
applied  
sciences

Review

The Link between Oral and Gut Microbiota in
Inflammatory Bowel Disease and a Synopsis of
Potential Salivary Biomarkers

Allison Bartlett 1,2 , Robert G. Gullickson 3, Rajan Singh 1,2, Seungil Ro 1,2,4 and
Stanley T. Omaye 2,4,*

1 Department of Physiology & Cell Biology, School of Medicine, University of Nevada, Reno, NV 89557, USA;
Allisonbartlett@nevada.unr.edu (A.B.); Rajans@med.unr.edu (R.S.); sro@med.unr.edu (S.R.)

2 Department of Nutrition, University of Nevada, Reno, NV 89557, USA
3 School of Medicine, University of Nevada, Reno, NV 89557, USA; gullick@med.unr.edu
4 Environmental Sciences Graduate Program, University of Nevada, Reno, NV 89557, USA
* Correspondence: omaye@unr.edu

Received: 28 August 2020; Accepted: 10 September 2020; Published: 15 September 2020
����������
�������

Abstract: The objective of this review is to provide recent evidence for the oral–gut axis connection
and to discuss gastrointestinal (GI) immune response, inflammatory bowel disease (IBD) pathogenesis,
and potential salivary biomarkers for determining GI health. IBD affects an estimated 1.3% of the
US adult population. While genetic predisposition and environment play a role, abnormal immune
activity and microbiota dysbiosis within the gastrointestinal tract are also linked in IBD pathogenesis.
It has been inferred that a reduced overall richness of bacterial species as well as colonization of
opportunistic bacteria induce systemic inflammation in the GI tract. Currently, there is supporting
evidence that both oral and gut microbiota may be related to the development of IBD. Despite this,
there are currently no curative therapies for IBD, and diagnosis requires samples of blood, stool,
and invasive diagnostic imaging techniques. Considering the relative ease of collection, emerging
evidence of association with non-oral diseases may imply that saliva microbiome research may have
the potential for gut diagnostic or prognostic value. This review demonstrates a link between saliva
and intestinal profiles in IBD patients, suggesting that saliva sampling has the potential to serve as a
non-invasive biomarker for gut diseases such as IBD in the oral–gut axis.
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1. Introduction

The purpose of this review is to update the status of current research on the oral–gut connection
as well as the relationship between oral and gut microbiomes. This review will also provide evidence
for using salivary biomarkers as a diagnostic tool to monitor physiological changes in gut health for
GI related diseases and disorders; particularly in inflammatory bowel disease. University of Nevada
Reno’s “first search” was used to identify studies and articles matching key words. Keywords used were
“IBD”; “oral microbiota”; “gut microbiota”; “oral and gut microbiota”; “saliva”; “salivary biomarkers
and IBD”; “IBD and gut microbiome”; “IBD and oral microbiome”.

2. Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) is a chronic idiopathic disease of the GI tract, which encompasses
several diagnoses such as Ulcerative colitis (UC), Crohn’s disease (CD), and Indeterminate colitis
(IC) [1]. IBD typically manifests as ulcerations in varying regions of the GI tract; UC is primarily
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found to affect the mucosal layers of the colon in a continuous pattern, while CD may affect any
part of the gastrointestinal (GI) tract in non-continuous form and IC patients are those in which
neither a diagnosis of UC or CD can be determined but still present with characteristics of IBD [2].
Cardinal symptoms of IBD include diarrhea, rectal bleeding, fatigue, abdominal pain, unintended
weight loss, decreased appetite, and vomiting [3]. However, disease presentations can vary extensively
from patient-to-patient and overlaps with other GI conditions, such as irritable bowel syndrome [1].
The pathogenesis of IBD remains fundamentally indeterminate; however, it is believed to be a delicate
interplay between a multitude of factors including GI immune dysregulation, genetic predisposition,
gut microbiota dysbiosis, and environmental factors [4,5]. For example, in a large-sample based
genome-wide association study (GWAS) published in 2016, several gene variant associations were found
in the chronic immune-mediated diseases CD, UC, psoriasis, and primary sclerosing cholangitis [6].
This study presented evidence for overlap of genetic susceptibility loci of these diseases, which may
be contributed to biological pleiotropy [6]. Thus, pleiotropy and gene variants could be a factor in
understanding IBD pathogenesis and identifying genetically susceptible individuals. Although genetic
susceptibility has been shown to contribute to IBD pathogenesis, environmental risk factors at play
seem to be a major contributor to the majority of diagnosed IBD patients [7]. Environmental risk
factors have the ability to impact gut microbiota in IBD pathogenesis as well, and include antibiotics
and other medication use, tobacco use, diet, socioeconomic status [8], and psychological stressors [8]
however it is difficult to determine whether microbiota shifts are the cause or consequence of these
environmental factors.

IBD affects multiple ethnic and racial groups, with onset of disease occurring throughout early
adulthood between the ages of 20–40 [9–11] with approximately 0.4–0.6% of cases being reported
globally [12,13]. While data is still lacking for many developing countries, increases in IBD prevalence
appears to be paralleled with increasing development index [13] as the incidence of UC is highest in
North America with 16.4 new cases per 100,000 people annually and 16.7 per 1000 people in Canada [8].
The Western diet is considered a major contributor to the obesity epidemic and is concurrently a major
risk factor in IBD pathogenesis [14]. Therefore, not surprisingly, the incidence of IBD is highest in
Westernized countries [8]. Additionally, diet has been associated with which gut microbes will thrive
and those that will not [15]. Microbial dysbiosis has been implicated as a major pathophysiological
mechanism in IBD contributing to a perpetuating feedback loop of dysregulated host-microbiota
shifts [16]. As the incidence of IBD continues to rise globally, and across new populations, such as
in children [1], the need for effective treatment options, diagnostics, and understanding of the
pathophysiology mechanisms become more prudent.

Treatments for IBD include several classes of drug therapy, i.e., immunosuppressants,
corticosteroids, aminosalicylates, and, more recently, monoclonal antibodies, in addition to
palliative treatments like antibiotics, analgesics, anticholinergics, and antidiarrheal agents [3,9,17].
Holistic treatments and therapies emphasizing the importance of diet as well as intentional microbial
shifts through the use of probiotics and heterologous and autologous fecal microbiota transplantation
(FMT) have also gained momentum in recent years [18–20], although currently FMT is only
FDA-approved for use in qualified recurrent Clostridium difficile associated infection in patients.
Proper treatment and diagnosis of IBD are important as they have the potential to significantly improve
patients’ daily lives as IBD can become a crippling disease. One population-based cohort study
showed that IBD patients had a lower survival rate from colorectal cancer compared to non-IBD
patients [21]. In another recent, 6-year prospective, multicenter, nested, case–control study published
in 2019, perforating CD, extensive UC, and abdominal surgery for UC were major risk factors identified
for the incidence of cancer overall as well as in extracolonic cancer [22]. With the greater risk of cancers
and mortality, research on effective IBD treatment and accurate diagnoses using non-invasive methods
have been increasing alongside growing cases worldwide.
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3. Inflammatory Bowel Disease Pathogenesis

3.1. IBD Immune Dysregulation

Although IBD development is of unknown etiology, several factors including genetics and
environmental risk factors have been examined in great depth. Interestingly, the host immune
response is interlinked with commensal microorganisms in properly mediating inflammatory
response cytokines [23]. Intestinal macrophages are largely responsible for immune homeostasis
between commensal organisms and produce cytokines such as interleukin-10 (IL-10) to support the
expansion of T regulatory cells (Tregs). In genetically susceptible individuals with IBD, intestinal
macrophage polarization occurs from anti-inflammatory macrophage cells (M2) to the more reactive,
classically activated, (M1) macrophages [24] which reduces production of antigen-specific Tregs
and causes excessive inflammation especially against commensal organisms and food antigens [25].
Additionally, macrophage polarization leads to an overreactive response to toll-like receptor (TLR)
ligands, which are greeted with a production of proinflammatory cytokine cascades and overproduction
of reactive oxygen species (ROS) in M1-type responses leading to intestinal barrier dysfunction and tissue
damage indicative of IBD ulceration [26]. In homeostasis, the intestinal barrier protects the epithelium
and prevents permeability from the outside environment passing through the intestinal lumen.
Without functioning structural reinforcement through tight junction proteins (TJs), located between
epithelial cells, or the secretion of antimicrobial peptides (AMPs), the intestinal epithelial barrier is
left susceptible to invading pathogens and subsequent ulceration development [27]. Additionally,
the proliferation and differentiation of interleukin-17 (IL-17)-secreting Th17 CD4+ memory T cells has
been shown to be a key factor in autoimmune diseases and chronic inflammation [28]. IL-23, a member
of the IL-12 family, is characterized as a proinflammatory cytokine stimulating the production of IL-17
through the differentiation of naïve T cells to T-helper 17 cells (Th17). Interleukin 23 (IL-23) can also
stimulate the expression of other IL-17-secreting immune cells expressing the IL-23 receptor (IL-23R),
particularly in chronic inflammatory conditions of the intestines, and recently an IL-23 monoclonal
antibody has been approved for phase III clinical trials for use in UC [29] although mechanisms leading
to the development of chronic inflammatory diseases of the GI tract through the IL-23/Th17 pathway
remain elusive [28].

3.2. IBD Genetic Predisposition

In addition to immune dysregulation by environmental risk factors, several genetic mutations in
susceptible hosts can lead to the exacerbation of intestinal epithelial barrier function failure and IBD
development. Frameshift mutations in the nucleotide-binding oligomerization domain-containing
protein 2 (NOD2, also called CARD15) is associated with increased risk for the development of
CD [30]. The NOD2-associated protein recognizes a signature component of bacterial peptidoglycan,
muramyl dipeptide (MDP), to elicit an appropriate immune response through the nuclear factor-kappa
beta (NF-kβ) pathway [31]. In CD-associated NOD2 mutants, binding abilities are weaker and
therefore have an altered and irregular immune response to bacteria contributing to dysbiosis
and disease pathogenesis [31]. Additionally, myeloid differentiation primary response 88 protein
(MyD88)-dependent TLR signaling is an important signaling cascade regulating commensal
microbiota–host symbiosis at the transcriptional level [32]. In MyD88 loss-of-function mutant zebrafish
in the presence of commensal bacterial colonization in the gut, researchers Bjørn et al. found a
significant downregulation of host genes downstream of MyD88 through TLR-MyD88-microbiota
signaling [33]. These results indicate the significance of commensal microbiota in mediating the host
transcriptome via TLR-MyD88 cascades. Toll-like receptor 4 (TLR4) is a key receptor for initiation of
the innate immune system in response to binding of ligands, such as lipopolysaccharide (LPS) from
Gram-negative bacteria [34]. TLR-receptor signaling, specifically toll-like receptor 2 (TLR2) and TLR4,
play a fundamental role in intestinal barrier integrity via the gut microbiome and dysregulation could
contribute to the pathogenesis of IBD [35].
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3.3. Oral–Gut Relationship in IBD Pathogenesis

The role of heritable genetics in microbial composition and regulation of the intestinal inflammatory
response is unclear, and it is said that microbial profiles are largely due to environmental factors [36,37].
Some environmental factors that may contribute to intestinal inflammatory dysfunction include a
diet lacking key nutrients required for commensal survival [38], drug and antibiotic use, physical
activity, smoking, and psychological and emotional stress [39,40]. Phyla associated with oral-derived
pathobionts have also been found to be associated with idiopathic inflammatory diseases, such as
IBD [41–44]. While there is evidence for the oral–gut axis in disease models, using gut-targeted
probiotics to improve oral health was recently reviewed in depth and may be helpful in the prevention
of dental carries [45]. This suggests there may be a relationship between improving the GI tract
through beneficial commensal bacteria while simultaneously improving bacteria OTUs residing
in the oral cavity [45]. While we cannot assume that saliva mirrors the human gut microbiome
entirely, some studies suggest a shift in saliva microbial profiles may be reflective of a shift in gut
microbiota profiles, especially with the supplementation of probiotics [46–48]. Studies show increased
inflammatory responses due to oral cavity diseases that cause pernicious shifts in bacterial colony
composition in both the oral cavity and the intestines. Interestingly, the oral–gut connection in
inflammation and IBD pathogenesis has recently been explored in an article published by Kitamoto
et al. [49]. In this article, oral-originating inflammatory Th17 cells and oral pathobiont bacterial
species present in periodontitis mouse models were able to ectopically colonize and translocate to the
intestines causing IBD [49]. This study emphasizes the oral–gut connection in IBD and dysregulated
inflammatory responses originating in the oral cavity and migrating systemically.

4. The Gastrointestinal System

The gastrointestinal system includes everything starting from the oral cavity to the rectum and is
essentially a continuous pipeline connecting the external environment to the internal. This amazing
system is related and connected yet can be distinguished depending on location. The oral cavity
is important for the initiation of digestion and conducts initial immune responses. The oral
cavity comprises the tongue, teeth, gingiva, buccal mucosa, salivary glands, hard and soft palate,
and gingival crevicular fluid (GCF), which is found in the gingival sulcus between the teeth and
gums [50,51]. Surfaces of the oral cavity contain diverse microbial communities, with any one site
hosting approximately 50 different species [51]. From the oral cavity, the GI tract continues to the
pharynx, esophagus, stomach, and intestine. The small intestine consists of villi comprised of mature
epithelial tissue that protrude towards the lumen and Crypts of Lieberkühn that scope downward
into the mesenchymal stromal cell layer. Transit amplifying progenitor (TAP) cells or intestinal stem
cells (ISCs) can differentiate into either enterocytes or secretory cells [52]. Secretory cells further
differentiate into either goblet cells, responsible for the production of mucus and protection of epithelial
barrier; enteroendocrine cells, which are primarily dedicated to nutrient sensing and release of over
20 different peptide hormones [53]; Paneth cells, which are almost exclusively located in the distal
ilium, secrete antimicrobial peptides, called α-defensins that are responsible for innate immunity;
or chemo-sensing tuft cells that link the microbiome of the intestinal lumen to the host immune
system [52,54,55]. At the base of the crypts of Lieberkühn are the ISCs, Paneth cells, and TAP
cells; these cells are responsible for immunity, barrier protection, replication, and differentiation.
More superficially, enterocyte and goblet cells emerge and migrate up to the mature villi to eventually
be sloughed off. ISCs are important as they allow for rapid cellular turnover (i.e., cell proliferation) after
exposure to toxins, cellular damage, inflammation, and changes in the luminal microenvironment [56].
The environment within the crypts of Lieberkühn also exhibits high plasticity to remain resilient to the
effects of the external environment [57]. Indeed, most cells of the small intestine exhibit rapid turnover,
with proliferation occurring approximately every 3–5 days [56]. Near the epithelial layer, AMPs are
secreted by Paneth cells [58] and IECs to provide further control and separation from the intestinal
epithelium [59]. Generally, the small intestine has a relatively low density and diversity of microbiota
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colonizers due to frequent disruption of digestive secretions such as bile and vary depending on
oxygen and nutrient availability [60]. The major functions of the large intestine are to absorb and
synthesize vitamins, absorb electrolytes and water via osmosis and electrochemical gradients, and to
aid in the elimination of indigestible material [61]. Like much of the GI tract, the large intestine is
made up of several layers including the mucosa layer, submucosa, muscle layer, and serosa, from the
lumen out. However, in contrast to the small intestine, the large intestine is void of villi and its walls
contain a larger amount of goblet cells and enterocytes and contains two relatively distinct mucus
layers; the inner layer proximal to the epithelium and an outer mucus layer [59]. Goblet cells secrete
protective, highly glycosylated proteins such as Mucin 2 (MUC2), which form the majority of the two
mucus layers and are protective against colitis and colorectal cancers [62]. Goblet cells also contribute
to gut immune homeostasis by secreting anti-microbial peptides, cytokines, and chemokines [63] for
further protection and prevention of bacteria and other organism adherence to the epithelium. In the
large intestine, the inner mucus layer is largely devoid of microorganisms and acts as a substantial line
of defense from potential epithelial barrier breach. The inner mucus layer is a frontline for protection
largely harboring secretory IgA (sIgA), AMPs, and other goblet cell products, for example, zymogen
granule protein 16 (ZG16) [63], MUC2 [64], and resistin-like molecule beta (RELMβ) [65] which possess
antimicrobial activity.

4.1. Intestinal Immune System

Inflammation is a term widely used to describe a state in which there is an acute or chronic response
to cellular injury, toxic compounds, or infection which trigger inflammatory signaling pathways
and allow immune cells to infiltrate tissue and eliminate pathogenic or damaged materials [66].
Therefore, the need for an effective and appropriate immune response that maintains proper physical
defenses and inflammatory pathway is vital to maintaining a healthy GI tract [67]. GI natural
physical defenses are often categorized into two groups: (1) the extrinsic barrier and (2) the intrinsic
barrier [67]. The epithelial layers, which form the mucosa and include the tight junctions (TJs)
in between individual cells, act to maintain epithelial cell layer integrity. The extrinsic barrier at
the intestinal epithelia includes mucus secretions, antibiotic peptides as well as various hormones,
cytokines, chemokines, and commensal resident microbes [68]. Underlying the extrinsic barrier and
epithelia is specialized gut-associated lymphoid tissue (GALT) [69]. GALT is the largest immune
organ in the body and is the intestinal immune inductive site composed of scattered and isolated
lymphoid follicles (ILFs), Peyer’s patches [68], and mesenteric lymph nodes (MLNs) [69], containing
immune cells including antigen presenting cells, macrophages, and B and T lymphocytes [70].
The lamina propria is a secretory effector site where differentiated B cells from germinal centers
residing under Peyer’s patches are funneled into via lymphatics [71]. TJs regulate the paracellular
passages of ions, solutes, vesicles, and immune cells between adjacent cells and intracellularly [72].
Luminal noxious macromolecules cannot penetrate the epithelium because of TJ proteins occludin,
transmembrane claudins, scaffold proteins zonula occludens 1, 2, and 3 and junctional adhesion
molecules [72]. However, TJ impairment allows the passage of noxious molecules and organisms
which can stimulate the activation of mucosal immune cells and inflammation. As mentioned above,
epithelial barrier function can be reinforced or protected from perturbations by commensal organisms
through the TLR-MyD88 inflammatory pathway and intestinal barrier dysfunction is associated with
the initiation and development of various intestinal and systemic diseases [73]. For example, mice were
given the chemotherapy drug 5-fluorouracil (5FU) to induce intestinal mucosal disturbances via the
TLR4/TLR2/MyD88-NF-kB/mitogen-activated protein kinase (MAPK) pathways and then given the
beneficial organism Saccharomyces boulardii (S. boulardii) [74]. Data indicated that through modulation
of these inflammatory pathways, S. boulardii was able to attenuate the otherwise rampant inflammatory
response in test mice, improving intestinal barrier permeability and overall intestinal health status, as
summarized in Figure 1 [74].
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Figure 1. Attenuation of nuclear factor kappa beta (NF-kB) signaling pathway via commensal 
organism. In the presence of inflammation, the introduction of Saccharomyces boulardii as a probiotic 
modulates toll-like receptor TLR, MyD88-dependent signaling. S. boulardii attenuates and normalizes 
the overexpression of TLR-MyD88 pathway, further attenuating NF-kB signaling and downstream 
proinflammatory cytokine production in the presence of existing inflammation. Abbreviations: TLR 
2/4, Toll-like receptor 2 and toll-like receptor 4; AMPs, antimicrobial peptides; DC, dendritic cell; 
MyD88, myeloid differentiation primary response 88 protein; NF-kB, nuclear factor kappa beta; S. 
boulardii, Saccharomyces boulardii; IL-1β, interleukin-1 beta; TNF-α, tumor necrosis factor-alpha; IL-6, 
interleukin-6. 

4.2. GI Host Defense  

GI homeostasis is characterized by the ability to maintain important physiological functions that 
include the ability to protect the host from potential pathogens and at the same time, maintain a 
balanced relationship with commensal bacterial populations. Host defense pathways serve to 
maintain GI homeostasis, including immune responses and physical defenses, such as the epithelial 
barrier in the GI tract. Protection and homeostasis of the gut mucosal barrier are also achieved with 
the help of the enteric nervous system (ENS) [75]. In response to a pathogen at the intestinal barrier, 
immune cells are signaled to secrete the proinflammatory cytokine, interleukin-18 (IL-18), and in 
homeostasis, goblet cells produce AMPs via IL-18 cytokine release via enteric neurons [75]. While the 
signaling mechanisms of mature IL-18 from epithelial cells and immune cells in the intestinal tract 
are well understood [76], modulation of IL-18 stimulation via enteric neurons remains elusive [77]. 
In patients with IBD, specifically in colitis [78], these immune system regulatory mechanisms are 
disrupted and cause further progression of the disease. In mice with DSS-induced colitis, 
pretreatment of IL-18 attenuated severity of IBD by reducing inflammatory infiltration, promoting 
MUC2 expression and goblet cell functionality and overall quantity [78]. As mentioned above, factors 
including host genetics and commensal microbial immune modulation are key in determining 
pathogenesis of IBD. 

Peyer’s patches and ILFs are a component of specialized follicle associated epithelium (FAE) 
[69], a subset of intestinal epithelial cells (IECs), residing in the region of the epithelium covering 
GALT lymphoid follicles [79]. Peyer’s patches can directly sample contents from the lumen and are 
considered lymphoid organs [80]. Integrated into the FAE are Microfold (M) cells, which are 

Figure 1. Attenuation of nuclear factor kappa beta (NF-kB) signaling pathway via commensal
organism. In the presence of inflammation, the introduction of Saccharomyces boulardii as a probiotic
modulates toll-like receptor TLR, MyD88-dependent signaling. S. boulardii attenuates and normalizes
the overexpression of TLR-MyD88 pathway, further attenuating NF-kB signaling and downstream
proinflammatory cytokine production in the presence of existing inflammation. Abbreviations: TLR 2/4,
Toll-like receptor 2 and toll-like receptor 4; AMPs, antimicrobial peptides; DC, dendritic cell; MyD88,
myeloid differentiation primary response 88 protein; NF-kB, nuclear factor kappa beta; S. boulardii,
Saccharomyces boulardii; IL-1β, interleukin-1 beta; TNF-α, tumor necrosis factor-alpha; IL-6, interleukin-6.

4.2. GI Host Defense

GI homeostasis is characterized by the ability to maintain important physiological functions that
include the ability to protect the host from potential pathogens and at the same time, maintain a
balanced relationship with commensal bacterial populations. Host defense pathways serve to maintain
GI homeostasis, including immune responses and physical defenses, such as the epithelial barrier
in the GI tract. Protection and homeostasis of the gut mucosal barrier are also achieved with the
help of the enteric nervous system (ENS) [75]. In response to a pathogen at the intestinal barrier,
immune cells are signaled to secrete the proinflammatory cytokine, interleukin-18 (IL-18), and in
homeostasis, goblet cells produce AMPs via IL-18 cytokine release via enteric neurons [75]. While the
signaling mechanisms of mature IL-18 from epithelial cells and immune cells in the intestinal tract
are well understood [76], modulation of IL-18 stimulation via enteric neurons remains elusive [77].
In patients with IBD, specifically in colitis [78], these immune system regulatory mechanisms are
disrupted and cause further progression of the disease. In mice with DSS-induced colitis, pretreatment
of IL-18 attenuated severity of IBD by reducing inflammatory infiltration, promoting MUC2 expression
and goblet cell functionality and overall quantity [78]. As mentioned above, factors including host
genetics and commensal microbial immune modulation are key in determining pathogenesis of IBD.

Peyer’s patches and ILFs are a component of specialized follicle associated epithelium (FAE) [69],
a subset of intestinal epithelial cells (IECs), residing in the region of the epithelium covering GALT
lymphoid follicles [79]. Peyer’s patches can directly sample contents from the lumen and are considered
lymphoid organs [80]. Integrated into the FAE are Microfold (M) cells, which are distinctively different
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in morphology as well as in function from epithelial cells in that they are highly specialized to take up
intestinal microbial antigens and deliver them to GALT [79,81]. M cells fundamentally function to
communicate between the external and internal GI environment as they possess the ability to recognize
several different features of microbes via distinct surface recognition proteins. Glycoprotein 2 (GP2)
is a glycosylphosphatidylinositol-anchored glycoprotein exclusively present on the apical surface of
M cells capable of binding fimbrin D-mannose specific adhesion (FimH), a component of type I pili
present on the outer membrane of some enteric species of Gram-negative bacteria, such as Escherichia
coli (E. coli) and Salmonella enterica [82]. The ability for M cells to recognize, bind, and uptake specific
bacteria is imperative for developing specialized antigen class switching and adaptive immunity [82].
Although intestinal epithelia functions to absorb nutrients from the intestine and some gut antigens,
Peyer’s patches and ILF of the FAE are primary sites for adaptive immunity from pathogens as well as
gut-microbiota homeostasis [80,83].

In FAE, antigens from the lumen are met by dendritic cells (DCs) and macrophages in the inductive
sites of Peyer’s patches, also coined as the subepithelial dome site, along with B cells and CD4+ T cells,
to present in germinal centers to undergo class-switching and somatic hypermutation of IgA+ memory
B cells and IgA-secreting plasma cells. The differentiation of B cells into IgA-secreting plasma cells is in
part due to the crosstalk with gut microbiota, B cells, and the intestinal epithelium [69]. Immunoglobulin
class switching occurs in the mesenteric lymph nodes, Peyer’s patches, ILFs, and lamina propria [84].
The intestinal immune system is a dynamic, multifactorial process which has the ability to confer
adaptive and innate immunity, combat pathogenic antigens, as well as maintain synergy with
commensal organisms. The host GI immune system works in harmony with the commensal resident
intestinal microbiota which largely contributes to mucosal IgA production and protection and is
summarized in Figure 2 [84]. In a study published by Beller et al., specific intestinal microbiota were
found to influence the production and protection of the gut by increasing expression of transforming
growth factor beta-1 (TGF-β1) and therefore mediating mucosal IgA levels [84]. TGF-β1 is a cytokine
involved in intestinal immune homeostasis, preventing overreaction of pro-inflammatory cytokine
production and Th1 and Th2 cell differentiation while encouraging T cell polarization of Tregs [84].
Beller et al., used fecal microbiota transplantation (FMT) to transplant stool from high-IgA producing
BALB/c mice and low-IgA producing eosinophil knockout mice (∆dblGATA-1) into specific pathogen
free (SPF) BALB/c mice. Results indicated that SPF mice which received the high-IgA FMT had
significantly higher levels of serum and fecal IgA levels as well as an approximately two-fold higher
absolute count of CD45+IgA+ B plasma cells in the small intestinal lamina propria [84]. These results
show that specific populations of the gut microbiota, namely Anaeroplasma and Erysipelotrichaceae incertae
sedis, are capable of promoting IgA expression despite lack of eosinophil help, contrary to popular
belief [84] and emancipates the microbiota, showing independent control over immune responses.

In IEC, antigens from the lumen are also capable of being taken up by DCs through epithelial cells
such as goblet cells [63], and other subepithelial mononuclear phagocytes such as macrophages [84],
in the lamina propria which are then presented to T cells for B cell IgA class switching. T cells,
macrophages, and other antigen presenting cells are also able to sample and respond [69,79,84,85] by
conferring specific immunity with IgA [81]. Antigen-specific mucosal effector cells such as memory
B cells, CD4+ Th1, CD4+ Th2, and plasma cells producing IgA all reside within mucosal effector
sites [59,84]. Once specialized immunoglobulins are made by mucosal plasma cells in the lamina
propria, they are transported across the epithelial barrier. First, the pentameric IgA (pIgA) and J chain
complex are secreted and bind to the basolateral membrane of IECs by the polymeric immunoglobulin
receptor (pIgR). Next, these complexes are transcytosed into the intestinal mucus layers, driven by
cleavage of pIgR, yielding secretory (sIgA) [86] which further confers mucosal surface protection.
sIgA’s innate ability to distinguish commensal organisms from overt pathogens has been debated
and discussed in detail [86]; it has been suggested that sIgA antibodies may have greater affinity in
the detection of pathogens due to various opportunistic and established virulence mechanisms of
the pathogens [86].
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Figure 2. Immune regulation by the gut microbiota in healthy small intestinal epithelium. Follicle
associated epithelium (FAE) shown by a Peyer’s patch and germinal center including naïve B and T
cells maturing into memory B cells and plasma B cells. Plasma cells are shown secreting pentameric
IgA and J chain complex and being funneled through the epithelium as secretory IgA. Healthy small
intestinal epithelium shows homeostasis of pro-and anti-inflammatory pathways as well as an
adequate mucus layer including antimicrobial peptides secreted by Paneth cells and commensal
organisms. Abbreviations: sIgA, secretory immunoglobulin A; FAE, follicle associated epithelium;
DC, dendritic cells; AMPs, antimicrobial peptides; M cells, microfold cells.

5. The Gut Microbiota in Health and IBD

The human bacterial microbiota is diverse consisting of 5–6 primary phyla in varying ratios
that are dependent on both environment and genetics. Among these phyla, Firmicutes, Actinobacteria,
Proteobacteria, Bacteroidetes, Fusobacteria, and Verrucomicrobia are highly expressed under normal
physiological conditions in the human gut [87]. Contrary to popular belief, baseline microbial
populations remain relatively stable and unchanging long term, even with diet interventions. The study
published by Fragiadakis et al. found that after initial microbe population changes in the first three
months of diet interventions, participant microbiota reverted to, or close to, its original composition after
the year-long study was complete, suggesting a resilience, which might be harder to alter than originally
thought. While commensals are generally considered helpful, in disease or conditions suboptimal
to the organism, malevolent changes can occur. These organisms are known as “pathobionts,”
and under normal conditions remain symbiotic, yet in response to environmental exposures or genetic
predisposition become pathogenic to the host [88]. Unlike externally acquired pathogens, pathobionts
remain symbiotic and only cause an acute inflammatory response when environmental cues reduce
resident protective microbiota allowing pathogenic bacteria to colonize [89].

UC and CD are two distinct subgroups of IBD including several distinguishing symptoms and
genetic variant predispositions. Interestingly, gut microbiota sequencing from UC and CD patients also
show population differences [90]. Overall, reduced diversity of microorganisms and disproportionate
phyla are associated with both UC and CD pathogenesis, although there have been studies indicating
differences in phylum distribution in UC and CD independently [91].

Commensal Organisms and Epithelial Barrier Function

The adaptive immunity at the epithelial barrier is what helps to maintain barrier protection.
Commensal bacteria help this process by producing secondary metabolites such as aryl hydrocarbon
receptor (AhR) ligands and short-chain fatty acids (SCFAs), as well as TLR/NOD ligands [92].
Commensal bacteria, metabolites, and ligands can bind to the corresponding receptors on immune
cells and enterocytes, protecting them from targeted immune responses [92]. In addition to targeted
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mucosal immune cell responses to pathogens, IECs are also adapted to protect against excessive
intestinal inflammation, maintain the balance of commensal organisms, and repair epithelial damage.
IECs sustain this balance through several mechanisms. Pattern recognition receptors (PRRs), as well as
specific family members of TLRs, NOD-like receptors (NODRs), and RIG-I-like receptors (RLR) are
integrated to aid in recognition of microbes and cause further signal cascades to respond appropriately
in determining friend or foe [93].

6. The Oral Microbiota in Health and IBD

While most studies have focused on the microbiota of the large intestine, the oral cavity also
contains diverse microbiota. To date, over 700 oral bacterial species have been identified in the
human oral microbiome database (HOMD) [94]. Saliva, shedding of soft surfaces, buccal mucosa,
palatal mucosa, tongue dorsum, and supragingival plaque contribute to the oral microbiome [95,96].
Likewise, hard and mucosal surfaces within the oral cavity maintain environments suitable for
commensal bacteria to flourish and protect the integrity of the gingival and epithelial cells [96].
Similar to other regions of the digestive tract, the oral cavity is subject to constant environmental
exposures that may impact pH, temperature, oxygen, and available nutrients due to continuous
exposure to environmental insults such as food, beverage, and potential pathogens. Throughout
all of this, microbial communities within resident biofilms remain relatively stable and diverse in
healthy individuals [97].

Periodontal disease and dental carries contain distinct microbial profiles compared to healthy
oral cavity patients [51,98]. Community shifts can occur as a result of syntrophic metabolism between
microbes, microbial byproducts, and competition for nutrients [50]. For example, low molecular
weight fermentable carbohydrates, namely glucose, shift microbial communities that have been linked
to oral diseases such as periodontal disease as well as non-oral diseases, such as cardiovascular
disease [99–102]. A recent study evaluating over 200 children also showed oral microbiota may be
a determining factor in predicting weight gain trajectories [103]. The Ecological Plaque Hypothesis
(EPH) and Keystone-Pathogen Hypothesis (KPH) propose mechanisms for the switch from a healthy to
diseased oral state. These hypotheses agree that cariogenic, acidogenic, and aciduric bacteria primarily
contribute to cavity production; fermentation from these bacteria produce acidic metabolites that
promote oral diseases [104]. Indeed, research supporting the KPH suggests that Porphyromonas gingivalis
(P. gingivalis), a bacterium which originates in the oral cavity where it typically resides as a symbiont,
is highly expressed in oral diseases where it has the ability to over-activate the immune system,
leading to periodontal disease, poor gum health, and dental carries [98,105,106]. Further studies also
suggest that pathogenic periodontal bacteria contribute to the development of metabolic, autoimmune,
and inflammatory diseases, such as in IBD [107] by entering the bloodstream through lesions in the
oral cavity [50]. P. gingivalis is an anaerobic, asaccharolytic, Gram negative rod and an oral-originating
pathobiont that ferments protein as opposed to carbohydrates. P. gingivalis utilizes virulence factor
cysteine proteases called gingipain to break down proteins, such as hemin acquired from hemoglobin.
However, when homeostasis is lost, P. gingivalis causes periodontal disease and can cause further
disease progression in distant tissues [108,109]. Together, these studies suggest that the oral cavity
microbiota plays an important role in regulating human health and may also serve as a mechanism for
the diagnosis and/or prognosis of patient health outcomes, as in IBD.

7. The Oral Microbiota and Gut Microbiota Axis

Literature linking the microbiota of the human oral to the gut microbiota is gaining momentum,
and the “oral–gut axis” has been recently proposed [49]. In the study by Kitamoto et al., a group
of gastroenterologists, dentists, and researchers studied the role of the intramucosal connections
between the gut and oral cavity of patients with IBD. SPF mice mimicking a periodontitis phenotype
(SPF-ligature) and normal healthy controls (HC) were treated with dextran sodium sulfate (DSS) to
induce colitis. Before treatment with DSS, SPF-ligature mice showed oral dysbiosis compared to controls
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as well as promotion of a Th1 response into the lamina propria via increased immune infiltration
of Th17 cells, B cells, and T cells. After DSS treatment, greater inflammation in the colonic mucosa
showed increased myeloid and lymphoid infiltration and further isolation of CD3+CD4+ T cells from
SPF-ligature DSS mice as well as higher production of IL-17A and interferon gamma (IFN-γ) compared
to control mice [49]. The oral and gut microbiota of SPF-ligature DSS mice showed that specific
oral-originating bacteria were found to colonize both environments. Using linear discriminant analysis
effect size (LEfSe), Klebsiella spp. and Enterobacter spp. from the bacterial family Enterobacteriaceae,
were predominately found in the oral cavity of disease models as well as in accumulation in the gut
and were not found in non-ligature DSS controls [49]. In general, Enterobacteriaceae is the most
predominant bacterial taxon found in the oral cavity during periodontitis infections, and these results
indicate that non-periodontitis DSS mice were protected from ectopic colonization of oral-derived
pathobionts while the periodontitis-DSS mice were greatly susceptible. Increased inflammation and
infiltration of gut immune cells initiated by periodontitis ligatures showed that DSS-treated mice were
more likely to have oral-derived pathobiont colonization in the gut, thus supporting the “oral–gut axis”
paradigm. In another study, Rautava et al. showed that colitis-induced mouse models have a significant
association between saliva microbial profiles and proximal gut profiles reflective to the proportion
of inflammation [110]. Additionally, a recent study published by Atarashi et al., reported evidence
supporting the relationship between oral and gut microbiota [111] and a more expanded overview of
relative oral-gut bacteria composition is summarized in Table 1. Saliva samples from two patients with
IBD were transplanted into C57BL/6 (B6) GF mice and examined for immunological changes in colonic
and small intestinal lamina propria tissue; B6 GF mouse saliva was also examined before and after IBD
saliva transplantation. Tissue taken from small intestinal lamina propria showed a significant increase
in the relative amount of IFN-γ-producing CD4+ Th1 helper cells as well as fecal microbiota composed
of many oral-originating bacterial species, particularly Klebsiella pneumoniae [111]. When administered
orally, isolated K. pneumonia was also found to contribute significantly to the induction of Th1 cells
in the oral cavity and colon [111] and significantly attributed to greater expression of colonic lamina
propria CD4+ T cells producing IL-17 (Th17 cells) and IFN-γ in colitis-prone IL-10 knockout mice [111].
These results infer that in susceptible patients, the effect of oral-originating K. pneumoniae pathobiont
could contribute to the induction of significant immune responses and IBD pathogenesis. It should
also be noted that increased production of IFN-γ by memory CD4+ T cells in addition to increased
production of IL-17-secreting Th17 cells leads to further production of proinflammatory cytokines IL-6,
IL-1, and TNF-α and may be related to the IL-23/Th17 axis as mentioned in earlier sections. In a study
published by Santos et al., oral infection with the parasite Toxoplasma gondii in microbiota-depleted
mice treated with antibiotics were shown to have higher susceptibility to infection and dysregulated
immune responses in the gut [112], further supporting the interplay not only in bacteria but other
organisms and pathogens.

Oral-derived pathobionts, such as Fusobacteriaceae, Enterobacteriaceae, Pasteurellaceae, and
Vellonellaceae, have been found in the mucosal tissues of IBD patients, as illustrated in Figure 3,
in addition to depletion of Clostridiales [97,113]. In a recent study, Shirmer et al., found significant
associations of increased operational taxonomic units (OTUs) from oral-typical bacteria and increased
IBD disease severity, summarized in the graphical abstract [113]. This study also revealed a 75%
decreased abundance of OTUs with increased IBD disease severity from the order Clostridiales,
Lachnospiriaceae, and Ruminococcaceae, suggesting a significant decrease in SCFA production
and intestinal epithelium barrier protection by commensal organisms [113]. These results indicate
oral-derived pathobiont bacteria are found predominately in patients with increasing IBD severity
and demonstrate that healthy patients are fairly resistant to microbial shifts of oral-derived bacterial
colonization in the gut associated with IBD.
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Figure 3. Immune dysregulation mediated by the gut microbiota dysbiosis in an inflammatory
bowel disease intestinal epithelium after ectopic colonization by oral pathobionts. Follicle associated
epithelium (FAE) shown by a Peyer’s patch and germinal center including naïve B and T cells maturing
into memory B cells and plasma B cells. Ectopic colonization of pathobionts at the intestinal epithelium
shows depleted mucus layers and inadequate intestinal barrier protection by tight junctions as well as
reduced diversity of gut microbiota and abundance of pathogenic organisms. Pictured is also infiltration
of immune cells as well as polarization of M1 macrophage cells. Abbreviations: MLN, mesenteric lymph
node; FAE, follicle associated epithelium; DC, dendritic cells; M1, M1 macrophages.

Table 1. Bacteria species found in both periodontitis infection and inflammatory bowel disease (IBD).

Phylum Genus Species Morphology Reference

Proteobacteria Klebsiella Klebsiella pneumoniae Nonmotile, encapsulated, rod-shaped bacilli,
facultative anaerobic [111]

Proteobacteria Enterobacter Enterobacter spp. Rod-shaped bacilli, non-spore-forming, motile,
facultative anaerobic [49]

Proteobacteria Neisseria Neisseria spp. Lipooligosaccharide (LOS), strict aerobe [114]
Bacteroidetes Prevotella Prevotella nigrescens Nonmotile, rod-shaped bacilli, anaerobic [115]

Fusobacteria Fusobacterium Fusobacterium spp. Non-spore forming, rod-shaped bacilli, potent
LPS, anaerobic [115]

Bacteroidetes Porphyromonas Porphyromonas gingivalis Nonmotile, Gram-negative, anaerobic,
rod-shaped [108]

7.1. Beneficial Gut Commensal Organisms

Many studies examining probiotic supplementation for the treatment of IBD have shown
improvement in patient symptoms [116], however, more research examining the diverse relationships of
multiple system environments, such as the oral cavity and digestive tract, must be investigated [117,118].
In a paramount study by Sokol et al., the commensal organism Faecalibacterium prausnitzii (F. prausnitzii)
was delivered orally to 2,4,6-trinitrobenzenesulfonic acid (TNBS)-treated colitis mouse models and
controls. Results showed F. prausnitzii and its supernatant were able to successfully improve the fecal
microbiota of colitis-induced mice. In patients with CD, as well as in vitro with Caco-2-cells, F. prausnitzii
attenuated NF-kB activation and pro-inflammatory IL-8 secretion resulting in anti-inflammatory effects
along with improved shifts in the microbiota composition [119].
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While it is difficult to pinpoint the range of IBD symptom-ameliorating bacteria, there are
several phyla commonly found in healthy participants, such as F. prausnitzii [119] and Roseburia
spp. [120], which may be lacking in patients with IBD. Several studies indicate the positive effects
of specific probiotic bacteria for humans, such as strains belonging to the genera Lactobacillus and
Bifidobacterium [121]. Lactobacillus casei (L. casei) and Lactobacillus rhamnosus (L. rhamnosus) are among
the most studied strains of probiotics for their wide-range of notable health benefits [122]. In a
study administering fermented milk products containing Bifidobacterium lactis in murine models with
colitis, researchers found a decrease in inflammation due to metabolic shifts stemming from a change
in gut microbial profiles. This evidence suggests the shift to a more robust commensal bacterial
gut environment may protect the lining of the gut and create a non-permissive environment for
opportunistic strains [123]. Along with gut barrier protection, metabolites of intestinal bacterial species
may be associated with overall human health [124,125]. For example, the well-studied probiotic strain
L. casei subspecies Shirota (LcS) is a relatively stable probiotic, resistant to stomach acid and other gastric
enzymes, and is most commonly known for its ability to ferment dairy products. LcS is a rod-shaped
lactic acid bacterium linked to improved immune responses and gut barrier function. In a study by
Ou et al., symptoms of constipation were ameliorated, and gastric emptying improved after adults
were given a LcS probiotic drink [126]. Interestingly, levels of acetylcholine (Ach) and serotonin (5-HT)
also increased when compared to controls [126]. There is also some evidence suggesting probiotic
supplementation of LcS may help to ameliorate DSS-induced colitis in mice [127], improve fasting
plasma glucose as well as prevent weight gain in humans fed a high fat diet [128].

7.2. Beneficial Oral Commensal Organisms

The oral cavity is the docking point for the outside world, constantly being assaulted by incoming
elements. Oral health can be defined similarly to that of the gut: microbial eubiosis, appropriate
immune regulation, and physiological function [129]. The use of probiotics to maintain oral homeostasis
has recently been gaining momentum in dentistry as more clinical practitioners are gaining a better
understanding of the importance of beneficial microbes in oral health. The study published by Moman R.
and colleagues utilized probiotics strains Lactobacillus reuteri, L. rhamnosus GG, and Streptococcus salivarius
to combat periodontal infection with commonly-causing periodontitis bacteria, including P. gingivalis,
in wax moth larvae [130]. All pathogenic strains showed significant lethality when administered by
themselves while, when administered together, probiotics significantly improved viability providing
evidence for host defense against periodontitis-causing pathogens [130]. In a randomized, clinical,
double-blind, placebo-controlled study published by Shimauchi et al., 6.7 × 108 colony forming units
(CFUs) was administered of Lactobacillus salivarius, related to S. salivarius, or a placebo control to 66
healthy human volunteers for eight weeks [131]. Saliva and plaque samples were collected at baseline
and after the intervention. The authors reported improved clinically defined parameters of periodontal
health, more so in smokers, and from past studies suggests protection from oral cavity development
of periodontopathic organisms [131]. In addition to diet and proper oral hygiene, introduction of
beneficial microbes into the oral cavity may be helpful in prophylaxis treatments preventing gingivitis,
dental carries, and periodontitis. Although there is burgeoning research on these topics, additional data
is needed to accept any concrete conclusions.

8. Salivary Biomarkers for Monitoring Health Status in the Gut

The exploitation of the oral–gut axis has been used to determine health status in the gut by using
oral samples. Individual saliva production is between 1 and 2 L per day [132]; therefore, being an
appealing biospecimen for sampling. Saliva is composed mostly of water but also contains a variety of
organic and inorganic components such as proteins, enzymes electrolytes, immunoglobulins, hormones,
and micronutrients [133–136]. These components are essentially blood-based and permeate into the
saliva due to different capillaries, acinar cells, and ductal cells [137]. As sampling saliva is noninvasive
and requires minimal safety-training, saliva represents an attractive alternative to blood and serum.
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Advantages of using saliva as a biofluid include a fast, easy, and inexpensive collection process that is
suitable outside of the laboratory without the need of medical personnel [138]. Saliva fluid is easy
to store and ship, particularly in that it does not clot, and is reflective of the current physiological
state of an individual. While some systemic biomarkers in health correlate well between saliva and
blood in diagnosis (e.g., HIV; hepatitis; oral cancer; periodontal disease; obesity), saliva is not the
best biospecimen in that it does not always accurately represent systemic concentrations such as
with amylase, some proteomes, and phosphate [139]. Some diagnostic applications of saliva include
oral cancer, pancreatic cancer, breast cancer, lung cancer, or gastric cancers [138]. Saliva is also a
promising biofluid for use in infectious bacterial diseases, infectious viral diseases and even infectious
fungal diseases [140–146]. Salivary diagnostics can also play an important role in cardiology, [147,148]
for acute myocardial infarction [149]. In addition, we have previously noted that saliva analysis
enables researchers to monitor the metabolic response of individuals during physical training [139,150].
Therefore, sampling saliva, plaque, and other surfaces in the oral cavity have the potential to conjure
insight into distant, yet relative, organ systems, i.e., the gut.

Controversy and uncertainty lie in the accuracy of using the oral cavity microbiota, or other
parameters of biomarker testing, for specific disease states in the GI tract. As we have discussed
previously, diseases such as UC and CD have shown specific oral microbiota changes parallel to gut
populations. Studies evaluating salivary biomarkers and microbiota composition in connection to
IBD pathology may be useful for the future development of more conservative IBD diagnostics [114].
Said et al. evaluated salivary inflammatory biomarkers and microbiota of patients with diagnosed IBD,
which revealed significantly elevated inflammatory cytokine levels, IL-6, IL-8, TNFα, and IL-1β as well
as elevated secretory IgA [114]. These observations in increased cytokine levels were also correlated
with relative abundance of IBD-disease associated genera, Streptococcus, Prevotella, Haemophilus,
and Veillonella. Recently, oral anti-TNFα has been used in experimental trials for treatment of IBD,
validating the oral–gut axis while providing a blueprint for non-invasive therapeutics and diagnostics
alike [151]. Additionally, research in salivary exosomes as biomarkers for IBD and other inflammatory
diseases has gained momentum as well [152]. Exosomes are cellular nanovesicles present in a
range of biofluids including saliva and intestinal luminal fluid aspirates, and transport proteins,
nucleic acids, and cellular information. Exosomes are involved in cell–cell communication and gene
regulation and the information they carry has potential to act as disease biomarkers, especially in
IBD [152,153]. Newer microbiome-based technologies (the study of microbial sequences using RNA or
DNA sequencing) are making it possible to unravel complex interactions between the oral and gut
microbiomes. While still in its infancy, the future of oral–gut axis research holds promise. By using the
oral cavity as an aperture of enriched information into the conditions of the gut, options for better
diagnostics and targeted treatments for IBD and related diseases may be attainable.

9. Conclusions

In recent years, burgeoning evidence for an oral–gut axis has been underway as there has been
more interest in the gut and oral microbiota in IBD. While there is much room for growth on this topic,
this review emphasizes the immune-related and potential pathophysiological mechanisms involved in
IBD development and how the oral-gut axis can be used as a powerful tool in determining gut health.
Gut and oral environments are infinitely complex, and the microbiota of these environments act as a
fulcrum in maintaining the homeostatic physiological function of the host. Although the relationship
between the mouth and gut may seem unconventional, optimism remains as an option for improved,
cost-effective and less invasive diagnostic tools for people suffering from IBD. Therefore, saliva should
be considered as a means to surveille the gut for future avenues of IBD research.
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Abbreviations

IBD inflammatory bowel disease
UC ulcerative colitis
CD Crohn’s disease
IC indeterminate colitis
GI gastrointestinal
GWAS genome-wide association study
NOD2 nucleotide-binding oligomerization domain containing 2
MDP muramyl dipeptide
NF-kβ nuclear factor-kappa beta
TLR toll-like receptor
LPS lipopolysaccharide
IL-17 interleukin-17
IL-23 Interleukin 23
IL-23R IL-23 receptor
Th17 T-helper 17 cells
FMT fecal microbiota transplantation
FOS fructo-oligosaccharides
R. bromii Ruminococcus bromii
ROS reactive oxygen species
S. Typhimurium Salmonella enterica serotype Typhimurium
SHIME simulator of the human intestinal microbial ecosystem
B. infantis Bifidobacterium longum subspecies infantis
GCF gingival crevicular fluid
TAP Transit amplifying progenitor cells
ISCs intestinal stem cells
AMPs antimicrobial peptides
TGF-β1 transforming growth factor beta-1
Tregs T-regulatory cells
SPF specific pathogen free
pIgA pentameric IgA
pIgR polymeric immunoglobulin receptor
sIgA secretory IgA
SCFAs short-chain fatty acids
PRRs Pattern recognition receptors
NODRs NOD-like receptors
RLRs RIG-I-like receptors
AhR aryl hydrocarbon receptor
C. diff Clostridium difficile
OTUs operational taxonomic units
HOMD human oral microbiome database
EPH Ecological Plaque Hypothesis
KPH Keystone-Pathogen Hypothesis
P. gingivalis Porphyromonas gingivalis
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AD Alzheimer’s disease
HC healthy controls
DSS dextran sodium sulfate
LEfSe linear discriminant analysis effect size
IFN-γ interferon gamma
B6 C57BL/6
F. prausnitzii Faecalibacterium prausnitzii
L. casei Lactobacillus casei
L. rhamnosus Lactobacillus rhamnosus
LcS L. casei subspecies Shirota
CFUs colony forming units
MUC2 Mucin 2
ZG16 zymogen granule protein 16
RELMβ resistin-like molecule beta
ENS enteric nervous system
IL-18 interleukin-18
ILFs isolated lymphoid follicles
MLNs mesenteric lymph nodes
TJs tight junctions
GALT gut-associated lymphoid tissue
5FU 5-fluorouracil
MAPK mitogen-activated protein kinase
S. boulardii Saccharomyces boulardii
FAE follicle associated epithelium
IECs intestinal epithelial cells
M Microfold
GP2 Glycoprotein 2
FimH fimbrin D-mannose specific adhesion
DCs dendritic cells
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