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Inflammatory bowel disease (IBD) is a group of chronic gastrointestinal inflammatory
conditions which can be life-threatening, affecting both childgen and adults. Crohn's
disease and ulcerative colitis are the two main forms of IBD.ﬁne pathogenesis of IBD
is complex and involves genetic background, environmental factors, alteration in gut
microbiota, aberrant immune responses (innate and adaptive), and their interactions,
all of which provide clues to the identification of innovative diagnostic or prognostic
biomarkers and the development of novel treatments. Gut microbiota provide signifi-
cant benefits to its host, most notably via maintaining immunological homeostasis.
Furthermore, changes in gut microbial populations may promote immunological dys-
regulation, resulting in autoimmune diseases, including IBD. Investigating thedaterac-
tion between gut microbiota and immune system of the host may lead t:gjetter
understanding of the pathophysiology of IBD_as well as the development of innova-
tive immune- or microbe-based therapeutics. In this review we summarized the most
recent findings on innovative therapeutics for IBD, including microbiome-based ther-
apies such as fecal microbiota transplantation, probiotics, live biotherapeutic prod-

ucts, short-chain fatty acids, bile acids, and urolithin A.
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1 | INTRODUCTION

Inflammatory bowel disease (IBD), including Crohn's disease (CD) and
ulcerative colitis (UC), is a group of chronic inflammatory conditions
of the gastrointestinal tract that affects 6.8 million individuals world-
wide.! The pathophysiology of IBD is multifaceted.? Aberrant immune
response due to immune dysregulation leads to chronic inflammation;
hence, most studies on IBD pathophysiology have been directed
toward immune aberrations. Cytokines and cytokine signaling, such
as tumor necrosis factor (TNF) and Janus kinase (JAK), play essential
roles in the pathophysiology of IBD.® Targeting these crucial cyto-
kines, such as TNF, has received much more attention in IBD treat-
ment for patients who do not respond to corticosteroids or
immunosuppressants.® Small-molecule (non-immunogenic oral) thera-
peutics, including JAK inhibitors, have illustrated efficiency in the ini-
tial-phase clinical trials, leading to authorization of tofacitinib to
manage cases with moderate-to-severe UC.* Substantial progress has
been made in recent decades in the investigationg of the development
of the disease. According to previous studies, the pathogenesis of IBD
is linked to genetic vulnerability of the host, altered gut microbiota,
environmental factogsg and immunological disorders.>* Among the
has been shown that gut microbial dysbiosis
in healthy
status benefits from gut microbiota, which includes production of
short-chain fatty acids (SCFAs) and amino acids, metabi

gested carbohydrates, and immune system activation.” Compared to

environmental cues, |

plays a critical role in the pathogenesis of IBD.” The
m of undi-

healthy individuals, the composition and diversity of gut microbiota
significantly change in cases with 1BD.”

Ruminococcus bromii and Faecalibacterium prausnitzii are two of
the most critical bacteria in generating butyrate via undigested dietary
fiber, which is a raw material for producing numerous SCFAs in the
gut®? SCFAs can be found in both the small and large intestines,
including formic acid, butyrate, valeric acid, acetate, and propionate
(mainly found in small and large intestines).?? Butyrate can be found
in the colon and cecum.'® Generally, these SCFAs improve the intesti-
nal barrier, provide adequate energy to gut epithelial cells, and
decrease inflammation. G-protein coupled receptor 43 (GPR43) plays
a role in promoting the effect of SCFAs on the synthesis of interleukin
(IL)-10 by T helper 1 (Thl) cells that are specific for microbial anti-
gens.'! By boosting Thl cells to produce IL-10, SCFAs reduced the
pathogenicity of gut microbiota antigen-specific Gpr43~'~ CBirl
transgenic Thl cells in the induction of intestinal inflammation.t!
Motably, SCFAs promote IL-10 synthesis by human T cells, showing
their unique therapeutic benefits in managing IBD.** A disturbed gut
microbiota in IBD reduces butyrate synthesis compared with healthy
controls.'® Some butyrate-producing bacteria produce significantly
less butyrate in UC patients, resulted in a decline in SCFAs in the gut

lumen® Oral butyrate might boost the effectiveness of oral

mesalazine in treating active UC, and IBD patients on a SCFAs-rich
diet have reported improved colitis as well 514

Urolithin A (UroA), a significant microbial metabolite generated
from polyphenolic chemicals in berries and pomegranate fruits, and its
synthetic structural analogue UASO3 have recently been found to pro-
tect against IBD.® In addition, Sinha et al*® indicated that some bac-
teria could convert primary bile acids (PBAs) to secondary bile acids
(SBAs), which have a protective function toward the progression of
IBD. Fecal microbiota transplantation (FMT) is a potential treatment
strategy for IBD.Y Utilizing live biotherapeutic products (LBPs),
including single strains of beneficial probiotic bacteria or consortiums,
is becoming a feasible therapeutic strategor treating inflammatory-
mediated disorders like IBD.'® Numerous studies have highlighted the
potential impact of probiotic bacteria on gut microbiome and produc-
tion of metabolites, notably SCFAs.*® Nevertheless, the persistence of
LBPs in the gut varies because many beneficial bacteria lose th ility
to resist inflammatory and oxidative damage related to IBD.® In this
review we described and discussed the latest data concerning novel
approaches to IBD treatment, including FMT, probiotics, LBPs, bile
acids (BAs), UA, and SCFAs.

2 | IMMUNOPATHOGENESIS OF IBD

According to prevailing opinion, CD and UC hawve terminally differenti-
ated immunophenotypes.® The IL-12/interferon (IFN)-y/TNF cyto-
kine axis has long been thought to mediate CD as a characteristic Thl
condition.®® Since anti-TNF and anti-IL-12 agents have been used to
treat CD, this notion has been reinforced.”® The concept that UC
exhibits an uncommon T helper 2 (Th2) cell profile of immunologic
response, on the other hand, has never been confirmed. Instead, it is a
theory of “exclusion™ that helps highlight and explain its distinctions
from CD.*° As a consequence of the recent breakthroughs in the
research on the etiology of intestinal tissue damage, this pathophysio-
logical hypothesis for IBD is progressively improving (Figure 1).
Discovery of the third kind of immune response (effector), the
pathway of IL-23/IL-17, is a significant advance.?! IL-23 is a heterodi-
meric cytokine that shares its p40 subunit with IL-12 but binds it with
the pl% subunit rather than the p35 subunit, which activates this
pathway. A colony of T cells (T helper 17 [Th17] cells) are stimulated
by IL-23, generating factors including IL-17, IL-6, and TNF-u.** The
toxic effects of these cells have been reported in many diseases.®
Recent studies have linked the Th17 pathway to chronic intestinal
inflammation. Yen et al?® demonstrated that IL-23, not IL-12, was
required to establish colonic inflammation in the colitis model using
IL-10-knockout mouse. The injection of synthetic IL-23 increased
ﬁe severity of colitis elicited in immunologically naive recombinase
activating gene (Rag)-deficient mice by transplanting IL-10"CD4" cells
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FIGURE 1 Schematic illustration of immur'|opatl“»ogenesisginﬂammatc'r\i.r bowel disease (IBD). The fundamental operator of IBD isa
dysfunctional mucosal immune reaction, presenting as modified innate immunity, activated effector T cells, enhanced recruitment of B cells and
antibody production, and elevated proinflammatory markers, among other factors. This figure depicts the immune cells implicated in IBD
pathophysiology and cytokines formed by various cell subsets in the influenced mucosa. Chronic intestinal inflammation is caused by
inappropriate activation and maintenance of inflammatory responses triggered by cytokines and a lack of control over these responses due to
impaired regulatory mechanisms and anti-inflammatory cytokines such as interleukin (IL)-10 and transforming growth factor (TGF)-p.

Abbreviation: TNF, tumar necrosis factor

in immunologically naive Rag-deficient animals. The proinflammatory
T cell subset (memory) was induced by IL-23, generating IL-17 and
IL-6, both of which were associated with tissue injury.?* Another
model of colitis was established by T cells (induced by Helicobacter
hepaticus)>® showing similar results in previous research. In this
model, the inflamed cecum overexpresses IL-23 and IL-17, and block-
ing IL-23p19 with antibodies decreased the production of the proin-
flammatory agent. Transplantation of CD4*CD45RB"™ cells into Rag-

icient animals (p35Rag™’") led to severe colitis, although recipients
(p19Rag™"~ or p40Rag ') protected from colitis. According to
these findings, progression of intestinal inflammation in this IBD
model requires IL-23 but not IL-12. The implications of activating the
Th17 pathway are being studied. There are data showing that IL-17
affects the innate immunity in trinitrobenzene sulfonic acid (TNBS)-
induced colitis by increasing the augmentation of macrophage inflam-
matory protein 2 and promoting the aggregation of neutrophils in the
injured tissues.”® IL-17 generating CD4" T cells might interplay with
colonic subepithelial myofibroblasts, modifying their production of
cytokines and chemokines, resulted in augmentation of proinflamma-

tory reactions and aggravation of tissue injury.?”

Maost animal models of colitis have shown that the Th17 pathway
is crudial for advancing inflammatory response. Furthermore,ﬁzs
and IL-17 expressions in the inflammatory area of patients with CD
are elevated.?®?? These findings increase the probability that mouse
immunologic processes are also relevant in human beings. It also
seems that a positive impact of anti-IL-12 p40 antibodies on CD was
accomplished via inhibiting IL-23 signaling instead of IL-12 signaling.*”
The finding that patients given anti-p40 antibodies had lower IL-17
and IL-6 synthesis support this theory.”! Remarkably, a recent
genome-wide association analysis (GWAS) has revealed a powerful
association between CD and a component of IL-23 receptor (IL23R)
that is produced by a gene located on chromosome 1p31.%? Replica-
tion investigations verified IL23R associations in independent cohorts
of CD or UC, showing a probable pathogenic involvement of IL-23 in
IBD.*?

In addition to the Th17 pathway, there is evidence that additional
courses, especially those mediated with cytokines, play crucial roles
throughout inflammatory process in the mucosa. TNF-like cytokine
1A (TL1A), also known as TNF superfamily member 15 (TNFSF15), is
a member of the TNF family (new TNF-like cytokine) that can bind to
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receptors with conflicting activities, that is, Qe functional receptor
death-domain receptor 3 (DR3) and the inhibitory receptor decoy
receptor 3 (DcR3), vach competes with DR3 for TL1A attachment.*?
Recent research on SAMP1/YitFc and TNF**"€ mice (models of CD),
both of which develop ilgidis spontaneously, suggests that TL1A sig-
naling through DR3 maygy a role in the pathophysiology of chronic
inflammation in the gastrointestinal system. During chronic ileitis,
expression of the mRMA that encodes TL1A and DR3 dramatically
increases. TL1A is produced predominantly on dendritic cells (DCs)
resident in the mucosal area and operates primarily on memory CD4"
T cells to supply costimulatory signals for replication and production
of IFN-y. The activities of TL1A (expressed on mucosal DCs) are unaf-
fected by IL-18.3 Since both molecule overexpressed in individ-

SEtﬁweer‘l TL1A (expressed on

antigen-presenting cells) and DR3 (expressed on activated lympho-
3536

uals with active CD and UC, interplays

cytes) may be particularly important for IBD pathophysiology.
Furthermore, TNFSF15 gene single-nucleotide polymorphism (SNP)
increases the risk of CD.*” TNFSF15 was the first gene that was found
to be related to CD susceptibility worldwide, which is noteworthy

given that the association is independent of ethnic origin.

3 | GUT MICROBIOTA AND IBD

Humans have a symbiotic relationship with the microbiota in the gas-
trointestinal tract, which contains about 100 trillion microorganisms,
comprising 1000 kinds of microorganisms and 1 million related
genes®%% Technological advances in genetic investigation have
revealed that the disruption of the human-enteric symbiotic ecosys-
tem, known as dysbiosis, is significantly associated with the emer-
gence of new disease groups, notably IBD, in developed countries.”
Even though microbiota may be as basic as parasites that attach to
human host nutrients or “friendly” microbes that colonize the gut to
promote fermentation, westernized lifestyle has made it increasingly
challenging to house these “good” microbes in the intestine.” This life-
style includes a high-fat, low-fiber diet, synthetic milk, inappropriate
use of antibiotics, cesarean section, improved hygiene, and stress, all
of which can lead to dysbiosis.*® Dietary fiber is a key nutrient for
microbiota, and a reduction in dietary fiber consumption is thought to
be the major cause of dyshiosis.”

Migmbiota, along with genetic makeup and immunological var-
iables, play a significant role in the pathogenesis of IBD.** Current
studies have evaluated gut microbiota using high-resolution using
next-generation seguencing (NGS) technology and found lower
heterogeneity of gut microbiota in patients with IBD.*! 3 nk et
al*? demonstrated that in IBD patients the abundances of bacteria
belonging to the phyla Firmicutes and Bacteroidetes were
decreased. In contrast, those belonging to the phyla Actinobacteria
and Proteobacteria were increased. In addition, the phylum Firmi-
cutes, and specific members of stridium cluster IV, Faecalibac-
terium prausnitzii (F. prausnitzii), are decreased in the feces of CD
patients, according to Sokol et al’ studies.**** Subsequent notable

investigations have consistently indicated 17 Clostridia strains

from clusters IV, XIVa and XVIIl activates regulatory T cells (Tregs)
in the gut.*>¢

Despite the immunosuppressive effects of some bacteria, no sin-
gle pathogen has been shown to induce damage in IBD patients.
Mycobacterium avium subspecies paratuberculosis, for instance, has
long been accused of having a pathogenic influence on CD, that is,
similar to granuloma-forming mycobacterium infectious illnesses.*” In
a 2-year clinical trial, antitubercular medication including with clari-
thromycin, rifabutin, and clofazimine given to CD patients showed no
efficacy.”® The link between CD and other bacterial taxa, including
Listeria and Mycoplasma, was studied.***® Recent research has
uncovered a possible link between “pathogenic” bacteria and the
breakdown of intestinal homeostasis. The bacterium adherent-inva-
sive Escherichia coli (AIEC) has been identified from ileal biopsy speci-
mens of the subjects with CD. AIEC causes disease by adherence to
and attacking intestinal epithelial cells.*! AIEC also increases macro-
phages and induces macrophage release of TNF-w.>? In UC patients,
Fusobacterium varium has been shown to adhere to swollen mucosa
and enter the inflamed mucosa.*” Aside from emphasizing these spe-
cific bacteria, changes in the composition of gut microbiota have been
linked to the etiology of IBD or prediction of disease progression. In
CD patients, F. prausnitzii is implicated in developing postoperative
relapse.** It has also been proven that S-aminosalicylic acid (5-ASA)
intolerance is related to an increased risk of severe clinical conse-
quences and dysbiosis.*® It is notably that computational methods of
gut microbiota enable predicting the efficiency of a specific biologic
therapy on UC.** In summary, gut homeostasis is regulated by a var-
ied microbiota containing possibly “good” microbes, whereas other
particular bacteria may be related to IBD development. Nevertheless,
it is debatable whether IBD-associated dysbiosis in gut microbiota is a

driver or a result of gut inflammation.

4 | RECENT ADVANCES BASED ON
MICROBIOME IN IBD TREATMENT

In addition to minimizing disease recurrence, traditional therapy with

rmacological strategies employing conventional drugs, including
aainosal icylates, corticosteroids, thiopurines, folic acid antagonists, or
biological medicines, are utilized to manage inflammation.*** On the
other hand, these methods are not completely effective, and patients
may develop resistance or becorgagintolerant to the drugs. Interven-
tions to modify the microbiomengve been proposed as one of the
most promising approaches for treating immune-mediated disorders
like IBD in this setting.>® This is relevant because current research
shows that traditional therapies, especially when combined with spe-
cific diet, fail to entirely preserve the normal microbiota in IBD
patients.””

Gut microbiota has been significantly involved in health and dis-
ease pathophysiology in recent decades.”® Small molecules generated
as intermediate and final products of microbial metabolism are one
crucial way gut microbiota communicate with the host.*® The metabo-

lites may be derived from bacterial metabolism of dietary sources,
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manipulating host molecules including BAs, or directly from bacteria.>?
Microbial metabolite signals control immune development, homeosta-
sis, metabolism, and mucosal integrity preservation of the host.>® Vari-
ations in the microbiota composition and function have been
identified in several IBD experiments.® SCFAs are cardiac representa-
tions of advantageous metabolites.“ The most essential and plentiful
SCFAs produced by intestinal microbiota are acetate, propionate, and
butyrate.”” Various degrees of decreased fecal SCFA levels in patients
with IBD have been reported.”*"** UroA, a microbial metabolite gen-
erated from polyphenolics in berries and pomegranate fruits, has anti-
inflammatory, antioxidant, and antiaging properties.'> The function of
UroA (derived from ellagic acid [EA] by intestinal bacteria) and its arti-
ficial forms UASO3 and BA in the pathophysiology of IBD has been
identified.

Increasing studies have focuses on the interplay routes formed
between prokaryotic and eukaryotic cells in both diseased and
healthy states and the dynamic and adwvantageous equilibrium
between gut microbiota and the host.®> Numerous pleiotropic sub-
stances are synthesized by microorganisms that colonize the
human gastrointestinal tract. These compounds influence the
development and homeostasis of the immunity, energy, and metab-
olism of the host, as well as the preservation of epithelial barrier
activity, which protects against infection.*® Compared to com-
monly reared controls, germ-free (GF) animals exhibit substantial
variations in concentration of the metabolites in various biological
tissues, such as the gut. As a result, GF animals require a higher
caloric intake to preserve the same body weight, and they are more
susceptible to vitamin deficiencies, necessitating the use of dietary
supplements.®® Dysbiosis associated with IBD may modify the
metabolic profile of the bacteria, which in turn influences the
homeostasis of the host organism, with significant variations in the
concentrations of metabolites with immunomodulatory character-
istics, such as SCFAs, BAs, and tryptophan metabolites, which pre-
disposes the host to mucosal inflammation.®® The production of
beneficial bacterial metabolites may be impaired in IBD patients,
which negatively affects gut-brain interaction.®” Several
microbiota-based therapies, including metabolites (SCFAs, UroA,
and BAs), FMT, probiotics, LBPs, and bacteriophages in IBD are

summarized in Table 1.

41 | SCFAsandIBD

SCFAs, which are primary metabolites generated | the colon wia
microbial fermentation of nutrients and dietary rs, are thought to
play a significant role in immunomodulation.®® Bacterial species that
live on nondigestible dietary fibers and create metabolites that posi-
tively impact the mucosal surface, such as SCFAs (primarily acetate,

t.°% By acting

propionate, and butyrate), appear to be highly significan
as an anti-inflammatory agent and a critical energy source for colono-
cytes, butyrate is essential for maintaining healthy epithelial tis-
suef? 7 SCFAs can influence cell growth, development, and gene

expression directly or indirectly at the cellular level %2 Simple diffusion

y be used to absorb them, but specialized transporters incuding
g; monocarboxylate transporter 1 (MCT1) and the sodium-coupled
monocarboxylate transporter 1 (SMCT1) significantly improve absorp-
tion wvia intestinal epithelial cells. In adgition, SCFAs activate anti-
inflammatory pathways by binding tolgprotein—coupled receptors
(GPCRs), including GPR41, GPR109A, and GPR43.5®

SCFAs have a role in the regulation of CD4'T cell development
into Th17 and Tregs.”* The transcription factor known as retinoic
acid-related orphan receptor yt (RORyt) prompts the Th17 cells to
manufacture massive amounts of proinflammatory cytokine known as
IL-17.7? Forkhead box P3 (Foxp3) is a transcription factor that regu-
lates the development of Tregs, which mainly express IL-10-like
inflammatory factors.”® Foxp3 and RORyt are expressed by naive
CD4'T cells, and the cytokines of the microenvironment determine
the direction of differentiation.” Studies have revealed that intestinal
T cell homeostatic mechanisms are regulated by SCFAs, and SCFAs
boost Treg formation and decrease Th17 production.”® SCFAs
increase Foxp3 activation by preventing histone deacetylase (HDAC).
Foxp3 exon 2 regions directly interact with RORyt to prevent Th17
differentiation and promote Treg development. As a result, the
amount of local IL-17 in the gut is significantly decreased, as is the
intensity of intestinal inflammation.”®”” A previous study has shown
that intestinal SCFAs limit the pathogenicity of gut microbiota
antigen-specific Thl cells to preserve intestinal homeostasis and pre-
vent the progression of colitis.”®

A recent study has provided more evidence that SCFAs support
intestinal immunoglobulin A (IgA) reaction.”” According to Wu et al's
study,® acetate increased intestinal IgA responses through the
GPR43 receptor. Aldehyde dehydrogenase 1 family member A2
(Aldh1a2), which turns vitamin A into its metabolite retinoic acid, was
expressed in DC due to acetate.”® Additionally, blocking retinoic acid
transmission prevented the induction of B cell IgA by acetate.? Buty-
rate, propionate, and acetate are crucial metabolites for preserving
intestinal homeostasis.®! Several studies have revealed that individ-
uals with active IBD had lower fecal SCFA levels.®? Significantly, not
only do IBD patients have gver amounts of prominent SCFA-
producing bacteria (such as F. prausnitzii and Roseburia intestinalis) in
their mucosal surfaces and feces, but their steady-state SCFA concen-
trations seem to be decreased as well compared to healthy
individuals.****

SCFA topical treatment has been proven efficient in improving
disease manifestations of UC patients®"®° Although butyrate was
helpful for treating CD according to one uncontrolled pilot research,®®
no randomized controlled studies have been carried out. Additionally,
most human studies have focused on the topical effects of butyrate,
and limited data are presented here on how alterations in gut micro-
biota may be affected by the administration of SCFAs.®” In this con-
text, Lee et al®’ found that oral administration of butyrate or a
combination of SCFAs affected T cell differentiation and gut microbial
profiles but did not relieve dextran sodium sulfate (DSS)-induced coli-
tis. To enhance the number of friendly and hostile gut microorgan-
isms, SCFA administration boosted the expression of FOXP3 Tregs
and IL-17-producing T cells.
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| WILEY— Digestive Diseases

SCFAs may serve as supplemental medication in the future treat-
ment patients with active IBD and idiopathic colitis.®! Both clinical
and histological improvements have been shown in patients with
active UC and diversion colitis after receiving enemas with butyrate
or SCFA formulations.®®~%° Butyrate substances reduce nuclear trans-
location of nuclear factor kappa B (NF-kB) in lamina propria macro-

ges histologically in patients with UC, and cytokine production,
and NF-kB activation in peripheral blood mononuclear cells (PBMCs)
and lamina propria mononuclear cells from CD subjects.®®

Only a small proportion of patients with UC had a therapeutic
outcome after receiving SCFA enemas (40 mmol/L  butyrate,
30 mmol/L propionate, and 100 mL of 80 mmol/L acetate twice a day

6 weeks).”* There is no correlation between the administration of
gtyrate enemas (60 mL of 100 mmol/L once daily for 20 days) and
changes in daily symptomatology ratimgs, despite a slight influence on
inflammatory markers, stool guality, frequency (Bristol stool scale) or
oxidative stress, in UC subjects in clinical remission and is not associ-
ated with an improved prognosis.”? In addition, patients with diver-
sion colitis who were given SCFA enemas showed no signs of
endoscopic or histological improvement.”*

SCFA supplementation has inconsistent effects in mouse models
of colonic inflammation. SCFA enemas, for instance, did not stop or

sen gastrointestinal injury in TNBS-induced rat colitis model.”*
ghile butyrate ameliorated colonic damage, and serum inflammatory
mediators (IL-6, TMF-w, and IL-1) in mice with colitis induced by
DSS,%" although butyrate did not reverse or mitigate DSS-induced
gastrointestinal injury in antibiotic-treated mice.”® Moreover, in the
TNBS-induced colitis murine model, butyrate became less efficient
than live F. prausnitzii or its supernatant in an anti-inflammatory reac-
tion. Despite this, both of them were able to increase IL-10 while
simultaneously decreasing TNF-w and IL-12 levels.* Surprisingly, oral
administration of SCFA-producing Clostridium butyricum derivative,
commonly known as “supernatant”, decreased colonic mucosal dam-
age sed by D55.77 This discrepancy between butyrate and SCFAs
mayg species-specific or due to different colitis models (DSS vs
TNBS), degree to which commensal bacteria are reduced, the amount
of butyrate administration, or the administration route.

In CD-based simulations, adding butyrate-producing bacteria, par-
ticularly Butyrococcus pullicaecorum, increased epithelial barrier integ-
rity.”® In  healthy subjects, the safety and tolerability of
B. pullicaecorum were favorable.”® However, the ability of butyrate to
suppress gene expression in inflammatory processes was more vital in
noninflamed controls, as evidenced by the cultivation of butyrate to
inflamed biopsies from UC patients and noninflamed biopsies from
controls.’? Additionally, TNF-u has been reported to decrease respon-
siveness of intestinal epithelium to butyrate, which may compromise
the potential usefulness of the drug in IBD patients with inflammation
and instead recommend a preventive therapy to avoid disease flare-
up.100

Jaworska et al*®* demonnstrated enhanced gut-to-blood penetra-
tion of SCFAs in both pediatric IBD patients and an animal model.
These observations can pave the way to the development of a novel,

noninvasive diagnostic instrument for conditions including IBD and

necrotizing enterocolitis, which are characterized by intestinal barrier
malfunction, as well as extraintestinal conditions characterized by
impaired gut-blood barrier. The current approach to IBD diagnosis
and follow-up comprises routine monitoring of intestinal inflammation
based on clinical symptoms, laboratory indicators, and radiographic,
endoscopic, and histological findings. As previously stated, anti-
inflammatory actions need consistent synthesis and transport of
SCFAs to the mucosa. As a result, the efficacy of SCFAs in restoring
mucosal barrier equilibrium may be enhanced by increasing or restor-

ing SCFA-producing bacteria using prebiotics or probiotics.

4.2 | UroAandIBD
3

UroA has attracted increasing attention as a potential treatment with
anti-inflammatory and antioxidant properties.’®? Intestinal microbiota
produces urolithins (organic polyphenclic compounds) from ellagic
acid (EA) and ellagitannins (ETs).'°® EA is a type of ET that has been
hydrolyzed and is high in pomegranate, berries, and nuts.!°® Humans
cannot adeguately ferment complex nutritious EAs and ETs, as
digested by gut bacteria, resulted in a urolithin sequence.’® Among
all the urolithin species, UroA is the major metabolite in human.'%® In
recent years, polyphenolic compounds have been found as potential
anti-inflammatory nutritional components.!®1% Many experiments
have demonstrated that UroA has anti-inflammatory, antioxidant,
estrogen regulator, antiproliferative, antibacterial, and neuroprotec-
tive properties.*® %12 Fyrthermore, therapeutic benefits of ET-
rich dietary sources and medicinal plants have recently been reported
in IBD.*® Mechanism of UroA functioning is constantly changing and
developing. As for anti-inflammatory characteristics, UroA is thought
to function by inhibiting various signaling ;ahways, including phos-
phoinositide 3-kinase (PI3K)/Akt/NF-xB, nuclear factor erythroid
2-related factor 2 (Nrf2), and mitogen-activated protein kinase
(MAPK)/NF-xB.**

Larrosa et al''® evaluated the effectiveness of pomegranate
extract (PE) and UroA in treating DSS-induced colitis, and found that
PE and UroA decreased inflammatory indicators in the colonic mucosa
including inducible nitric oxide synthase (INOS), cyclooxygenase
2 (COX2), prostaglandin E synthase, and prostaglandin E2, and altered
the gut microbiota beneficially. Both PE and UroA upregulated the G1
to S cell cyde™ Several pathways, such as the inflammatory
response, were shown to be downregulated in the UroA group. PE,
but not UroA, was shown to lower oxidative stress in both plasma and
colon mucosa. However, only UroA preserved its colonic architecture.
During the course of inflammation, natural urolithin formation in PE-
fed rats has been restricted. These data suggest that UroA, an anti-
inflammatory molecule, is probably the most effective anti-
inflammatory chemical available for healthy adults.

In contrast, nonmetabolized ellagitannin-related fraction may be
responsible for the inflammatory response in the colon.'*® Zhang
et al'® investigated the effect of UroA on the involvement of immune
cells in the colitis model, showing that UroA treatment for murine

CD4'T cells significantly reduced store operated calcium entry
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(SOCE) in CD4'T cells, which was followed by a significant decrease
in the levels of Orail and stromal cell-interaction molecule (STIM) 1/2
transcripts and proteins. As previously reported, UroA treatment in a
dose-dependent manner also increased the amount of microRNA
(miR)-10a-5p in CD4'T cells. Upregulation of miR-10a-5p in CD4'T
cells leads to significant reduction in STIM1/2 and Orail mRNA and
protein levels, as well as SOCE. Additionally, UA inhibited the prolifer-
ation of CD4"T cells. The effect of UroA and its powerful synthetic
counterpart (UASD3) on intestinal barrier function was investigated in
recent research by Singh et al.'® The outcomes of this study show
that UroA/UASO3 significantly improves the intestinal barrier function
while also inhibits excessive inflammation in the gut. It has been dem-
onstrated that the activation of aryl hydrocarbon receptor (AhR)-
Nrf2-dependent pathways by UroA and UASO3 upregulates epithelial
tight junction proteins.’® In addition to anti-inflammation, therapy
with these drugs has been shown in preclinical investigations to
decrease the incidence of colitis by improving barrier dysfunction. In
summary, these findings show that microbial metabolites have two-
pronged therapeutic potential in the gastrointestinal tract, enhancing
barrier function and reducing systemic and local inflammation to pro-

tect against colonic inflammation.

43 | BAsandIBD

BAs are the end products of cholesterol catabolism and play a role in
the gastrointestinal absorption of nutrients and transportation of toxic
metabolites, xenobiotics, and lipids via the biliary system.**7-117 |n
addition to regulating the enterohepatic circulation of these com-
pounds, farnesoid X receptor (FXR) regulates their production as
well 1?11 The pathogenesis of BAs in chronic IBD remains
unknown.'?2 BA malabsorption (BAM) plays a crucial role in diarrhea,
leading to secretion of water and electrolytes in the colon and induces
propagated contractions.*?? IBD is primarily caused by inflammatory
processes in the gut wall; however, abnormal BA metabolism and BA-
FXR interplay play a role in the disease.'*

Movel therapeutic approaches targeting BAs and their ligands or
signaling have developed in recent years based on the pleiotropic
function BAs serve in regulating gastrointestinal homeostasis and
immunological responses.'®* It is possible to use pharmaceuticals that
target BA transporters and ligands or indirectly change the signature
of BA pool for a wide range of disorders. IBD is often accompanied by
gut dysbiosis.'>® Compared to the general population, patients with
UC have a sixfold increased risk of developing colorectal cancer
(CRC).124127 Seyeral studies have revealed that the administration of
probiotics has the potential to improve mucosal barrier function and
restore intestinal microbiota by altering the profile of the luminal BA
pool. %1% According to animal studies, such treatment may also be
used to effectively manage gastrointestinal disorders. For example,
secondary BAs may be produced under the influence of Lactobacillus
johnsonii Lal bile salt hydrolase (BSH) to prevent Giardia growth by
poisoning the parasite.'*! Furthermore, 7u-dehydroxylating activity of
Clostridium scindens established a BA signature that inhibits

Clostridium difficile infectign.*** Trials on drugs have focused on the
specific BA receptors ER and G protein-coupled BA receptor
1 (GPBARY). PX-102, EcO01, LIN452, and GW4064 are some of the
particular agonists that have been reported so far. EYPOO1 (PXLOO7),
EDP-305, Px-102/104, TERN-101 (LY2562175), tropifexor (LIN452),
MET409, cilofexor (GS-9674 or Px-201) (LMB763), WAY-450, AGN-
242266 (AKN-083), OCA, and nidufexor are some of the documented
FXR agonists that have under dinical trials. When GW4064, the first
synthetic FXR ligand, was identified as a molecule in 2000, it was
found to have a significant effect on abnormal bacterial growth in the
small intestine and decreased intestinal permeability and inflammatory
processes in mice.'**1** Despite being widely utilized in research for
many years because of its affinity for FXR, GW4064 was not devel-
oped into a medication due to its poor pharmacokinetics and limited
plasma bioavailability.!*> For the treatment of primary biliary sclerosis
(PBC) and nonalcoholic steatohepatitis (NASH), LUN452, also known
as tropifexor, has advanced as a novel safe medication candidate that
might activate FXR with beneficial features. 124137

BAs act as signaling molecules via GPCRs and activate nuclear
receptors.’*® Triggering of these receptors modulates the expression
of genes involved in several pathways, such as inflammation, BA bal-
ance, and lipid metabolism.**® Immunomodulatory effects of BAs have
been well studied in recent years. Innate immune cells and gut epithe-
lial cells are shown to be immunoregulated by BAs via the activation
of nuclear receptors pregnane X receptor (PXR), FXR, and vitamin D
receptor (VDR).**2

Muclear transcription factor FXR (NR1H4) and the seven-
transmembrane GPCR, GPBAR-1 (also known as TGRS5), are the most-
studied receptors.’® TGR5-related BA receptor pathway might be
vital in the regulation of epithelial barrier function.'3* TGRS activation
improves barrier function and prevents against bile leakage.*®” TGRS
only expresses in Lgr5-positive intestinal stem cells (I5Cs) and its acti-
vation supports the reconstitution of Lgr5" ISC required for epithelial
healing in DSS-induced colitis in mice.!*® The BA receptor TGRS is
involved in the onset, progression and resolution of intestinal inflam-
mation. BAs improve inflammation by stimulating TGR5 and nuclear
receptors.’ TGRS is related to the induction and mitigation of
inflammatory reaction. Bile reflux into the pancreatic duct is associ-
ated with acute pancreatitis, and TGRS has been identified as a modu-
lator of BA-induced pancreatitis."** TGRS is expressed at the apical
pole of acinar cells, and a retrograde ductal infusion of taurolithocholic
acid-3-sulfate (TLCS) into the pancreatic duct caused pancreatitis in
wild-type mice but not Tgr5~'~ animals.*? BAs did not affect patho-
logical calcium transients, intracellular activation of zymogens, or
TLCS-induced cell injury.**? A study has suggested that TGRS has an

. . . L. 143
immunosuppressive and anti-inflammatory activity.

Mo nocytes
express TGRS in peripheral circulation, differentiated macrophages,
and dendritic cells, and TGRS stimulation reduces the production of
macrophage cytokine.!*** TGRS increases intestinal macrophages
in CD patients, and its activation suppresses TNF-u production.******
TGRS gene, located on chromosome 2935, is close to a genetic variant
linked to primary sclerosing cholangitis (PSC), which is a chronic

inflammatory disorder of the bile duct.**® Further research is needed

3 SUIE P PUIT SULS3 ) S8 0 [ §70E 0] W0 A aurjug) £ g ‘DOINepy 0] MUYy [0 ] PIPEESA] A [ E1E [OSED-TSL] T 1T O Ao o)t reag ey o5 gy Woay papTofu e ‘EE  TI0T NRET 150 ]

U sy,

EAr] S M Age e gy g paman A ST Vi) S po s my Sy A Sy uo




RUDIANSYAH ET AL

Digestive Diseases

to establish the role of TGRS in inflammatory disorders of the gastro-
intestinal tract. TGRS, on the other hand, suppresses NF -«B- mediated
inflammatory signaling, and Tgr5~'~ animals present with increased
lipopolysaccharide (LPS)-induced hepatitis, showing the relevance of
this anti-inflammatory mechanism. 718 Specific FXR, PXR, or VDR
agonists diminish the inflammatory reaction in experimental models of
intestinal inflammation, but animals deficient for one of these recep-
tors are susceptible to intestinal inflammation.**® Moreover, FXR and
PXR in mice impaired epithelial permeability, leading to colitis or ilei-
tis.*"15% As a result, changes in nuclear receptor signaling may have a
considerable impact on intestinal inflammation.

Several experiments on therapeutics that target the BA-gut
microbiota axis have been conducted based on the alterations and
impacts of gut microbiota and BAs in IBD. Wang et al*** revealed that
a hydrolyzed protein diet helped alleviate chronic inflammation in a
canine model, which was associated with increasing concentrations of
lithocholic acid and deoxycholic acid and recovered gut microbiota, as
evidenced by decreased infections and greater BA-producing Clostrid-
ium hiranonis. Fucose and the total alkaloids in Sophora alopecuroides
L., two other food ingredients, also have some therapeutic benefits on
mouse colitis.*®*"*** They may improve gastrointestinal dysbiosis and
enhance the Firmicutes/Bacteroidetes composition. Furthermore, the
concentrations of primary and conjugated BAs decrease following
therapy and are comparable to those of the control group.

Moreover, in cases with CD, exclusive enteral nutrition (EEN)
might partially normalize the aberrant structure of BAs, resulting in
higher lithocholic acid with decreased primary and conjugated BAs.*™
Remarkably, subjects with various BA profiles and microbial ecosys-
tems respond differently to EEN. Subjects with primary BA as the
dominant BA have either non-sustained remission or recurrence fol-
lowing EEMN treatment. Gut microbial diversity is lowered, with
decreased abundances of Ruminococcaceae and Lachnospiraceae and
higher abundances of the phylum Proteobacteria. Trials on adults, on
the other hand, have yielded varying findings, probably due to poor
adherence to therapy.'>® Generally, nutritional treatment appears to
be a pretty safe method.

Several investigations have connected BA dysmetabolism to gas-
trointestinal dysbiosis in IBD patients.**'*” According to Devkota
et al's study,'*® high-saturated-fat diet causes the growth of the
pathobiont that produces hydrogen sulfide (H2S), Bilophila wads-
worthia, which in turn induces colitis in 1110~ mice. Taurocholic acid
is responsible for the proinflammatory impact of a high-saturated-fat
diet.*® It is well recognized that the sulfonic acid moiety in taurine,
the conjugate in taurocholic acid, might be dissimilated by gastrointes-
tinal microbiota-producing H,5 as a byproduct.** Diet rich in fat or
meat causes additional taurine conjugation to BAs, resulting in more
significant H,5 production, which is thought to be a risk factor for
IBD.**%1%° Alternatively, IBD-related microbial dysbiosis might cause
BA dysmetabolism, which might change how BAs operate as an anti-
inflammatory agent.**® Duboc et al**® revealed that bacterial metabo-
lism of BAs is defective owing to microbial dysbiosis. Furthermore,
they demonstrated that this gastrointestinal dysmetabolism disrupted
the intestinal BA pool, which influenced the anti-inflammatory

properties of BAs.*® In fact, BAs are recognized as anti-inflammatory
mediators that prevent NF-«B activation and, as a result, minimize
macrophage cytokine secretion.™*® The relevance of deconjugation by
gut microbiota is shown by the anti-inflammatory activity being spe-
cific to secondary BAs but not the conjugated ones.'>® Activation of
BA receptors prevents against experimental colitis, and may also have
an anti-inflammatory impact.’®* Mice lacking FXRs have reduced
intestinal barrier and decreased antimicrobial protection in the small
intestine.’* Following the discovery of an association between IBD
and NR1H4 gene mutation, which codes for the FXR, the function of
BAs in protecting against inflammatory response has recently been
established.'® A pilot study on fecal BA and microbiota profiles in
IBD revealed that overall individuals with IBD and healthy controls
had similar BA profiles.*®® SBAs have been demonstrated to improve
phylum-level fecal dysbiosis associated with colitis and lessen its
severity.'*® According to the most recent study, gut dysbiosis was
found to cause a lack of SBAs in UC patients who are prone to inflam-
mation. This results in a proinflammatory condition in the intestine,
which may be addressed by restoring SBAs.*® Similar to BA dysmeta-
bolism, BA malabsorption is a prevalent cause of diarrhea in CD and
colitis cases.*®*14*

It has been shown that probiotics (Lactobacillus plantarum
CCFM8661, Lactobacillus reuteri NCIMB 30242, and VSL#3) affect BA
metabolism in mice and human beings via FGF19/FGF15 by enhanc-
ing the production and excretion of BAs.*** %% With higher bile salt
hydrolase function, VSL#3 induced expansion of Bifidobacteriaceae
and Lactobacillaceae, which reduced conjugated/deconjugated
BAs.'®® To cooperatively repair the microbial composition and activity
in IBD cases, bacterial consortia were developed. Main therapeutic
activities, such as converting SBAs, particularly deoxycholic acid and
lithocholic acid, were intended to be provided and replenished.
Synbiotics—prebiotics combined with probiotics—are often used.
Prebiotics may influence the formation of the microbial metabolites
SCFAs and BAs in addition to promoting the development of
probiotics, including Ruminococcaceae, Lachnospiraceae, and
Bifidobacterium.**?~ 172 For instance, inulin raised deoxycholic acid and
lithocholic acid levels in dog feces.'”? Overall, probiotics and prebi-
otics may regulate gut homeostasis by changing the bacterial and BA
compositions and may contribute to the cessation of intestinal
inflammation.

It has been recognized that the SBA ursodeoxycholic acid (UDCA)
possesses therapeutic effects.’”” In 1997, Kullmann et al'*'7® dem-
onstrated for the first time that UDCA had anti-inflammatory proper-
ties that protect against intestinal inflammation. In both the TNBS-
induced colitis and indomethacin-induced ileitis models, oral treat-
ment with UDCA lowered macroscopic and microscopic damage
scores and reduced weight loss in rats.”*17% The protective effects
of UDCA and its taurine conjugate have been confirmed in numerous
predlinical studies using a wvariety of chemically induced intestinal
inflammation models, such as the colitis model induced by TNBS or
DsS, enteritis  model  induced by indomethacin, and the
chemotherapy-related mucositis model.”™ UCDA also protects

against minor intestine inflammation in the mouse model of
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nonalcoholic fatty liver disease (NAFLD), wherein mucosal inflamma-
tion is associated with a high-fat diet.)”® Another study on genetically
engineered TNFARE (TNF**RE mice carry a genetic deletion in the
AlU-rich elements [ARE]) mice, a recognized model of CD caused by
excessive TNF production, also reported an anti-inflammatory effects
of UDCA and its conjugates."*® Therefore, preclinical investigations in
various disease models significantly support the notion that UDCA
may effectively prevent or alleviate chronic intestinal inflammation in

complement to its hepatoprotective properties.

44 | FMTinIBD
FMT has been reported to induce clinical remission in 33% of the
307 elderly subjects included in a meta-analysis of 24 UC cohort sur-
veys. While the remission rate was decreased to 23% in six pediatric
cohort studies involving 34 UC participants.’”” Randomized con-
trolled studies have also shown favorable outcomes when using FMT
to treat UC. A study included 70 individuals with UC, all of whom pre-
sented with active disease but no infectious diarrhea; after a maxi-
mum of & weeks, 24% of individuals who received FMT achieved
remission compared to 5% of those who received a placebo. Both
groups were taking anti-inflammatory /immunosuppressive medication
(such as mesalamine, anti-TNF agents, corticosteroids).*™® Similar
findings were shown when employil nemas 5 days per week for
8 weeks in Australians, which found a3 remission rate of 27% in UC
cases with active UC administered with FMT compared to 8% in those
managed with placebo.’”” Subjects were given immunosuppressive
medicines, including thiopurines, methotrexate, 5-aminosalicylates,
and oral prednisone in a consist@f dosage regardless of whether or
not they had undergone FMT.? On the other hand, remission rate in
UC cases treated using FMT from healthy individuals were compara-
ble to that in those who received autologous fecal microbiota.*®®
On the other hand, therapeutic benefits of FMT in CD come from
limited, uncontrolled research. Of patients whose symptoms were alle-
viated after receiving a single colonoscopic FMT treatment, 58%
reported clinical response.®! This was supported by increasing levels of
Tregs in the lamina propria of the recipients, which was proceeded by
high microbial diversity, indicating a reconstruction of microbial homeo-
stasis and less evident inflammation.'® Additionally, a single FMT
resulted in clinical response and remission in CD patients, accompanied
by an increased body weight of the patients.’®? A 12-week washout
time was necessary for all CD patients who were subjected to immuno-
suppressive medigagions, including tacrolimus, infliximab, or cyclospor-
ine. Traditional Iy,gtibiotics and probiotics were discontinued 60 and
30 days before FMT."®! The potential benefit: FMT in adolescent
g;d 12-19 years with
mild-to-moderate CD were given FMT using a nasogastric tube once

CD patients were also examined. Nine people

and then observed for 12weeks.'® Regarding the clinical scoring,
seven of the nine cases were in remission 2 weeks following FMT;
while at 6 and 12 weeks following FMT, five were in remission. During
the FMT or placebo therapy, all subjects included in the research were

authorized to undergo immunomodulators.'®?

In asystematic review and meta-analysis by Colman and Rubin, a
comprehensive evaluation of 18 trials that employed FMT as the pri-
mary treatment in 122 IBD patients was performed, showing an aver-
age remission rate of 45%.® A subgroup analysis revealed that CD
cases were much more likely than UC cases to respond to FMT
(60.5% ws 22%). This shows that recognizing and transferring particu-
lar bacterial communities to reestablish gut balance may significantly
restore intestinal health.'”® Vomiting, postduodenal infusions and mild
fever have been reported as side effects of FMT.2®* Serious adverse
events are uncommon; however, flare-ups of IBD and infection have
been documented.'®>18¢ Although all successfully conducted studies
engaged one FMT protocol, it is essential to remember that this
results in an extra burden on both the patient who require additional
endoscopic examination and the health professional who imposes

additional costs.

4.5 | Probiotics and IBD

Probiotics are defined as “living micro-organisms that, when con-
sumed in a particular amount, provide health advantages in addition
to natural basic nutrients”.*®” According to the increasing evidence,
probiotics appear to modify disease presentation in both animal
models of and patients with IBD.*®® The results are likely to be minor
at best, which may be due to the probiotic microorganism chosen, the
diversity in organism doses delivered, and the heterogeneity of the
conditions being addressed. Probiotics have been employed success-
fully in treating IBD to reduce dysbiosis in cases receiving long-term
antibiotic or immunosuppressive therapy.’®” Furthermore, these
bacteria have been exploited as an adjuvant treatment to reverse the
dysbiotic milieu linked to the formation and progression of IBD.*®"
Despite many experiments and clinical studies using probiotics for the
treatment of IBD, lack of standard procedures during therapeutic pro-
tocols, limited sample sizes, and inadeguateeill ness identification have
restricted the valuable findings of probiotic in this situation.

Probiotics have been identified as an option for inducing and
maintaining remission in UC, w those in CD show little or no bene-
fit.*?® Adjuvant administration of multispecies probiotic VSL#3 com-
prises four strains of Lactobacillus casei, L plantarum, Lactobacillus
acidophilus, and Lactobacillus delbrueckii spp. Bulgaricus, three of Bifido-
bacterium longum, Bifidobacterium breve, Bifidobacterium infantis, and
one of Streptococcus salivarius spp. thermophilus, upon consuming a
daily dosage of 3.6 x 102 colony-forming units (CFUs), participants
with mild to moderately active UC achieved clinical remission.'”**%*
Corroborating findimgs were obtained following managing mild to

ﬁ patients with VSL#3 alone twice a day at the

exact dosage as previously stated.'®® The rate of remission mainte-

moderately active

nance in UC patients treated with either nonpathogenic Escherichia
coli Nissle 1917 (EcN) or mesalazine were likewise comparable.*?
Adjuvant treatment with Bifidobacterium-fermented milk (includ-
ing L acidophilus, B. breve, and B. bifidum) for 12 weeks (10 billion bac-
teria/d) improved clinical and endoscopic activity index in 20 patients

who had mild to moderately active UC compared to placebo.'®®

g sumepun ) pue susa, ag w0 | E0Z 08 0] o Ay [y S C0IGN 9E] TRy [N PIPEEI A9 1S IOSETTSLL T L0/ pus e S e Sreay oy o By wnsy papTouan] ‘6 TE0Z 086T 1521

U sy,

ssumar] s Ay ajgesgdde agy i paanE A SN i S po sy my G| A Sy uo




424 L ef

RUDIANSYAH ET AL

Digestive Diseases

O

Motably, the levels of SCFAs in stool were increased | the probiotic-
treated group than in the placebo group. Mevertheless, a current
experiment utilizing a similar therapeutic regime (fermented milk
including B. breve and L. acidophilus) found no effect in treating or

1% In fact, using

maintaining UC remission in 195 participants.
B. bifidum (as a single strain-containing probiotic) might enhance fecal
SCFA concentrations in healthy individuals; nevertheless, the preven-
tive effect in UC or CD remained unclear.'”” The first study was the
only one to confirm the extraordinary development of Bifidobacteria
in the feces of probiotics-treated patients and to undergo endoscopic
inspection, despite the fact that other studies in ed significantly
fewer participants. Therapy with Lactobacillus GG g)dne or combined
with mesalazine prolonged the relapse-free period in UC patients in a
treatment regimen that lasted 12 months. This was in comparison to
the group that was treated with immunosuppressants alone.»*®

In vivo rodent colitis models enable researchers to investigate the
influence of microbiota, mainly probiotics, on inflammatory response
in colon and serve as a model to investigate their potential health-
promoting impacts in IBD or other illnesses linked to intestinal mucosa
swelling.2?% To find in vitro signs that may predict advantages, several
researchers have attempted to correlate these in vitro and in vivo pre-
clinical outcomes. For example, in an experimental murine colitis
model, Foligne et al*® suggested that the ratio of anti-inflammatory
and proinflammatory mediators (IL-10 and IL-12) generated by
PBMCs following their in vitro stimulation by probiotic strains might
anticipate their beneficial influence in vivo. The ratio of IL-1p proteins
and the IL-1p receptor antagonist in specimens from IBD patients
were shown to be different from those in tissues of healthy control
animals.2% Although there was no absolute change in IL-1 mRNA or
protein, there may have been a rise in inflammatory signals fueled via
IL-1f in animal 1BD.?°* Nishitani et al**® used a mouse model of DSS-
induced colitis to assess the in vivo anti-inflammatory effects of Lacto-
coccus lactis subsp. cremoris FC. Mo discernible variations in weight
loss between L. lactis subsp. cremoris FC-treated and -untreated mice
were seen throughout the D55 modeling, which was combined with
oral administration at a concentration of 3% and given ad libitum for
5 days. However, mice given L. lactis subsp. cremoris FC showed con-
siderable improvement in shortening of colon length. Additionally, as
contrasted with mice that were not treated, L lactis subsp. cremoris
FC-treated mice had substantially reduced histological scores for the
intensity of inflammation, thickness of inflammatory cell infiltration,
and extent of lesions.?’? Taken together, probictics appear to be inef-
fective in CD in terms of inducing and maintaining remission in mild to
moderately active UC. There is insufficient information to draw defini-
tive conclusions from the study results. More randomized, double-

blind, placebo-controlled, multicenter investigations are needed.

46 | LBPsandIBD

q“idering the length of remission in certain disorders, the benefits
FMT go beyond the transitory transplanting of pharmacological

effector molecules from donor to recipient in the FMT mixture

Certain donor strains might help reduce disease severity FMT.”‘"
Host-microbe interactions throughout the gastrointestinal tract that
have immunomodulatory impacts on human health have attracted
much attention.”®* 2% The colonization of wild-type microbiota spe-
cies or modifie@gbacterial strains in a gnotobiotic mouse model is
widely used.*™ Polysaccharide A (PSA), as generated by the symbiont
Bacteroides fragilis, defends against H. hepaticus-induced colitis.?%®
H. hepaticus causes colitis and proinflammatory cytokine secretion 1
animals carrying B. fragilis that do not produce PSAZ% In parallel to
B. fragilis, other gut-resident bacteria such as Clostridiales have been
shown to activate Treg cells or signal transduction pathways, including
AIEC, segmented filamentous bacteria, and Citrobacter rodentium
modulation of the colitogenic Th1 and Th17 reactions.?® 21! As a
result, using LBPs that either enhance anti-inflammatory processes or
block proinflammatory processes could be an approach for restoring
equilibrium and immunological tolerance in the gut.

LBP refers to living organisms engineered and produced to cure,
alleviate, or prevent illness in individuals.?'? The primary distinction
between probiotics and LBPs is their labeling in terms of regulatory
claims; nevertheless, certain probiotics may be categorized as LBPs
following root canal treatment and fulfillment of certain require-
ments.”** As a treatment, LBP uld be supplied as latent spores,
microencapsulations, or entire E)eze-dried bacteria, and they are
designed to live i e gut indefinitely.?'? The capacity of LBPs to
constantly releaseﬁg‘ector molecules on site in particular niches in
the gut where they persist, preventing injection of vast dosages of
bioactive components, one of its benefits over purified mole-
cules.'* Furthermore, issues remain over competitive efficiency with
the endogenous gmicrobiota, and the toxicity of injecting living
microbes persists.mre are currently no licensed LBPs for use in the
treatment of IBD, though clinical trials are under way. EcN was not
initially categorized as a LBP, which is one of the ﬁrﬁve probiotic
strain used to manage IBD.*™® This nonpathogenic Gram-negative

in is a well-studied probiotic that produces components, induding
glcarocins, adhesins, and proteases, probably aid in its longevity and
the colonization in the human digestive system, which generally
requires several days.?’®> Now, mphilized EcN is introduced to the
market under the brand name Mutaflor™ and is th

recommended by the Second European Consensus

ly probiotic
an efficient
alternative to mesalazine in the maintenance of disease remission in
UC2® According to a meta-analysis in 2015 that included six studies,
EcM induced remission in 61.6% of patients with UC, which was simi-
lar when compared to mesalazine (69.5%).%*” Germany, Canada,
Singapore, Australia, and New Zealand are among the nations where
EcM is authorized and available as a probiotic. Its possibility as a LBP
for extended IBD therapy are being investigated in greater depth, and
preclinical genetically engineered experiments on EcMN are being
conducted.”**?'® Two double-blind randomized controlled trials
investigated the role of LBPs in IBD.2%® Both single-strain treatment
like Lactobacillus GG and multistrain cocktails, including Bifidobacteria,
have inconclusive outcomes.?*?g22! A meta-analysis indicated that
probiotics were more beneficial than placebo in sustaining remission
in UC; nonetheless, the findings were no better than those obtained
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under traditional therapies like ASA or mesalazine.??? Therefore,
these older-style probiotics do not demonstrate promising outcomes
in treating or maintaining remission in IBD, so research into LBPs, par-
ticularly anaerobic strains, has been conducted.

A combination of 17 Clostridia strains is under phase 2 studies
to manage UC and CD. The strains promotgqeg cell accumulation in
the gut mucosa.*>“® This consortium combination was revealed using a
top-down gnotobiotic method, which involved transferring human-
derived fecal microbiota into germ-free mice aftggehloroform therapies
(which eliminates all but spores), followed by g:»sequent mouse-to-
mouse transfers while choosing for the particular anti-inflammatory Treg
development.®® In conjunction with Vedanta, Seres Therapeutics pro-
motes the development of SER-287, a cansortium of several Firmicutes
spores which has been evaluated in a phase 2 study.”*® SER-301, a
more contgmporary LBP that has reached phase 1 trals, consists of a
collectionglﬁ live human commensal bacterial strains isolated and
grown from the feces Ithy volunteers. In complement to these
consortium strain mixes, single-strain LBP Bacteroides thetaiotaomicron
(Thetanix) has shown improved mucus formation in the colon of gnoto-
biotic animal models and is being promoted for the management of IBD
by 4D Pharma.”* When it comes to clinical investigations and regula-
tory licensing of LBPs, the provenance of the strains utilized in these
“living medicines™ is considered critical. The regulation considerations
on this subject have changed recently and are an ongoing process.??®
Authorities are likely to evaluate strains separated from feces differently
than genetically altered ones, and the Fol nd Drug Administration
(FDA) now needs further checks to confirm the stability of their genetic
alterations.??® Genetically modified strains are anticipated to face con-
siderable regulatory challenges in Europe and other countries where
current restrictions on the use of genetically modified organisms
(GMOs) would be agsienificant barrier. Since many attempts have been
made to improveﬁ understanding of the complexities of strain
engraftment, a limited ability to forecast bacterial engraftment in distinct
individuals with diverse microbiomes constitutes one of the leading

obstacles in the progression of LBPs into the phase 2/3 clinical trials.?*”

4.7 | Phages therapy for IBD

Phage therapy refers to manipulating a person's phageome and, as a
result, bacteriome when such individual suffers from a condition that
is assumed to have a bactgsial cause.”?® Typically, it entails multiple
stages, including alteration Of the genetic material of an existing phage
in a manner that provides effective adhesion to the preferred strain of
bacteria, generation of one or more phage strains depending on the
situation, and use of a dosage regimen for the patient, as well as
administering the phage preparation to the patient.?2®
Since phage treatm seems to be a relatively novel concept,
mainly due to the rise in antibictic resistance, it was first introduced in
the 1920s by Felix d'Hérelle who successfully treated patients suffering
from illnesses such as dysentery and cholera.?*? On the other hand, a
broad use of antibiotics overwhelmed phage treatment decades later.

Even now, resistance to antibiotics is the primary reason why phage

therapy is considered a viable alternative treatpsent option.2%231 Util-
ity of phage treatment in IBD and the pivotalge played by intestinal
microbiota in the development of the disease are being studied as
microbiome change by the targeted bacterial species.”® Additionally,
there are two potential mechanisms by which phages might influence
the reaction of the host to their presence and vice versa. Immune reac-
tion to the contents of the phage particles reflects direct action on the
part of the host.?® Indirect action is shown by horizontal genes deliv-
ered from phages to bacteria.”*®

A vital concern of potential phage treatment for IBD that must be
addressed is whether phages stimulate the immune system of the host
in a manner that causes aberrant immune function.?*! Any phage
designed for phage treatment must be immune system-insensitive.
Mumerous investigations have shown that phages may increase anti-
body production.?>? Phage treatment may still have a potential effect
notwithstanding antibodies and a higher incidence of phage inactiva-
tion.?** An experiment on GF mice found that phage therapy led to
an increased number of immune cells in the gut. Pattern recognition
receptors, which mediate the innate immune response, were shown
to induce interferon (IFN}-y in response to Lactobacillus, Escherichia,
and Bacteroides phages through Tollsike receptor (TLR)-9.2?® Further-
more, UC subjects who responded@(FMT had quite a lower amount
of phages than non-responders, and mucosal IFN-y levels were shown
to be directly associated with the number of phages in the mucosa.??®
In addition, researchers have revealed that phages from patients with
aggressive UC elicited a more robust IFN-y expression than those
from healthy controls.**

Based on these observations, it is possible to conclude that
phages negatively impact the gut environment.”*® Additionally, they
may also have anti-inflammatory properties. The T4 phage was shown
in one study to have immunomodulatory properties, as measured by
its ability to reduce the formation of reactive oxygen species
(ROS).*® ROS production in stimulated peripheral blood polymorpho-
nuclear leukocytes by LPS or strains of E. coli was decreased byghis
phage.?** Using mouse models, researchers have demonstrated gat
the T4 phage attenuated the migration of immune cells into an alloge-
neic skin graft, T cell development, and NF-xB activation.?*® Staphylo-
coccus aureus phage has recently been shown to influence NF-xB
activity.”*” The ubiquitous existence of phages in human may signifi-
cantly suppress immune function and establish inflammatory or auto-
inflammatory conditions, including IBD.?*® Even in Ithy individuals,
according to Gérski et al's findings,”*® phage can cross the mucosa
and enter the systemic circulation. This shift might have immunomod-
ulatory properties.

Interestingly, the amount of viral particles in the blood rises when
mucosal membrane is impaired throughout the inflammatory
response, and intestinal vulnerability increases. Mevertheless, the
mechanisms of phage immunity regulation remain unknown.** Fur-
thermore, accelerated destruction of bacterial cells by Iytic phages
may result in an overabundance of proteins, LPS, and nucleic acids,
possibly promating inflammatio n significantly.4°

Though not categorized as LBPs, bacteriophages targeting specific
kinds of bacteria have now been investigated as a therapy to modify
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microorganisms associatedpawith 1BD.2%% AIECs, which are extremely
common in ileal CD [ICD],Ee been found to be significantly reduced
by bacteriophage treatment in predinical studies®*1?*? Intralytic
EcoActive bacteriophage targets AIECs and is now at the stage of
patient recruitment of phase 1/2a study to investigate its safety and
effectiveness for CD patients. BiomX has created another bacterio-
phage cocktail for the management of IBD. Candidate of Klebsiella
pneumoniae, a Gram-negative opportunist bacterium linked to initiating
and worsening primary sclerosing cholangitis and IBD, BX003 is also
under investigation.*** Bacteriophages are self-replicating viruses that
are assumed to be inert to mammalian cells. They are frequently con-
sidered potent antibacteral compounds for IBD treatments; nonethe-
less, these medicigas' “live therapy” character poses a significant
regulatory obstaclegovercome. Bacteriophage-based treatments may
have more focused effects than antibiotics, which are still applied in
medical setting to treat IBD in a somewhat non-specific manner, and
they may alleviate some of the possible engraftment concerns related
to LBPs.

5 | MICROBIOME-BASED COMBINED
TREATMENT

Experiences gained from the treatment for cancer have demonstrated
that medication interactions or patient variation can account for the
effectiveness of combination therapy (ie, drug independence). An
increase in potential effectiveness of medication may be attributed to
a synergistic or additive impact, and the combination only increases
patient's probability of responding to a single medicine.* It has been
proven that combining anti-TNF agents with immunosuppressants
(thiopurines or methotrexate) can enhance anti-TNF pharmacokinetics
in IBD.2** Additionally, probiotics may be effective for the prevention
of postoperative CD recurrence when used in conjunction with antibi-
otics.?*® Probiotics given along with iron supplements may protect
against DSS-induced colitis; remarkably, EcN outperformed patho-
genic bacteria. 2"’ Combining probiotics with iron supplements help
improve iron absorption. A preliminary study showed that consuming
freeze-dried L. plantarum 299w with a meal prepared to maximize iron
bioavailability improved iron absorption.2*® In this situation, dlinicians
may recommend probiotics along with iron supplements.

A randomized experiment was conducted by Campieri et al**® to
determine the effectiveness of rifaximin combined with the probiotic
product VSL#3 in preventing postoperative relapse of CD. In
40 patients who had had curative resection for CD, rifaximin (1.8 g/d)
for 3 months was matched with mesalazine (4 g/d) for 12 months.
The rate of severe endoscopic relapse had been considerably
decreased with the antibiotic-probiotic combination compared with
mesalazine alone (2/20 [10%] vs 8/20 [40%]). This difference per-
sisted throughout the trial (4/20 [20%] vs 8/20 [40%]).2%¢

Furthermore, a probiotic and prebiotic combination therapy using
psyllium (Plantago ovata), B. longum, L. casei, and Bifidobacterium breve
significantly decreased a daily occurrence of diarhea and the stomach

pain index.?*? Traditional Chinese medicine (TCM) and probiotics work

better together to reduce IL-8 expression and prevent neutrophil
recruitment, although they may not substantially affect the IL-6-macro-
phage-TNF-o pathway.?*° C-reactive protein (CRP) is considerably low-
ered following probiotics and TCM therapy. In contrast, IL-10 functions
in UC as an anti-inflammatory cytokine. The incidence of spontaneous
colitis was related to IL-10 as well as IL-10R deficiency.”™ Probiotics'
ability to reverse the effects of TCM and IL-10 shows that they have an
anti-inflammatory impact on the gut.”*° Probiotics used in conjunction
with other medications can increase clinical effectiveness for treating
IBD, lower the risk of recurrence and side effects, indicating that the
combination therapy may confer a significant therapeutic benefit. The
therapeutic benefits of probiotics and anti-IBD agents are enhanced by
their combination. For the management of severe CD of the ileum and
proximal colon, Steinhart et al*>% evaluated the use of budesonide, a glu-
cocorticosteroid that is approximately as efficacious as prednisolone but
without steroid-associated side effects, and found that adding ciproflox-
acin and metronidazole to budesonide was an inefficient strategy in indi-
wviduals with active CD of the ileum, but might enhance outcomes when
the colon was involved.

Additionally, VSL#3 with Lactobacillus significantly improved clin-
ical outcomes in children with IBD.%*® Also, Lactobacillus probiotics
with prebiotics are significantly effective for UC.2° Novel therapeutic
approaches may reverse changes in SCFA levels related to dysbiosis
and loss of microbial diversity in IBD, particularly noticeably in CD
patients.”** Although the effectiveness of fecal mifobiota obtained
from healthy donors in UC have been reported,” it is still necessary
to verify the stability and safety of such treatment over the long term.
Prebiotics and fiber-rich meals withsarobiotics are two more strategies
for microbiome restoration. SCFA-producing single microorganisms or
combinations may reduce symptoms by raising butyrate levels. Com-
bining various microbiome-based treatments with other non-micro-
biome-based treatments while being guided by syndrome distinction

useful method to boost clinical effectiveness. However, further
studies are still required to assess the long-term efficacy and safety of
microbiome-based treatments like probiotics combined with anti-IBD

medications to treat IBD.

6 | CONCLUSIONS

Growing evidence implies that the causality of IBD is complicated and
multifactorial, including genetic background, environmental factors,
alteration in the gut microbiotgsimmune dysregulation, and their
interactions. In addition, severalg.ldies have demonstrated the criti-
cal role of gut microbiota and their metabolites in host physiological
systems, such as immunological, tabolic, neurological, and nutri-
tional homeostasis. Modifications 10" the gut microbiota composition
and abundance have long been linked to chronic inflammatory
responses; however, a particular cause-and-effect link between gut
dysbiosis and IBD has proven to be challenging to establish, particu-
larly in humans. Animal studies hawve clarified critical immunological
mechanisms in the pathophysiology of IBD, verified the proinflamma-

tory and anti-inflammatory activities of gut microbiota, and
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demonstrated that gut microbiota is essential for the establishment
across most colitis models. Many efforts are being made to treat
IBD using microbiome-based therapies, such as probiotics, prebi-
otics, FMT, LBPs, microbial metabolites (SCFAs, UroA, and BAs),
and phage therapy. For instance, in several clinical trials, FMT
achieved significant remission in patients with IBD; nevertheless, it
should be highlighted that it is related to the risk of transferring
additional infectious patho from donor to recipient. With
regard to IBD, a majority of studies to date have focused on the
influence of butyrate, hinting at a prebiotic or probiotic therapy.
Although acetate may be a more effective target, reestablishing
dysbiosis in CD and UC by increasing the colonization of butyrate-
producing microbes is encouraging. Another exciting finding for
treating IBD is a microbial metabolite called UroA. Animal study
showed that this metabolite might alleviate IBD by enhancing tight
junction proteins and decreasing gut inflammation; however, clini-
cal trials are warranted to determine metabolite behavior in
human.

In conclusion, microbe-based therapeutics will certainly play a
part in the future treatment of IBD; nevertheless, numerous issues
remain regarding bacterial diversity, timing of treatment, and patient
selection for such therapies. Ultimately, further research is urgently
needed to characterize host-microbe interactions in the disease and

patient's response to treatment modalities.
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