gut microbiota.
Higher exercise intensities require dietary intervention to prevent gastrointestinal
dysfunction and inflammatory responses. Longitudinal studies monitoring exer-
cise intensity, diet and other characteristics, and gut microbiota are still lacking.

To express the intensity level of physical activity, the rate of energy expenditure
expressed as metabolic equivalents (METs) is used: 1 MET is the rate of energy expen-
diture at rest, which for most people approximates an oxygen uptake of 3.5 milliliters
per kilogram of body weight per minute (Figure1).

Murtaza and coworkers [76] investigated the effects of different nutritional
protocols on the fecal microbiota of elite endurance race walkers during an intense
training program. This study showed that an intense training load with different
dietary patterns had effects on the diversity of the gut microbiota. Specifically, it was
found that a ketogenic, low-carbohydrate, and high-fat diet resulted in changes in the
richness of some bacterial species [76].

Furthermore, the health benefits of physical activity in older adults have been
established in several scientific studies. A relationship between physical activity
and the diversity of the intestinal microbiota has been found in elderly people
[77]. The abundance of Bacteroides significantly increased after aerobic exercise
training in elderly women [78]. Results of many studies reported that gut micro-
biota composition does not change in some conditions, such as hypertension,
obesity-associated inflammation, and gastrointestinal diseases [53, 79]. Exercise
can modulate the gut microbiota diversity and could have positive effects on the
pathogenesis of mentioned conditions. Since lower inflammation has been dem-
onstrated, it is possible that exercise could decrease inflammatory markers in older
adults. Exercise-induced changes in microbial composition are related to exercise
duration. Recently, it has been confirmed that short-term endurance exercise in
elderly men has little effect on the composition and diversity of the gut microbiota.

| THE INTENSITY OF PHYSICAL ACTIVITY

) 4

Sedentary behaviour Low Moderate High
< 1.5 METS < 3 METS proximatelly 3 - 6 METS Aproximatelly > 6 METS
e.g.sitting e.g. slow walking e.g. brisk walking e.g. running

BACTERIAL DIVERSITY

Figure 1.
Exercise can increase the number of beneficial microbial species and enrich the diversity of microflora.
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However, small changes in the microbiota have been associated with lower cardio-
metabolic risk factors [79]. The study suggests that the gut microbiota is influenced
by high-intensity exercise and diet and might play a crucial role in modulating
cardiovascular disease development [80].

Overall, physical activity could be a strong modulator of gut microbiota composi-
tion. Experimental data showed that physical activity between 60 and 70% VOyy,,x
affected p diversity; interestingly, exercise at 70% VO, resulted in an increase of
diversity or a decrease in Clostridium difficile [46].

Further studies need to clarify the effects of different types, intensities, and
frequencies of physical activity on microbiota diversity and function. High intensity
of physical activity decreases producers of SCFAs and increases pathogenic bacteria.
This condition requires dietary supplementation [59] or a nutritional strategy [1] to
maintain the structure and richness of the gut microbiota.

4. The beneficial effect of probiotics in physically active individuals

Probiotics are currently defined as live microorganisms that have a beneficial
health effect on the host when consumed in adequate amounts [81, 82]. They have an
impact on the intestinal ecosystem through interactions with the host cells as well as
intestinal microbiota regulating gut mucosal immunity. Among others, these interac-
tions can contribute to improving the intestinal microenvironment, strengthening the
intestinal barrier, modulating mucus secretion and the secretion of immunoglobulins
or cytokines, as well as activating the innate immune response.

The beneficial role of probiotics relies on their ability to modulate the host’s
microbiota and to improve the barrier function of the gut mucosa [83, 84]. Probiotics
produce broad-spectrum inhibitory bacteriocins and metabolites such as SCFAs
inducing a decrease of the pH less favorable for bacterial growth [85]. Higher SCFA
concentrations also reduce the differentiation of dendritic cells, thus decreasing pro-
inflammatory cytokines production [86-88].

Probiotics improve the barrier function and tight junctions (TJs) between intes-
tinal epithelial cells at the level of signaling pathways leading to the increase of the
mucus layer or to the production of defensins as well as proteins of TJs. They regulate
the expression of the TJs, where cellular contacts occur and thus maintain cell mor-
phology. As have already been reviewed, several probiotic strains, like Lactobacillus
rhamnosus GG, Lactobacillus casei DN-114001, Escherichia coli Nissle 1917, and dif-
ferent strains of Lactobacillus plantarum, have a protective effect against pathogen
infections via the regulation of TJ proteins [89].

Other important components that build a protective barrier and avoid the adhe-
sion of harmful bacteria to the epithelial cells are the mucus layer and cells of the
intestinal epithelium and underlying lamina propria [90]. Each of them consists of
several cell types preventing any direct contact with bacteria in the intestinal lumen.
The intestinal epithelium consists of enterocytes responsible for absorbing molecules
from the intestinal lumen. Paneth cells specialized in synthesizing and secreting
antimicrobial peptides (AMPs) upon contact with enteric bacteria, Goblet cells, and
entero-endocrine cells [90-92]. Goblet cells produce mucus and are mainly composed
of high molecular weight glycoproteins called mucins. They are of two types: secreted
mucins are responsible for the formation of the mucus layer, while transmembrane
mucins are likely involved in signaling pathways [93-95]. A healthy mucus layer
plays an important role in preventing inflammatory and infectious diseases. Altered
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expression of specific mucins was associated with gastrointestinal diseases such as
Crohn’s disease [96] and ulcerative colitis [97] highlighting the importance of these
proteins in the intestine. Several studies confirmed that specific strains of probiotic
bacteria might affect the mucus barrier by regulating mucin expression. Thus,

they can influence the properties of the mucus layer and indirectly regulate the gut
immune system [89]. In multiple in vitro and in vivo models, it was shown that specific
probiotic bacteria stimulate the gene expression levels of mucins. Among them, L.
plantarum 299v, E. coli Nissle 1917, L. casei GG and Lactobacillus acidophilus LA1, and
Lactobacillus reuteri R2LC or 4659 as well as probiotic mixture VSL#3 were confirmed
to increase the level of mucins in the gut, therefore, influencing the properties of the
mucus layer and indirectly regulate the gut immune system [95, 98-103]. It has also
been evidenced that Akkermancia muciniphila increases the number of Goblet cells
and the production of antimicrobial peptides, suggesting that it communicates with
host cells and consequently stimulates the production of mucus [104].

Recent findings demonstrate that probiotics modulate the intestinal immune
system by activating the immune response by recognizing specific receptors of
innate immunity cells (epithelial cells, dendritic cells, and T cells). These recep-
tors are called pattern recognition receptors (PRR) and include mostly Toll-like
receptors (TLRs) and nucleotide-binding oligomerization domain agents (NODs)
[105]. They are recognized by MAMPs (microbe-associated molecular patterns).
Their interaction with the gut epithelium stimulates the cells of the gut immune
system at the lamina propria [106]. Differentiation of T helper lymphocytes and
the activation of regulatory T cells stimulate the pro- or anti-inflammatory cyto-
kines production. Probiotic bacteria, especially various Bifidobacterium strains,
can act differently depending on the cytokine profile [107]. The effects may be
systemic or local and limited to the stimulation of IgA secretion by Peyer’s patch
cells [84, 108].

Several studies have shown that probiotics supplementation could improve
immune function in athletes [109]; reduce upper respiratory tract illness (URTT)
[110], gastrointestinal symptoms [111-113], and gut permeability [114, 115]; as well
as increase physical performance in elite and competitive athletes [113, 116].

Existing studies have shown an association between intestinal microbiota com-
position and physical activity, suggesting that modifications in the gut microbiota
composition may contribute to the physical performance and exercise capacity of the
host [117]. Probiotics may promote health through the improvement of the immune
system and indirectly influence the performance of athletes by preventing illnesses
that negatively affect healthy training [109, 118]. Recently, the International Society
of Sports Nutrition (ISSN) provided a position stand on probiotics, concluding that
probiotics have strain-specific effects in athletes [119]. Specific probiotic strains can
improve the integrity of the gut barrier function in athletes after prolonged exercise,
especially in the heat, which has been shown to increase gut permeability potentially
causing systemic toxemia. Administration of selected probiotic strains has been
linked to improved body composition and lean body mass, improved recovery from
muscle-damaging exercise, normalizing age-related declines in testosterone levels,
reductions in cortisol levels indicating improved responses to a physical or mental
stressor, reduction of exercise-induced lactate, and increased neurotransmitter
synthesis, cognition, and mood [reviewed in 119].

Generally, mid to long-term benefits (supplementation periods varying from
2 weeks to 3 months) of probiotics on physical performance have been studied
[117]. In different studies, various probiotic strains and doses were examined, so it is
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difficult to compare the obtained results. Among them, the most studied bacteria are
members of Lactobacillus and Bifidobacterium genera.

Lactiplantibacillus plantarum TWKI10 is among the most studied probiotic strains
in terms of physical performance outcomes. A dose-dependent increase in muscle
mass was observed in a preclinical animal study [120] and was further confirmed
in clinical studies [121]. Endurance performance in an exhaustive treadmill exercise
was improved in healthy, untrained adult males, who were supplemented daily with
TWK10 for 6 weeks, compared with those who received a placebo [122]. The post-
exercise blood glucose level was higher in TWK10 group compared with the control
group suggesting improved energy harvest from gluconeogenic precursors during
exhaustive exercise.

In male runners, supplementation with a multi-strain probiotic (L. aci-
dophilus, Lacticaseibacillus rhammnosus, Lacticaseibacillus casei, L. plantarum,
Limosilactobacillus fermentum, Bifidobacterium lactis, B. breve, Bifidobacterium
bifidum, and Streptococcus thermophilus) for 4 weeks significantly increased the
running time to fatigue [110].

Probiotic supplementation (S. thermophilus FP4 and Bifidobacterium breve BRO3)
was reported to likely enhance isometric average peak torque production, attenuating
performance decrements and muscle tension in the days following a muscle-damag-
ing exercise [123]. In a similar study design, Bacillus coagulans GBI-306086 signifi-
cantly increased recovery at 24 and 72 h and decreased soreness at 72 h post-exercise
[124]. Probiotic supplementation correlated with maintained performance and a
small increase in creatine phosphokinase.

Probiotics, belonging to the Veillonella genus, isolated from a marathon runner,
have recently shown promising results in mouse performance models [125]. These
bacteria feed on lactic acid and produce propionate, which may increase endurance
capacity.

In mice, oral administration of either Bifidobacterium longum subsp. longum
OLP-01 [126] or Ligilactobacillus salivarius subsp. salicinius SA-03 [127], isolated from
a female weightlifting Olympic medalist, was shown to significantly increase forelimb
grip strength and endurance capacity in a swim-to-exhaustion test. Both bacterial
strains significantly decreased blood lactate, ammonia, and creatine kinase levels
after an acute exercise and increased hepatic and muscle glycogen stores, which indi-
cated improved energy utilization and the attenuation of fatigue-related biomarkers
in mice.

However, not all studies have shown enhancements in endurance performance
following probiotic use in highly trained subjects or athletes [119]. It has been
shown that the exhaustive endurance exercise was not affected in endurance-trained
males after 4 weeks of Lactobacillus fermentum VRI-003 supplementation [128]
or after Lactobacillus helveticus Lafti L10 in trained subjects [129]. Also, 3 months
of supplementation with a probiotic formula containing bacteria of different spe-
cies (B. bifidum W23, B. lactis W51, Enterococcus faecium W54, L. acidophilus W22,
Levilactobacillus brevis W63, and Lactococcus lactis W58) did not have benefit in
endurance performance in highly trained athletes [130]. However, after a 2-month
intervention in female swimmers, probiotic yogurt with L. acidophilus SPP, L. bul-
garicus, B. bifidum, and S. thermophilus improved the VO,y,,, but had no impact on
the 400-m swimming time [131]. Also after a 6-week intervention in competitive,
high-level, female swimmers B. longum 35,624 did not enhance aerobic or anaerobic
swimming performance or improve power or force production measurements [132].
After a 12-week multi-strain probiotic or probiotic + glutamine supplementation, no
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effects were observed on the time to complete an ultra-marathon race compared with
controls [133].

Multi-strain probiotic supplementation (L. acidophilus CUL60 and CUL21, B.
bifidum CUL20, and Bifidobacterium animalis subs p. lactis CUL34) for 28 days prior
to a marathon race was associated with a limited decrease in average speed in the
probiotics group compared to the control group [134]. However, there were no signifi-
cant differences in finish times between the groups. Bacillus subtilis supplementation
during training soccer and volleyball female players, in conjunction with postworkout
nutrition, had no effect on physical performance [135]. However, body fat percent-
ages were significantly lower in the probiotic group. B. subtilis DE111 did not improve
either strength or performance in male [136] or female athletes [137] when combined
with a training protocol involving resistance exercises.

Multi-strain probiotic supplementation for 12 weeks, combined with circuit
training, improved muscular performance to a similar degree as circuit training alone
in healthy, sedentary males [138], confirming the positive effect of resistance training
on muscular outcomes, demonstrated well by other probiotic and exercise interven-
tions among athletes [136, 137].

The well-established probiotic effects on gut health and immune system func-
tion may benefit endurance athletes, who perform high-intensity training and often
encounter physiological challenges associated with GI and immune health during
and after a competition. However, high-quality clinical studies, with adequate power,
is necessary to uncover the impacts of probiotics on physical performance and the
mechanisms of action through which probiotics affect exercise outcomes.

5. Conclusions

In recent years, the research of human gut microbiota and their interaction with
their human host has extensively increased. It has been shown that the composition
of the gut microbiota is influenced by several factors such as diet, age, host genetics,
drugs, as well as exercise and its level of activity. Animal and human studies have
indicated that gut microbiota plays an important role in the occurrence of several
diseases. Mainly, it has been evidenced that its composition and function have a direct
effect on host physiology and can also affect physical performance.

Exercise improves the diversity of the gut microbiota, the maintenance of normal
gut physiology, and contributes to the reduction of gastrointestinal symptoms and
inflammatory markers in various pathological conditions as well as altering hundreds
of metabolites.

Therefore, regular physical activity should be considered as a treatment to
maintain the eubiosis of the microbiota, leading to an improvement in health status.
Higher CRF levels lead to greater bacterial diversity, regardless of diet. Aerobic
activities appear to be able to produce significant changes in the composition of the
microbiota, although the modalities and intensity of exercise may affect the micro-
biota differently.

The amount and frequency recommended by WHO (the minimum dose of
physical activity) for adults seem to cause some changes in the composition of the
microbiota. Strenuous and/or excessively prolonged exercise with inadequate carbo-
hydrate intake may have a negative impact on the microbiota due to inflammation and
gastrointestinal symptoms. Nevertheless, further studies are needed to understand
how physical activity and diet independently affect the microbiota.
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The use of probiotics has recently received increasing attention. Probiotics have
potential health benefits, generally improving or restoring the gut microbiota, and
have been shown to modulate the immune system. Recent studies have shown that
probiotics reduce upper respiratory tract illness (URTI) and the onset and severity of
gastrointestinal symptoms as well as gut barrier function impairment during intense
exercise. By improving the immune system, they indirectly influence the performance
of athletes by preventing diseases that negatively affect healthy exercise. Through
SCFAs produced by probiotic bacteria, they contribute to improved energy produc-
tion and reduce inflammation in the gut of physically active individuals. Selected
probiotic strains have been associated with improved body composition and lean
body mass, improved recovery from muscle-damaging exercise, normalization of
age-related decline in testosterone levels, and reduction in cortisol levels and exercise-
induced lactate. The use of probiotics is a promising approach to improve the health,
well-being, and performance of athletes.
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Appendices and nomenclature

AMPs antimicrobial peptides

CRF cardiorespiratory fitness

IELs intraepithelial lymphocytes

IFN-y interferon gamma

IL-6 interleukin-6

ISSN international society of sports nutrition
LPS lipopolysaccharide

MAMPs microbe-associated molecular patterns
MET metabolic equivalents

NODs nucleotide-binding oligomerization domain agents
SCFAs short-chain fatty acids

TJs tight junctions

TLRs toll-like receptors

TNF-a tumor necrosis factor-alpha

URTI upper respiratory tract illness

WHO world health organization
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Abstract

Gut microflora that has been present in our bodies since infancy are known to
influence health, metabolism, and disease. Diabetes is a developing epidemic, and
treatment that cures diabetes has yet to be discovered. Probiotics are living
bacteria that may colonize the human gastrointestinal system and help to maintain a
healthy microbiome and help normalize disrupted metabolism in diabetic patients.
Lipopolysaccharides, trimethylamine, and imidazole propionate seem to hinder
insulin signaling, whereas secondary bile acids, short-chain fatty acids (SCFAs), and
tryptophan metabolites seem to enhance it. This chapter emphasizes the relationship
between gut microflora and impaired glucose metabolism. This chapter also covers
the mechanisms through which probiotics alleviate diabetes by addressing the gut
microflora from the perspectives of amino acid metabolism, intestinal permeability,
immunological responses, oxidative stress, and SCFAs.

Keywords: diabetes, probiotics, gut microflora, short-chain fatty acids (SCFAs),
Lactobacillus, Bifidobacterium

1. Introduction

Diabetes mellitus (DM), often known as diabetes, is a metabolic syndrome caused
by abnormalities in the body’s capacity to generate insulin and/or activate insulin, or
both. Hyperglycemia and glucose intolerance are the symptoms of diabetes mellitus [1].
Hyperglycemia increases the complications in the microvascular system (neuropa-
thy, retinopathy, and nephropathy) as well as in the macrovascular system (stroke,
ischemic heart disease, and peripheral vascular disease). As a result, there is a marked
increase in morbidity and a significant decline in the quality of life [2-4]. According
to the World Health Organization (WHO), 420 million people worldwide have dia-
betes, and the prevalence was estimated to be 2.8% in 2000, rising to 4.8% by 2030.
Over the last two decades, the disease has been more prevalent than expected [5].
DM is seen as a huge global health and economic burden in the aging population and
is now the eighth biggest cause of mortality globally [6]. The number of diabetics in
India alone is already over 40 million, and by 2030, the country will have the biggest
diabetic population in the world with a population of over 90 million [7, 8].
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Diabetes has three basic subtypes: type 1, type 2, and gestational diabetes [9-11].
About 10% of all cases of diabetes are type 1 diabetes (T1IDM), which is characterized
by the impairment of insulin-secreting B-cells and needs daily insulin therapy for
survival [12, 13]. T1IDM is becoming more common in the world as a result of ineffec-
tive preventative and treatment approaches. Therefore, a thorough understanding of
T1DM’s pathophysiology is necessary. Environmental factors and genetic factors play
a crucial role in the progression of T1IDM [14, 15]. Most people with diabetes (90—
95%) have type 2 diabetes (T2DM), which is defined by impaired lipid and glucose
metabolism brought on by insufficient insulin production or by its insensitivity [1].
Although T2DM is mostly diagnosed in older persons, the frequency of the condition
in youngsters has been shown to rise as a result of obesity and physical inactivity [16].
Smoking, hereditary factors, excessive calorie consumption, and sedentary lifestyle
are the main risk factors for T2DM, with alteration in gut microbiota as one of the
causes and associated comorbidities [17]. A common problem that affects roughly
2-5% of all pregnancies, gestational diabetes mellitus (GDM) is characterized by high
glucose levels in the second and third trimesters of pregnancy. It may manifest as
either type I or type II diabetes in persons who have an inherited tendency to have the
disease [18]. In the future, T2DM is more likely to occur in women with GDM due to
their increased risk of pregnancy problems and premature birth [19, 20].

As per epidemiological observations, one of the characteristics of diabetic patients
is changes in the diversity of intestinal microflora. Additionally, there is increasing
evidence that diabetes and intestinal microflora are closely related. The microflora,
host cells, and nutrients make a complex ecosystem that creates up the human gut.
The alimentary canal contains about 100 trillion bacteria, which together make up the
intestinal flora [21]. The bacteria that make up the intestinal flora are numerous and
diverse. Genus, family, order, and phylum classifications are used to taxonomically
group these. In healthy adults, the six phyla Firmicutes, Proteobacteria, Bacteroidetes,
Actinobacteria, Fusobacteria, and Verrucomicrobia make up most of the intestinal
microflora [22]. Researchers have shown that gut microbiota in diabetics is less reli-
able than in healthy individuals. In a sick condition functionality of gut microbiota
changes, a human metagenome-wide association study conducted in Europe and
China found surprising connections between specific bacterial genes, gut microbes,
and the digestive system in T2DM patients [23]. These individuals showed greater
levels of Lactobacillus spp. than nondiabetics, and fasting glucose and glycated hemo-
globin (HbA1c) levels are positively connected with these levels [24]. Clostridium spp.
had a negative relationship with fasting blood sugar and plasma triglycerides [25].
According to one investigation, it has been found that the number of Prevotella and
Faecalibacterium decreased in diabetic conditions and demonstrated that the microbi-
ome impacts both TIDM and T2DM [26]. In the mucous layer, there is an increase in
Akkermansia muciniphila after metformin therapy [27]. It has been hypothesized that
type 1 diabetes (T1DM) and autoimmune diabetes may both develop due to inflam-
mation [28]. Autoimmune diabetes has been related to the microbiota of the gut
because of the common receptors in the inflamed pancreas and the gut [29].

Diabetes interventions include medication [30], nutritional care [31, 32], physical
activity [32], or weight control [33, 34]. They might also involve education, coach-
ing, or social support [35]. As stated above, diabetes affects the gut microbiome;
therefore, probiotics can be employed as one of the nutritional interventions. These
are live bacteria that are given in sufficient amounts and continue to remain in the
gut bionetwork to have a beneficial impact on one’s health [36]. Lilly and Stillwell
used the word “probiotics” to refer to “organisms and substances which contribute
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to intestinal microbial balance” [37]. Probiotics are “organisms and compounds

that help to gut microbial equilibrium,” according to Parker [38]. The International
Scientific Association for Probiotics and Prebiotics (ISAPP), which was supported
by the Food and Agriculture Organization of the United Nations/World Health
Organization (FAO/WHO, 2001), defined probiotics as “Live microorganisms which,
when administered in adequate amounts, confer a health benefit on the host” [39].
Probiotics are defined by the World Health Organization (WHO) as “products or
preparations containing live, designated microorganisms in appropriate quantities
that give positive effects on the host by altering its gut microbiota” [40].

Probiotics play an important role in immune system development, immune system
homeostasis, and epithelial cell differentiation and proliferation [41]. Probiotics are
not a recent discovery but have been present in many of our traditional foods for a
long time, including drinks, salty fish, yogurt, various types of cheese, and so forth.
Before the invention of the microscope, people were able to prepare a variety of
milk products with various flavors and structures [42]. This is the result of various
microbial reactions brought on by various microbes [43]. We really had no idea how
probiotic-containing foods were first used, especially for therapeutic purposes. It is
possible that Ilya Ilyich Metchnikoff, who won the Nobel Prize in Medicine in 1908,
was the first to notice the effects of what is now known as probiotics while working
at the Pasteur Institute. He correlated the consumption of yogurt’s microorganisms
with good health. He proposed in 1907 that the bacteria Lactobacillus bulgaricus and
Streptococcus thermophilus, which are involved in yogurt fermentation, block the
putrefactive-type fermentations of the intestinal flora. He linked the consumption
of yogurt containing the Lactobacillus species to the longevity and good health of
Bulgarian peasants, and he presented his findings to the public in a manner that was
easily understood [44].

The ISAPP consensus panel explained the concept that some probiotic mecha-
nisms may be expressed by most strains of a larger taxonomic group, which is
an evolving idea regarding the strain specificity of probiotic effects [45]. Lactic
acid bacteria (LAB) are a group of predominant gut-friendly bacteria found in
the digestive tract [46] and suppress pathogens through their secretions [47]. For
instance, the majority of Bifidobacterium and Lactobacillus species both produce
organic acids like lactate and acetate. There are several potential advantages for the
gastrointestinal system. The inhibition of harmful microbes and the cross-feeding
of other advantageous gut microbes result in the production of butyrate, which
plays a significant role in cultivating a healthier gut environment [48]. The types of
microbes from the genera Lactobacillus, Bifidobacterium, and Saccharomyces that are
most frequently used as probiotics include these. Other genera of probiotics include
Escherichia, Propionibacterium, Streptococcus, and Bacillus. Probiotics are poised to
be an important tool for influencing the gut ecosystem’s function to enhance the
nutritional status and health [49, 50]. The mechanisms of action that researchers
have identified in various probiotic strains against diabetes are shown in Figure 1.
However, there are still a lot of gaps in our understanding of the mechanisms under-
lying health benefits.

Modification of the gut microbiota’s composition is one alleged probiotic effect
that has been challenging to prove in healthy humans. Although it is widely believed
that probiotics “support a healthy intestinal flora,” [51], probiotic organisms seldom
survive for longer than a few weeks after consumption [52]. Alpha diversity, richness,
and evenness of the fecal microbiota were examined in a systematic review of studies
looking at the effects of probiotics [51].
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Figure 1.
Potential mechanisms linking probiotics to diabetes.

Research is still finding links between the microbiota and diabetes, and these
seem to involve a variety of metabolic and immune response processes, most of which
are linked to more specific mechanisms. Future investigations into the relationship
between variations in the gut microbiota balance and diabetes may result in new
interventional studies. This review provides an overview of the role of probiotics in
diabetes management.

2. Probiotic interventions to ameliorate T1IDM

Probiotics may, thus, be useful in TIDM prevention and management. By alter-
ing the gut microbiota, certain probiotic strains exhibit a positive impact on host
health by boosting the synthesis of advantageous metabolites [53]. Additionally, by
activating free fatty acid receptor 2 (FFAR2) and free fatty acid receptor 3 (FFAR3),
which are involved in the regulation of the immune system and the pathogenesis of
autoimmune diseases like TIDM, the administration of probiotic strains may increase
the production of SCFAs (such as butyrate) and thereby balance the intestinal cellular
homeostasis [54]. Additionally, intestinal L-cells’ ability to produce glucagon-like
peptide-1 (GLP-1) might be improved by the activation of FFAR2/3 by SCFAs. The
hormone GLP-1 is known as the “incretin effect” because it promotes the release of
insulin from pancreatic beta-cells, lowering blood sugar levels [55, 56]. These findings
show how probiotics may prevent or manage T1DM by preserving or re-establishing
the gut microbiota-immune axis’ equilibrium. Figure 2 shows an overview of poten-
tial mechanisms of probiotics against type 1 diabetes.

2.1 Animal studies

Lactobacillus brevis strains protect mice (streptozotocin [STZ]-induced TIDM)
and lower blood glucose levels via the action of gamma-aminobutyric acid (GABA)
[57]. It has been shown that probiotic strains from the families Bifidobacteriaceae
and Lactobacillaceae and the genus Streptococcus thermophilus reduce intestinal
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Figure 2.
Potential mechanisms of probiotics against type 1 diabetes.

inflammation, alleviate T1DM, and maintain gut immunological homeostasis by
blocking IL-1 expression in nonobese diabetic (NOD) mice [58]. The feeding of a
Lactobacillus lactis strain has also been demonstrated to have preventative benefits
against TIDM development in NOD mice by the activation of the production of
anti-inflammatory cytokines. Interestingly, the combination of the L. lactis strain
with modest dosages of anti-CD3 boosted the production of IL-10. The intervention
also led to the formation of antigen-specific Foxp3+ Tregs, which preserves pancre-
atic islets [59, 60]. Bifidobacterium species change the cytokine secretion pattern in
gut-associated lymphatic tissue (GALT) from a proinflammatory condition to an
anti-inflammatory. Controlling the preservation of the variety of B-cells and lowering
insulitis reduced the likelihood of developing an islet-specific autoimmune disease
and offered protection against autoimmune T1DM [61]. Table 1 shows an overview
of important studies demonstrating the effect of probiotics on an animal model with
type 1 diabetes mellitus.

Biobreeding diabetes resistant (BBDR) rats are more likely to develop TIDM when
exposed to Kilham rat virus (KRV) infectious disease [67]. Similar results have also
been seen in LEW.IWRI rats that have had viral infections; these animals acquire
autoimmune T1DM as a result of the infection of their cells. It has been shown experi-
mentally that the oral administration of the Lactobacillus johnsonii strain develops
resistance to the onset of TIDM in BBDR rats [67]. Consequently, L. johnsonii was
linked to TH17 lymphatic cell predilection inside the mesenteric lymph nodes (MLNs)
and might lower the incidence of TIDM in the bio-breeding diabetes-prone (BBDP)
rat model. Increasing the level of the intestinal tight-junction protein claudin, L.
johmsonii, also reduced the likelihood of developing T1IDM [66]. In another experi-
ment, probiotic-fermented milk was fed to diabetic rats induced by STZ. Consuming
probiotic-fermented milk also reduced oxidative stress, inflammation, blood sugar
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Probiotics Model type Mechanism of action Major findings References
Oral probiotics ~ Nonobese Producing more Alteration of the microbial [58]
VSL#3 diabetic mouse IL-33, indoleamine ecology in the gut
model 2,3-dioxygenase (IDO) Altering the
Decreasing the production ~ pathophysiology of TIDM
of inflammatory cytokines
Encouraging
differentiation of CD103+
Lowering Teff/Treg cell
ratios in MLNs, PLNs, and
gut mucosa
Streptococcus Nonobese Slowing down the rate of Preventing autoimmune [61]
salivarius, diabetic mouse cellular disruption diabetes
Lactobacilli, model Pancreatic pseudocysts, the
and pancreas, and the spleen
Bifibobacteria produce more IL-10.
Probiotic Streptozotocin- A substantial reduction Raising insulin levels while [62]
fermented induced albino in the liver’ ability to significantly lowering blood
milk with 1% Wistar ratmodel  express genes involved in sugar levels
of Lactobacillus gluconeogenesis Enhancement of glucose
species Significant reductions in metabolism
IL-6 and TNF- levelsinthe ~ Reduction of oxidative
serum; stress, inflammation, and
Declines in blood sugar hepatic gluconeogenesis
levels, HbAlc, and blood
lipid profiles.
Lactobacillus Streptozotocin- High ability to produce Preventing TIDM from [57]
brevis induced diabetic ~ GABA because of the gad developing in mice
Mouse Model gene
Significant reduction in
plasma insulin levels or
blood glucose levels
Bifidobacterium  Streptozotocin- A dramatic drop inlevelsof =~ Manage diabetes [63]
spp. induced diabetic ~ blood sugar
Mouse Model Enhancing insulin receptor
substrate, insulin receptor
substrate 1, and expression
of insulin receptor
Reducing the expression
of IL-6 and macrophage
chemoattractant protein-1
Lactobacillus Streptozotocin- Inhibition of osteoblast The administration of [64]
reuteri induced diabetic ~ TNF-signaling results in probiotics may help TIDM
Mouse Model the development of anti- patients’ bones
inflammatory properties
Lactobacillus Streptozotocin- Pancreatic IL-10 level Capacity to induce GLP-1 [65]
kefiranofaciens induced diabetic ~ dramatically increased release
and Mouse Model More IL-10 prevents the
Lactobacillus production of TNF-a and
kefiri TH1 and other pro-

inflammatory cytokines
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Probiotics Model type Mechanism of action Major findings References
Lactobacillus T1DM Modifications to the gut’s Delaying or preventing the [66]
Jjohnsonii N6.2 biobreeding natural microbiome onset of TIDM.

diabetes-prone Induced oxidative stress

rats model response and alterations in

host mucosal protein
Lowering intestinal
mucosal oxidative response
protein

Reducing cytokines that are
proinflammatory
Increasing expression of
claudin and other tight
junction proteins

Table 1.
Overview of important studies demonstrating the effect of probiotics on an animal model with type 1 diabetes
mellitus.

levels, and the rate of gluconeogenesis [62]. Another investigation employing probi-
otic strain Lactobacillus plantarum in diabetic rats concluded that taking probiotics
significantly decreased the serum a-amylase’s activity, favoring the glycemic index
mechanism by limiting the digestion and hydrolysis of carbohydrates [68].

2.2 Human studies

Early exposure to probiotic supplements may reduce the incidence of islet-cell
autoimmunity in relation to the increased risk of TIDM [69-71]. Additionally, probiotic
usage has been linked to improved glucose control, increased GLP-1 production, and
decreased TLR4 signaling in T1IDM adults [72-74]. TIDM occurrences have reduced
as aresult of these modifications. Children with TIDM may benefit from taking
Lactobacillus rhamnosus and Bifidobacterium lactis at a dosage of 10° colony-forming
units (CFUs) once a day for six months regulates gut microbiota disturbances. Results
indicated the modification of immune cells in a positive way and maintaining the quan-
tity and proliferation of pancreatic p-cells [75]. Additionally, it has been suggested that
adult human subjects consuming Lactobacillus johnsonii N6.2 (10° CFUs) in one capsule
per day for eight weeks can control the natural killer cells and infiltration of monocytes.
These modifications may help to prevent the development of TIDM. Furthermore, pro-
biotic therapy has been linked to an increase in TH17 and TH1/TH17 cells. However, the
probiotics-treated group showed a substantial rise in IgA concentration as compared to
the placebo group [71]. Table 2 shows an overview of important studies demonstrating
the effect of probiotics on human subjects with type 1 diabetes mellitus.

By using probiotics products, T1IDM adult patients might improve their glycemic
control and manage symptoms associated with metabolic syndromes, such as hyper-
tension, elevated level of triglyceride, and decreased HDL levels. These findings
together imply that probiotic intake may lower the likelihood of T1DM progression.
Other research on young children with a genetic risk of TIDM consumed a probiotic
strain during the first two years of life and the risk of the onset of islet autoimmunity
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Probiotics Model Mechanism of action Major findings References
type

Lactobacillus Adult Increasing tryptophan levels Lowering the risk of [71]
johnsonii humans in the serum developing TIDM.

Lowering the plasma

kynurenine to tryptophan

([Kyn]/[Trp]) ratio

Delaying or lessening the

memory of CD8+ T-cell

apoptosis
Bifidobacterium Children Enhancing the barrier Retaining the [75]
lactis and (age range property of the function of the—f-
Lactobacillus of 8-17) gastrointestinal mucosa cell while inhibiting
rhamnosus Decreasing autoimmunity the proliferation of

risk infections

Altering the local and systemic
immunological responses

Probiotics and Children Reducing the risk of islet Early probiotic [70]
vitamin D (age range autoimmunity supplementation
of 4 to may reduce
10 years) the risk of islet
autoimmunity
Probiotics Adult Decreasing waist-to-hip ratio, Beneficial impact [76]
human body mass index, and obesity on arange of
Controlling triglyceride variables connected
levels, HDL cholesterol, and to diabetes
blood pressure problems

Strongly linked to improve
glycemic management

Table 2.
Overview of important studies demonstrating the effect of probiotics on human subjects with type 1 diabetes mellitus.

and progression of TIDM was increased [77]. This suggests that all probiotic strains
do not have the same effects, although the cause of the results from these studies is
still unknown.

3. Probiotic interventions to ameliorate T2DM

Currently, probiotics from the former genera of Lactobacillus and Bifidobacterium
are the major focus of most therapeutic investigations. However, specific bacterial
strains are linked to the amelioration of disorders linked with inflammation. It is
anticipated that some of the newly identified strains will become probiotics in the
future [78]. Figure 3 shows the overview of potential mechanisms of probiotics
against type 2 diabetes. Numerous studies have utilized probiotics in T2DM patients
to manage or treat the disease, but the number of studies is still less. When analyzing
these studies, it is necessary to use caution because it is well known that the effective-
ness of probiotics depends on various factors such as:

* The strain of microorganism (single or multistrain)

* Pathophysiology of the disease

146



Probiotics in the Management of Diabetes
DOI: http://dx.doi.org/10.5772/intechopen.110338

|  Glucogenesis

o
-~ ~

J» Phosphoenolpyruvate

Carboxykinase

J Inflammatory

Cytokines
|

/

4 Antioxidant
Activity

, J Pathogenic
Prevention and Treatment of

Type Il Diabetes Mellitus Microbes

/

/./
. \\ _ rail
4 Production M Regulatory
of SCFAs - T cells
1 4 Production

of Bacteriocins

Figure 3.
Potential mechanisms of probiotics against type 2 diabetes.

* Subject of study

* Type and quantity of dosage

* Time period of intervention.

3.1 Animal model study

Probiotics have been proven in studies to reduce insulin resistance (IR) in diabetic
animal models (see Table 3). Probiotics like Lactobacillus spp. and Bifidobacterium
spp. have been widely studied in diabetic animal models for their biological effects on
glucose intolerance and insulin resistance (IR). Lactobacillus plantarum was given to
the rats (which consume high-fat-diet [HFD]- and STZ-induced diabetes). It has been
observed that L. plantarum reduces pancreatic beta-cell dysfunction, systemic inflam-
mation, and insulin resistance [79]. L. plantarum reduced the weight and relieved IR
in mice fed on the HFD [80]. In mice with diabetes generated by HFD, therapy with
Lactobacillus fermentum has been demonstrated to reduce IR and stop the progression
of diabetes [81]. The injection of Lactobacillus paracasei TD062 increased the insulin
signaling pathway and improved glucose homeostasis, delaying the onset of T2DM [82].
In STZ-induced diabetic rats, a multiprobiotic formula, including Lactobacillus reuteri,
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Probiotics Model used Mechanism Outcomes References
Lactobacillus HFD- and STZ- Reducing systemic Ameliorate T2DM [79]
plantarum induced T2DM mice  inflammation and

insulin resistance
L. plantarum Ln4 Mice fed on HFD Modifications in hepatic ~ Reducing biomarkers ~ [80]

gene expression that for T2DM and obesity

control lipid and glucose  caused by diet

metabolism (reduced

CD36 and increased

mRNA levels for IRS2,

Akt2, AMPK, and LPL)
L. plantarum Mice fed with HFD Preventing the onset of Seem to be effective [81]
and Lactobacillus insulin resistance and against T2DM
fermentum diabetes.
Lactobacillus HFD and STZ- Controlling thelevelsof =~ Preventing the [82]
pavacasei induced T2DM mice  hepatic glycogen, lipid development of

metabolism, glucose T2DM

tolerance, postprandial

blood glucose (PBG),

and fasting blood glucose

(FBG). Additionally, the

antioxidant capability

was enhanced
Lactobacillus STZ-induced After the intervention Probiotics may help [83]
reuteri, diabetes period, Glut-4 and to manage diabetes
Lactobacillus PPAR-y gene expression and its complications
crispatus, and improved if taken regularly
Bacillus subtilis Considerable elevation

in insulin levels and a

large reduction in plasma

glucose and HbAlc

values
Nano-selenium- Streptozotocin- The expression of insulin ~ Preventive effect of [84]
enriched B. longum  induced diabetes signaling pathway- Nano-Se-B longum

related proteins was on the onset of

upregulated in the Nano-  diabetes and renal

Se-B longum-treated damage

groups
Lactobacillus Mice fed with HFD Significantly reduced Significant reduction [85]
plantarum the mRNA expressionof  of blood glucose

interleukin-1p in adipose  levels

tissue and serum levels

of nonesterified fatty

acids in mice
Lactobacillus casei HFD- and STZ- Decreased levels of the Modifying the [86]

induced T2DM mice inflammatory markers, gut microbiota,
tumor necrosis factor-a increasing the
and interleukin-6 and production of SCFAs,

increased intestinal
glucagon-like peptide-1
(GLP-1) levels, which
are associated with the
production of short-
chain fatty acids (SCFAs)

and ameliorating type
2 diabetes
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Probiotics Model used Mechanism Outcomes References
Lactobacillus HFD- and STZ- Reducing the level of Indicating that the [87]
pavacasei induced T2DM mice  oxidative stress and pancreatic islets as the
insulin resistance, key target tissues for
while also safeguarding the probiotic strain’s
beta-cell function and ameliorative action
inhibiting the expansion  against T2DM
of alpha-cell
Clostridium HFD- and STZ- Increased insulin Treating and [88]
butyricum induced T2DM mice signaling molecules, preventing metabolic
and peroxisome impairment caused
proliferator-activated by T2DM
receptor (PPAR), as well
as altered intestinal flora
diversity
Table 3.

Overview of important studies demonstrating the effect of probiotics on an animal model with type 2 diabetes
mellitus.

Lactobacillus crispatus, and Bacillus subtilis, was studied. This research revealed that the
daily consumption of probiotics may reduce glucose intolerance and increase insulin
production [83]. By lowering fasting blood glucose (FBG), the oral glucose tolerance
test (OGTT), and the HbAlc indices and increasing GLP-1 secretion, a composite probi-
otic made up of 10 Lactobacillus strains and four yeast strains were reported to improve
T2DM in db/db mice [89]. Nano-selenium-enriched Bifidobacterium longum reduced
the renal complication of T2DM in STZ-induced diabetes rats [84]. B. longum DD98
reduced the fasting blood glucose and HbAlc in HFD- and STZ-induced diabetic mice
[90]. In diabetic rats caused by HFD and STZ, Bifidobacterium animalis administration
increased oral glucose tolerance test and homeostatic model assessment for insulin
resistance (HOMA-IR) indices and decreased proinflammatory cytokines [91].

3.2 Human studies

Sabico et al. examined the effects of consuming 10" CFU/day of a multistrain
probiotic regarding metabolic endotoxemia levels and cardiometabolic parameters in
adult patients recently diagnosed with T2DM. It has been found that the waist-hip ratio
decreased across groups, while HOMA-IR was increased. The fasting blood glucose
(FBG) level is less in the probiotic group when compared with the control group, while
there are no substantial changes in the endotoxin levels [92]. In further research, the
effect of the same probiotic mixture was examined for six months while using the same
dosage and criteria as the earlier study. Again, a clinically substantial change in the
HOMA-IR was noted, and the probiotic group’s insulin levels showed a borderline sig-
nificant improvement [93]. When the flow of lipopolysaccharides (LPS) is decreased,
itis anticipated that low-grade inflammation would decrease and insulin signaling will
improve. Karczewski et al. assessed the effects of the probiotic Lactobacillus plantarum.
The probiotic was injected directly into the duodenum of a group of people and fol-
lowed by a tissue biopsy after 6 hours. According to the authors’ observations, zonula
occludens-1 and occludin are translocated more often near tight junctions [94]. Similar
results for various strains of the Lactobacillus genus were obtained in cell cultures [95].
In a nine-month double-blinded, randomized, placebo-controlled research, Hsieh et al.
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Probiotics Modeltype = Mechanism of action Major findings References
Bifidobacterium 28 type Il Significant decrease in Probiotic camel milk [98]
animalis A6 diabetic fasting blood glucose, serum  powder twice a day fora
patients content of total cholesterol, consecutive four weeks
the cardiovascular risk can significantly decrease
index (TC/HDL-C), fasting blood glucose of
the pro-inflammatory type 2 diabetic patients
cytokines (IL-6, MCP-1) and
adipokines (adiponectin,
resistin, lipocalin-2, adipsin).
Myokines (irisin, osteocrin)
increased significantly,
indicating possible
improvement in skeletal
muscle function
probiotic 60 diabetic ~ Decreasing inflammatory Probiotic [99]
supplements patients cytokines and suppressing supplementation for
including with CHD, the nuclear factor-xB 12 weeks had beneficial
Bifidobacterium aged pathway, their impact ongene  effects on glycemic
bifidum 2 x 10°, 40-85years  expressionand theactivation  control, HDL-cholesterol,
Lactobacillus of gut microbiota short-chain  total-/HDL-cholesterol
casei 2 x 10°, fatty acids (SCFA)-hormone ratio, biomarkers of
Lactobacillus axis inflammation and
acidophilus oxidative stress in diabetic
2 x 10° CFU/day patients with CHD
(n=30)
Lactobacillus reuteri 68 T2DM L. reuteri may influence Significant reductions [96]
patients changes in intestinal flora, in HbAlc and serum
which may lead to different cholesterol
outcomes after probiotic Bifidobacterium spp. were
intake. significantly increased
Symbiter 53 patients Significant reduction of Modestly improved [100]
HOMA-IR from 6.85 + 0.76 insulin resistance
t05.13 + 0.49 (p = 0.047), but
remained static in the placebo
group. With respect to our
secondary outcomes, HbAlc
Ecologic®Barrier patients significant decrease multistrain probiotics [93]
with type in circulating levels of is a promising adjuvant
2 diabetes endotoxin by almost 70% antidiabetes therapy
mellitus over six months, as well
as glucose (38%), insulin
(38%), HOMA-IR (64%),
triglycerides (48%), total
cholesterol (19%), total/
HDL-cholesterol ratio (19%),
TNF-a (67%), IL-6 (77%),
CRP (53%), resistin (53%),
and a significant increase
in adiponectin (72%) as
compared with baseline
Table 4.

Overview of important studies demonstrating the effect of probiotics on human subjects with type 2 diabetes
mellitus.
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found that T2DM patients who consume capsules containing the probiotic Lactobacillus
reuteri ADR-1 had lowered cholesterol and HbA1C level in their blood. The reduction in
HbA1C was maintained even after three months of follow-up without probiotic treat-
ment [96]. The effects of ingesting Lactobacillus reuteri for 12 weeks at various doses
(low dose: 10° CFU/day vs. high dose: 10%° CFU/day) were examined by Mobini et al.;
however, they were unable to detect a reduction in HbA1C in T2DM patients. In the
group consuming high-dosage of probiotic, insulin sensitivity index (ISI) was high [97].
Table 4 provides an overview of important studies demonstrating the effect of probiot-
ics on human subjects with type 2 diabetes mellitus.

A 12-week probiotic therapy that comprised a multistrain probiotic was admin-
istered to 101 adults with T2DM. This intervention revealed that the probiotic intake
lowers insulin resistance, fasting blood glucose, and HbA1C levels [101]. In an
randomized controlled trial (RCT) by Palacios et al., patients with prediabetes and
T2DM were enrolled to examine the outcomes of a probiotic multistrain. The only
thing that separated the intervention and placebo groups was an increase in butyrate
levels. It is noteworthy that those taking both metformin and a probiotic had decreased
levels of insulin resistance, FBG, and HbA1lc [102]. In a trial utilizing a single-strain
probiotic (10° CFU/day of Lactobacillus casei for eight weeks), Khalili et al. discovered
a decrease in FBG, insulin concentration, and insulin resistance [103].

4. Probiotic interventions to ameliorate gestational diabetes

Most of RCTs investigating the therapeutic benefits of probiotic supplementa-
tion in female GDM patients have been carried out in Iran; each study used a unique
combination of microorganisms and examined a variety of outcomes in addition to
glycemia such as gestational weight change [104], lipid profile [105], and inflamma-
tion [106]. Fasting blood sugar levels and insulin resistance dramatically decreased in
the probiotic group in all these studies. Probiotics also decreased gestational weight
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Figure 4.
Potential mechanisms of probiotics against gestational diabetes.
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Probiotics Model type Major findings References
Lactobacillus rhamnosus GG Pregnant women; no chronic Reducing prevalence [109]
and Bifidobacterium lactis diseases apart from allergic of GDM
Bb12 diseases; less than 17 gw
Lactobacillus salivarius ‘Women with GDM No significant effect [107]
UCC118 on the incidence of
GDM
L. rhamnosus HNOO1 Pregnant women with a Reducing the [110]
personal or partner history of prevalence of GDM

atopic disease

myo-inositol 2 g + B. lactis Mexican women with three Reducing the [111]
and L. rhamnosus or more risk factors for prevalence of GDM
developing GDM
Table 5.

Overview of important studies demonstrating the effect of probiotics on human subjects with gestational diabetes.

gain, serum very-low-density lipoprotein (VLDL) cholesterol, and triglyceride levels
[104-106]. Figure 4 shows an overview of potential mechanisms of probiotics against
type 1 diabetes.

A recent study that randomly assigned GDM patients to receive probiotics (10°
colony-forming units (CFU) per day of Bifidobacterium bifidum and Lactobacillus
acidophilus or a placebo for four weeks also found significant improvement in glucose
metabolism in the probiotic group, including fasting glucose, insulin, and HOMA-IR.
An RCT conducted in Ireland randomized 149 women (GDM sufferers) to receive
either a probiotic (Lactobacillus salivarius, 10° CFU per day) or a placebo, and the
results showed no change between the two groups except for total cholesterol [107].
There was a considerable decrease in insulin resistance, which seemed to be primarily
related to the species Bifidobacterium [108]. According to the findings, bigger, longer-
term studies comparing various probiotic strains were required.

A modest number of RCTs have looked at probiotic supplementation’s potential
to stop GDM. In the Finnish “Probiotics and Pregnancy Outcome Study, “ pregnant
women were randomly assigned to receive dietary advice with probiotic supplementa-
tion (10" CFU per day of Lactobacillus rhamnosus and Bifidobacterium lactis), dietary
advice alone, or a placebo. In the probiotic group, the rate of GDM was much lower as
compared to the other groups. There were no abnormalities in fetal development [109].
Table 5 provides an overview of important studies demonstrating the effect of probi-
otics on human subjects with gestational diabetes. Recently, a probiotic intervention
study for women at risk of GDM in New Zealand has been carried out. At 14-16 weeks
of gestation, the scientists randomly assigned women to take either a probiotic
(Lactobacillus rhamnosus, 6 x 10° CFU per day) or a placebo. They also noticed that
the probiotic intervention dramatically reduced the occurrence of GDM [110]. Even
though the results are encouraging, further research is required to decide if probiotic
supplements should be widely utilized in early pregnancy to prevent GDM.

5. Conclusion

Our hypothesis is that the manipulation of the intestinal flora by probiotics may
be useful for the prevention and treatment of diabetes. Experimental and clinical
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trials have shown the significant potential of probiotic strains in the management of
diabetes. Probiotics may increase insulin signaling molecules and insulin sensitivity,
reduce inflammation and inflammatory cytokines, suppress the nuclear factor-xB
pathway, activate gut microbiota short-chain fatty acids (SCFAs)-hormone axis, and
enhance the barrier property of the gastrointestinal mucosa by altering the intestinal
flora. The studies discussed in this chapter provide insights into the impact of probi-
otics on diabetes, although further investigation is required to clarify the molecular
processes involved in the regulation of intestinal flora by probiotic administration and
their effects on the onset of diabetes.
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Abstract

The Mediterranean fruit fly Ceratitis capitata (medfly) is a major pest throughout
the world and one of the most destructive. Several strategies for controlling this pest
have been proposed, including the sterile insect technique (SIT). The SIT’s effective-
ness against the medfly is well documented. Sterile medflies, on the other hand, can
perform poorly. Reduced mating compatibility and mating competitiveness in the
field may be caused by genetic and symbiotic differences between natural and labo-
ratory medfly populations. Probiotic gut symbionts have been shown to facilitate
control strategies and improve male medfly fitness. They are equally effective in the
live and inactivated forms when administered to medfly adults or larvae. They have
been shown to modulate a large set of inducible effector molecules including antimi-
crobial peptides (AMP) and stress-responsive proteins. The selection procedures of
probiotics for their use in the medfly rearing process are reviewed, and other path-
ways for selection are proposed based on recent in silico studies. This chapter sum-
marizes the most relevant evidence from scientific literature regarding potential
applications of probiotics in medfly as an innovative tool for biocontrol, while also
shedding light on the spectrum of symbiotic relationships in medfly that may serve as
a powerful symbiotic integrative control approach.

Keywords: Ceratitis capitata, probiotic, selection, in vivo, in silico, probiogenomics

1. Introduction

The development of insect farming is critical for achieving agricultural sustainabil-
ity goals and dealing with rising food demand, ongoing natural resource depletion, and
global climate change. Insects are now being mass-produced as entomophagous
arthropods for pest management or for food and feed. During the 1950s and 1960s, the
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field of insect mass-rearing began with the mass production and release of sterile males
for autocidal control of flies such as the screwworm and later with natural enemies
during the 1970s, 1980s, and 1990s. By far the sterile insect technique (SIT) is the
technique that makes the most use of mass-rearing. Pests are reared in large numbers
before being sterilized with ionizing radiation and released into the wild as a viable
alternative to chemical pesticides. Male sterile insects compete with male wild insects
of the target pest. Females inseminated with sterile sperm are not fertilized and will not
give birth. The worldwide directory of SIT facilities (DIR-SIT) indicates that there are
more than 142 facilities breeding mainly Diptera, Lepidoptera, and Coleoptera.

The innovation of mass-rearing necessitates the development of artificial diets, as
well as a controlled environment with clear and reproducible procedures to achieve
the best yields at the lowest costs. For the Mediterranean fruit fly Ceratitis capitata
(medfly), which is a major key pest that attacks more than 400 hosts, standard rearing
procedures were developed by the USDA, IAEA, and the FAO in the 2000s [1]. This
document represents the recommendations, reached by consensus of an international
group of quality control experts, on the standard procedures for product quality
control (QC) that are used now for sterile mass-reared and released tephritid flies.
Indeed, despite years of improving the various breeding and release procedures,
laboratory sterile males tend to have reduced performance compared to their wild
counterparts. Recently microbiome disturbance or dysbiosis has been increasingly
recognized as a significant contributor to the poor performance of sterile medfly
males, which play a key role in shaping health and fitness. The presence of minor
communities such as Pseudomonas aeruginosa in the medfly gut at the expense of major
communities such as Enterobacteriaceae would result in a decrease in host nutrients
and energy metabolic activity in sterile medfly males [2, 3]. Both culture-dependent
and culture-independent techniques were used to identify potential dysbiosis after
domestication, irradiation, mass-rearing, and handling, highlighting the potential
risks to host immunity, development, nutrition, and health. The dominant presence of
the enterobacterial community in the medfly’s gut contributes to the fly’s nitrogen and
carbon metabolism, development, and copulatory success [2, 4], as well as its host
fitness by acting as a barrier against deleterious bacteria [2]. The dominant species in
wild and laboratory medfly populations were identified as Klebsiella oxytoca and
Enterobacter agglomerans, respectively [5].

Even though prevention is preferable to cure, the development of health-
enhancing additives such as probiotics began in the 1950s-1980s [6]. Because of their
prophylactic efficacy against bacterial infections of the gut and immunomodulating
activity, there is agreement on the efficacy of supplementing probiotics to human
health conditions [7], poultry [8], and, more recently, aquaculture [9].

With the development of mass-rearing, concern for insects’ health increased.
Probiotics are already sold to beekeepers to restore the gut microbiota of honey bees
following antibiotic treatment. First, anaerobic gut bacteria obtained from bees were
studied, along with strains from several additional sources [10]. The most popular
probiotic strains for bees are Lactobacillus and Bacillus, two strains that are associated
with honey bees and/or have been chosen from the bee environment [11]. Over the
past decade, experimental supplementation of probiotics to the medfly diet has pro-
vided key insights. Probiotics stimulate production and modulate the immune system.
To what extent are these probiotics thought to be a preventative measure for medfly
mass-rearing? This chapter describes ongoing research in this field and attempts to
analyze how probiotics might aid sterile medflies in fighting diseases, dealing with
pesticides, and dealing with the effects of climate change.
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2. What causes dysbiosis in the medfly gut microbiome?

Gut symbionts are claimed to positively influence the development and ecological
fitness of tephritidae. It could be through the provision of essential nutrients such as
amino acids, vitamins, nitrogen, and carbon compounds [12-15], the suppression of
pathogen establishment [2, 16, 17], the enhancement of host resistance to pesticides
[18], or the mediation of mate selection [19]. As a result, dysbiosis of the gut
microbiota has recently emerged as the cause of the sterile medfly males’ low fitness.
Indeed, these males face a variety of constraints during mass-rearing, treatment with
ionizing radiation, and release conditions that favor minor bacterial genera such as
Providencia and Pseudomonas, which are considered potential pathogens for the fly
[16, 20]. The reduced fitness of released sterile males usually means that they are less
competitive [21-23].

3. Probiotics used in mass-reared Ceratitis capitata: biological and
functional properties

3.1 Current status and application of the probiotics to medfly sterile males
production system

The term “probiotic” is derived from the Greek words pro and bios, which
mean “life” [24]. It was coined in 1965 by Lilly and Stillwell [25] to contrast the
term “antibiotic”. The definition of probiotic’ has evolved. The Food and
Agricultural Organization and World Health Organization (FAO/WHO) define
probiotics as “live microorganisms that, when administered in adequate amounts,
confer a health benefit on the host” [26]. Many species have been designated as
“Generally Recognized As Safe” (GRAS) with the origin of the strain, antibiotic
resistance, and lack of pathogenicity determining the safety of probiotic strains [27].
Different Gram-positive bacteria belonging to the genus Lactobacillus, Enterococcus,
Bacillus, and Bifidobacterium have been studied extensively for their role as probiotics.

Pioneering studies on the experimental use of probiotics were initiated following
the interesting findings of Ben Ami et al. [16], working on medfly, that regenerating
the original microbiota community could result in enhanced competitiveness of the
sterile flies. We should also mention that this study, which partially replicated the
work of Niyazi et al., [28], shed light on the composition of the intestinal microbiota in
sterile males.

As demonstrated by Ben Ami et al., [16], the addition of Streptomycin-resistant
K. oxytoca strain to the post-irradiation adult diet allowed this probiotic to colonize the
guts of C. capitata sterile males. Currently, the most common method of medfly
administration is oral administration via diet [17, 29, 30]. Indeed, probiotics could be
given to medfly at two stages: larval and adult. If the addition occurs during the larval
stage, there is only one option: add the probiotics as a suspension, usually 107, 102,
10° CFU/g mixed with the diet (carrot or wheat bran). If the addition occurs during
the adult stage, there are two options: the first is to incorporate it into the adult diet as
a bacteria-containing diet (granular sugar and yeast mixture or agar) [28], and the
second is to introduce it through a cotton pad soaked with the bacterial suspension
[2, 13, 16, 29, 31-35]. If multiple strain preparation is of interest in aquaculture, single
administration for insects in general and medfly, in particular, is the option. As shown
in Table 1, most of the studies exploited the probiotic strains as live; however, other
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forms such as inactivated (autoclaved suspension) [16, 29-31] or biomass as a
replacement for yeast in the diet can be used [32]. Until now, the use has been limited
to non-spore-forming bacteria, with the exception of Hamden et al. 2013’ work,
which used Citrobacter sp. of non-host origin. Spores are chemically resistant forms
that could be a good candidate as a probiotic, particularly in the medfly larvae diet,
which contains acidulants and antimicrobials [33].

Furthermore, Hamden et al. [17] tested the administration of a probiotic mixture,
and as previously stated, the strains were of non-host origin, which is one of the
agreed-upon selection criteria for a good probiotic candidate. The intervals of admin-
istration were also variable across experiments, with adult diet supplementation being
frequent [2, 28, 34], whereas larval diet administration is limited to diet preparation,
except for Hamden et al. [17].

3.2 Ameliorative effects on medfly colonies productivity and biological quality of
sterile males

The initial interest in probiotics for medfly was focused on their use to
improve colony productivity and the biological quality of released sterile males, such
as longevity, flight ability, and mating competitiveness; however, new areas have
been found, such as their effect on stress tolerance, although this requires more
scientific development. The following section discusses some functional properties of
gut bacteria supplemented as probiotics in medfly feeding. Table 2 provides an
overview of the main results obtained in several studies. There have been
several studies in which potential bacterial strains such as K. oxytoca and
Enterobacter sp. have been used to improve the egg to the adult recovery of
medfly colonies [29, 32, 35] as well as the biological quality of released sterile males
in the laboratory and/or field cages [16, 17, 28, 31, 32, 34, 35]. These studies
revealed that the incorporation of gut bacteria in larval or adult artificial diets
can positively affect pupal weight [17, 31, 35], adult size [17], survival ability
[2, 17, 28, 32, 35], flight ability [17, 30, 35], mating competitiveness [17, 28, 34, 35],
and sperm transfer [17].

However, Table 2 also demonstrates that inconsistencies between results for the
same bacterial strain can be found for some parameters, including pupal weight and
sexual competitiveness [28, 29, 35]. This might be explained by the methodological
setup used in each study. Since experiments are conducted with different medfly
strains, isolated bacterial taxa, feeding stages, and lab or field-based applications, the
different effects of the bacteria additives on medfly fitness may be explained. Probi-
otic bacteria have the potential to establish themselves, modify the existing gut
microbial community, and play a more discrete role in nutrition and development.
Follow-up experiments regarding the localization/quantification of these bacteria
after incorporation in larval or adult artificial diets in the medfly’s gut during devel-
opment can provide more insight into how probiotic diets work. More research could
enhance mass-rearing even further by upscaling the experimental design, using more
replicates and generations, and potentially combining these beneficial isolates (con-
sortium) or testing new bacteria isolated either from the medfly or other insect
species. In general, increased pupal and adult productivity, decreased developmental
time of the immature stages, and improved fly longevity would result in increased
production of insects in shorter periods. This would facilitate mass-rearing of this
insect pest species for SIT applications as well as small-scale laboratory rearing
required for research.
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3.3 Colonization of the probiotics and host origin importance

An effective probiotic should be able to adhere to and colonize the mucus layer
of the insect gut [36]. According to Table 1, some studies chose to supplement the
probiotic daily [17], whereas others only did so once. The initial step in establishing
a symbiotic relationship between a microorganism and its host is colonization. Since
the ingested food moves from the oral to the anal opening, the digestive tract is
exposed to the environment. The term “colonization” can therefore be used for a
wide range of associations, ranging from the simple transition of environmental
bacteria to the replication, proliferation, and persistence of specific symbionts in
the insect gut [37, 38]. The research on Drosophila revealed that each strain had a
different capacity to reside in the gut following initial colonization [39]. The first
day after consuming probiotics, the gut’s probiotic levels grew quickly. After ceas-
ing the probiotics, their number in the Drosophila intestine dropped and remained
at a low level [39]. On the contrary, Lee et al., [40] did not find any differences in
the extent of colonization and proliferation in the Drosophila gut among the tested
bacteria. Successful colonization of the probiotics was demonstrated for medfly by
[16, 28, 34]. However, to confirm the presence of E. agglomerans and K. pneumoniae
in the guts of the probiotically treated insects, Niyazi et al., [28] only stated that the
later strains were retrieved from the treated males, whereas control flies were
found to be largely free of these bacteria (90% of the cases) (Table 1). There was
no information provided about the isolates’ identification procedure. Similarly,
Gavriel et al., [34] confirmed that they recovered probiotics (K. oxytoca N8-S
stereptomycine-resistant strain) from enriched sterile flies even after more than
7 days with no bacteria replacement by comparing bacterial counts on an antibiotic
(Sm) treated LB agar and LB agar without antibiotics. However, Ben Ami et al,,
[16] went further in their explanation of the colonization by comparing the total
bacterial count (SmKo strain) from adult guts on chromogenic medium and LB
medium containing antibiotics for five consecutive days for the enriched diet and
two additional days with a diet devoid of bacteria. Colonization is a fairly complex
phenomenon that would also depend on stochastic factors and preexisting
populations. The latter reduces the chances of subsequent colonization as was
suggested for irradiated males of B. dorsalis fed with K. oxytoca BD177 [3], thus
increasing the stability of the highly-diverse guts [41]. The direct and indirect
colonization resistance from the commensal gut microbiota will limit the long-term
effect of the probiotic. Indeed, Akami et al., [42], working on Bactrocera dorsalis,
discovered that axenic flies preferred probiotic diets over symbiotic flies,
confirming colonization resistance due to resident microbiota. They hypothesize
that the native probiotic isolates were able to recolonize their natural habitat in the
axenic flies’ guts and revive appetitive behaviors that had been slowed due to
bacterial suppression.

The provenance of the strain studied, however, is something we want to highlight
here since it is crucial. All of the aforementioned studies used the Drosophila model to
examine the probiotic human strains. Isolating putative probiotics from the host or
environment where the bacteria are intended to exert their beneficial effect, on the
other hand, makes more sense. The origin of the host should be considered even if for
human purposes this requirement was negated since some strains showed to be effec-
tive even if they were of not human origin [43]. Recently, a study used a mixture of
non-native and native bacteria for honey bees [44], however, without any proof of
persistence in bee guts.
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3.4 Isolation and characterization strategies of probiotics for mass-reared
Ceratitis capitata

The majority of probiotics have thus far been isolated from medfly using the
classical methods. Culture-dependent approaches have been used and adjusted to
isolate and identify most of the probiotics. In the culture-dependent approach,
the culture is using solid media allowing growth of bacteria such as Luria Bertani
(LB), tryptic soy agar (TSA) [28], or a chromogenic medium such as CHROMagar
orientation [16]. However, the morphological characterization by itself is
unresponsive because bacteria’s morphological characteristics, such as their color and
shape, are not always constant. Further accurate identification approaches have been
used such as the 16SrRNA gene amplification and sequencing. To reassemble bacterial
colonies in haplotypes while minimizing sequencing, Hamden et al., [35] used the
universal primers S-D-Bact-1494-a-20 and L-D-Bact-0035-a-15 to perform DNA
amplification of the 16S-23S rRNA internal transcribed spacers region (ITS-PCR)
(Table 3). While Augustinos et al., [29] combined morphological examination of
colonies and RFLP assays, Ben Ami et al., [16] chose amplified rDNA restriction
analysis (ARDRA), both techniques are based on restriction enzymes that provide the
same digestion pattern.

Probiotics Isolation Identification Reference

Enterobacter agglomerans Tryptic soy agar — [28]
Klebsiella oxytoca

Pectobacterium cypripedi — 16S rRNA [2]
Citrobacter freundii eubacterial GC-clamp 968F-
Enterobacter spp. 1401

Klebsiella oxytoca
Pantoea spp.

Klebsiella oxytoca SmKo Antibiotic LB 16S rRNA [16]
medium eubacterial 63F-907R
CHROMagar 784F-1401R
medium
LB medium 16S rRNA [17]
Klebsiella oxytoca LB medium 16S rRNA [34]
ubacterial 63F-907R
784F-1401R
16S rRNA (30]
Lactococcus lactis LB medium 16S-23S rRNA [35]
Rahnella aquatilis S-D-Bact-1494-a-20
Pluralibacter gevgoviae Klebsiella L-D-Bact-0035-a-1
oxytoca

Enterobacter spp.
Enterobacter asburiae

Enterobacter spp. LB medium 16S rRNA [29]
27F/1492R

Table 3.
Isolation and selection approaches of probiotics for medfly mass-rearing.
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4. Mechanism of action and selection process of probiotics

Probiotics’ mechanisms of action are not fully understood [45]. These mechanisms
have been reviewed for humans through iz vitro and in vivo animal models such as
Drosophila [46, 47]. The effects of probiotics on medfly were studied, but the mech-
anisms underlying this were not explored. In general, probiotics affect microorgan-
isms through antimicrobial secretion, competitive adhesion to epithelium and
mucosa, intestinal epithelial barrier reinforcement, and immune system regulatory
impact [48].

The probiotics used in the initial studies were selected from the prevailing
population. The effectiveness of the aforementioned probiotic was then confirmed
using the quality control criteria, which can be referred to as in vivo analyses, that
were used to rate the quality of sterile males [1]. None of the studies adopted the basic
selection approaches developed for human or aquaculture. The recent study by Ham-
den et al., [35] was the first to select strains based on specific criteria established in
accordance with probiotics selection criteria and SIT requirements. Stress tolerance
(tolerance to irradiation), adhesion ability (hydrophobicity, autoaggregation and
coaggregation assays (biofilm formation), and antipathogenic activity (Exopolysac-
charides production (EPS)) at specific diet incubation temperatures were the mini-
mum criteria for a probiotic strain prior to integration into medfly food for SIT
application. It consists of a series of in vitro tests that allowed all of the isolated strains
to be screened as a first step before being proven in vivo. Table 1 also shows that
Enterobacter AA26, isolated from the gut of the Vienna 8D53+ genetic sexing strain
(GSS), is a promising probiotic for medfly. When this strain was added to the larval
diet, it increased the strain’s productivity. Azis et al., [49] thoroughly investigated this
strain in vitro for its biokinetic properties and nutritional values. Indeed, as demon-
strated by this strain, a probiotic can be chosen for its functional molecules’ secretory
abilities, which could provide amino acids, vitamins, and increased a- and p-glucosi-
dase activities.

From a scientific standpoint, the selection criteria for medfly probiotics could be
expanded to include immunostimulatory activity, anti-inflammatory activity, and
safety assessment [50]. Combined “omics” approaches including genomics, proteo-
mics, transcriptomics, and metabolomics analyses in a novel scientific discipline called
“Probiogenomics” [51] could provide a better comprehension and new insights about
the selection of the “best” probiotic strain (see Section 5).

5. In silico approaches for probiotics selection

The conventional approaches of validating and selecting new probiotics
using in vitro and in vivo assays are still not yielding robust results. Indeed, the
molecular mechanisms through which probiotic microorganisms benefit insect
health are, in fact, largely unknown. Thus, in order to fully benefit from probiotics,
methodological evolution is required to discover a new potential probiotic. The
advancement of sequencing technologies and related bioinformatic techniques
enables the development of predictive models tailored to insect rearing conditions for
the rational selection of new probiotics. In this context, the complete genome
sequencing data of potential probiotic candidates have enabled the development of
new effective approaches that serve as the basis for “in silico” screening of
metabolic capability prediction and microbial interactions that operate in a microbial
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community following probiotic treatment [52, 53]. Furthermore, the

reproducibility of metagenomics results can enter interpretative variations at many
steps of the SIT protocol, including long-term mass-rearing conditions, pupae irradi-
ation, insect diet variability, etc., all of which may map variations in C. capitata
intestinal microbiota. Such data could be combined with bioinformatics tools to
modulate microbial composition within insects on a personalized beneficial popula-
tion basis. Currently, the taxonomic microbiome characterization as well as the
relative abundance of each taxonomic level is increasingly being combined with
metagenomics sequencing of 16S rRNA V3-V4 hypervariable regions data through
various existing NGS platforms sequencing technologies (pyrosequencing (www.454.
com); sequencing-by-synthesis (www.illumina.com); sequencing-by-ligation
(www.solid.appliedbiosystems.com); semiconductor sequencing (www.lifetechnolog
ies.com); and nanoball sequencing (www.genomics.cn)). As a result, the taxonomic
classification of metagenomic sequencing data of intestinal microbiota as well as
diversity studies after probiotic treatment can reveal the probiotic potential parame-
ters of bacteria candidates such as viability after mass-rearing, persistence or tran-
sience post-irradiation, capacity for intestinal colonization in the host, and effect on
gut community structure [54]. Moreover, the integration of metagenomic data in
various software programs (e.g., Prodigal, PICRUST, etc.) and Web-based
bioinformatic pipelines (e.g., MicFunPred, available at: http://micfunpred.microdm.
net.in/ [55]; Microbiome Analyst, available at: https://www.microbiomeanalyst.ca
[56]; Galaxy/Hutlab, available at: https://huttenhower.sph.harvard.edu/galaxy [57])
can be used as a metagenome genes prediction approach to identify the likely
functions of the intestinal microbiota before and after probiotic treatment for
interpretive variations. Various functional databases, such as the Kyoto
Encyclopedia of Genes and Genomes (KEGG) level 1 to 3, Gene Ontology Resource
(GO), Clusters of Orthologous Genes (COG), and Carbohydrate Active Enzymes
(CAZY), can be used for the identification and functional analysis of genes related to
metabolic pathways. For instance, using NGS and bioinformatics platforms to exam-
ine changes in the composition and metabolic processes of medfly intestinal microor-
ganisms after probiotic supplementation in the diet of the larval and adult stages
serves as a reference for further studies and application of probiotics for SIT
improvement.

This approach can be associated to the novel scientific discipline known as
“Probiogenomics”, which is a combination of “omics” methods using genomics,
transcriptomics, metabolomics, and proteomics assays, that has been successfully
applied in human health and aquaculture [51-53]. The “omics” assays provide in-
depth details of the molecular features related to physiology, functionality, and
mechanisms of action of the microorganism [58]. Based on the available whole
genome sequence (WGS), “Probiogenomics” approach can be used to gene
prediction of probiotic metabolic function [59]. However, there are a number of
stressors that the probiotics must deal with during insect mass-rearing, including
the composition of the larval and adult diets, irradiation, etc., which can affect
their viability and abundance in the insect’s digestive system. Consequently, the
functional prediction would not be sufficient. Such models can be used not only for
discovery and prediction, but also for elucidating the mechanisms of action of poten-
tial probiotic microbes on insect health, as well as for accurately identifying probiotics
in multistrain mixes and the presence of potential contaminants [60]. Nonetheless,
none will replace the need for iz vivo assessments, which remain the gold standard for
probiotic efficacy in the SIT mass-rearing process (Figure 1).
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Figure 1.

Probiotics selection strategy for mass-reared Ceratitis capitata for SIT application. Pathway1: Classical approach
using “in vitro” and “in vivo” assays; Pathwayz2: Integration of potential probiotic strain into SIT procedures;
Pathway3: Probiogenomic approach using different “omics” methods and functional prediction; Pathway4:
Probiotic selection using metagenomics analysis and functional prediction of genes related to metabolic pathways.

6. Probiotics’ role in stress mitigation
6.1 Stress related to long-term mass-rearing and irradiation procedures

The biological quality of sterile males can be affected by a variety of significant
stressors, including handling, artificial conditions for rearing, and radiation exposure.
The ability of male medflies’ to fly, attract females, compete for mates, and maintain
longevity are all negatively impacted by sterilizing irradiation techniques used for SIT,
which are also a significant source of microbiome perturbation [16, 61]. As a result,
more focus has been placed on evaluating the impact of irradiation on the survival and
mating abilities of the medfly sterile males in order to identify and pinpoint the
primary drawbacks of these treatments. The changes in the diversity of the gut
microbiota and the decline in the physical quality of sterile males are related.
According to Ben-Ami et al. [16], industrial strains exhibit an increase in potentially
pathogenic species like Pseudomonas and Providencia, which are known to harm
insects, while levels of dominant gut bacteria (such as Klebsiella spp.) decrease after
sterilization. It is interesting to note that adding K. oxytoca to the post-irradiation diet
promotes colonization of these bacteria in the gut while lowering Pseudomonas spp.
levels. The same authors, Ben Ami et al. [16], indicate that copulatory success tests
show that the addition of these bacteria to male diets significantly improved sterile
male performance. Similarly, a probiotic adult diet enriched with E. agglomerans and
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K. pneumonia significantly improved the gut environment of medflies whose alimen-
tary canal had been damaged by the radiation used in the sterilization process of
medfly [61]. A more recent study on the effect of irradiation on medfly immunity
discovered that molecular changes occur at different time points via regulation of
stress and immunity genes such as Hsp 70, Hsp 83, cecropin, attacin, and PGPR. The
expression of attacin and PGPR-LC was increased, whereas cecropin was decreased.
Hsp genes, on the other hand, showed decreased levels between 0 and 18 h, peaking at
72 h. Only the attacin was induced after supplementation with the probiotic
Enterobacter sp. [35].

6.2 Environmental stress

Along with the increase in agrochemicals, climate change and modifications in
land use can all lead to unfavorable stress conditions for sterile males in
agroecosystems. Sterile males are regularly exposed to unfavorable environments,
including cold, heat, ultraviolet stress, lack of food resources, insecticide exposure,
parasites, and infectious diseases or pathogens. Stress conditions can impair sterile
males, physiology, biochemistry, and gene regulation, as well as the interaction
between medfly and microorganisms, which lowers male performances. Given the
range of beneficial functions provided by microbiota, it may also shape the ability
of hosts to tolerate environmental stress [62]. Beneficial bacteria can help sterile
males maintain their inherent resistance to these challenges; thus, adding these
bacteria to the medfly diet can help reduce the negative impact of environmental
stress conditions on sterile males. However, novel approaches are needed to explore
medfly-bacteria and bacteria-bacteria interactions under abiotic and biotic stress
conditions to identify potential stress-tolerant or -resistant bacteria to improve medfly
performance.

6.2.1 Temperature tolerance

Among multiple stress factors, the temperature has profound effects on the phys-
iology, behavior, and performance of insects [63]. There is evidence supporting that
the ongoing climate change is expected to impose strong selection pressures on the
heat tolerance of insects [64], and that gut microbiota can contribute to host thermal
tolerance [65-67]. Alteration of energy reserves, metabolism, or gene expression by
microbiota may indirectly affect thermal tolerance, which strongly depends on these
traits [68]. Since the global surface annual temperature has increased at an average rate
of 0.1°C, almost double compared to 20 years ago, and increases of 1.5°C and 2-4°C are
expected by 2050 and 2100, respectively [69], rising temperatures can severely
affect an AW-IPM program because temperature changes can influence the longevity,
flight ability, and mating performance of sterile males. An elevated temperature could
lead to the death of sterile males released during SIT [70]. Numerous studies have
recently suggested that the gut microbiota is sensitive to environmental temperature,
which induces changes in its composition and diversity, and may have significant
consequences on host phenotype and fitness [71-73]. For instance, it has been shown
that K. michiganensis was implicated in promoting insect resistance to long-term low-
temperature stress in the tephritid fly B. dorsalis. The mechanisms by which gut
symbionts modulate host physiologies and the molecules involved in these changes
have been reported as follows: Gut symbionts, particularly K. michiganensis, help the
host B. dorsalis upregulate the levels of “cryoprotectant” transcripts and metabolites,
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which increases its resistance to long-term low-temperature stress by stimulating the
host arginine and proline metabolism pathway [74]. It has also been noted in
Drosophila melanogaster, the disruption of its gut microbiota leads to decreased cold
tolerance [75] that can be rescued by supplementing a single member of its natural
microbiota, the yeast Lachancea kluyveri. Similarly, increases in temperature have
been associated with increased relative abundances of Proteobacteria. Developmental
temperature has been shown to impact the composition of the gut microbiota of fruit
flies, with higher temperatures (31°C) leading to increased abundances of Acetobacter,
a genus of Proteobacteria, relative to lower temperatures (13°C) [76]. Additionally, in
aphid, obligatory endosymbionts contribute to host performance at high temperatures
[77, 78], whereas facultative endosymbionts also confer tolerance to high temperature
in aphids [79, 80] and Drosophila [81]. Although C. capitata’s acute tolerance of
extreme temperatures, under ecologically relevant conditions, and the relative costs
and benefits of acclimation have attracted significant attention [82-87], little is known
about how microbial symbionts affect medfly sensitivity to toxins, desiccation resis-
tance, and thermal tolerance.

Medflies are exposed to a variety of environmental stresses in the wild. The wild
flies seem to be remarkably temperature-variation resistant [83, 84]. Even if this is
true, it does not follow that laboratory sterile medfly males will be the same once
released. The performance of released sterile males could be improved by enhancing
their phenotypic characteristics with probiotic bacteria that confer thermal tolerance.
This might be a simple and affordable way to improve the effectiveness of an SIT
program. The role of the gut microbiota in the adaptive response to climate change is a
new area of study, and future research must balance mechanistic approaches to
understand host-microbiota interactions with holistic approaches to understanding
the role of the gut microbiota in insect ecology and evolution.

6.2.2 Pesticides tolevance

The management of C. capitata is currently based on the implementation of an
integrated pest management (IPM) program that employs a variety of techniques,
including insecticides [88, 89], mass trapping [90], the sterile insect technique
[91, 92], and also biological control using parasitoids [93]. However, the area under
IPM includes a large number of cultivated plant species that are attacked by other
pests [94]. Pesticides are usually used when these pests exceed their economic
thresholds. The compatibility of the existing programs will be determined by the
interaction between SIT and other pest management strategies when SIT is used [95].
The impact of pesticides and their residues on sterile Vienna-8 males has been inves-
tigated in citrus-integrated pest management. San Andrés et al., [96] observed high
mortality of sterile Vienna-8 males on proteinaceous malathion and spinosad baits
under laboratory conditions. Additionally, Juan-Blasco et al., [97] showed that both
chlorpyrifos and spinosad formulations at authorized concentrations against other
citrus pests were toxic by contact with Vienna-8 males, resulting in significant mor-
tality. Pesticides have deleterious effects on Vienna-8 males. Thus, a solution is
needed to limit these off-target effects. Naturally, reducing pesticide use would
expose Vienna-8 males to fewer pesticides, but this solution may reduce crop yield
and burden the food supply. The use of alternative, non-chemical control methods,
particularly against serious pests, is another suggestion. However, these approaches
are subject to the legislative process and competing interests and do not give growers
the ability to address the pesticide issue on their own.
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According to recent findings, the insect-associated microbial community, that is
exposed to pesticides, as a source of selection pressure, may help the host metabolize
these substances by enhancing enzyme activity through a wide range of metabolic
pathways able to break down and/or modify xenobiotics [98-100]. It might also act as
a source of variation, which would make the host less vulnerable to pesticides [101]. In
some model organisms, it has been demonstrated that administering bacteria as
probiotics lowers toxicity and has protective effects on the host. Future studies can use
this foundation to explore the possibility of enhancing SIT to control medfly [102—
104]. It might be a novel idea to include probiotics in the diet of sterile medfly males
to lessen the effects of pesticides. Recently, some authors have drawn attention to the
capacity of bacteria, such as lactic acid bacteria, to be developed into probiotic prod-
ucts capable of reducing the oxidative damage brought on by pesticides in vivo
[105, 106]. These authors also emphasized how bacterial strains differ in their resis-
tance to organophosphorus pesticides and their capacity to degrade them [107].

Pesticide-degrading bacteria are common in nature and have been found in a
variety of insect orders, including Lepidoptera [108, 109], Hemiptera [110], Diptera
[18, 111], and Coleoptera [101]. The surface communities of the Tephritid fruit fly
Rhagoletis pomonella contained the first bacteria with this characteristic to be identi-
fied [112] (Table 4). It has been demonstrated that this bacterial symbiont degrades
up to six different insecticides from three major groups (chlorinated hydrocarbons,
organophosphates, and carbamates). Since then, evidence has shown that various
other bacterial microbiota, such as those in the guts of herbivores, are capable of
degrading insecticides [113]. For instance, it was found that in Bactrocera tau, bacteria
were involved in the degradation of the toxic substances the host insect ingested,
leading to insecticide resistance [111]. Bactrocera dorsalis, an oriental fruit fly, detox-
ifies trichloroethylene as another fascinating example of symbiont-mediated detoxifi-
cation in Tephritid fruit flies [18]. The findings of this study showed that a bacterium

Pesticides Pesticides name Gut microbiota Tephritidae References

families pests

Carbamate Carbaryl Pseudomonas melophthora  Rhagoletis [12]

pomonella

Organochloride ~ Dieldrin Pseudomonas melophthora  Rhagoletis [12]

pomonella
Endosulfan Klebsiella oxytoca, Pantoea  Bactrocera [111]
agglomerans, and tau
Staphylococcus sp.

Organophosphate Dichlorovos, Diazinon, Pseudomonas melophthora  Rhagoletis [12]
Parathion, Diisopropyl pomonella
phosphorofluoridate
Malathion Klebsiella oxytoca, Pantoea  Bactrocera [111]

agglomerans, and tau

Staphylococcus sp

Trichlorphon Citrobacter freundii Bactrocera [17]
dorsalis
Neonicotinoid Imidacloprid Pantoea agglomerans, Bactrocera [111]
Staphylococcus sp tau

Table 4.
List of tephritidae gut microbiota involved in pesticide degradation.
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called Citrobacter freundii, isolated from the gut of the B. dorsalis, can break down the
toxin trichlorphon into less toxic compounds called chloral hydrate and dimethyl
phosphite, possibly by activating genes called organophosphorus hydrolase (OPH-
like) genes and conferring host resistance in the oriental fruit fly [18]. Higher tri-
chlorphon resistance was seen when isolated Citrobacter species were inoculated with
B. dorsalis, whereas flies treated with antibiotics exhibited lower resistance. Based on
this evidence, it is possible to reduce pesticide uptake and increase pathogen resis-
tance by supplementing the diet of larval and adult sterile medfly males with suitable
bacteria that degrade insecticide (multiple strains or single strain). This would reduce
the sublethal effects of pesticides. The ability to supplement sterile medfly males with
probiotics could aid the insects in combating the unintended pernicious effects and
improving the SIT application while chemical agents are still being used in agriculture.

7. Safety and efficacy of probiotics
7.1 Safety considerations

Probiotics formulated for use in mass-rearing facilities have been shown to be
beneficial due to their ability to improve a multitude of parameters and contribute to
the restoration of dysbiosis in the medfly digestive tract. The probiotics selected so far
are exclusively from the family of Enterobacteriaceae, and they are the cause of
enteric human diseases that can lead to illness and death [114]. The use of Enterobac-
teriaceae in medfly mass-rearing procedures is still under experimentation;
researchers have not yet addressed the issue of handler safety and environmental risk
in general. The use of the probiotic in the larval rearing medium at the rearing facility
and the administration of the probiotic to the adult sterile males intended for release
are the two processes to be considered for safety issues. In the first case, it has long
been recognized that facility workers can become infected by the agents they manip-
ulate, thus making the nature of their work an occupational hazard. In the second
case, introducing pathogenic bacteria into the adult diet allows bacteria to be trans-
mitted horizontally to the environment. Implementing biosecurity procedures in
rearing units, such as daily decontamination of all surfaces and equipment with
specific disinfectants and limiting ventilation inside production modules, is difficult
and will incur additional costs. However, it is clear that an increasing number of
experiments are based on the use of the inactivated form of the probiotic, which is
prebiotic, which appears to be less complicated to handle and yields comparable
results [29, 31, 35].

7.2 Microencapsulation of probiotics for medfly mass-rearing

Acidulants are present in the mass-rearing medfly larval diet and play an impor-
tant role in preventing microorganism growth, buffering diets, decreasing diet ran-
cidity, and modifying the viscosity and consistency of the diet [115]. The pH of the
larval diet is adjusted to 3.5-4.5 in insectaries. Acid stress inhibits bacterial prolifera-
tion and changes the phenotypes and morphology of bacterial cells in the medfly diet
as a result [116, 117]. This is not in the probiotic’s favor because it will be subjected to
pre-ingestion stress, reducing its stability and effectiveness. Encapsulation will stabi-
lize the probiotics during processing, storage, and the site of action to safeguard them
in the medfly diets. Given that edible polymers can be used as coating materials to
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provide a protective environment for the long-term viability of microorganisms,
encapsulation is a successful food industry technique [118]. The polymer systems used
to encapsulate probiotics are alginate, carrageenan, gelatin, chitosan, cellulose acetate
phthalate, locust bean gum, modified starch, chitosan, gellan, xanthan, gum arabic,
and animal proteins [119].

Probiotic encapsulation in mass-rearing is a new and unexplored area. Remark-
ably, some research has suggested that entomopathogenic bacteria be
microencapsulated for pest control. Due to its low residual activity in the field, the
most notable example is the microencapsulation of Bacillus thuringiensis (B.t.) with
arabic gum, gelatin, and chitosan against some Coleoptera, Lepidoptera, and
Hemiptera at larval and adult stages. Laboratory tests on Trichoplusia ni larvae (Lep-
idoptera: Noctuidae) revealed that the microencapsulation process had no effect on B.
t. bioactivity. After 12 days, the mean number of larvae in microencapsulated formu-
lations in colloidosomal microparticles (50 mm) was significantly lower than in a
commercial B. t. formulation, and the effect of microencapsulated formulations was
comparable to that of a chemical pesticide (lambda-cyhalothrin) [120]. The spray
dryer produced a particle size of 32 nm against Helicoverpa armigera (Lepidoptera:
Noctuidae) larvae damaging cotton, and the results show that even low doses of this
encapsulation significantly reduced the larval population [121]. These and other
experiments show promise for the use of microencapsulation to ensure the stability of
probiotics throughout the medfly rearing process while paying attention to function-
ality, which is impaired in some experiments [122].

8. Waste conversion in mass-rearing facilities

The most common insect for which the sterile insect technique has been used is
Ceratitis. Following that, a large number of mass-rearing facilities were established
around the world. Mexico and Guatemala have facilities that rear over 1.5 billion
medflies per week. The most important factor in mass-rearing is diet. Each mass-
rearing facility generates a large amount of waste on a daily basis, the majority of
which comes from the remaining rearing diet that does not respond to increasing
requirements for economic efficiency and environmental standards [123], combined
with global warming. At the El Pifio biofactory in Guatemala, 31 tons of larval diet per
day are produced [124]. Waste recycling initiatives are not published even if they
exist. It is obvious that this waste is autoclaved before being used in order to eliminate
any stage of the pest. Mastrangelo et al., (2009) [124] stated after conducting analyses
on medfly diet that it has the potential as an alternative ruminant feedstuff. Likewise,
Sayed et al., [125] showed that this diet is a potential feed ingredient for the produc-
tion of BSF pre-pupae and could be applied to valorize this rearing waste into high-
value feed.

The conversion of waste, such as agricultural by-products and food preparation
wastes, into novel animal feeds, has received a lot of attention. The addition of
exogenous probiotics is a promising strategy that enhances the biotransformation of
food wastes [126], water treatment [127], and compost production [128]. The
probiotics were shown to exert a positive effect through the extracellular enzyme
secretions to break down carbohydrates, proteins, and fats into micronutrients in the
waste that is transformed into feed [126]. Consequently, the probiotics added to the
medfly larvae diet in the rearing facilities could improve the degradation of the diet
and its use as feed for livestock after the larvae have left the medium. Probiotics may
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also reduce antinutritional compounds and lignocellulose from the finisher diet bran,
which is used as a substrate [129], and inhibit endogenous pathogens [130]. There-
fore, WHO specifies that converted products for the animal feed chain should not be
degraded or contaminated while maintaining an acceptable nutritional value [131].

9. Conclusion

The introduction of probiotics into the insect industry and their mass-rearing
could be game changers. Insect farming is useful for biocontrol, such as the sterile
insect technique, but it is also useful for edible insects. Probiotics used in mass-rearing
can provide enormous benefits by increasing production quality and quantity. How-
ever, when using them, certain security aspects must be considered. We believe that
the proposed schemes for probiotic selection in medfly rearing are well suited to all
insects mass-reared for SIT application and can be adapted for other types of rearing
and modified according to the specificity of the insect in question. However, the
global approach incorporating new OMICs techniques is applicable to all types of
insect farming and can provide answers to all of the interactions that the selected
probiotic will have with the host microbiota.
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Abstract

Microbiomics represents a new science studying the microbiome, consisting of all
the microorganisms of a given community. This new science collects data about all the
members of the microbial community and quantifies the molecules responsible for
the structure, function, and dynamics of the microbiome. The human microbiome
plays a very important role in the healthy state and in a variety of disease states. The
human microbiome knowledge has evolved during the last decades and nowadays one
can consider that, in particular, the gut microbiota is seen as a significant organ hold-
ing 150 times more genes compared to the human genome. This chapter will focus
on discussing the normal and modified phyla and species of the gut microbiome ina
variety of conditions, providing a better understanding of host-microbiome interac-
tions. We will highlight some new associations between intestinal dysbiosis and acute
or chronic inflammatory and metabolic diseases.

Keywords: microbiomics, gut microbiome, microbiota, dysbiosis, eubiosis

1. Introduction

Microbiomics is the science that distinguishes the structure, role, and passage of
molecules involved in the microbial group [1]. In the “omics” era, it became more
and more clear that gut microbiota is probably impacting the entire metabolism of
the host. The study of the microbial community in their own habitat allows us to
understand the complex interactions between microorganisms and the molecules
responsible for their maintenance and correct functioning [1]. The microbiome,
considered the metagenome of the microbiota, consists of the genetic material
of bacteria, fungi, protozoa, and viruses, which can be found on the skin or hair
surfaces, on mucosal surfaces (oral, intestinal, airways [2], vaginal [3]); uterus [4],
eyes [5], and lungs [6]) [7].
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Humans and microorganisms have coexisted for millennia under symbiotic
relationships [7]. Any alteration in the human microbiome can lead to an imbal-
ance stated, called dysbiosis, which influences the evolution of different conditions
[8]. Dysbiosis can occur due to a series of factors like environment conditions (cold
temperatures, poor economic status), treatment with antibiotics, probiotics intake,
acute or chronic infections, or even the immune status of the host [9].

The gut microbiota is responsible for generating biologically active metabolites,
with important roles in homeostasis, but also in pathophysiological processes [7].

Gut microbiota is involved in maintaining the immunological barrier, providing
nutrients, and generating energy [10].

2. Structure and dynamics of the healthy adult microbiota

Oral microbiota was described to be dominated by Streptococcus, followed by
Haemophilus (buccal mucosa), Actinomyces (supragingival plaque), and Prevotella
(near the subgingival plaque) [11, 12]. Porphyromonas gingivalis (P, gingivalis), a
bacterium that colonizes the oral mucosa, was found through immunohistochemical
techniques in 61% of the cancerous esophageal tissue examined. Thus, experts suggest
it is a potential biomarker for assessing cancer progression. Originally located in the
mouth, Fusobacterium nucleatum is linked with colonic adenocarcinoma development,
strong evidence of its tumor protective role against the immune system cells arises
from recent research [13].

Skin microbiota differs between different topographical regions, being under the
influence of lifestyle conditions, hygiene, and antibiotic use. The microorganisms
present on the skin are involved in the pathophysiology of different dermatological
conditions, such as atopic dermatitis, psoriasis, acne, and seborrheic dermatitis. In
a study conducted by Grice et al., although based on a limited number of subjects,
the most frequent phyla identified were Actinobacteria, Firmicutes, Proteobacteria and
Bacteroidetes and the most common genera were Corynebacteria (Actinobacteria),
Propionibacteria (Actinobacteria), and Staphylococci (Firmicutes). Propionibacterium
species preponderate in sebaceous locations, Corynebacteria in moist locations,
while Staphylococci species were present in significant amounts in both sebaceous
and moist sites [14]. Regarding dry areas, high levels of beta-Proteobacteria and
Flavobacteriales were observed [14]. Although human skin microbiota consists
mostly of bacteria, several types of fungi are also present. A combination of the
genera: Malassezia, Aspergillus, Cryptococcus Rhodotorula, and Epicoccum was found
located mostly in the foot skin area [15].

The vaginal microbiome is dominated by bacteria that can produce lactic acid,
mostly Lactobacillus species (Lactobacillus iners, Lactobacillus crispatus, Lactobacillus
gasseri, Lactobacillus jensenii), coexisting with other types of bacteria, such
as Gardnerella, Atopobium, Megasphaera, Eggerthella, Aerococcus, Alloiococcus,
Streptococcus, Leptotrichia/Sneathia, Prevotella, Papillibacter and anaerobic microor-
ganisms [16]. They lower the local pH due to lactic acid production and have bac-
teriostatic and bactericidal properties [17, 18]. The uterine microbiome is similar in
composition to the vaginal population with a predominance of Lactobacillus colonies
together with Bifidobacterium, Gardnerella, Prevotella, and Streptococcus types of
microorganisms. Uterine dysbiosis due to contraceptive medication usage, untreated
or chronic bacterial vaginosis, or other physiological factors can lead to fertility
issues (loss of fetal implantation ability, bacterial overpopulation, and uro-genital
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infections) [4]. The uterine microbiome and the interactions between the microbiome
and the human reproductive system are currently being studied for enhancing the
current approach to assist reproductive techniques, by targeting specific phyla and the
results are promising [19].

The predominant bacterial genera found in the eyes conjunctiva and ocular sur-
face are gram-positive pathogens like Staphylococcus, Streptococcus, Propionibacterium,
Diphtheroid bacteria, and Micrococcus. While gram-negative genus is mostly found in
the gut, anaerobes or fungi are rarely observed in this particular site. It is unclear how
the intraocular immune environment and microbiome interact to control inflamma-
tory eye disorders like uveitis [20].

Airways are largely populated by Actinobacterium (Corynebacterium, Aureobacterium,
and Rhodococcus), but there is a significant microbiome diversity difference
between nasopharynx microbiota and pharynx commensal bacterial population.
Corynebacterium, Aureobacterium, Rhodococcus, and Staphylococcus, including S.
epidermis, Staphylococcus capitis, Staphylococcus hominis, Staphylococcus haemolyticus,
Staphylococcus lugdunensis, and Staphylococcus warneri, compose the majority of the
nasal microbiota [2].

Although previously believed that the lungs are sterile, and the first evidence of
commensal bacterial population in the lungs where initially attributed to contami-
nation from upper airways through bronchoscopy, it is now clear that the majority
of lung microbiota consists of Firmicutes, Bacteroidetes, Proteobacteria, Fusobacteria,
and Actinobacteria and alterations at this level can be linked to lung diseases
(asthma, chronic obstructive pulmonary disease, and chronic suppurative lung
disease) occurrence [6].

The human gut hosts thousands of microbial species [21], which have a gene pool
larger than the human genome, which determined its name as a metagenome [22,

23]. There are two major phyla, Bacteroidetes and Firmicutes, representing 90% of
the total bacterial species found in the human gut, the remaining 10% consisting of
Actinobacteria, Cyanobacteria, Fusobacteria, Proteobacteria, and Verrucomicrobia [7, 23].

Several factors can alter the composition and evolution of gut microbiota over the
years. Firstly, differences between newborns are noted: babies delivered vaginally
have gut microbiota consisting of Lactobacillus, Prevotella, and Atopobium, while, in
comparison, the gut of babies delivered by caesarian section has maternal epidermal
microflora, mostly represented by Staphylococcus [18, 23]. With age, anaerobic micro-
organisms become more abundant, with significant concentrations of Bifidobacteria
and Clostridia in teenagers when compared to adults and higher levels of facultative
anaerobes in the elderly [10]. The microbiota of infants was observed to be rich in
Clostridium coccoides and Clostridium leptum, while elevated levels of Escherichia Coli
and Bacteroidetes were observed in older people [10, 23].

Changes in the gut microbiota composition are in correlation with the physi-
ological age-related processes. A systematic review conducted by Badal and col-
leagues presented some of the microbiota variations throughout the years. In older
subjects, alpha diversity of the microbial taxa, functional pathways, and metabolites
were enhanced, while beta diversity fluctuated significantly through different age
groups. Akkermansia was described to be relatively plentiful with aging, while
Faecalibacterium, Bacteroidaceae, and Lachnospiraceae were relatively diminished [24].
Elders possess different properties and functions of the microbiota: decreased activity
of carbohydrate metabolism pathways and amino acid synthesis, higher production of
short-chain fatty acids (SCFA) and butyrate derivatives (gamma-aminobutyric acid -
GABA and DL-3-amino isobutyric acid) [24, 25].
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For older people with ages ranging from 66 to 80 years old, lower levels of
Bifidobacterium, Faecalibacterium, Bacteroides, and Clostridium cluster XIVa were
noted. However, elevated aggregations of the Akkermansia and Lactobacillus group
were detected in the cluster of people over 80 years old, compared with adults.
Moreover, lower fecal SCFA concentrations were associated with aging, with statisti-
cal significance [26].

Diet plays a major role in the diversity of the human gut microorganisms and
David etal. [27] compared plant-based diet microbiome with animal produce con-
sumption microbiome and concluded that a shift in diet from mostly fibers to high
fats and proteins can lead to only 24 hours to an increased population of Alistipes,
Bilophila and Bacteroides and decreased levels of Firmicutes (Roseburia, Eubacterium
rectale, and Ruminococcus bromii) known for their ability to metabolize dietary plant
polysaccharides [27]. Several studies comparing the African diet with European food
underline the same conclusion: different food components can alter the human gut
microbiota very quickly and in different ways, leading to variability in the microor-
ganism population found in the digestive tract [28, 29].

3. The role of the microbiota in specific diseases and conditions
3.1 Inflammatory bowel disease

Inflammatory Bowel Disease (IBD) defines a group of chronic disorders that
includes Crohn’s disease (CD) and Ulcerative colitis (UC). Though they are two dif-
ferent diseases, they both affect the intestinal tract and are characterized by intestinal
inflammation with periods of remission and relapse [30]. The incidence of IBD is
consistently growing in the recent few decades, having a peak onset age between
15 and 35 years that was initially described in the western populations, and now is
also more frequent in other countries, as processed food and animal-based diets are
overtaking the plant-based diet [31].

The etiology of IBD is an important subject of discussion as it is not fully
understood. The key ways proposed as mechanisms for developing inflammation in
IBD are the genetic susceptibility and environmental factors that interact with the
immune system. Thus, the host gives an inappropriate immune response to changes
of the gut microbiome and modulates inflammation and disease involvement and
activity [32, 33].

The interaction between the host and different environmental factors, such as
infections, smoking, dietary habits, psychological stress, medications, and alcohol
consumption leads to alterations in the balance between gut microbiota and the
genetically predisposed host. This imbalance changes the complex interactions of
the immune system and products of the commensal microbiota that trigger immune
responses using inflammatory mediators and signaling pathways. Hence, prolonged
imbalance of the gut microbiota (including the microbiome, mycobiome, virome, and
protozoa) with changes of the composition with a decrease of the commensal phyla
and increase of potential pathological microorganisms, defined as dysbiosis, induce
the alterations and dysregulations of mucosal barrier [34-36].

The dysfunction of the mucosal immune barrier has been shown in mouse studies
that can regulate the development of T regulatory (T reg) cells and T helper 17 (Th17)
cells with important differentiation in healthy and sick subjects. The activation of
Th17 cells is important in bacterial and fungal infections, releasing pro-inflammatory
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interleukine (IL) 17 cytokines, important in the pathogenesis of colitis. T reg cells play
an important role in the suppression of inflammation through transforming-growth
factor B (TGF-B), interleukine (IL) 35, and IL10. The deficiency of T reg cells leads to
inflammation and IBD [33, 37-39]. Their role is important against Citrobacter roden-
tium and Salmonella enterica and was shown to be decreased in Bacteroides increased
microbiome. Also, Clostridium clusters showed the ability to act on the differentiation
of T reg cells [34, 37, 40, 41].

The dysbiosis occurring in IBD affecting bacterial microbiota is the most stud-
ied section of the gut microbiota. The most frequent phyla that are seen in healthy
subjects are Bacteroides, Bifidobacterium spp, Fecalibacterium spp, Firmicutes spp,
Roseburia spp, Actinobacteria, and Verrucomicrobia are regarded as over 90% of the gut
microbial families [30, 32, 34]. Patients affected by IBD, in general show a decreased
presence of mentioned phyla and an increase in Proteobacteria spp, Escherichia
coli spp, Fusobacterium spp, Ruminococcus spp, Pasteurellaceae spp, Veillonellaceae,
Campylobacter spp, and Clostridioides spp. There have been shown differences in
composition and diversity regarding UC and CD, regarding also the extension of
disease, aggressivity, and activity, thus being able to use the microbiome changes asa
biomarker for disease activity and response to treatment [30, 34].

Regarding composition and diversity, there is a common agreement that in
CD patients is a greater degree of dysbiosis compared to UC. Studies using 16 s
rRNA sequencing characterized the gut microbiome in IBDs, showing a decrease
of Anaerostipes, Methanobrevibacter, Fecalibacterium (especially Fprausnitzii),
Peptostreptococcaceae, Collinsella, Bifidobacteria (especially Bifidobacterium adolescentis),
Dialister invisus, Clostridioides cluster XIVa, Bacteroides fragilis, Roseburia, Firmicutes
and Erysipelotrichales in CD and an increase of Proteobacteria (Campylobacter), Yersinia
enterocolitica, Bacteroides (vulgatus, fragilis), Helicobacterhepaticus, Mycobacteria spp,
Enterobacteriaceae (pathogenic E.coli, Shigella), Ruminococcus gnavus, Veillonellaceae,
Fusobacteriaceae, and Pasteurellaceae, in human and animal models [30, 34].

These bacterial taxa are different from those expressed in UC, where a decrease
of Roseburia, Eubacterium, Faecalibacterium, Akkermansia, Bifidobacterium and an
increase Helicobacteraceae, Mucispirillum, Desulfovibrio, Clostridioides ramnosum, and
Porphyromonas differentiate from common alterations of the microbiome seen in both
CD and UC [34, 35, 42, 43].

Regarding disease phenotype, there have been a few studies about a range of
specific gut bacteria changes associated with different patterns in CD. Li et al. [44]
showed that individuals with ileal CD showed an increase in Actinobacteria spp and
Firmicutes/Bacillus and a decrease in Ruminococcus spp [44]. Also, this phenotype was
associated with an absence of Roseburia and F. prausnitzii, and an increase of E. coli
[45]. In addition, decreased presence of F. prausnitzii in patients with ileal resection in
CD, showed an increase in recurrence [46].

The regulation of gut mucosal immunity and host immune response is made
through bacterial physiology and interaction on cell growth and interaction with
metabolites produced by the microbiome. The stability of mucosal inflammation is
disrupted in IBDs with the alteration of immunomodulatory metabolites such as SCFAs
(acetate, propionate, and butyrate), bile acids, and tryptophan metabolites. SCFAs
are mostly represented by acetate and are produced by Bacteroidetes and Firmicutes,
and there has been demonstrated an important reduction in IBDs while associated also
with reduced SCFA-producing bacteria such as F. prausnitzii, R.intestinalis. Another
study also demonstrated decreased specific taxa for CD as Phascolarctobacterium and
Roseburia and for UC Leuconostocaceae spp [32, 38, 47].
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Given the alterations of gut microbiota and metabolites in IBD, there have been
developed and proposed several management strategies for controlling the microbiome.
Probably the most studied approach is using probiotics, which are bacterial species that
may promote the maintenance of the immunological balance [48]. The effectiveness
of probiotics in improving IBD evolution has been exhibited using different strains of
Lactobacillus, Bifidobacterium, Streptococcus, and Saccharomyces. Their efficacy was seen
in maintaining remission in UC patients by reducing pro-inflammatory cytokines and
restoring normal gut microbiota. Nevertheless, the use of probiotics in CD showed
little or no implication [31, 48, 49]. Often administered with oral probiotics, are the
substrates, such as fructooligosaccharides, pectins, starch, and fibers, targeting micro-
biome composition by aiding the development of normal gut microbiota [50].

The use of antibiotics for their role in the modulation of microbiota is contro-
versial. They function by decreasing the concentrations of different bacteria in the
gut and reducing tissue invasion and translocation, acting also on metabolism with
a decrease of pro-inflammatory metabolites and an increase of SCFAs. However, the
non or very little selectivity character of antibiotics alter also the composition of some
beneficial bacterial strains and their use is kept for septic and infectious complica-
tions, such as Clostridioides difficile infection [32, 48, 51, 52].

An important method of influencing the microbiome is Fecal Microbiota
Transplantation (FMT), a very attractive method with significant rates of success, that is
known from as early as fourth century [53]. As well as probiotics, FMT was better stud-
ied and showed important results in UC, and less in CD [34, 54, 55]. In UC, in mild-to-
moderate cases, usage is still modest as it managed to induce response and remission in
20-55% of cases being comparable with active treatment as reflected in decreasing Mayo
score and reducing symptoms [54, 56]. An important use of FMT is also recommended
in recent guidelines for recurrent infection [57]. It remains a subject of future studies’
better selection of FMT donors as currently being no possibility of predicting the success
of a given donor to an IBD patient, thus defining an “ideal” donor [53].

The changes in lifestyle and diet represent the most common intervention on the
microbiome, and of paramount interest being the first recommendation and the
easiest to accept the measure. Diets rich in vegetables, fermented foods probiotic-
rich (kimchi, kefir, yogurt, and pickled vegetables), fibers, and prebiotics have
a positive impact on intestinal barrier health and microbiome balance [35, 50].
Currently, there are some diet recommendations for IBD and the most studied diets
are Low Fermentable Oligosaccharides, Disaccharides, Monosaccharides and Polyols
(FODMAP), Crohn’s disease exclusion diet, and Mediterranean diet (MD). A low
FODMAP diet was found to have a good improvement in disease clinical scores in
mild cases of IBD that are associated with IBS (Irritable Bowel Syndrome). MD char-
acterized by low saturated fat, high monounsaturated fat, fiber, high vitamin B, C, E,
and moderate ethanol intake showed in a few studies on CD patients’ improvements
of the quality of life and mild reducing fecal calprotectin an serum CRP [35, 58-61].
Another diet studied is a plant-based diet that exerts anti-inflammatory effects,
composed of whole grains, cereals, fruits, vegetables, and nuts showed good improve-
ments regarding symptoms, lowering serum CRP, overall WBC, but with the price of
requiring supplementation of micronutrients [31, 62].

3.2 Acute and chronic pancreatitis

Acute pancreatitis (AP) is defined as an inflammatory condition of the pancreas
following the injury of the pancreatic serous acini, leading to premature activation
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of digestive enzymes (trypsin, chymotrypsin, lipase, and elastase) [63]. The clinical
severity of AP cases depends on their complications, which can be localized (sterile or
infected peri/pancreatic necrosis) or systemic (transient or persistent organ failure)
into mild, moderate, severe, and critical AP [64]. The evolution of AP can be summa-
rized in three stages: (1) local inflammation of the pancreas; (2) systemic inflamma-
tory response syndrome; and (3) multiple organ dysfunction syndrome [65-67].

The revised Atlanta classification identifies two main stages of AP: (a) interstitial
edematous pancreatitis and (b) necrotizing pancreatitis (NP) [68].

Although often overlooked, the gut microbial community and the gut barrier
integrity disruption were described as aggravating factors responsible for the ampli-
fication of the initial inflammatory process accompanying AP [69]. Apparently,
according to Liu et al. 2008 in AP patients, with mild and severe forms, there is an
early gut mucosal dysfunction, leading to the development of multiple organ dys-
function [70]. The mucus layer integrity in the gut lining is lost after the onset of AP
as shown by Fishman et al. 2014, leading to the failure of the gut barrier, apparently
due to mechanisms independent of the activity of the pancreatic proteases in the
intestinal lumen [71]. Pancreatic necrosis is accompanied by a lot of inflammatory
cytokines and determines multiple changes in the gut such as a decrease in intestinal
motility, favoring bacterial overgrowth and malnutrition and followed by gut bar-
rier failure and increased permeability [72]. The intestinal permeability is highly
increased in severe forms of AP and favors a poor prognosis.

The gut mucosal secretions also contain important quantities of secretory IgA,

a key immunoglobulin that prevents the adhesion of pathogens and is responsible for
the maintenance of immune homeostasis [73]. Usually, the amount of sIgA found

in the small intestine is directly correlated with bacterial eubiosis and diversity. A
decrease in sIgA is often correlated with low bacterial diversity in the small intestine
and increased permeability and bacterial translocation leading to severe AP and
infection [74].

The study by Yu et al. 2020 performed the 16S rRNA sequencing of gut micro-
biota species from fecal samples obtained through rectal swabs from 80 patients and
described a correlation between gut microbiota and the severity of AP [75].

The microbiota profile was different, depending on the severity grade. In mild
AP the main two phyla Bacteroidetes and Firmicutes were identified. Bacteroides,
Escherichia-Shigella, and Enterococcus species were dominant while Blautia was highly
decreased. Finegoldia, Eubacterium hallii, and Lachnospiraceae were considered to
be potential diagnostic biomarkers for this stage of AP. In moderately severe AP,
Anaerococcus was the most significantly increased and E. hallii the most decreased
species, while in severe AP, Enterococcus was the most significantly increased and E.
hallii the most decreased species. Proteobacteria phylum was the most increased in
both, moderately severe and severe AP [75]. This study is impaired by several limita-
tions such as possible contamination due to rectal swab samples and secondly by the
impossibility to determine if microbiota dysbiosis is due to the presence of AP or
is the main factor determining the AP severity. These findings are in correlation to
those of the multihospital prospective clinical study performed by Tan et al. 2015 who
describe dramatic alterations of the microbiota, determined by real-time quantitative
polymerase chain reaction, in mild and severe forms of AP [76]. Enterobacteriaceae
and Enterococcus were found to be increased by 3.2 and 9.3%, respectively, while the
beneficial strains like Bifidobacterium were decreased by 9.2% in the severe forms of
AP compared to mild forms [76]. The drawbacks of this study consist in the small
sample size of patients with AP included and the lack of modern techniques like
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high-throughput sequencing. Another study performed by Zhu et al. 2019 describes
the reduction of other beneficial strains like Blautia in patients with severe AP [77].

The gut mucosal lining is affected by dysbiosis mainly through the metabolites
produced by certain bacterial species. Firmicutes and Bacteroidetes are mainly
responsible for the production of short-chain fatty acids (SCFAs), mainly acetate,
propionate, and butyrate, the main energy source of enterocytes, colonocytes, and
hepatocytes [78]. SCFAs are very important for the maintenance of tight junctions
between the intestinal epithelial cells and also for the mucosal immune barrier [79].
In AP patients, there is a decrease in SCFAs promoted by dysbiosis and moreover,
because of the decreased pH, it creates the condition for potential pathogenic
and pathogenic bacteria, such as E. coli and Shigella, to grow and aggravate the
evolution [80].

Experimental studies performed on mice suggested that microbiota regulation by
fecal transplantation might reduce the damage at the intestinal barrier level and create
a more stable evolution, preventing severe forms [80, 81]. Ding et al. 2021 showed in
arandomized, controlled study registered at https://clinicaltrials.gov (NCT02318134)
that the fecal microbiota transplantation had no beneficial effects in the evolution
of severe forms of AP and moreover, the intestinal permeability might have been
adversely affected [82].

Chronic pancreatitis (CP) is defined as a progressive and irreversible inflamma-
tion of the pancreas that leads to pancreatic exocrine insufficiency (PEI) and diabetes
mellitus [83]. A normal pancreatic function provides antimicrobial peptides, bicar-
bonate, and digestive enzymes that are necessary for digestive function but also for
the maintenance of healthy microbiota [84, 85].

The evidence accumulated in recent years regarding pancreatic exocrine defi-
ciency advocates for small intestinal bacterial overgrowth (SIBO) and gut dysbiosis-
reduced diversity, and increased abundance of opportunistic pathogens [86, 87].
Capurso et al. 2016 also demonstrated in a meta-analysis that one-third of patients
with CP have SIBO [88]. A study by Ni Chonchubhair et al. 2018 evaluated the rela-
tionship between SIBO and clinical symptoms in CP and found that SIBO was present
in 15% of chronic pancreatitis patients [89]. Frost et al. 2020 recently determined
the intestinal microbiota composition by bacterial 16S ribosomal RNA gene sequenc-
ing and found reduced alfa and beta microbial diversity index and an increased
abundance of opportunistic pathogens in patients with CP. They found in CP cases
an increase in abundance of Enterococcus and Bacteroides and an absolute reduction
of Faecalibacterium and Prevotella [86]. Talukdar et al. 2017 also described in their
study a reduction of Fecalibacterium prausnitzii and R. bromii in CP without and with
diabetes. Apparently, the gut barrier integrity is disrupted due to low Fecalibacterium
levels and this favors the passage of bacterial endotoxins in circulation followed by
subsequent alterations in the functionality of beta pancreatic cells [90].

As the studies indicated, there are some significant alterations in the composi-
tion and function of the gut microbiota in patients with AP and CP, leading to severe
forms of disease and in correlation with a poor prognosis. The disturbance of the gut
microflora equilibrium needs to be further explored in close correlation with the gut
mucosal integrity and systemic inflammatory status.

3.3 Colorectal cancer

Colorectal cancer (CRC) is the third most frequent cancer worldwide with more
than 1.9 million new cases and 930.000 deaths reported in 2020. It is predicted that
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by 2040, the burden of the disease will be increased to 3.2 million cases per year and
1.6 million deaths per year [91]. Approximately 90% of CRC cases are sporadic [92],
and various environmental and genetic factors contribute to CRC tumorgenesis [93].
Studies show that only a small percentage of CRC cases are genetically predisposed
[93, 94], underlining the importance of environmental factors in the development
of CRC. Diets rich in red and grilled meat, tobacco, high alcohol intake, disruption
of circadian rhythm, and preexisting conditions, such as obesity, inflammatory
bowel disease, and diabetes, have been associated with CRC [95]. In addition, the
intestinal microbiota is getting more and more recognition among environmental
factors implicated in the development of CRC, evidence dating as early as the 1960s.
One study published in the late 1960s demonstrated that glucoside cycasin failed

to produce its carcinogenic effect in germ-free mice and was only able to induce
cancer in conventional rats [96]. In 1975 Reddy et al. showed that a large dose of
1,2-dimethylhydrazine induced multiple colonic tumors in 93% of the conventional
rats included in the study, whereas 1,2-dimethylhydrazine-induced colonic tumors
were observed in only 20% of the germ-free mice [97]. Moreover, subcutaneous
administration of azoxymethane led to an increased incidence of colonic tumors in
germ-free rats, indicating that intestinal bacterial populations can alter the carcino-
genic effects of certain compounds in the colon [98].

Studies on humans, that have analyzed both mucosal and fecal samples, dem-
onstrate that the gut microbiota of CRC patients differs significantly from that of
healthy subjects, CRC patients presenting diminished richness and bacterial diversity
[99-101]. Also, Chen et al. 2012 observed that the microbial composition in cancer-
ous tissue is significantly different from that found in the intestinal lumen [102].
Numerous bacteria have been correlated with CRC in spite of variations in intestinal
microbiota [99, 100].

B. fragilis, a bacteria that colonizes most humans [103] E nucleatum, Prevotella
intermedia, Parvimonas micra, Porphyromonas asacchavolytica, Alistipes finegoldii, and
Thermanaerovibrio are bacteria identified by one meta-analysis to be enriched in CRC
[104]. In 2019 two more meta-analyses investigating the fecal metagenome in CRC
have been published, expanding the list of CRC-enriched bacteria [105, 106].

Not only has an increase in the population of F. nucleatum been associated with
CRC, but also it is thought to promote disease progression [107]) and its presence
in CRC tissues might be indicative of a worsen prognosis [108, 109]. A recent study
found increased levels of P, intermedia and F. nucleatum in adenocarcinomas com-
pared with paired adenomatous polyps. The presence of this bacteria was shown
to exert an additive effect on the migration and invasion of CRC cells and was also
associated with lymph node involvement and distant metastasis [110].

Increased levels of Enterococcus faecalis, E. coli, and Peptostreptococcus anaevobiusi
in CRC patients in comparison with healthy controls was also reported by several
authors, but the exact mechanisms by which these bacteria promote cancer develop-
ment is still to be determined [100].

The enriched bacteria are also associated with reduced levels of benefic bacteria,
such as Clostridium butyicum and Streptococcus thermophilus, [104] bacteria belonging
to the genus Roseburia and other butyrate-producing bacteria [111]. Wang et al. 2012
highlight that the decrease in butyrate-producing bacteria and the opportunistic
pathogen multiplication might be responsible for the structural imbalance of gut
microbiota in patients suffering from CRC [111]. Short-chain fatty acids (SCFAs)
are fermentation end products produced by bacteria, with butyrate being the most
intensively studied SCFA. Apart from being considered the energy source for
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colonocytes, they also promote the apoptosis of cancer cells [112]. The amount of
SCFAs produced by the microbiota is however insufficient to inhibit CRC develop-
ment and probiotic supplementation might result in increased SCFAs. One in vitro
study showed that Lactobacillus fermentum NCIMB 5221 was able to increase SCFAs
production, thus exerting antiproliferative effects against Caco-2 cancer cells and
promoting normal epithelial cell growth [113]. Resistant starch (RS) is part of starch
that is fermented into SCFAs in the cecum and this process leads to pH decrease.
Prebiotic supplementation with RS has been demonstrated to reduce the proliferation
of epithelial cells in the colon and rectum [114, 115]. Moreover, the administration

of synbiotics, meaning the combinations of prebiotics and probiotics has also been
investigated. In one RCT patients with a history of CCR received a synbiotic prepara-
tion composed of oligofructose-enriched inulin and two probiotics Lactobacillus
rhammosus GG and Bifidobacterium lactis Bbl2. The synbiotic intervention resulted in
significantly reduced colorectal proliferation, an increase in the number of beneficial
bacteria, cytokine production modulation (decreased interleukin (IL) 2 and increased
IFN-gamma production), and a decreased genotoxins exposure, which translates into
areduction in DNA alterations [116].

The role of the intestinal microbiota in CRC tumor progression is also supported
by the differences in bacterial composition between patients with early-stage adeno-
mas and those in advanced stages with definitive CRC [92].

Nevertheless, the CRC microbiome is also characterized by an imbalance in the
composition of the viral and fungal species [92, 99]. A higher viral load has been
observed in tumors compared to normal tissue of CRC patients [92]. Although some
studies have identified cytomegalovirus, John Cunnningham virus, and human
papilloma virus in CRC tumor samples, the data are however inconsistent [99].
Shotgun metagenomic analyses of viromes of fecal samples identified 22 viral taxa
that differentiate the CRC virome from one of healthy controls [117]. Trans kingdom
crosstalk between bacteria and viruses may play an important role in CRC tumori-
genesis, as some studies indicate [118]. Although less studied, differences in terms of
fungal composition were also observed [119, 120].

Existing studies suggest that several carcinogenesis mechanisms involved in the
development of CRC are intimately linked to the gut microbiota. Among studies,
authors have insisted on the mechanisms of inflammation, oxidative stress, patho-
genic bacteria, genotoxins, and biofilm [100]. Studies have demonstrated that some
bacterial species, such as E. nucleatum [121] and P. anaerobius [122], can induce a
pro-inflammatory immune microenvironment, which leads to the progression of
colorectal neoplasia. The immunomodulatory capacity of probiotics has led scientists
to investigate probiotics in the management of CRC. Oral administration of a mixture
of six viable strains of Lactobacillus and Bifidobacterium in patients with CRC 4 weeks
after surgery resulted in a significant pro-inflammatory cytokine reduction compared
to placebo administration. The levels of tumor necrosis factor (TNF-«), IL-6, IL-10,
IL-12, IL-17A, IL-17C, and IL-22 were significantly reduced, and no severe adverse
reactions were reported [123]. After comparing the intestinal microbiota of CRC
patients with that of healthy patients, one study analyzed the possibility of prevent-
ing colorectal carcinogenesis by modulating the composition of the intestinal bacte-
rial population using L. gasseri. Probiotic administration resulted in an increase in the
Lactobacillus population and a decrease in the amount of Clostridium perfringens as
well as a shift in fecal pH toward acidosis along with an increase in IL-1 and natural
killer (NK) cell activity values starting with week 4 [124].
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Additionally, through their adhesion capacities, pathogens and their virulence factors
adhere to the intestinal epithelial cells (IECs) and promote tumor formation [122, 125~
127]. Also, the gut microbiota can modulate the immune system response by stimulating
the production of chemokine in tumoral cells with the purpose of recruiting T lympho-
cytes [128]. Moreover, bacterially produced genotoxins, exert DNA damage in IECs,
which can further initiate carcinogenesis. For example, E. coli produces the genotoxin
colibactin [129, 130] which is reported to induce transient DNA damage in epithelial
cells [130]. Similarly, Salmonella damages the DNA in IECs by producing typhoid toxin
[131]. Inflammation can lead to increased levels of ROS (reactive oxygen species) and
RNS (reactive nitrogen species), its negative impact translating into DNA damage and
the development of mutations. E. faecalis [132], P anaerobius [133], E. coli, and entero-
toxigenic B. fragilis [134, 135] promote ROS production by colonic cells. Enterotoxigenic
B. fragilis, through its metalloprotease toxin and its effect on IL-17 pathway, is believed
to promote carcinogenesis in colonic cell population [136, 137]. Microbiota, also found
as a biofilm at the surface of the colon mucosa, can promote colonic tumor cell prolifera-
tion through modulating interleukin 6 and STAT?3 signaling pathways [138, 139].

3.4 Cardiovascular disease

The abnormal interactions between the microbiota and the host compromise
homeostatic mechanisms. Most cardiovascular risk factors, such as age, obesity, diet,
and lifestyle, can generate gut dysbiosis, which is associated with intestinal inflamma-
tion and poor integrity of the intestinal barrier [7, 23].

Diets rich in fat lead to the stimulation of mast cells from the intestinal mucosa,
generating inflammatory mediators, such as histamine, which can amplify intestinal
permeability [140]. However, high carbohydrate diets can also raise intestinal perme-
ability and endotoxins [141].

Cardiovascular diseases (CVD), the number one cause of death worldwide, are
influenced by smoking, dyslipidemia, diabetes mellitus, and arterial hypertension [23].

Dysbiosis is involved in numerous pathophysiological chains of events, leading to
different conditions, and cardiovascular afflictions making no exception. The pertur-
bation of the gut microbiota can favor a pro-inflammatory state in the human body,
therefore promoting the atherosclerotic process [7, 23, 142].

Atherosclerosis is, unfortunately, a frequent chronic inflammatory process, which
comprises endothelial dysfunction, dysfunction of vascular smooth muscle cells dif-
ferentiation, infiltration with inflammatory cells, and subendothelial lipid accumula-
tion [143].

Microorganisms, such as Chlamydophila pneumoniae, P. gingivalis, Helicobacter
pylori, Influenza A virus, Hepatitis C virus, cytomegalovirus, and human immu-
nodeficiency virus, were associated with a high risk for developing CVD [23, 144].
Infections can influence atherosclerosis through arterial wall inflammation, favoring
plaque formation, or through the production of pro-inflammatory mediators, which
are the result of infections of various sites in the body [23, 145].

High blood levels of lipopolysaccharides (LPS) have been linked to adverse cardiac
events in patients with CVD such as atrial fibrillation [146]. LPS are endotoxins,
byproducts of gut microbiota that can reach systemic circulation through the intesti-
nal mucosa [147]. A decrease in gut bacteria, such as Bacteroides spp, has been nega-
tively correlated with atherosclerotic plaque progression and endothelial dysfunction,
thus promoting inflammation [148].
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Atherosclerosis is associated with trimethylamine-N-oxide (TMAO), a vasculo-
toxic metabolite resulting from L-carnitine, choline, and phosphatidylcholine. TMAO
was indicated to promote the development of aortic lesions in apolipoprotein E
(apoE) in mice by modifying bile acid profiles. TMAO inhibits the production of bile
acids through the farnesoid X nuclear receptor (FXR) and small heterodimer partner
(SHP) [149].

Elevated serum levels of TMAO have been shown to predict CVD outcomes in
heart failure. Individual TMAO formation is dependent on microbial gut composi-
tion. A red meat diet consumption rich in choline and an omnivorous diet with high
carnitine may account for TMAO levels elevation [150]. In an observational study of
155 patients with heart failure, elevated plasma levels of TMAO were found in chronic
HF patients with higher levels in NYHA class III and IV and were associated with
worse prognoses [151].

Microbiota in the colon metabolizes secondary bile acids (BA) from un-recycled
bile acids through bile-salt hydrolase (BSH). BA synthesis is an important pathway for
cholesterol elimination, thus having an athero-protective function. Composition of
bile acids is altered in heart failure patients with a decrease in the primary to second-
ary bile acids ratio. A decrease in BSH levels subsequently causes cholesterol buildup
and progression of CVD. Microbial BSH modulates stimulation of hepatic FXR, which
acts as a bile acid signaling receptor and a potential target for bile acid therapy in
reducing cardiovascular complications [152, 153].

Moreover, probiotic supplements may improve intestinal balance and select
probiotics could have a cardioprotective role. Altered bacterial diversity was observed
in two heart failure with reduced ejection fraction (HFrEF) cohorts with an increase
in Prevotella genus and a decrease in genera belonging to Lachnospiraceae family
and Rumminococcaceae Faecalibacterium and Bifidobactericeae Bifidobacterium [154].
Similar cohorts had increases in pathogenic bacteria, such as Campylobacter, Shigella,
Yersinia enterolytica, and Candida species, associated with an increase in gut perme-
ability [155]. The Firmicutes/Bacteroidetes ratio (F/B) in hypertensive patients is higher
than in the normotensive individuals, by lower levels of Bacteroidetes [156]. Roseburia,
one of the main producers of butyrate, is diminished in hypertensive patients.
However, Roseburia can also produce linoleic acid, which has anti-inflammatory
properties and a possible role in lowering blood pressure values, together with lino-
lenic acid [156-159]. According to CARDIA study, Robinsoniella and Catabacter were
positively associated with hypertension [160].

Animal studies suggest that gut dysbiosis is associated with arterial hyperten-
sion both directly and indirectly. Change in microbial diversity such as the ratio of
Firmicutes to Bacteroidetes in the intestine yields a potential mechanism in hypertension
formation and a pathway for future treatment. By fermentation of fibers, these bacte-
ria produce short-chain fatty acids (SCFAs) such as propionate and butyrate [161].

SCFAs play an important role in homeostasis, including blood pressure varia-
tions, through their interaction with certain receptors: G-protein-coupled receptors
(GPCRs), such as Gpr41 or Olfr78. Studies on mice null for Olfr78 led to the conclu-
sion that those animals were hypotensive, while mice null for Gpr41 were hyperten-
sive [162].

In a metabolomic analysis of prehypertensive and hypertensive patients, it was
shown that overgrowth of opportunistic bacteria, such as Kiebsiella and Prevotella
copri, was present in prehypertensive (pHTN) patients compared to healthy indi-
viduals, where higher levels of Faecalibacterium, Bifidobacterium, Roseburia and
Butyrivibrio were found. This suggests alteration of the microbial profile occurs
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well before clinical findings. Probiotics and antibiotics could be proven as potential
therapies for BP. Furthermore, small-scale fecal transplant from hypertensive patients
to germ-free mice has led to higher blood pressure levels compared to controls [163].

Atrial fibrillation (AF) is another important CVD that has been linked in
recent studies with dysbiosis. Patients with persistent AF manifest an increase in
Ruminococcus, Streptococcus, and Enterococcus, and bacteria, such as Faecali bacterium,
Oscillobacter, and Biliophilus, were decreased [164]. An imbalance of microbiota leads
to damage in the intestinal barrier function that in turn can promote atrial electrical
remodeling by increasing the activity of NLRP3 inflammasome [165, 166].

A metagenomic analysis by Zhang et al. 2021 in a cohort of patients with AF
showed that species with SCFA-synthesis enzymes such as Coprococcus catus and
Firmicutes bacterium were decreased in the gut of AF patients compared to controls.
Furthermore, homeostasis of gut microbiota metabolites such as bile acids can modu-
late the risk of AF [167].

3.5 Obesity and diabetes mellitus

The microbiota of obese individuals significantly differs in composition and
function from that of healthy individuals [168]. Thus, the microbiota of obese
people is characterized by an increased ratio of Firmicutes vs. Bacteroidetes,
mainly Ruminiococcus, Candida, and Lactobacillus [169, 170], increased amount
of Actinobacteria, which produce SCFA and Proteobacteria [171]. Human studies
have shown that obese people had more Firmicutes and approximately 90% fewer
Bacteroidetes and a low-fat or low-carbohydrate diet can restore the Firmicutes to
Bacteroidetes ratio but never be the same as the people that were lean from the begin-
ning [169]. Some other studies demonstrated that a higher caloric intake increased
Firmicutes by 20% and reduced Bacteroidetes by 20%, leading to a gain in body
weight [172]. Studies on infants observed that obese children have a lower level of
Bifidobacterial and a higher level of Staphylococcus aureus [173].

Asitis already known, the diet has an important role in modulating microbiota
composition, in both healthy and obese people. Some types of diets, like the Western
diet, can modify microbiota, especially by increasing Firmicutes levels, leading to
dysbiosis, metabolic stress, and obesity [174, 175]. Compared to the Western diet, a
diet based on dietary fiber, plant polysaccharides, and lower fat and animal protein
is characterized by a lower level of Firmicutes and a higher level of Bacteroidetes [28,
176]. Importantly, some mice and human studies underlined that a high-fat/high-
sugar Western diet can modify the microbiota in just 1 day [177, 178]. Chen J et al.
2019 have shown that dietary intake has more impact on microbiota changes in mice
than genetic etiology [179]. Moreover, Pols et al. 2011 have demonstrated that an
improper diet has significantly negative consequences leading to the disappearance of
species and strains of microbiota [180].

The obesity-microbiota relationship and its mechanisms have been studied for
along time [168] Many studies have shown that alterations in the microbiota com-
munity modify the process of energy extraction from food and consequently the
adiposity of the body [176]. The gut microbiota of obese people has a larger capacity
for absorbing energy from meals, thus their gut bacteria lead to weight growth [170].
Some studies have shown that gut microbiota can influence adiposity by modulating
host gene expression, metabolic and inflammatory pathways, and gut-brain axis
[181]. Inflammation mediated by gut microbiota can increase circulating lipopolysac-
charide (LPS) levels and gut permeability and thus adipose tissue inflammation,
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commonly seen in obesity [182]. Microbiota metabolites like SCFA are increased in
obese people, being involved in glucose homeostasis (improving glucose sensitiv-
ity) and lipid metabolism through free-fatty acid receptors, leading to activation of
hepatic gluconeogenesis and lipogenesis [183] and inhibition of fatty acid oxidation
in muscles [184]. Nondigestible carbohydrates can increase SCFA levels, which can
modify the level of enteric hormones [185]. Alterations of the microbiota can reduce
organisms that temper CD36 expression, such as products produced by Clostridia,
which can increase lipid absorption, leading to obesity and metabolic syndrome
[186]. Microbiota dysbiosis can reduce fasting-induced adipose factor expression,
being involved in lipoprotein lipase (LPL) activation with lipid accumulation in
adipose tissue [187]. Gut bacteria influence two key signaling pathways, glycemic
reaction component binding domain, and cholesterol control component related
proteins causing fat accumulation in the liver, where lipids can be then absorbed via
visceral fat, thanks to LPL [170]. A lack of dietary fiber and poorly digestible carbo-
hydrates reduce the diversity of bacterial flora [188]. Some studies have shown that
lower microbiota diversity is associated with increased abdominal adiposity [189],
but can be reversible in humans with cardiorespiratory fitness [190]. Human studies
underlined that obese humans have a low fecal bacterial diversity, promoting adipos-
ity, dyslipidemia, impaired glucose homeostasis, and higher low-grade inflammation
[191]. Hormonal, neurological, and immunological pathways connect the brain with
the microbiota [170]. Microbiota can modulate the synthesis of neuropeptides like
dopamine, which regulate gastrointestinal function and thus can influence cognitive
activity and increase hunger [192]. Among the metabolites secreted by the micro-
biota, serotonin, and y-aminobutyric acid (GABA) control appetite and body weight
regulation [193]. Alterations of the intestinal microbiota can modify the secretion

of gastrointestinal hormones, such as glucagon-like-peptide-1 (GLP-1), which is
involved in food intake control [194]. The dysbiosis of the microbiota in obese people
can increase the level of acetate, enhancing the secretion of glucose-stimulated insu-
lin and ghrelin, consequently increasing obesity [195]. Some studies underlined that
the risk of obesity is associated with prenatal and perinatal antibiotic use by influenc-
ing microbial colonization and maturation [196].

Obesity-microbiota relationship and especially dysbiosis is associated with the risk
of developing some other health problems, like diabetes mellitus (DM) [168, 197].

Schwartz et al. 2016 included for the first time gut microbiota modification as
a mechanism implicated in DM [198]. The gut microbiota has an important role in
influencing the immunologic system and developing type 1 DM (T1DM), as also as in
developing metabolic disorders such as type 2 DM (T2DM) [197]. DM is considered
an inflammatory clinical entity, characterized by inflammatory mechanisms that
involve lipid accumulation, cytokines synthesized by a dysfunctional adipose tissue,
a dysregulated immune system, as also as increased levels of inflammatory markers,
such as C-reactive protein, Tumor Necrosis Factor-a, interleukins 6, 17 and 23, and
Transforming Growth Factor § [199-201].

Studies have underlined that SCFAs, bile acid, branched-chain amino acids,
imidazole propionate, and LPS have an important role in DM, among these the release
of LPS with pro-inflammatory effects and decrease in SCFA production is the phe-
nomena discussed in DM patients [197, 202].

In the case of dysbiosis, the LPS secreted by gram-negative bacteria from the gut
generates a low-grade inflammatory state by interacting with type 4 toll-like recep-
tors, increasing the risk of insulin resistance [203]. Physiological, the intestinal wall
prevents the passage of LPS into the systemic circulation. High-fat diets increase the
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permeability of the intestinal wall and LPS circulation, by influencing the distribu-
tion of binding protein complexes and excessive and chronic production of biliary
acids [197]. LPS binds then with the lipopolysaccharide-binding proteins and inter-
acts with a membrane protein of differentiation 4, allowing the activation of TLR.
A signaling cascade is then stimulated and focal adhesion kinase is phosphorylated
and activated. In systemic circulations, LPS binds the TLR-4 in the membranes of
immune and adipose cells, including pancreatic betta-cells, releasing TNF-a, IL-1,
and IL-6, which can induce insulin resistance [204, 205].

Increased levels of Firmicutes in obese individuals, as was already mentioned, gen-
erate energy harvest, positive energy balance, and higher caloric bioavailability, lead-
ing to weight gain [197]. Modifications of Firmicutes to Bacteroidetes ratio have also
been present in DM patients, being characterized by increased levels of Bacteroidetes
[206], which are associated with decreased levels of Akkermansia municiphila [207].
Studies have observed an increased level of Clostridium and Veillonella genre in kids
with T1IDM, which ferment glucose and form propionate, succinate, and acetate from
lactate and increase gut permeability [208]. Patients with DM and chronic pancreati-
tis have a low level of Fecalibacterium prausnitzii, which has anti-inflammatory prop-
erties and stimulate the synthesis of binding proteins [209]. Low levels of R. bromii
have been observed in patients with DM, leading to the production of butyrate and
energy [210]. T2DM is characterized especially by increased levels of Bifidobacterium
and Bacteroides and to a lesser extent by Faecalibacterium, Akkermansia, Roseburia,
Ruminococcus, Fusobacterium, and Blautia [211]. In patients with gestational diabetes
mellitus, it was observed an increase in Firmicutes levels and a decrease in Bacteroidetes
and Actinobacteria levels [212].

SCFAs are involved in T2DM by their immunomodulatory functions, but also
stimulate the secretion of peptides that regulate the appetite and satiety, like GLP-1,
the YY peptide, and ghrelin [213, 214]. In dysbiosis induced by a high-fat diet, it has
been observed a decreased level of Lactobacillus and an increased level of Bacteroides,
Bukholderia, and Clostridium, leading to an increased level of GLP-1 [215] and SCFA
acetate, which affects insulin secretion, leading to obesity, hyperlipidemia, and
insulin resistance [197, 216]. Studies have shown that increased levels of Eubacterium
and Roseburia intestinalis in association with abnormal production and absorption
of propionate, as also as postprandial insulin secretion and propionate generation in
feces stimulated by butyrate, can increase the risk of T2DM [202].

Gut microbiota plays an important role in obesity and DM, especially in the case
of dysbiosis, which influences the inflammatory and immune response, but also their
pathophysiology. Throughout life gut microbiota is influenced by a lot of factors and
has an important role in energy balance, being connected to obesity. Greater levels
of LPS and lower levels of SCFA are the main characteristics of DM patients. Many
mechanisms implicated in an obesity-microbiota-DM relationship were discussed in
studies, a lot of them being still unwell known, so future research needs to investigate
the function of the intestinal flora and its link to obesity and DM [170, 217].

3.6 Dermatological conditions

The skin, together with the intestinal epithelium, represent the largest interfaces
between the body and the external environment, being the place where the most
important processes of immune tolerance take place, allowing their colonization with
essential commensal microorganisms that form the skin and gut microbiota [218,
219]. Thus, their alterations are associated with the appearance or progression of
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numerous inflammatory dermatological diseases, such as psoriasis, atopic dermatitis
(AD), hidradenitis suppurativa (HS), acne, rosacea, alopecia areata, skin cancers,
and seborrheic dermatitis [218]. Although most research groups have focused on the
changes in the skin microbiota associated with dermatological diseases, recent studies
have also observed alterations also in intestinal microbiota, probably through the
systemic modulations determined by secreted molecules with the hormonal role and
through the cells of the immune system [219, 220].

One of the most studied dermatological conditions associated with changes in the
intestinal microbiota is psoriasis, a chronic inflammatory dermatosis, characterized
by numerous pruritic, erythematous-scaly patches and plaques, distributed especially
on the extension areas, associated or not with articular involvement [221]. Thus, a
study conducted on a group of 30 patients with psoriasis and 30 healthy volunteers
that evaluated the composition of the intestinal microbiota, observed that, although
there is no difference statistically significant in terms of the type of bacteria in the
analyzed samples (alpha diversity), their proportion is statistically significantly
different between the two groups. Thus, the group with psoriasis showed an increase
in the proportion of the families Veillonellaceae and Ruminococcaceae (p < 0.05) and
of the genera Faecalibacterium and Megamonas (p < 0.05) compared to the healthy
group [222]. The number of some of the microorganisms (Bacteroides, Escherichia,
respectively Dialister) also seems to correlate negatively with different paraclinical
markers like complement 3 (C3) (p < 0.01) respectively Interleukin 2 Receptor (IL2R)
(p < 0.001). Moreover, Prevotella, respectively Phascolarctobacterium positively cor-
relates positively with the level of C3 (p < 0.01), respectively IL2R (p < 0.001) [222].
Tan et al. 2015, observed a decrease in the classes of microorganisms Mollicutes and
Verrucomicrobiae and the genus Akkermansia (species Akkermansia muciniphila), as
well as an increase in the genera Enterococcus and Bacteroides in a study conducted on a
group of 14 patients with psoriasis and 14 healthy volunteers [223].

Another study conducted by Hidalgo-Cantabrana et al. 2019 on a group of 19
patients with psoriasis and 20 healthy patients also highlighted the presence of the
same phyla as in a healthy population, similar to the studies above. However, unlike
Tan et al. [76], the populations of Bacteroidetes and Proteobacteria were lower than
in the control group (p < 0.001), and Actinobacteria and Firmicutes were in a larger
number (p < 0.001). This study also highlighted a decrease in Verrucomicrobacteria
[224]. Scher et al. 2015 evaluated the variability of the microbiota in patients with
early psoriatic arthritis, compared to patients with psoriasis and healthy patients, and
found a decrease in Akkermansia and Ruminoccocus in those with psoriatic arthritis
compared to patients with psoriasis. In the latter, a decrease in Bacteroidetes and
Coprobacillus was observed. Also, lower levels of medium-chain fatty acids (involved
in cell signaling) were found in patients with psoriatic arthritis (p < 0.05) and in
those with psoriasis (p < 0.01) compared to the control group [225].

Regarding atopic dermatitis (AD), numerous studies evaluate both the changes
in the microbiota, as well as the impact of the administration of probiotics on the
evolution and severity of the disease. Thus, it was found that 1-week-old new-
borns who were later diagnosed with IgE-mediated eczema showed a decrease
in Enterobacteriaceae, Escherichia-Shigella (statistically insignificant), and
Ruminococcaceae (p = 0.0047). It was also found that the mothers of these children
had an increased level of microorganisms from the Bacilli class and the Streptoccocus
genus [226, 227]. AD was also associated in patients under 20 years, with a decrease
in Clostridium, Streptococcus, Enterobacteriaceae, and Bifidobacterium (p = 0.006).
Moreover, more severe forms of the disease were associated with a lower number of
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Bifidobacterium (p = 0.046) and a higher number of Bacteroides (p = 0.0443) com-
pared to children with average manifestations of AD [228]. Another study carried out
on a pediatric population (28 children aged 6 months old with AD) demonstrates the
existence of a statistically significant correlation between the severity of the disease
and the decrease in the number of bacterial species in the microbiota (r = —0.54,

p = 0.002). Moreover, the administration of hydrolyzed casein in these patients led to
an improvement in the clinical score and the composition of the microbiota [229].

Another dermatological condition with a significant impact on the quality of life, in
which the microbiota seems to play an important role is hidradenitis suppurativa (HS).
Thus, in those patients, a decrease in the diversity of the intestinal bacterial flora was
also found, but with an increase in Ruminoccocus gnavus, which also appears to increase
in other inflammatory digestive or articular diseases [230]. Kam et al. also observed a
decrease in the phylum Firmicutes compared to the healthy population (p = 0.03), with
changes in the genera Lachobacterium and Veillonella in the same direction (p = 0.019,
respectively p = 0.005). The genera Biophila and Holdemania were found in a higher
proportion of these patients, although the small number of patients on which the study
was conducted (3) makes it difficult to interpret the data [231]. Another difference
between the microbiota of HS patients compared to healthy ones was highlighted by
Lam et al. 2021 in a study carried out on 17 patients with HS. He observed colonization
with Robinsoniella only in patients with HS, not in the healthy group, but also a greater
number of microorganisms from the Sellimonas genus in these patients. The latter was
also associated with the presence of several inflammatory joint diseases [232].

The immunological, neurological, and biochemical interrelations between skin
and gut, explained by the existence of the skin-gut axis are also reflected in the way
in which microbiota alterations are present in various dermatological inflammatory
pathologies. Although the current studies show changes in the proportions of bacteria
from the intestinal microbiota, the small groups of patients, as well as the contradic-
tory data from some studies prevent us from drawing clear conclusions and associat-
ing changes in specific genera or species with certain diseases.

4. Conclusion and future perspectives

Although the complex mechanisms between gut dysbiosis and the etiology and
progression of numerous systemic diseases are not fully understood and there are
clear indications that gut homeostasis is very important. Future research is needed
addressing also animal models and clinical trials to restore the microflora normal bal-
ance and gut mucosal barrier integrity in order to maintain health. As microbiomics
develops as an equivalent of human genomics and the microbiome is seen as a second
genome in the human body considered nowadays as a holobiont (the host organism
and its microbiome), one can consider this as a very promising future step toward
precision medicine. The continuous development of next-generation sequencing
(NGS) technologies will allow us to gain new insights and perspectives about how
to influence and modulate the microbiome through noninvasive procedures, such as
prebiotics, probiotics, and dietary lifestyle changes.

Conflict of interest

The authors declare no conflict of interest.

211



Advances in Probiotics for Health and Nutrition

Acronyms and abbreviations

AF atrial fibrillation

AD atopic dermatitis

apoE apolipoprotein E

SCFAs short-chain fatty acids

RS resistant starch

TNF tumor necrosis factor

IL interleukin

NK natural killer

IECs intestinal epithelial cells
ROS reactive oxidative species
RNS reactive nitrogen species
CVvD cardiovascular disease

LPS lipopolysaccharides

TMAO trimethylamine-N-oxide
FXR farnesoid X nuclear receptor
SHP small heterodimer partner
BA bile acids

BSH bile-salt hydrolase

F/B Firmicutes/Bacteroidetes ratio
GPCRs G-protein-coupled receptors
GABA aminobutyric acid

LPS lipopolysaccharide

GLP-1 glucagon-like-peptide-1

DM diabetes mellitus

TiDM type 1 DM

T2DM type 2 DM

HS hidradenitis suppurativa

C3 complement 3

NGS next-generation sequencing
pHTN prehypertensive

HFrEF heart failure with reduced ejection fraction
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