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Abstract

Antibiotic-associated diarrhea (AAD) is an adverse impact of antibiotic therapy
which alters the metabolic function of the host’s gut microbiota causing diarrhea
(osmotic or infectious type), and significant infection by Clostridium difficile.
C. difficile is an opportunistic pathogen which thrives in the gut when the
colonization resistance conferred by gut microbiota is compromised, leading to
pathogenesis ranging from mild diarrhea to serious conditions like
pseudomembranous colitis, which could be fatal. The impact of antibiotic therapy
on the composition of gut microbiota has been observed to extend beyond the
clinically targeted bacterial species since removing populations of certain species
of gut bacteria opens up niches for other microorganisms to colonize, subse-
quently resulting in gut dysbiosis. Multiple meta-analyses have elucidated the
cumulative beneficial impact of orally administered probiotics for the effective
prophylaxis of CDI. Probiotics also benefit the host by immunomodulation which
is critical in management of inflammation in the gut. It has been hypothesized that
AAD is caused by dysbiosis which probiotics beneficially modulate and assist in
restoring the homeostasis of the unbalanced indigenous gut microbiota.
Probiotics have been proven to reduce the risk of AAD by 51% without the
risk of any adverse effects. The present chapter provides a comprehensive outlook
on the current trends in the management of AAD by the intervention of various
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probiotic microorganisms, highlighting their merits and demerits to facilitate
effective management of the dysbiosis of the gut and its allied metabolic and
immunological ramifications that are critical factors contributing to the onset and
development of AAD.
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6.1 Overview

Antibiotic-associated diarrhea (AAD) is the most important variant of nosocomial
diarrhea which is characterized by unexplained diarrhea observed in patients
undergoing antibiotic therapy, subsequent to the exclusion of other possible
aetiologies (Barlett 2002). Globally, the frequency of AAD varies widely ranging
from 4.3 to 80% [median value: 22%], with the mean age of patients with AAD
being in the range of 18–48 months. It has been observed that in children, the
primary risk factors for AAD comprise the age of the child and also the specific
type of antibiotic used (McFarland et al. 2016). The onset of AAD might take place
within a range of a few hours or up to 8 weeks subsequent to the administration of
antibiotics (Cote and Buchman 2006), and it contributes significantly to the
aggravated suffering as well as contributing to additional costs and duration of
hospitalization (McFarland 1998). The severity of AAD ranges from symptoms of
mild diarrhea to progressing towards serious conditions such as fulminant
pseudomembranous colitis (McFarland 2006). Children develop the symptoms
much more rapidly compared with the adults. Remarkably, the recovery period in
children is faster, and they also display lesser complications, and the overall duration
of the disease is less, in comparison with adult patients. The specific mechanism of
AAD is yet to be completely elucidated. Research reports have revealed that the
putative mechanism of action for the onset of AAD is the direct impact of the
administration of antibiotics on the gastrointestinal mucosa, which ultimately alters
the composition of the gut microbiota and the proliferation of pathogenic
microorganisms. Gastrointestinal disturbances are well documented as an adverse
effect of administration of broad-spectrum antibiotics [e.g. Vancomycin, Amikacin,
Gentamicin, and third generation β-lactams]. Clostridium difficile is the most prom-
inent causative agent of AAD (Fox et al. 2015). However, other pathogenic microbes
such as Staphylococcus spp., Candida spp., members of Enterobacteriaceae
(e.g. Klebsiella), may also contribute to AAD.

The incidence of CDAD (C. difficile associated diarrhea) cases has recorded
exponential growth during the past decade, with a larger proportion of cases being
reported as “community-acquired” type. Critical illness among hospitalized patients
has been strongly associated with gut microbial dysbiosis, potentially aggravating
the susceptibility to developing infection, ultimately leading to organ failure. The
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risk of health complications linked to gut dysbiosis due to antibiotic therapy (viz.
diarrhea) highlights the importance of rational administration of antibiotics
(Kołodziej and Szajewska 2017).

The classic pathogenesis of CDAD is attributed to administration of antibiotics
and the subsequent dysbiosis of the microbiota of the GI tract, ultimately causing
colonization of the gut mucosa by C. difficile. Notably, the administration of anti-
acidity therapy [viz. proton pump inhibitors (PPI) and H2-receptor antagonists] has
been linked to aggravated risk towards CDAD. One possible hypothesis is that the
elevated pH in the gastric contents could enhance the survival of C. difficile. In
addition, the administration of PPI, irrespective of the duration of treatment, has
been shown to alter the gene expression in human colon cell lines, leading to
decreased integrity of the colonocytes (Biswal 2014). Therefore, a possible associa-
tion has been proposed regarding PPIs and nonsteroidal anti-inflammatory drugs
(NSAIDs), viz. diclofenac, and community-acquired CDAD in patients without a
recent history of hospitalization or exposure to antimicrobial compounds has been
hypothesized (Permpalung et al. 2016).

Imperatively, there is an ambiguity regarding the definition of dysbiosis, which is
a widely used term in the field of probiotic research. Dysbiosis is primarily used to
indicate an “abnormal” microbiome, that includes not only changes in microbial
diversity, but also used to indicate the reduction of keystone taxa (chief microbial
species that influence the composition and function of the microbial community),
colonization by pathogens, and alterations in metabolic capacity, which contributes a
functional aspect to the structural elements. Dysbiosis is hard to be specifically
defined because the opposite term, eubiosis, which indicates a healthy microbiome
under homeostasis, is a highly heterogeneous state. Interestingly, reports on the
profiling of microbiomes among individuals have revealed unique inter-personal
taxonomical patterns, which is even evident among twins. However, the existence of
a stable core of functions and thus genes (the microbiome core) in an individual has
been substantiated. The exact definition of what constitutes a “healthy” gut
microbiota and the mechanism by which various strains of gut microbiota affect
their host is still being developed. It has been very difficult to reach a consensus due
to the variations observed in various studies, such as different strains, doses, and also
the duration of the treatment.

6.2 Probiotics: Relevance in Management of AAD

Ever since the dawn of the concept of probiotics as proposed by Elie Metchnikoff
(1907), the hypothesis that consumption of specific microorganisms could impart
health benefits has fascinated the scientific community. The term “probiotics” itself
first appeared in 1974 and has conceptually evolved with newer insights due to
focussed research efforts to the current accepted definition, which is “live
microorganisms that confer a health benefit when consumed in adequate amounts,”
as per the mandate provided by the World Health Organization in 2002 (Hill et al.
2014). In the current scenario, probiotics constitute a multi-billion dollar industry
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projected to reach USD 65.87 billion by the year 2024 and are among the most
popular food supplements consumed across the globe (Zion Market Research 2018).
In order to impart health benefits, popular foods such as fermented dairy products
(yogurt, cheese, etc.), ice cream, infant formulas, and nutrition bars been
supplemented with probiotics. Probiotics have also been commercialized as
lyophilized pills (Hoffmann et al. 2014).

Across the decades, the consumption of probiotics has received steady support by
medical practitioners, specifically gastroenterologists. It is notable that despite the
soaring popularity of probiotics among the medical fraternity as well as the
consumers, insights from research efforts to elucidate the efficacy of probiotics for
the management of various health conditions, can at times, point to ambiguous
inferences. This is primarily due to the inter-species and even intra-strain variation
that is observed among the probiotics that have been used in the clinical studies.
Additionally, it is imperative to note that a probiotic strain would vary in its efficacy
to impart specific health benefits among different population sub-groups (ethnic,
dietary habits, age groups, etc.). Thus, microbiome and probiotic research has
received an increased focus in recent years. Oral administration of probiotics
provides a viable supply of beneficial bacteria for the management of gut health,
enhancing nutrient absorption, and immunomodulation. Multiple in vivo studies as
well as clinical trials have provided valuable insights regarding the efficacy of
probiotics to effectively modulate the immune system. An open-labelled clinical
study involved 18 healthy subjects, who were administered probiotic Bacillus
subtilis HU58 capsules (2 � 109 CFU/Cap) once a day orally for 8 weeks. At the
end of test period, it was observed that administration of probiotics was effective in
reducing the levels of cytokines such as IL-6 and TNF-α by 45% and 55%,
respectively.

Bacillus subtilis produces a variety of antimicrobial molecules such as
bacteriocins, subtilin, and subtilosin and have also been extensively studied at
genetic and physiological levels. Reports have demonstrated the efficacy of
B. subtilis in the effective management of traveller’s diarrhea caused by Citrobacter
rodentium in murine model [14]. B. subtilis has been demonstrated to improve
clinical, microbiological, and immunomodulatory efficacy in case of acute infectious
diarrhea in young children. In poultry, B. subtilis has been shown be effective against
pathogenic infections caused by Salmonella enterica, Clostridium perfringens, and
E. coli. In vitro studies have also shown its potential efficacy against Helicobacter
pylori. The HU58 strain of Bacillus subtilis, isolated from healthy human volunteers
has been studied extensively and has been proven to be more stable in the highly
acidic gastric environment. In addition, it can grow and sporulate in the anaerobic GI
tract with high sporulation efficiency and enhance gut colonization through the
development of biofilms and production of surfactant molecules that enhance adhe-
sion to the gut mucosa (Mehta et al. 2020).

It is imperative to note that, since 2001, multiple B. subtilis strains, which were
already commercially exploited as probiotics and also in other industries, were
taxonomically reclassified as B. clausii (Khatri et al. 2019). Currently, B. clausii in
commercially marketed as a probiotic formulation (Trade name: Enterogermina®),
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which is composed of four strains of B. clausii, based on their resistance to various
antibiotics O/C (chloramphenicol), N/R (novobiocin/rifampicin), SIN (neomycin/
streptomycin), and T (tetracycline). These four strains have been established as
being derived from B. subtilis ATCC 9799, which originally was resistant to
penicillin (Mazza et al. 1992). The intrinsic resistant to antibiotics is advantageous
to restoring healthy gut function, especially in cases where probiotics are
administered in combination with antibiotics (Varankovich et al. 2015). B. clausii
O/C strain is proven to inhibit the cytotoxic effects induced by toxins secreted by
C. difficile and B. cereus. The specific mechanism of action of strains of B. clausii is
yet to be fully understood, but research insights have provided information about the
secretion of specific proteins which play a vital role in colonization of human GIT,
immunomodulation, etc. (Lopetuso et al. 2016; Pradhan et al. 2016). The
sporeforming probiotic strains have important advantage over non-sporeforming
probiotic strains in terms of commercial application due to enhanced resistance to
heat, desiccation, and exposure to chemicals, which are encountered during product
development.

The genetic difference among probiotic bacterial strains is significant, and leads
to the inability to extrapolate the function of one strain to another. This unique
quality among bacterial strains, termed as strain specificity, and is well established
with research studies, such as carried out by Douillard et al. (2013), where 100 strains
of probiotic Lactobacillus rhamnosus, originally isolated from human as well as
dairy sources, were proven to possess remarkable different probiotic attributes (viz.
tolerance to bile acids, carbohydrate metabolism, and the ability to produce mucus-
binding pili). The results provide more clarity to the concept that taxonomic profiling
is not sufficient as a measure of functional efficacy of the strain, and the need for
probiotic strains to be selected based on the evidence available to prove their
functional attributes as opposed to total reliance on the popularity of the name of
their particular species.

The symbiotic component of the intricate relationship between humans and their
microbiome has garnered increased research focus during the past decade. The major
component of the microbial population is located in the gastrointestinal system, and
is known as gut microbiome, which includes their collective genomes (Marchesi and
Ravel 2015). The results from the extensive research highlight the pivotal role
played by the gut microbiome to contribute to the homeostasis of the human host,
in health and also in the onset and development of disease. Beneficial attributes of
gut microbiota have been classically linked with improved gastrointestinal function
and healthy immune response (Thaiss et al. 2016; Azcarate-Peril et al. 2017;
Fetissov 2017; van de Wouw et al. 2017). Also, important adverse effects were
reported that range across a variety of health conditions, with the primary cause
pointing to an altering of the gut microbiota composition and the subsequent
interaction of metabolites that are the by-product of bacterial metabolism of the
dietary components (Miele et al. 2015; Budden et al. 2017; Yu and Schwabe 2017;
Schirmer et al. 2018). Consequently, there has been a heightened interest about
probiotic products for their ability to promote wholesome health and also for
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effective therapeutic modulators of the onset and development of a variety of
diseases.

Despite compelling evidence for the administration of probiotics for their efficacy
in the effective management of a variety of health issues ranging from improved
digestion to neurological health, relatively few probiotic strains are available in the
market and probiotics are yet to become part of routine clinical practice (Van den
Nieuwboer et al. 2016). In addition, commercially available probiotic strains are
claimed to provide a wide variety of health benefits spanning multiple health
conditions without being substantiated using standardized study models (Day et al.
2019).

In order to counter it, regulatory agencies of various countries have developed
their own framework to protect the interests of the consumers with respect to
consumption of probiotic foods. The EFSA (European Food Safety Authority) has
provided three critical regulatory parameters that need compliance prior to making a
health claim. As a consequence, many health benefits claimed for probiotics have
been rejected, and have resulted in the restriction of the use of the term “probiotic,”
as popular consumer sentiment implies that the very use of the term confers a health
benefit. The regulatory issues discussed above mandate necessitate the demonstrated
evidence of the health benefit (i.e., proof that the biomarker under investigation
contributes to the claimed health benefit) and the capability to apply the same to the
general population. Health claims about probiotics need to have specific details and
general, vague claims involving phrases like “strengthens the immune system” are
considered insufficient. Therefore, research studies have been focussed towards
establishing the impact of probiotics on key biomarkers. It is important to note
that, an established set of biomarkers with wide approval has not been finalized,
which are well-correlated and validated by clinical inferences. As per requirements
of EFSA, any health claims need to be clearly demonstrated using a minimum of two
randomized, placebo-controlled clinical studies, with a scientifically validated mech-
anism of action including cause and effects of the probiotic efficacy (Rijkers et al.
2011).

In this perspective, poor study design, paucity of consistent research funding, and
a lacunae in the understanding of the key mechanisms of action has resulted in
“pilotitis”—where small studies without a specific focus have been unable to
generate a robust evidence base, which is essential to obtain regulatory approval
(Van den Nieuwboer et al. 2016). For example, in a recent systematic review with
special emphasis on randomized controlled trials (RCTs), which deals with
evaluating the efficacy of probiotic strains in the effective management of irritable
bowel syndrome (IBS). Among the various RCTs (35 nos.) that were considered for
the review, only three RCTs had a minimum of 100 participants, approximately and
about 75% were pilot studies (McKenzie et al. 2016). Therefore, the need of the hour
is well designed Phase III clinical trials to prove the efficacy of probiotics which is
essential to provide the evidence base in order to generate confidence among health
practitioners regarding the efficacy of probiotics.
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6.3 Diversity of Gut Microbiota and Dysbiosis

The Human Microbiome Project (HMP1), a pioneering project, involving
250 healthy volunteers, under the aegis of National Institute of Health, concluded
that the human microbiome is composed of 3500–35,000 species, which was based
on operational taxonomic units (Morgan et al. 2013). The total count of bacteria
harbored by the human body has been estimated to be hundred trillion (1013), a value
close to the total count of cells present in the human body (Sender et al. 2016). Thus,
the human body accommodates a rich, highly diverse and unique microbial popula-
tion. It is pertinent to note that there is significant variation in the diversity of
microflora present in different body sites, e.g. the oral cavity and the colon have
the greatest number of bacterial cells, with the least quantity of microflora observed
in the vaginal region (Morgan et al. 2013). Interestingly, superior diversity of
microflora in the gastrointestinal tract has been reported in individuals from primal
hunter and gatherer populations, viz. Hadza from Tanzania (Turroni et al. 2016) and
the Yanomami in Brazil (Clemente et al. 2015), which are potential indicators of the
composition of our ancestral gut microbiota. These isolated and often dwindling
ethnic communities display evidence for robust health contrary to the urbanized
Westernized populations which are characterized by colonization by far less diverse
microbiota (Moeller 2017). Low diversity of the intestinal microbiome is linked with
a range of serious health issues, viz. Irritable Bowel Syndrome (IBS), Crohn’s
disease, colorectal cancer and also in obesity (Mosca et al. 2016). However, high
diversity of microflora does not directly correlate with a healthy microbiome across
various sites, as there are notable exceptions such as the vaginal region, where it is
characteristic of bacterial vaginosis (Charbonneau et al. 2016), which is the most
widespread cause of vaginitis.

Diversity is a key component in definitions of dysbiosis, a popular term referring
to an“abnormal” microbiome. Microbiome profiling studies have recognized the
presence of unique interpersonal patterns, which is evident even among the twins.
Despite the unique features, the presence of an enduring core of specific functions
and their corresponding genes has been established. The essential components of a
‘healthy’ gut microbiota and the mechanism of action regarding the impact of
various species of gut microbiota and their interaction with the host is yet to be
fully elucidated. This is further proving to be difficult due to the presence of
variations among the strain, dose, and duration of treatment among different studies
which hinder direct comparison and reaching a general consensus (Permpalung et al.
2016).

It has been well recognized that critical illness, particularly in hospitalized
condition, has been linked with imbalance of gut microbiota, potentially causing
increased susceptibility to contracting infection, which can lead to and ultimately,
organ failure. During this scenario, the risk of developing antibiotic-related gut
microbial dysbiosis, which also includes diarrhea, underscores the importance of
rational administration of antibiotics and other antimicrobial agents (Appel-da-Silva
et al. 2017).
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6.4 Clostridium difficile Infection: Mechanism of Action

The key pathological conditions associated with Clostridium difficile infection (CDI)
are primarily correlated with the activity of two toxins, TcdA and TcdB
(Chandrasekaran and Lacy 2017). In C. difficile chromosome, the genes responsible
for coding both TcdA and TcdB, in addition to the three additional toxins (Tcd C,
TcdE, and TcdF) are found within the PaLoc (pathogenicity Locus), which has a size
of 19.6 Kb (kilobase) (Kuehne et al. 2010). In terms of molecular nature, TcdA and
TcdB share 49% homology in their amino acid composition (Navaneethan et al.
2010). The C-terminal domain of both the toxins binds to the intestinal epithelial
cells, whereas the N-terminal domain is responsible for cytotoxic activity. The entry
of the two toxins in to the epithelial cells is facilitated by the transmembrane domain.
The gene products for the accessory toxins, TcdD upregulates transcription of the
toxin, whereas TcdC, is a repressor for the genes coding for the toxin (Waligora et al.
2001). The gene product of TcdE is responsible for cell wall lysis and facilitating the
release of TcdA and TcdB in to the intestinal lumen (Dicks et al. 2019).

Despite the fact that the respective roles played by these toxins in the pathogene-
sis have not been fully understood, various studies have provided insight regarding
the synergistic action of the toxins. Other reports highlight the fact that many clinical
isolates are unable to produce TcdA, supporting suggestions that TcdA is not
essential for pathogenesis (Farrow et al. 2020). These clinical observations also
concur with the in vivo studies, viz. infection studies using mouse and hamster
models employing mutant strains for isogenic toxin have indicated that TcdB in
itself is sufficient for the development of significant steps of the pathogenesis,
including the key symptoms associated with the disease. In contrast, studies involv-
ing strains having the capability for the production of only TcdA (TcdA+TcdB-)
have been either non-pathogenic or highly attenuated. The results of the studies
provide insight into the significant development disease in case of the strains that are
capable of producing TcdB (TcdA-TcdB+) and thereby clearly point to the central
role played by TcdB in pathogenesis (Carter et al. 2015; Lyras et al. 2009). This is
further substantiated by studies in gnotobiotic piglet model where an antibody
against TcdB conferred protection against CDI (gastrointestinal and systemic types
(Steele et al. 2013). This has also been further confirmed in clinical trials, where
treatment with antibodies against TcdB was able to effectively reduce the incidence
of relapse of CDI (Wilcox et al. 2017).

In terms of the enzymatic nature of the toxins, both the toxins (TcdA and TcdB)
are homologous glucosyltransferases which can effectively alter and ultimately
inactivate Rho family GTPases that are present in the host cell. The activity of
these glucosyltransferases have been directly associated with disruption of the actin
components of the cytoskeleton and eventually causes cytopathic changes such as
disruption of the tight junctions. The disruption of tight junctions triggers the
immune system and triggers the synthesis of pro-inflammatory cytokines (Pruitt
and Lacy 2012). Additionally, along with these cytopathic changes, the toxin (TcdB)
is an effective cytotoxin that eventually leads to necrosis of the affected host cells
and tissue (Chumbler et al. 2012). The glucosyltransferase activity of the toxin is not
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linked with the necrotic response. The necrotic effects of the toxin (TcdB) are due to
the induction of the assembly of relevant NOX complex (NADPH oxidase) and the
concurrent secretion of ROS (reactive oxygen species) (Farrow et al. 2013), which at
elevated levels can lead to damage of mitochondria, peroxidation of lipids, and
oxidation of proteins. Cell and tissue-based studies have demonstrated that the
necrotic effects is unique to TcdB and occurs at certain concentrations (100 pM)
(Chumbler et al. 2016). As the development of necrotic lesions are characteristic
feature of colitis caused by C. difficile, and levels of the toxins are directly linked
with the severity of the disease. It has been hypothesized that these mechanisms of
action of the toxin (TcdB) produced by C. difficile are responsible for the onset and
development of the characteristic symptoms of the disease (Farrow et al. 2020).

Antibiotic-associated diarrhea (AAD) is characterized by the imbalance in the
homeostasis of the gut microbiota, and particularly, decreased concentrations of
secondary metabolites [viz. short chain fatty acid (SCFA)] in the intestinal lumen,
and the concurrent increase in the presence of carbohydrates in the intestinal lumen
and biliary acids in the colon, along with impaired water absorption, and eventually
causing diarrhea. As discussed previously, probiotics present a viable solution in the
management of AAD in numerous clinical trials by modulating the gut microbiota,
influencing the metabolism of bile salts and nutrients, inducing the action of epithe-
lial solute transporters, augmenting the function of the intestinal barrier, and
imparting positive effects leading to the effective modulation of the immune system.

In a four-week clinical study involving patients treated for CDI, oral administra-
tion of probiotics [consortium of probiotic strains (4 nos.) of Lactobacillus and
Bifidobacterium in combination with antibiotics showed significant improvement
with respect to reducing the duration of C. difficile diarrhea (Barker et al. 2017).
Microbiological analysis of the fecal contents revealed that patients who were
administered with probiotics contained reduced levels of Verrucomicrobiaceae in
the gut, in comparison with placebo-treated groups (De Wolfe et al. 2018). Although
other variations with observed with administration of the probiotic consortium, in
microbiological composition of the gut, the reduced levels of the presence of
members of Verrucomicrobiaceae were also consistent with the direct association
of the susceptibility of the family of the patient to developing infection by C. difficile
(Bassis et al. 2014). In case of a clinical study carried out subsequent to antibiotic
therapy for the treatment of infection by H. pylori, it was observed that in case of
patients taking a probiotic consortium (multiple strains of Bacillus subtilis and
Enterococcus faecium) there was a reduction in the changes to fecal microbial
composition due to antibiotic therapy changes in comparison with placebo-treated
group (Wu et al. 2019). It is notable that other clinical studies have reported similar
beneficial effects of probiotic administration during the antibiotic treatment period
for management of H. pylori infection (Mekonnen et al. 2020).

The major global medical regulatory bodies, viz. the European Food Safety
Authority (Rijkers et al. 2011) and the Food and Drug Administration (USA)
(Saldanha 2008) have not yet provided approval for the use of any probiotic
formulation for administration as a therapeutic agent. Subsequently, the probiotics
are being marketed as dietary supplements with importance focussed mainly on the
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safety, ability to survive the passage through the gastrointestinal tract, no adverse
impact on the organoleptic attributes of the carrier product, instead of their unequiv-
ocal health-promoting effects. Therefore, the current scenario demands improved
scientific proof of the key health benefits and adverse effects of the administration of
probiotics (Sniffen et al. 2018).

The health benefits attributed to the consumption of probiotics in humans has
received extensive research by scientific community as well as the food and phar-
maceutical industry for decades. As a result, a myriad of health claims has been
suggested encompassing both therapeutic and prophylactic health approaches, such
as management of acute, ADI & CDI, IBS, IBD (Inflammatory bowel disease) and
decreased risk of sepsis (late-onset type) and necrotizing colitis in neonatal subjects
(Suez et al. 2019). Other health claims include, management of Helicobacter pylori
infection, respiratory tract infections, neurological health (alleviation of depression,
mood swings, etc.), and decreased cardiovascular risk factors linked with the cardio-
metabolic syndrome. It should be noted that in spite of data from many clinical
studies positively affirming the health benefits mentioned above, comply with sound
methodology and scientific validation (Gao et al. 2010; Panigrahi et al. 2017) for the
major portion of these health conditions, there are also clinical studies of equal
scientific validation that have featured contrasting negative results, thereby
contributing to the development of rather ambiguous and inconclusive scientific
ambience.

C. difficile flourishes in the gut mucosa in situations where colonization resistance
due to microbial homeostasis is adversely affected (viz. due to antibiotic treatment
among inpatients).

Through the outcome of focussed research in recent years, it is evident from
several meta-analyses that administration of probiotics provides an augmentative
positive effects for orally administered probiotics, both prophylactically and regard-
ing the effective management of associated morbidity (Goldenberg et al. 2017),
especially when the probiotics are administered close to antibiotic exposure (Shen
et al. 2017). Additionally, subsequent follow-up of the meta-analysis involving 8672
cases involving various probiotic strains, age groups, dosage and duration of admin-
istration provided insights in to the ability to impart reasonable prophylactic effect in
patients undergoing antibiotic therapy. In contrast, the results showed the presence
of considerable heterogeneity between the clinical trials. Furthermore, post hoc
analysis of the results failed to reveal significant beneficial impact of administration
of probiotics on the protection of CDAD during clinical studies with subjects having
low to medium risk of CDAD (Goldenberg et al. 2017). Similar conclusions have
also been revealed with respect to other probiotic strains. For example, one meta-
analysis showed that among different probiotic strains, only Saccharomyces
boulardii was efficient against C. difficile. In contrast, other meta-analysis specially
related to S. boulardii concluded that the strain was beneficial at decreasing the
susceptibility to develop CDAD in children but not among adult groups (Szajewska
et al. 2016).
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Detailed analysis of the individual clinical studies that formed the basis for these
meta-analyses has elucidated the incidence of C. difficile infection during the
duration of the trial was non-existent or observed to be predominantly decrease in
studies among the placebo and treatment groups. Also, majority of the studies that
were considered for the meta-analyses did not provide clear evidence regarding the
efficacy of various strains against infection by C. difficile or CDAD. This conclusion
may be accounted for by the insufficient power of these clinical studies to provide
clear evidence regarding the decreased incidence of infection caused by C. difficile.
In contrast, among a couple of random controlled trials (RCTs) where special
emphasis was directed on studying population groups with a high observed rates
of C. difficile infection. The RCTs also featured one of the largest clinical studies of
probiotic administration for the particular indication, and the results revealed no
significant difference among the placebo and treatment groups (Allen et al. 2013;
Szajewska et al. 2016). Therefore, the clinical evidence for prophylactic effects of
the administration of probiotics to tackle CDAD is primarily supported by only
minority of studies (Suez et al. 2019).

Research findings have also provided insight regarding the role of probiotic
strains on the expression levels of specific immune-related genes, activity of key
inflammatory pathway, and levels of important immune markers, which include
modulation of NF-κB (intestinal epithelial cell), mitogen-activated protein kinase
(MAPK), Akt [i.e. phosphoinositide 3-kinase PI3K], peroxisome proliferator-
activated receptor-γ, CRP, interleukin (IL)-6, IL-8, tumor necrosis factor (TNF)-α,
IL-1β and interferon-γ (IFN-γ). Probiotics have been purported to act through
multiple mechanisms that are primarily driven by interaction with the right target
cells (Thomas and Versalovic 2010). Interestingly, certain studies involving viable
and dead probiotic bacteria have shown a variance about their effect on the expres-
sion of genes, providing insight regarding the importance of the surface of the
bacterial cell as well as the secreted molecules on the intestinal transcriptome (Van
Baarlen et al. 2009). In addition, studies have reported on the ability for
immunomodulation in the host by probiotics which is evidenced through the
TLR2 (toll-like receptor 2)-dependent stimulation of the secretion of TNF-α secre-
tion in conjunction with lipoteichoic acid (LTA), observed in the case of Lactoba-
cillus sp. (Matsuguchi et al. 2003), contact-dependent secretion of IL-10 mediated
by B. longum (Medina et al. 2007), stimulation of TNF-α response by sortase-
dependent pili in Bifidobacterium (Turroni et al. 2013), cell surface
exopolysaccharide (sEPS) of B. longum 36,524 able to modulate secretion of
pro-inflammatory cytokines and response of T-helper cell 17 (TH17) in colon as
well as in the lungs (Schiavi et al. 2016). Also, in in vitro models,
immunostimulatory cell surface appendages (SpaCBA), in Lactobacillus rhamnosus
GG have been shown to be capable of mediating adhesion to mucus present in the
human intestine as well as TLR2-dependant immunomodulation of the secretion of
cytokines (TNF-α, IL-6, IL-10, and IL-12) (von Ossowski et al. 2013). Using in vivo
models, LGG has also been shown to be effective in elevated production of ROS
(reactive oxygen species) and the subsequent inhibition of that is induced by TNF-α
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via adhesion to the intestinal epithelium mediated by SpaC appendages (Ardita et al.
2014) (Table 6.1).

In vivo studies (mice model) have also shown that cell wall peptidoglycan from
L. salivarius Ls33 is effective in prevention of colitis (chemically induced) through
the association with nucleotide-binding oligomerization domain-containing protein
2(NOD2)–IL-10-dependent mechanisms (Fernandez et al. 2011). However, the
same beneficial effects were not reported in L. acidophilus NCFM. Similar studies
have provided insight regarding the ability of L. acidophilus L-92 to bind to M cells
(microfold cells), and providing immunomodulation via its surface layer protein A
(SlpA); other examples include the ability of B. infantis 35,624 to induce TLR2-
depended T-regulatory cells in clinical studies, and also inducing the secretion of
IgA by B. animalis lactisBb-12 (Yanagihara et al. 2017).

It is noteworthy that in majority of the studies quoted above, there is a need for the
occurrence of physical contact(proximity) between probiotic bacteria and the host
cells for the potential induction of both pro- and anti-inflammatory responses, which
provides special relevance about the mode of administration of probiotics. There-
fore, further clinical studies are required to establish their beneficial outcomes in
humans where these probiotic strains are capable of successful colonization of the
gut mucosa. Additionally, understanding the molecular mechanisms of probiotic
action in the gut is critical for effective use of the existing probiotic strains with
specific focus on the recommended dosage, frequency and the total duration of
administration, the significance of employing a consortium involving multiple
probiotic strains, and the optimal protocols and the components for the
manufacturing of the probiotic products. In addition, understanding the molecular
mechanisms of action can also help in select in the next-generation probiotics.

6.5 Short Chain Fatty Acid (SCFA) Metabolism and AAD

Among the research studies on probiotic efficacy, there is good consensus on the
hypothesis that the modification of the metabolism of nutrients caused by the
remodelling of the gut microbiome that is exposed to antibiotic therapy can signifi-
cantly alter the intestinal metabolome. The chief factor that contributes to the
metabolite alteration in the lumen is the decrease in the levels of short chain fatty
acids (SCFA) (Binder, 2010; Theriot et al. 2014). SCFAs (viz. acetate, butyrate, and
propionate) are the principal metabolic by-products of bacterial metabolism of
carbohydrate in GIT and take up to 10% of the daily energy requirement in humans
(van der Beek et al. 2017). A reduction in the biosynthesis of SCFAs in the gut might
lead to the development of AAD because they promote absorption of water and
sodium chloride.

SCFAs are efficiently taken up in the large intestine and stimulate fluid absorption
(sodium-dependent) through a cyclic AMP-independent mechanism with exchanges
of Sodium-Hydrogen, SCFA-Chloride, and SCFA-bicarbonate moieties (Fig. 6.1).

Antibiotic therapy also disrupts the GI tract microbiota via loss of homeostasis,
which causes amplified colonization by opportunistic pathogens, the build-up of
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unutilized carbohydrates and decreased concentration of secondary bile acids and
SCFAs. Probiotics could effectively tackle these changes by direct antagonism
towards pathogens or through inducing changes in the gut microbiota composition,
chiefly by the elevated production of SCFAs, production of secreted metabolites viz.
bacteriocins, reduction of luminal pH and oxygen concentrations. Probiotic strains
may also influence the composition of biliary acids in addition to positive interaction
with intestinal epithelium and the immune system of the host ultimately leading to
enhanced gut barrier function besides the effective regulation of water and solute
transport.

In mice model, L. rhamnosus GG was effective with an efficiency matching
tributyrin (a derivative of butyrate) in providing prophylactic effects in case of
intestinal injury induced by antibiotic therapy and reductions the levels of SCFA
receptor (GPR109a) and transporters(SLC5A8) (Cresci et al. 2013). Since Lactoba-
cillus spp. do not have the pathways that are needed for the production of butyrate,
the increased luminal butyrate levels of the administration of L. rhamnosus GG has
been hypothesized to be a case of cross-feeding with other components of the gut
microbiota, induced by probiotics. Clinical trials have also provided evidence of the
positive impact of probiotics regarding the intestinal SCFA levels. L. plantarum
299V has been proven to be effective in arresting a decrease in SCFA during
treatment with metronidazole (Wullt et al. 2007).

In cell line models, metabolites secreted by L. acidophilus ATCC4537 were able
to prevent the inhibition of the uptake of butyrate by Caco-2 cells mediated by

Fig. 6.1 A schematic model of the potential molecular mechanisms of probiotic action towards
prophylaxis of AAD (Mekonnen et al. 2020)
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enteropathogenic E. coli through the inhibition of MCT1 (monocarboxylate trans-
porter isoform 1) endocytosis. Imperatively, the same capability has not been
observed in case of heat-killed L. acidophilus or by viable cells of three other
Lactobacillus strains tested (Kumar et al. 2015). Thus, there is a strong indication
of strain-specific factors being responsible for the observed effects.

Probiotics might also directly influence the SCFA levels in the intestinal lumen
by the production of organic acids (viz. acetate, lactate, etc.) and by encouraging the
presence of SCFA-producing gut bacteria. The production of SCFA (viz. acetate) by
Bifidobacterium spp. in GIT has been proven to effectively decrease the risk for
infection by enteropathogenic E. coli (Fukuda et al. 2011). Probiotic metabolism and
production of organic acids (e.g. lactate and acetate) in situ could lower luminal pH
and oxygen levels in addition to acting as substrates used for the synthesis of
butyrate and propionate by microbial components of the gut microbiota (Louis and
Flint 2017). In addition, the colonization of probiotics in GIT might decrease the
levels of undigested carbohydrates, leading to a reduced risk of developing diarrhea
caused by osmogradient modifications (Binder 2010).

6.6 Modulation of the Secretion of Electrolyte Secretion
and Absorption Efficacy

The inefficient absorption as well as the active secretion of electrolytes (solutes) by
the intestinal epithelial cells contribute to the clinical manifestation of watery
diarrhea. Electrolyte concentrations in GIT are regulated by multiple baso-lateral
and apical channels along with transporters regulating the transport of chloride (Cl-)
as well as active transport of sodium (Na+) through the epithelial barrier with parallel
absorption of chloride (Cl–) or bicarbonate (HCO3–)ions (Camilleri et al. 2017;
Thiagarajah et al. 2015). In case of in vivo mice model, B. subtilis CU1 (CNCM
I2745) was shown to stimulate the expression of elevated levels of NHE3 (epithelial
Na+/H+ exchanger-3 protein), which enhances fluid absorption, and reduced levels
of cystic fibrosis transmembrane conductance regulator (CFTR), a protein compo-
nent which plays a pivotal role in the secretion of chloride ions (Urdaci et al. 2018).
The similar effects were not reported in L. plantarum CNCM I-4547.

In another in vivo study (mice model), L. acidophilus ATCC4357 was able to
prevent diarrhea by effectively tackling the inhibition of NHE3 protein caused by
infection of Citrobacter rodentium. Additionally, the Cl/HCO3exchanger protein
(DRA) was also reported to retain its activity subsequent to treatment with
L. acidophilus (Kumar et al. 2016). Analogous results have been demonstrated
involving other studies, such as Bacteroides fragilis ZY-312 (Zhang et al. 2018) &
L. rhamnosus GG (Cresci et al. 2013), which resulted in the upregulation in the
expression of genes specifically coding for membrane proteins that act as aquaporin
water channels. Therefore, the alterations mediated by probiotics with respect to the
various electrolyte transporters present in the GIT might represent an effective
mechanism for the efficient management of AAD.
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Besides SCFAs, other metabolites secreted by probiotics might also confer
similar beneficial effects such as gassericin A, a bacteriocin produced by
L. gasseri and L. frumenti. In vitro tests have shown that gassericin A is effective
at increasing intestinal fluid absorption by inducing higher levels of cellular cyclic
nucleotide observed in epithelial cells through mechanisms that involves binding to
the membrane protein Keratin 19 (KRT19) and effectively activating mTOR (mech-
anistic Target of Rapamycin) phosphodiesterase activity. In vivo studies using
piglets have also demonstrated the efficacy of gassericin A producing L. gasseri in
prevention of diarrhea (Hu et al. 2018).

6.7 Increase in the Concentration of Secondary Bile Acids

In healthy humans, an estimated 95% of the luminal biliary acids are subject to
reabsorption in distal region of ileum (Winston and Theriot 2020), with the
remaining bile acids being subject to modification by intestinal bacteria and subse-
quently passively absorbed or excreted. Antibiotic therapy disrupts this balance and
causes an increase in the levels of primary biliary acids present in the gut, which
inhibit activity of epithelial ion transport proteins. It has also been shown that
decrease in the microbially altered, secondary biliary acids elevates the susceptibility
to develop infection by C. difficile (Buffie et al. 2015). Clinical studies have
demonstrated the efficacy of S. boulardii CNCM I-745 to alter the biliary acid
composition during antibiotic therapy among healthy volunteers. Higher quantities
of primary biliary acids (cholic acids), and lower levels of secondary biliary acids
have been reported in the fecal samples from subjects on treatment with antibiotics
(amoxicillin-clavulanate). Administration of S. boulardii CNCM I-745 was also
reported to reverse these changes in clinical studies (Kelly et al. 2019).

Deconjugation of bile acids by the secretion of bile salt hydrolases (BSH) by
probiotics (viz. species of Bifidobacterium, Lactobacillus, and Clostridium) is
already well established. BSH deconjugate biliary acids which can be additionally
metabolized to secondary and tertiary biliary acids by the action of other components
of gut microbiota (Winston and Theriot 2020).

In vivo studies (mice model) have demonstrated the efficacy of enhanced BSH
activity in ameliorating the cardiometabolic impacts of high lipid diet (Joyce et al.
2014). Research insights have revealed that genes coding for BSH are selectively
enriched among Lactobacillus spp. that are associated with vertebrates (O’Flaherty
et al. 2018). Significantly, gut-associated BSH phylotype with the most effective
enzymatic activity was primarily reported in Lactobacillus spp. and not other
components of the human gut microbiome (Song et al. 2019).
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6.8 Augmenting the Intestinal Barrier Function

The integrity of intestinal epithelial barrier has been showed to be very crucial for the
pathologenesis of a variety of intestinal as well as other systemic diseases (König
et al. 2016). As per in vivo studies carried out using rodent model, it has been shown
that antibiotic therapy induces deficits in barrier function, also termed as a “leaky
gut,” but its severity varies based on the specific type of antibiotic that has been
employed for the therapy (Tulstrup et al. 2015). In animal studies, particular strains
of probiotics have been demonstrated to thwart these disruptions to the intestinal
epithelium that are induced by antibiotics. For example, Bacillus amyloliquefaciens
was reported to provide enhanced structural and functional attributes of the epithe-
lium in piglets that were administered aureomycin (Du et al. 2018). Also, similar
effects were observed in case of Lactobacillus casei CGMCC 12435 and a combi-
nation of Lactobacillus and Bifidobacterium strains in mice subjected to ampicillin
treatment. The results were substantiated by the observation of enhanced transcripts
for tight junction proteins (Shi et al. 2018). Administration of B. fragilis ZY-312
(109 CFU/day) was observed to increase ZO-1 as well as occluding, tight junction
proteins, production of mucin, and cell markers for the proliferation of epithelial
cells in the colon (Zhang et al. 2018). Additional research efforts are needed to
expound the role of specific metabolites produced by probiotics that impact epithe-
lial barrier function (Bron et al. 2017). Recent reports involving in vitro models have
demonstrated that Plantaricin EF, a bacteriocin secreted by L. plantarum can effec-
tively thwart pro-damage to the barrier integrity caused by the action of inflamma-
tory cytokines. Additional extracellular proteins secreted by bacteria such as the
outer membrane, pilus-associated protein synthesized by Akkermansia mucinophilia
could also provide improvements to the effectiveness of the intestinal barrier
(Plovier et al. 2017) (Fig. 6.1).

6.9 Modulation of Intestinal Immune Response

Antibiotic therapy has also been proven to adversely affect the homeostasis of the
immune system of the host. In clinical studies, antibiotic therapy has been associated
with impaired responses to vaccination, among subjects with reduced prevalent
antibody titres (Hagan et al. 2019). In mice model, antibiotics have also been
known to induce chronic, macrophage-dependent elevation of the inflammatory
T-helper 1 (TH1) and heightened susceptibility to certain infections (Scott et al.
2018).

Putative and proven probiotic strains of microorganisms are demonstrated to
effectively protect against antibiotic-associated activation of inflammatory pathways
in both in vivo models (mic and piglets) as well as in humans (Suez et al. 2018).
These are supported by observed reductions in the quantities of C-reactive protein,
complement proteins (C3), and antibodies (IgG) which indicate the efficacy of
probiotics to limit the systemic effects of antibiotics. The reports concur with the
strain-dependent immunomodulatory activities of probiotics among healthy subjects
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and also individuals with immune system mediated chronic diseases (e.g. allergy,
asthma) (Galdeano et al. 2019; Peters et al. 2019). Although additional research
efforts are necessary to bring to light the role of specific components of the probiotic
cell that directly alter the immune function during antibiotic therapy, recent reports
have suggested that the exopolysaccharides produced by Bifidobacterium (Schiavi
et al. 2016) and Lactobacillus S-layer proteins (Lightfoot et al. 2015) have immu-
nomodulatory function. Thus, immunomodulation by probiotics during antibiotic
therapy could be mediated by the secretion of multiple compounds.

Despite the large quantum of studies which indicate the efficacy of probiotics to
effectively treat AAD, it is significant to note that very few studies have investigated
the molecular mechanisms of their action. It is particularly to be noted that very few
mechanistic studies using in vivo models and clinical trials have directly examined
the most popular choice of probiotics for clinical trials, viz. L. rhamnosus GG or
S. boulardii CNCM I-745. It has been hypothesized that the positive effects imparted
by probiotic strains are multi-factorial and strongly dependent on the probiotic strain
as well as the health status of the host (Goldenberg et al. 2015).

The presence of mechanistic overlap among probiotic strains (e.g. beneficial
effects caused by the secretion of SCFAs), in addition to host–microbe interactions
that are strain-specific in nature (e.g. beneficial effects due to secretion of key
enzymes) have also been hypothesized (Hill et al. 2014). These beneficial effects
need to be assessed in aptly regulated, multi-center clinical studies where responses
of the intestinal and gut microbiota are analyzed and validated by supporting in vivo
studies applying the same protocols.

Therefore, it is of paramount importance that the elucidation of the molecular
mechanisms of action of probiotics in GIT is of chief importance for developing
viable recommendations for current probiotic strains in specific areas (viz.
recommended dose, frequency and total duration of the administration of probiotics).
In addition, it also provides insight regarding the value of using a consortium
comprising multiple strains of probiotics and the optimal protocols for its
manufacturing and carrier delivery. It can also be applied for developing appropriate
techniques for the selection of next-generation of probiotics with enhanced efficacy
to facilitate the management of AAD.

6.10 Conclusion

The fascinating research insights summarized in the present chapter provide clear
understanding of the holistic and comprehensive role played by a variety of probiotic
strains in the effective management of AAD. The global incidence of AAD is only
going to increase owing to the widespread and unscientific administration of
broad-spectrum antibiotics as well as the rising trend of high stress, coupled with
imbalanced diet and unhealthy lifestyle among the population. These changes are
primarily due to rampant urbanization and the subsequent migration of rural popula-
tion to the urban centers in India as well across the developing world. The overall
scenario provides strong impetus to the addition of probiotics in the arsenal to
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effectively tackle AAD. This would be further hastened with specific research efforts
targeting the lacunae discussed in the present chapter especially the need for
comprehensive, well-planned clinical studies to provide unequivocal evidence for
the efficacy of specific probiotic strains, which would enable the authorized regu-
latory agencies to approve its administration to benefit the patients affected by AAD.
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