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Abstract: Inflammatory bowel disease (IBD), a chronic, recurring inflammatory response, is a growing
global public health issue. It results from the aberrant crosstalk among environmental factors,
gut microbiota, the immune system, and host genetics, with microbiota serving as the core of
communication for differently-sourced signals. In the susceptible host, dysbiosis, characterized by
the bloom of facultative anaerobic bacteria and the decline of community diversity and balance, can
trigger an aberrant immune response that leads to reduced tolerance against commensal microbiota.
In IBD, such dysbiosis has been profoundly proven in animal models, as well as clinic data analysis;
however, it has not yet been conclusively ascertained whether dysbiosis actually promotes the disease
or is simply a consequence of the inflammatory disorder. Better insight into the complex network
of interactions between food, the intestinal microbiome, and host immune response will, therefore,
contribute significantly to the diagnosis, treatment, and management of IBD. In this article, we review
the ways in which the mutualistic circle of dietary nutrients, gut microbiota, and the immune system
becomes anomalous during the IBD process, and discuss the roles of bacterial factors in shaping the
intestinal inflammatory barrier and adjusting immune capacity.

Keywords: inflammatory bowel disease; microbiome; dysbiosis; diet nutrients; immune response

1. Introduction

Inflammatory bowel disease (IBD), which is characterized by chronic and relapsing
intestinal inflammatory response, and which is also classified as ulcerative colitis (UC) and
Crohn’s disease (CD) depending on the clinical manifestations, is growing in prevalence
across the world. The pathogenesis of IBD involves mainly susceptible and perturbed
interactions between environmental factors, gut commensal microbiota, and the host
immune response; however, the specific pathogenesis involved therein is still unclear.
Recently, a growing number of studies have focused on the microbial changes that occur
during IBD, in attempts to explore new and more efficient approaches to its treatment and
management.

The human intestinal tract, particularly the colon, harbors as many as 1000 known
species of microbiota, most of which are commensal bacteria [1,2]. Commensal bacteria
are of great significance for their host in terms of nutrition and immunity, assisting in
the metabolization of dietary nutrients into short-chain fatty acids (SCFAs), amino acids,
and vitamins to support the intestinal immune barrier by providing energy substrates for
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the intestinal epithelial structure. Furthermore, they promote the maturation and cultiva-
tion of the immune system, resisting pathogenic bacteria colonization to help maintain
homeostasis in the intestinal environment [3–5]. In IBD, however, drastic and widespread
taxonomic and functional alternations of the microbiota occur, including the enrichment
of microbiome-mediated cell signal pathways [6–8] and harmful microbiome-produced
metabolites [9,10]. Due to its frontline exposure to external environmental factors, the
gut microbiota is constantly impacted by a range of dietary nutrients, which are made
increasingly complex by modern food-processing technologies and the addition of chemical
preservatives. Consequently, it is essential that the roles played by dietary nutrients and
fermentation by the intestinal microbiome in the onset of IBD are urgently explored [11].

This article reviews the current literature on the interactions of nutrients in the average
daily diet, intestinal microbiota, and host immune responses in IBD, and discusses the
possibility of strategically manipulating microbiota metabolisms and composition during
gut inflammation through the consumption of specific substrates.

2. Intestinal Microbiota and IBD
2.1. The Prevalence of IBD Worldwide

Although IBD can occur in people of any age, from infants to octogenarians, it is
diagnosed most often during adolescence and early adulthood [12]. The rising prevalence
of the disorder has made it a global public health problem, with enormous associated
costs (Figure 1). In Canada, more than 200,000 individuals were diagnosed with IBD in
2012, with direct medical costs amounting to more than CDN $1.2 billion [13]. In Europe,
there are currently 2.5 to 3 million patients with IBD, with an estimated annual direct
medical cost of €4.6 to 5.6 billion [13,14]. It has been estimated that, by 2025, the number
of IBD cases in Western countries will reach 0.5% of the total population, resulting in a
correspondingly dramatic increase in the risk of IBD-related complications, such as colon
cancer, coronary artery disease, and osteoporosis [15]. Although the incidence of IBD in
China is lower than that in Western countries, it has been increasing since 2010. Statistical
data indicate that IBD cases are more prevalent in Western developed countries than in
emerging countries. This phenomenon has been linked to the changes in lifestyle behaviors
(such as decreased physical activity, and increased levels of stress) and diet (a reduction in
fiber intake and fat-feeding) experienced by urban dwellers, where among those, diet may
play a crucial role [12,16–19].

Figure 1. Age-standardized estimates of the regional and global prevalence of IBD (per 100,000 popu-
lation), as expressed by 2017 disability-adjusted life year (DALY) rates (per 100,000 person-years) [16].

2.2. Dietary Nutrients and IBD: A Complex Interaction

As a source of luminal antigens, dietary nutrients are thought to be an important
factor in the immunopathogenesis of IBD. Although the contribution of diet composition
to IBD has long been assumed, it has been scientifically assessed only in retrospective
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studies [16,20], which are prone to recall bias. In this article, we review the most recent
evidence of the risk factors involved in dietary constituents in the development of IBD.

2.3. Dietary Fat

Foods that are high in saturated and trans fats, but low in mono- and polyunsaturated
fats, are known to induce numerous health problems, yet they remain largely characteristic
of the modern Western diet. Two large prospective studies exploring the relationship
between dietary fatty acids and IBD were conducted in Europe [21,22], one of which, from
EPIC Study Investigators, showed that a high intake of linoleic acid (LA) increases the risk
of UC. LA is an omega-6 polyunsaturated fatty acid (PUFA) prevalent in red meat and
cooking oils. It can be metabolized to arachidonic acid (AA) in colonocyte membranes. Such
membrane-released AAs generate multiple pro-inflammatory factors, such as prostaglandin
E2, leukotriene B4, and thromboxane A2 [23–25], all of which are considered to exaggerate
the inflammation response in IBD. However, α-linoleic acid (ALA), an omega-3 PUFA, can
be metabolized into docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), and
then further degraded to leukotriene B5 and prostaglandin E3, which help to decrease
inflammation. Omega-3 and omega-6 PUFAs competitively utilize the lipoxygenase and
cyclooxygenase in the metabolic process, with increases in the availability of omega-3
PUFAs inhibiting the metabolism of omega-6 PUFA. The increases of omega-6 PUFA will,
in turn, inhibit the omega-3 PUFAs metabolism (Figure 2).

Figure 2. Metabolism of omega-6 and omega-3 polyunsaturated fatty acids [26].

In a systemic review, Hou et al. [22] evaluated the association between diet and IBD
using data from 2609 IBD patients (1269 CD and 1340 UC patients) and over 4000 controls
within guideline-recommended methodology, and reported a positive association between
the high intake of total fats, PUFAs, omega-6 fatty acids, and meat, and the incidence
of CD and UC. In a clinical trial, Bamba et al. [27] showed that fatty acid composition
could regulate the anti-inflammatory effects of diets. In that study, CD patients received
defined-formula diets with different fat contents over a period of 4 weeks, after which
remission rates of 80%, 40%, and 25% were reported in the low-, medium-, and high-fat
groups, respectively. Nevertheless, other researchers have proposed a different view on the
connection between n-3 PUFA, inflammation, and IBD. Thies et al. [28] reported that a daily
supplement of 700 mg AA over a period of three months did not significantly increase
pro-inflammatory cytokines in vivo. Thus, it is considered controversial to emphasize the
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significance of limiting n-6 PUFA, while simultaneously increasing n-3 intake. Instead,
the proper ratio of n-6: n-3 PUFA may be deemed more reasonable and persuasive for the
prevention and intervention of IBD. Moreover, most previously reported clinical results
were based on adult data and, therefore, cannot be directly extended to younger age groups,
children, or infants.

2.4. Dietary Fiber

In the intestine, short-chain fatty acids (SCFAs), including mainly acetic acid, propionic
acid, and butyric acid, are generated by the gut microbiota fermentation of dietary fiber.
They serve as an energy source for enterocytes and reinforce the intestinal barrier. In one
study, a trinitro-benzene sulfonic acid (TNBS)-induced rat colitis model was constructed,
and a fiber-supplemented diet containing 5% Plantago ovata seeds was administered for two
weeks before TNBS induction, then maintained for another week. The fiber-supplemented
diet was found to exert anti-inflammation activity that remitted CD by decreasing the
production of tumor necrosis factor α (TNF-α), lowering nitric oxide synthase (NOS)
activity and elevating the production of SCFA (mainly butyric acid) [29]. In a meta-
analysis including two cohort studies, one nested-control study and five case-control
studies conducted to quantitatively summarize the evidence regarding dietary fiber and
IBD, it was found that a linear dose-response relationship existed between dietary fiber
and CD incidence, and that a daily fiber intake of 10 g/d could decrease the risk of CD by
13% [30]. This benefit may rely mostly on the lumen butyric acid produced by dietary fiber,
which can regulate gut microbiota composition, maintain immunological homeostasis,
and decrease colonic permeability through multiple metabolic pathways [31–33]. These
results suggest that fiber-rich foods or supplements could be an adjunct to pharmacological
treatment. Moreover, dietary fiber has been found to precisely modulate the microbiome
to produce SCFAs. A study found that chemically-modified resistant starches with small
structural differences (maize-, potato-, and tapioca-derived type IV resistant starches)
induced a divergent but highly specific effect on intestinal flora and directly changed the
production of propionic acid or butyric acid [34]. In the future, targeted changes in the
metabolic and immunological relationship between gut microbiota and the human host
can be expected through the alteration of the ratio of SCFAs [35], which may become a
novel method through which to provide protection from various intestine-related diseases.

2.5. Protein

As one of the main nutritional elements in the human diet, protein provides essential
amino acids, both to build new tissues for growth and reproduction, and to repair worn
tissues. However, studies in animal models and clinical cases have demonstrated that
protein intake is also associated with IBD [22,36]. A large prospective cohort, comprising a
group of 40- to 65-year-old women living in France, evaluated the role of dietary proteins in
the etiology of IBD and demonstrated that animal proteins derived from meat or fish, but
not including eggs or dairy products, could significantly increase the incidence of IBD [37].
A positive correlation between the risk of IBD and animal protein intake was also observed
in an investigation that tracked the health of CD patients for more than 20 years [38]. These
results suggest that not only the quantity, but also the sources of protein may be associated
with IBD; yet, in contrast, another study found that protein intake had no correlation to
the development of IBD [39]. Due to the complexity and variety of diets and the problems
associated with the collection of reliable dietary data, the impact of protein intake on IBD
risk has not been studied sufficiently to reach a persuasive conclusion. However, despite
the limited research findings on the impact of a high-protein diet on IBD, the effects of
such a diet on intestinal homeostasis, particularly in the colonic microbiome and mucosa,
suggest that it may influence the pathogenesis of IBD.
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2.6. Vitamin D

Vitamin D, whether synthesized in the skin or absorbed via eggs, fatty fish, or
dairy products, undergoes two hydroxylation steps to become biologically active 1,25-
dihydroxyvitamin D (1,25(OH)2D) in the body [40]. It is primarily known to regulate
the bone metabolism by controlling intestinal calcium absorption [41], but it has also
become increasingly apparent that vitamin D participates in a variety of other diseases,
including IBD [42]. A retrospective study involving 3217 patients (55% CD, mean age
49 years) identified plasma 25-hydroxy vitamin D [25(OH)D] ≥ 30 ng/mL as sufficient.
Moreover, this study showed that in CD patients, plasma 25(OH)D < 20 ng/mL was more
commonly associated with IBD-related hospitalization than in those with sufficient levels
of 25(OH)D [43]. Similar estimates were also seen in patients with UC. Furthermore, CD pa-
tients who had initial levels <30 ng/mL, but who subsequently normalized their 25(OH)D,
had a reduced likelihood of surgery compared to those who remained deficient [43]. In
another cross-sectional study of 182 CD patients and 62 healthy controls, active CD was
found to be associated with low serum 25(OH)D levels [44]. To evaluate the association of
serum vitamin D and the course of the disease over a five-year follow-up, 965 IBD patients
(598 CD, 367 UC) were recruited, of which 29.9% showed low mean vitamin D levels [45].
Low levels of vitamin D have also been associated with higher morbidity and disease
severity, indicating the potential importance of monitoring and treating deficiency. Vitamin
D has also been found to influence innate immunity by acting directly on the T cell to
enhance Th2 cell development [46,47], as well as CD4 + T differentiation into Th17 cells [48].
Such results may, at least in part, support the assumption of vitamin D’s protective role in
autoimmune diseases, and more research is required to explore its specific roles in IBD.

2.7. Other Nutrients

Given the oxidative stress involved in IBD pathogenesis [49,50], trace elements have
also been considered to impact the disease. Zinc, an important trace element present
in body fluids and tissues, is known to play a pivotal role in wound repair and tissue
regeneration. A study comprising 995 patients with IBD (773 CD patients, 223 UC patients)
found that zinc deficiency was positively correlated with an increased risk of surgery-
and disease-related complications, while normalization of zinc levels was associated with
improvements in these outcomes in both CD and UC patients [51]. Another retrospective
chart reviewed patients diagnosed with IBD (ages 1 to 18) and showed that zinc deficiency
was common in patients with newly diagnosed IBD [52]. The study further recommended
that zinc levels should be assessed at the time of diagnosis, so that enteral repletion may
commence in cases of deficiency [52]. Zinc had been also found to regulate the inflammation
process and antioxidant effects via the activation of Nf-κB and SOD1 signaling pathways,
by which it might impact IBD pathogenesis [53–55]. Despite these evidently crucial roles of
zinc, the status of this trace element in IBD has not been conclusively researched; however,
it has been widely asserted that zinc supplements may be effective in its treatment.

Accumulating evidence indicates that the consumption of excess amounts of sugar
can increase the risks of diabetes [56], coronary heart disease [57], and other chronic
diseases [58]. Sugar raises the serum levels of total cholesterol, low-density lipoprotein
(LDL) and HDL, and blood pressure, even within isocaloric replacement and in the absence
of weight gain [59], and has been proven to affect the development of IBD. Maaz et al. [60]
verified the relationship between sugar consumption and IBD pathogenesis in their study of
859 IBD patients over a two-year period, in which high sugar intake was found to increase
inflammatory biomarkers and reduce their quality of life. Significantly, the question
regarding the proper sugar intake for people with IBD has not yet been addressed. It also
should be considered that modern food processing methods may further influence the
effects of sugar in the body.
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2.8. Dietary Nutrients and Microbiota

Among the environmental factors involved in the etiology of IBD, diet is considered
to be most significant, due to its flexible manipulation and alteration of the composition of
gut microbiota (Table 1). There is substantial evidence to suggest that our gut microbiota
has profound effects on our health, and that dysbiosis can lead to multiple health problems,
including inflammation, obesity, and mood disorders. Consequently, growing knowledge
of the close relationship between diet and gut microbiota suggests that an oriented shift of
microbiota composition, through the consumption of a specific diet, may present a novel
approach to improving health or even reversing diseases, including IBD.

Table 1. Effects of diet on gut microbiota.

Dietary Strategy Characteristics Affected Species References

Gluten-free diet No gluten

Bifidobacterium ↓
Lactobacillus ↓

Enterobacteriaceae ↑
Escherichia coli ↑

Prevotella ↓

[61–63]

Mediterranean diet High fiber,
low red meat

Prevotella ↑
Lachnospira ↑

Bifidobacteria ↑
Lactobacillus ↑
Bacteroides ↑
Clostridium ↓

[64–66]

Western diet High animal fat, high animal protein

Bifidobacteria ↓
Lactobacillus↓
Bacteroides ↑

Enterobacteria ↑

[67,68]

2.9. Gut Microbiota and IBD: Dysbiosis Is a Typical Feature in IBD

Statistical data analysis has shown that the effects of diet on IBD vary from person
to person, mainly because of the diversity of gut microflora [69–72]. Our intestines are
home to a wide variety of microorganisms, some still unknown. Protein, sugar, and fiber in
our diets can be metabolized into nutrients by digestive enzymes secreted by commensal
bacteria, which are then absorbed by intestinal epithelial cells or circulated in the blood
to every corner of the body. IBD patients tend to have reduced microbial diversity and
richness of gut microbiota [73,74]. This is referred to as dysbiosis, and it can lead to an
intestinal disorder, further affecting the absorption of nutrients. Indeed, numerous studies
based on patients and murine models have proved the crucial role of the microbiome in
IBD, although the issue of whether dysbiosis is causative or consequential in the onset of
inflammation remains controversial [75–77].

As shown in Table 2, the composition of microbiota shows oriented changes among
IBD patients with a decreased abundance of Firmicutes, and increased Escherichia coli and
Campylobacter concisus [78–85]. A study conducted by Joossens et al. [78] explored the
compositional changes in predominantly fecal microbiota via the analysis of 207 fecal
samples from CD patients and matched heathy individuals. Decreases were found in
Dialister invisus, an uncharacterized species of Clostridium cluster XIVa, Faecalibacterium
prausnitzii and Bifidobacterium adolescentis, while an increase in Ruminococcus gnavus was
observed in comparison to the healthy controls. Faecalibacterium prausnitzii is one of the
favorable commensal species in the gut, belonging to the phyla Firmicutes. It has been
reported to promote a healthy intestinal environment by increasing butyrate production
and lowering oxygen tension [86], which indicates that this bacterium plays an important
role in the anti-inflammation process in hosts. Moreover, the unbalance between Firmicutes
and Bacteroidetes is a distinctive sign in IBD, and known to promote inflammation [87–89].
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Table 2. Microbiome alterations during inflammatory bowel disease (IBD).

Samples Type of Disease Increased Decreased References

Fecal samples of 68 CD patients, 84 of their unaffected
relatives and 55 matched healthy individuals CD Ruminococcus gnavus

Dialister invisus, Faecalibacterium
prausnitzii, Bifidobacterium

adolescentis
[78]

190 tissue colon samples from CD, UC, and
non-IBD control UC, UD Bacillus, Proteobacteria, Actinobacteria Firmicutes and Bacteroidetes,

Lachnospiraceae [79]

18 fecal samples from active UC patients and
healthy control UC Active Escherichia coli Biodiversity of active bacteria [80]

Fecal samples from CD patients (n = 161) and healthy
individuals (n = 121) CD Bacteroides, Prevotella, Proteus Faecalibacterium, Fusobacterium,

Eubacterium, Bifidobacterium, [81]

8 samples from active colonic CD patients and 16 from
healthy volunteers CD Escherichia coli, microflora diversity Clostridium coccoides, Bacteroides [82]

Biopsies from 5 different locations between ileum and
rectum in 10 twin pairs CD Escherichia coli F. prausnitzii (in ileal CD) [83]

Peripheral blood from 202 IBD patients, 24 non-IBD
controls and 29 healthy individuals IBD

Mycobacterium avium subsp.
paratuberculosis, adherent-invasive

Escherichia coli
No detection [84]

301 biopsies from between ileum and rectum of 15 CD,
13 UC and 33 healthy individuals CD, UC Campylobacter concisus No detection [85]



Foods 2021, 10, 368 8 of 19

In contrast, increased concentrations of Proteobacteria, particularly Escherichia coli, have
been documented in both mucosa-associated and fecal samples of CD patients, in compari-
son to controls [90–92]. CD-associated Escherichia coli, namely adhesion-invasive Escherichia
coli (AIEC), has been observed to exert pro-inflammatory properties [93]. Compared with
non-inflamed controls, mucosa-associated Escherichia coli was found to be more commonly
present in the colonic biopsy samples of CD patients (79%), among which AIEC accounted
for 53% [94]. A higher concentration of AIEC strains could be cultured from the ileal
mucosa of Crohn’s ileitis patients compared to colonic CD patients [95,96]; however, the
abundance of AIEC was not as high in UC patients as it was in the CD individuals [97].
AIEC adherence to the intestinal epithelium increases the permeability between intestinal
epithelial cells and, consequently, the invasion of pathogenic bacteria to lamina propria,
which induces inflammation in susceptible hosts [98]. Due to the diverse serology of
AIEC and its phylotypes, as well as the limited investigation of its virulence-associated
features [98], it is difficult to correlate it with CD deterioration. Moreover, the mechanism
by which AIEC survive within phagocytic cells is unclear and should be investigated.

Mycobacterium avium subspecies paratuberculosis (MAP) is an obligate intracellular
pathogen causing spontaneous granulomatous enterocolitis in ruminants. Peripheral
blood samples were collected from 202 IBD patients, 24 non-IBD controls, and 29 healthy
individuals for nested PCR and 16S rRNA seqencing IS900-specific nested PCR [84]. It was
found that active CD patients had the highest MAP DNA prevalence among IBD patients
(68%); however, these levels were found to decrease after infliximab treatment, suggesting
facilitative mechanisms between the host and MAP in CD pathogenesis [84]. Another
paper also observed the positive relationship between MAP and CD patients, 87% of whom
were detected to carry MAP DNA [99]. MAP infection occurs widely in farm animals,
especially dairy herds [100], and it is difficult to eliminate by pasteurization, which is a
cause for human concern [101]. Based on current findings, however, it is difficult to draw a
firm conclusion about the relationship between MAP and IBD. Further research is required
to uncover the mechanism through which it may be involved in IBD pathogenesis.

2.10. Gut Microbiome Dysbiosis Induces IBD: Role of Immunological Barrier

The intestinal tract is a digestion and absorption organ, serving also as a barrier to
prevent the invasion of foreign antigens and pathogens. The intestine is an extremely com-
plex system, comprising various physical, chemical, microbiological, and immunological
barriers. The biological barrier of the intestine comprises mainly commensal gut microbiota,
able to harvest energy from polysaccharides and to resist the invasion of pathogens for
their host through the secretion of antimicrobial peptides and via competitive coloniza-
tion [102–104]. When pathogens escape these chemical and physical barriers, the intestinal
epithelial cells stimulate the expression of inflammatory factors and chemokines, which re-
spond to external stimuli through corresponding signaling pathways, while simultaneously
recruiting more white blood cells to kill and clear damaged cells or pathogens. However,
changes in the structure or function of this intestinal barrier system can increase the risk
of infection, bacterial translocation, and bacterial imbalance, thus decreasing the host’s
overall health [105,106]. Recent studies have, therefore, investigated how the interactions
between gut microbiota and the immune system influence the development of IBD. It is
proposed that a compromised mucosal immune function, including an increase in intesti-
nal permeability or epithelial cell injury, may enable an abnormally high concentration
of pathogens to be transmitted to underlying lamina propria, consequently triggering a
persistent inflammation response in genetically susceptible individuals [107].

2.11. Microbiota and Intestinal Epithelial Cells

Intestinal epithelial cells, including absorbent cells, goblet cells, Paneth cells, M cells,
and undifferentiated cells, form the first line of defense against the invasion of enteric
pathogens. This barrier facilitates the selective absorption of nutrients, while blocking the
transmission of pathogens to the lamina propria through the apical–junctional complex
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(AJC) and tight junctions (TJs) between intestinal epithelial cells [108,109]. Under normal
conditions, the physical barrier controls the transcellular and paracellular permeation of
antigens and allows only small molecules to cross into the mucosa, which are subsequently
eliminated by host immune cells. However, under pathological conditions, occludin and
immunoglobulin expressions are decreased, leading to increased permeability and, con-
sequently, permitting increased numbers of bacterial antigens to migrate to the mucosa,
ultimately inducing inflammation [110,111]. Intestinal epithelial cells express pattern recog-
nition receptors (PRRs) to combine with pathogen-associated molecular patterns (PAMP)
on the surface of pathogenic microorganisms, thus exerting the recognition of microbial
antigens. The cell-surface membrane glycoproteins and glycolipids of the intestinal epithe-
lium are thought to serve as a bridge between host and gut microbiomes. Faecalibacterium
prausnitzii, a commensal bacterium, produces a 15 kDa protein. This protein was found to
exert an anti-inflammation effect by inhibiting the NF-κB pathway in intestinal epithelial
cells to prevent colitis in a DNBS-induced colitis mice model. Moreover, the transfection
of this protein cDNA into epithelial cell lines significantly decreased the activation of the
NF-κB pathway in a dose-dependent manner [112]. L-fucose is one of the most abundant
surface molecules in intestinal epithelial cells. Segmented filamentous bacteria (SFB), a
Bacteroides species, decorate surface capsular polysaccharides and glycoproteins with
L-fucose, protecting the intestinal tract from pathogens by promoting the colonization of
intestinal symbiotic microbiota and inhibiting pathogens. In addition, the advantage of SFB
colonization of the intestine under competitive conditions is lost in the SFB mutant [113].

2.12. Migration of Mucosal Bacteria in IBD

The intestinal mucus layer, consisting mainly of mucin 2 (MUC2), prevents direct
interactions between commensal bacterial and epithelium cells. In the colon, the mucus
is divided into two layers, with the outer layer commonly colonized by gut bacteria and
the inner layer attached to intestinal epithelium cells to separate bacteria. The majority
of bacteria interact indirectly with intestinal epithelial cells, mediated by food-fermented
postbiotics [114,115]. The mucosa also serves as a source of nutrients for commensal
bacteria, such as Akkermansia muciniphila, while changes in the microbiome community,
mainly the ratio of Bacteroides to Firmicutes, could alter mucin glycosylation [116–118]. In a
heathy status, gut microbiota is restricted to the outer layer of mucosa, stimulating active B
cells to secrete secretory IgA (sIgA), while promoting goblet cells to produce MUC2 [119].
Under stress conditions, however, such as trauma, infection, and shock, sIgA secretion is
decreased, thus increasing the chance of bacterial migration to the submucosa and leading
to inflammation and mucosal barrier injury [120]. Swidsinski et al. [121] investigated the
mucosal flora community of colonic biopsies from bowel inflammation patients (305) and
controls (40) and reported a thick bacterial band attached to the mucosa, indicating that
the function of the mucosal barrier to hold back bacteria may be seriously disturbed in
IBD. Moreover, the increase in mucosal bacterial species can either drive or inhibit certain
bacteria, which may, in turn, exaggerate inflammation. Thus, the modification of the types
or numbers of bacteria present in the mucosa may provide an effective alternative method
of IBD treatment (Table 3).
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Table 3. Bacteria-mediated changes in the mucosal barrier in IBD.

Animal Model/Clinic Data Analysis Mucosal Bacteria Outcome References

345 colonic biopsies samples from bowel inflammation patients (305) and
controls (40)

High concentrations of bacteria attached to
mucosa in patients, no translocation

Mucosal bacteria increased with the severity
of inflammation [121]

Biopsy specimens from 72 UC, 12 CD patients and 65 healthy controls Harmful bacterial groups increased, while
beneficial bacterial species declined

Components of mucosal flora changed in IBD
patients [122]

MDCK1 cells infected with Campylobacter jejuni — Monolayer integrity changed, affected tight
junction protein ZO-1 distribution [123]

Mucosal biopsies from CD, UC, disease and healthy controls (n = 63) Active mucosa-attached microbiota changed
in IBD patients Altered inflammation status [124]

120 biopsies from controls (20), self-limiting colitis (SLC, 20), UC (20) and
randomly individual (60) Bacteria found within mucus in UC, SLC Bacterial migration, adherence to and

invasion of the mucosa [125]

Mucosal and submucosal samples from CD and controls 4 and 13 bacterial species were found within
submucosa at the center and margin of disease

Changed bacteria might drive or inhibit
certain organisms in CD [126]

35 ilea mucosal and submucosal tissues from CD patients (n = 20) and
healthy controls (n = 15)

Ruminococcus spp., Oscillospira spp.,
Pseudobutyrivibrio spp., and Tumebacillus spp

increased in subjacent submucosa

Bacterial migration to submucosal resulting
from mucosal barrier injury [127]

Intestinal biopsies from IBD patients (inflammation, non-inflammation)
and from controls

Streptococcus spp. accounted for 80% in the
inflamed mucosa of CD; mucus layer in the

inflamed IBD patients was remarkably thinner

Streptococcus spp. increased with the severity
of IBD [128]
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3. GALT Dysfunction during IBD

The gut contains several complex and diverse immune regions, the most important of
which is the gut-associated lymphoid tissue (GALT), as it represents the intestinal frontier
of the systemic immune response [129]. GALT consists of lymphoid tissue and lymphocytes
distributed throughout the lumen, with the former including Peyer’s patches (PP), isolated
lymph follicles (ILF), and mesenteric lymph nodes (MLN), while the latter is composed
mainly of intraepithelial lymphocytes (IEL) and lamina propria lymphocytes (LPL) in
intestinal lamina propria [130]. These structures contain different types and proportions of
immune cells, such as B cells, T cells, mononuclear macrophages, mast cells, dendritic cells,
and granulocytes, which together play crucial roles in the host immune system [131,132].
As GALT is responsible for the recognition and neutralization of harmful antigens, it is
critical in whether a response is one of inflammation or tolerance. GALT either maintains
a low reactive immune surveillance state or activates immune tolerance mechanisms for
harmless signal stimuli, including the induction of systemic immune tolerance and sIgA
secretion. However, it responds quickly against hazard signals by inducing inflammation,
thus aiding in resistance against invasion by pathogenic microorganisms and maintaining
the stability of the intestinal environment [116,133,134].

In the submucosa, immune cells act as a second line of host defense, promoting tissue
regeneration in cases of injury. When arriving at the lamina propria, antigens from foods or
microorganisms are presented to T cells via processing by antigen-presenting cells (APC),
subsequently activating either CD8+ or CD4+ T cells, the two of which exert opposite
effects. CD8+ cells can kill pathogen-infected cells and downregulate the immune system.
CD4+ T cells are differentiated into four types, namely Th1, Th2, regulatory T cells (Treg),
and Th17 cells, each with different functions under different circumstances [135–137].
Th1 cells secrete IFN-γ and participate in cell-mediated immune responses. Under the
induction of IL-4, CD4+ T cells differentiate into Th2 cells, secreting IL-4, IL-5, and IL-13,
and are involved in humoral immune responses. Treg cells can release TGF-β, CD25,
and forkhead box protein 3 (FoxP3) to participate in immune regulation [131,138], while
TGF-β and IL-6 co-induce CD4+ T cells to differentiate into Th17, which is involved in
inflammatory responses and autoimmune diseases [139]. Th17 cells could prevent the
colonization of pathogens in the intestine by secreting the cytokines interleukin (IL-17A,
IL-17F, and IL-22), thereby activating the production of antimicrobial proteins in intestinal
epithelial cells and reinforcing intercellular tight junctions [140]. Th17 cells are induced
after SFB adheres to the intestinal epithelium, driving the release of IgA and production of
pIgR [141–143]. Treg cells are classified as either thymus-derived or peripherally derived.
The former is responsible for recognizing self-antigens and regulating the autoreactive
T-cell function, while the latter identifies microbial antigens and controls the tolerance to
non-self-antigens [144].

Hence, the intestinal barrier is comprised of structural components (mucus and ep-
ithelial cells), immune cells (intraepithelial and submucosal immune cells), and soluble
agents (IgA and antimicrobial peptides), which respond to microorganisms [145]. Any
sharp or dramatic changes to the system can alter the intestinal barrier, probably inducing
inflammation. The intestinal microbiome is thought to be involved in altering the intestinal
barrier by activating intestinal immune cells and epithelial cells to secrete various cytokines,
leading to local intestinal and systemic immune responses during IBD.

4. Microbiome and GALT

Gut symbiotic bacteria are a functional requirement for GALT. In turn, dysbiosis and
the invasion of pathogens trigger aberrant immune responses, leading to local or systemic
inflammation (Figure 3). Disruption of the Thl/Th2 ratio is considered an indication of
IBD pathogenesis [146]. In a study of sterile mice, when the numbers of intestinal Thl
and Thl7 decreased, the intestinal immune response was controlled by Th2, while this
imbalance of Thl/Th2 could be improved through the colonization of Bacteroides fragilis,
indicating that intestinal microbiome colonization plays an important role in regulating
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imbalance in the immune response of T cells, thus mitigating the onset of IBD [147].
In addition, polysaccharide A produced by Bacteroides fragilis was found to exert anti-
inflammation activity via the suppression of pro-inflammatory IL-17 and an increase in the
production of IL-10 secretion by CD4+ T cells [148]. In the GALT of autoimmune arthritis,
the inflammatory products released by gut commensal bacteria dynamically enhanced the
antigenic responsiveness of T cells, leading to a more serious inflammatory response [149].
Several specific strains, belonging to IV, XIVa, and XVIII of Clostridia, which were isolated
from healthy human feces, were found to expand and promote Treg cells differentiation,
and oral administration of those strains attenuated the inflammatory responses in adult
mice models of colitis [150]. Moreover, the interactions of surface layer proteins A (SlpA) of
Lactobacillus acidophilus with SIGNR3 (specific intracellular adhesion molecule-3 grabbing
non-integrin homolog-related 3) were found to mitigate colitis by maintaining the balance
of intestinal microbiota and protecting the mucosal barrier [151]. All the above results
suggest that manipulation of the gut microbiota might present a potential and novel
approach for the treatment of inflammatory diseases. Despite the discovery of a large
number of probiotics, there remains an urgent need for in-depth exploration of those
microbes that can induce a stronger therapeutic response, are host-compatible, and can
affect specific branches of the host immune system in a well-controlled manner.

Figure 3. The physical state of the intestinal immune system in IBD hosts: (A) Comparison between
the intestinal structures of a healthy colon and a colon with Crohn’s disease; (B) In IBD, a cascade
inflammatory reaction happened, including colonic dysbiosis, enteric epithelial barrier dysfunction,
active immunocyte, increased levels of cytokines.

5. Conclusions and Perspectives

A better understanding of the complicated relationships between food, the intestinal
microbiome, and host immune response is of crucial importance in defining the onset of IBD.
The combination of daily diet nutrients and pathogenic invasion contributes significantly to
dysbiosis, which is a typical characteristic of IBD. Numerous therapies have been presented
for the treatment of IBD, including probiotics, antibiotics, and specific diets, each with
varying results. Most recently, a new approach involving fecal microbiota transplantation
from the gut microbiota of a healthy host to that of the diseased host, has proven effective
and worthy of further investigation.

In the study of intestinal bacteria, it is necessary to approach the human body holisti-
cally, as an extremely complex ecosystem (Figure 4). Bacteria and cells, as key elements
in this system, mutually influence each other’s actions as they participate in the vari-
ous physiological activities within our body. Any external stimulus could, eventually,
induce multiple cascade reactions and, therefore, in examining the intestinal microbiome
or microbiome-related diseases, no cell, organ or bacterium should be viewed in isolation
if the ultimate goal is to ensure the good health of the entire system.



Foods 2021, 10, 368 13 of 19

Figure 4. Combination of factors, mainly diet and dysbiosis, that may induce IBD.

Author Contributions: Conceptualization, Q.Y., H.L., N. Z., and J.W.; methodology, L.F., Y.Z., and
S.Z.; writing—original draft preparation, Q.Y., H.L., and L.F.; writing—review and editing, Y.Z., S.Z.,
N.Z., and J.W.; funding acquisition, J.W. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Scientific Research Project for Major Achievements of Agri-
cultural Science and Technology Innovation Program (CAAS-ZDXT2019004), the Ministry of Modern
Agro-Industry Technology Research System of China (CARS-36), the Agricultural Science and Tech-
nology Innovation Program (ASTIP-IAS12).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no competing interests.

References
1. Sender, R.; Fuchs, S.; Milo, R. Are we really vastly outnumbered? Revisiting the ratio of bacterial to host cells in humans. Cell

2016, 164, 337–340. [CrossRef]
2. Pistoli, S.; Smejkal, C.; McCartney, A.; Gibson, G.R. Differences in the fecal flora of healthy individuals and patients with irritable

bowel syndrome, and in vitro effects of a symbiotic upon gut flora composition. Clin. Nutr. 2003, 22, S60. [CrossRef]
3. Khalif, I.L.; Quigley, E.M.M.; Konovitch, E.A.; Maximova, I.D. Alterations in the colonic flora and intestinal permeability and

evidence of immune activation in chronic constipation. Digest. Liver Dis. 2005, 37, 838–849. [CrossRef] [PubMed]
4. Lochs, H. Interaction between nutrition, intestinal flora and the gastrointestinal immune system. Home Care Enter. Feed. 2005,

10, 179–188.
5. Koutsos, E.A.; Arias, V.J. Intestinal ecology: Interactions among the gastrointestinal tract, nutrition, and the microflora. J. Appl.

Poultry Res. 2006, 15, 161–173. [CrossRef]
6. Ijssennagger, N.; Belzer, C.; Hooiveld, G.J.; Dekker, J.; van Mil, S.W.C.; Müller, M.; Kleerebezem, M.; van der Meer, R. Gut

microbiota facilitates dietary heme-induced epithelial hyperproliferation by opening the mucus barrier in colon. Proc. Natl Acad.
Sci. USA 2015, 112, 10038–10043. [CrossRef] [PubMed]

7. Reinhardt, C.; Bergentall, M.; Greiner, T.U.; Schaffner, F.; Ostergren-Lundén, G.; Petersen, L.C.; Ruf, W.; Bäckhed, F. Tissue factor
and PAR1 promote microbiota-induced intestinal vascular remodelling. Nature 2012, 483, 627–631. [CrossRef] [PubMed]

8. Fischbach, M.A.; Segre, J.A. Signaling in host associated microbial communities. Cell 2016, 164, 1288–1300. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cell.2016.01.013
http://doi.org/10.1016/S0261-5614(03)80224-8
http://doi.org/10.1016/j.dld.2005.06.008
http://www.ncbi.nlm.nih.gov/pubmed/16169298
http://doi.org/10.1093/japr/15.1.161
http://doi.org/10.1073/pnas.1507645112
http://www.ncbi.nlm.nih.gov/pubmed/26216954
http://doi.org/10.1038/nature10893
http://www.ncbi.nlm.nih.gov/pubmed/22407318
http://doi.org/10.1016/j.cell.2016.02.037
http://www.ncbi.nlm.nih.gov/pubmed/26967294


Foods 2021, 10, 368 14 of 19

9. Yano, J.M.; Yu, K.; Donaldson, G.P.; Shastri, G.G.; Ann, P.; Ma, L.; Nagler, C.R.; Ismagilov, R.F.; Mazmanian, S.K.; Hsiao, E.Y.
Indigenous bacteria from the gut microbiota regulate host serotonin biosynthesis. Cell 2015, 161, 264–276. [CrossRef]

10. Cho, I.; Yamanishi, S.; Cox, L.; Methé, B.A.; Zavadil, J.; Li, K.; Gao, Z.; Mahana, D.; Raju, K.; Teitler, I.; et al. Antibiotics in early
life alter the murine colonic microbiome and adiposity. Nature 2012, 488, 621–626. [CrossRef] [PubMed]

11. Li, C. Relationship among intestinal flora, high-fat diets, and hyperlipidemia. World Chin. J. Dig. 2013, 21, 1273. [CrossRef]
12. Loftus, E.V., Jr. Clinical epidemiology of inflammatory bowel disease: Incidence, prevalence, and environmental influences.

Gastroenterology 2014, 126, 1504–1517. [CrossRef] [PubMed]
13. Rocchi, A.; Benchimol, E.I.; Bernstein, C.N.; Bitton, A.; Feagan, B.; Panaccione, R.; Glasgow, K.W.; Fernandes, A.; Ghosh, S.

Inflammatory bowel disease: A Canadian burden of illness review. Can. J. Gastroenterol. 2012, 26, 811–817. [CrossRef]
14. Burisch, J.; Jess, T.; Martinato, M.; Lakatos, P.L. The burden of inflammatory bowel disease in Europe. J. Crohns. Colitis 2013,

7, 322–337. [CrossRef]
15. Kaplan, G.G. The global burden of IBD: From 2015 to 2025. Nat. Rev. Gastroenterol. Hepatol. 2015, 12, 720–727. [CrossRef]

[PubMed]
16. Piovani, D.; Danese, S.; Peyrin-Biroulet, L.; Bonovas, S. Inflammatory bowel disease: Estimates from the global burden of disease

2017 study. Aliment. Pharmacol. Ther. 2020, 51, 1–10. [CrossRef]
17. Bilski, J.; Mazur-Bialy, A.; Brzozowski, B.; Magierowski, M.; Zahradnik-Bilska, J.; Wójcik, D.; Magierowska, K.; Kwiecien, S.;

Mach, T.; Brzozowski, T. Can exercise affect the course of inflammatory bowel disease? Experimental and clinical evidence.
Pharmacol. Rep. 2016, 68, 827–836. [CrossRef]

18. Probert, C.S.; Jayanthi, V.; Hughes, A.O.; Thompson, J.R.; Wicks, A.C.; Mayberry, J.F. Prevalence and family risk of ulcerative colitis
and Crohn’s disease: An epidemiological study among Europeans and south Asians in Leicestershire. Gut 1993, 34, 1547–1551.
[CrossRef] [PubMed]

19. Kaplan, G.G.; Bernstein, C.N.; Coward, S.; Bitton, A.; Murthy, S.K.; Nguyen, G.C.; Lee, K.; Cooke-Lauder, J.; Benchimol, E.I.
The impact of inflammatory bowel disease in Canada 2018: Epidemiology. J. Can. Assoc. Gastroenterol. 2019, 2 (Suppl. 1), 6–16.
[CrossRef]

20. Schwermer, M.; Fetz, K.; Lngler, A.; Ostermann, T.; Zuzak, T.J. Complementary, alternative, integrative and dietary therapies for
children with crohn’s disease–a systematic review. Complement. Ther. Med. 2020, 52, 102493. [CrossRef]

21. Kathy, V.; Anne, S.L.; Kelcie, W.; Targownik, L.E.; Clove, H.; Graff, L.A.; Sexton, K.A.; Lix, L.M.; Michael, S.; Charles, N.B.
Association between change in inflammatory aspects of diet and change in IBD-related inflammation and symptoms over 1 year:
The manitoba living with IBD study. Inflamm. Bowel Dis. 2020, 27, 190–202.

22. Hou, J.K.; Abraham, B.; El-Serag, H. Dietary intake and risk of developing inflammatory bowel disease: A systematic review of
the literature. Am. J. Gastroenterol. 2011, 106, 563–573. [CrossRef] [PubMed]

23. Tjonneland, A.; Overvad, K.; Bergmann, M.M.; Nagel, G.; Linseisen, J.; Hallmans, G.; Palmqvist, R.; Sjodin, H.; Hagglund, G.;
Berglund, G.; et al. Linoleic acid, a dietary n-6 polyunsaturated fatty acid, and the aetiology of ulcerative colitis: A nested
case-control study within a European prospective cohort study. Gut 2009, 58, 1606–1611.

24. Goldman, D.W.; Pickett, W.C.; Goetzl, E.J. Human neutrophil chemotactic and degranulating activities of leukotriene B5 (LTB5)
derived from eicosapentaenoic acid. Biochem. Biophys. Res. Comm. 1983, 117, 282–288. [CrossRef]

25. Heller, A.; Koch, T.; Schmeck, J.; van Ackern, K. Lipid mediators in inflammatory disorders. Drugs 1998, 55, 487–496. [CrossRef]
[PubMed]

26. Hou, J.K.; Sellin, J.H. Diet, nutrition and inflammatory bowel disease. Therapy 2010, 7, 179–189. [CrossRef]
27. Bamba, T.; Shimoyama, T.; Sasaki, M.; Tsujikawa, T.; Fukuda, Y.; Koganei, K.; Hibi, T.; Iwao, Y.; Munakata, A.; Fukuda, S.;

et al. Dietary fat attenuates the benefits of an elemental diet in active Crohn’s disease: A randomized, controlled trial. Eur. J.
Gastroenterol. Hepatol. 2003, 15, 151–157. [CrossRef] [PubMed]

28. Thies, F.; Miles, E.A.; Nebevon-Caron, G.; Powell, J.R.; Hurst, T.L.; Newsholme, E.A.; Calder, P.C. Influence of dietary supplemen-
tation with long-chain n-3 or n-6 polyunsaturated fatty acids on blood inflammatory cell populations and functions and on plasm
soluble adhesion molecules in healthy adults. Lipids 2001, 36, 1183–1193. [CrossRef]

29. Rodríguez-Cabezas, M.E.; Gálvez, J.; Lorente, M.D.; Concha, A.; Camuesco, D.; Azzouz, S.; Osuna, A.; Redondo, L.; Zarzuelo, A.
Dietary fiber down-regulates colonic tumor necrosis factor alpha and nitric oxide production in trinitrobenzenesulfonic acid-
induced colitic rats. J. Nutr. 2002, 132, 3263–3271. [CrossRef]

30. Liu, X.; Wu, Y.; Li, F.; Zhang, D. Dietary fiber intake reduces risk of inflammatory bowel disease: Result from a meta-analysis.
Nutr. Res. 2015, 35, 753–758. [CrossRef]

31. Venkatraman, A.; Ramakrishna, B.S.; Shaji, R.V.; Kumar, N.S.; Pulimood, A.; Patra, S. Amelioration of dextran sulfate colitis by
butyrate: Role of heat shock protein 70 and NF-kappaB. Am. J. Physiol. Gastrointest. Liver Physiol. 2003, 285, 177–184. [CrossRef]

32. Fiocchi, C. IBD: Advances in pathogenesis, complications, diagnosis, and therapy. Curr. Opin. Gastroenterol. 2012, 28, 297–300.
[CrossRef] [PubMed]

33. King, D.E.; Egan, B.M.; Geesey, M.E. Relation of dietary fat and fiber to elevation of C-reactive protein. Am. J. Cardiol. 2003,
92, 1335–1339. [CrossRef] [PubMed]

34. Deehan, E.C.; Yang, C.; Perez-Munoz, M.E.; Nguyen, N.; Cheng, C.C.; Triador, L.; Zhang, Z.X.; Bakal, J.A.; Walter, J. Precision
microbiome modulation with discrete dietary fiber structures directs short-chain fatty acid production. Cell Host Microbe 2020,
27, 389–404. [CrossRef]

http://doi.org/10.1016/j.cell.2015.02.047
http://doi.org/10.1038/nature11400
http://www.ncbi.nlm.nih.gov/pubmed/22914093
http://doi.org/10.11569/wcjd.v21.i14.1273
http://doi.org/10.1053/j.gastro.2004.01.063
http://www.ncbi.nlm.nih.gov/pubmed/15168363
http://doi.org/10.1155/2012/984575
http://doi.org/10.1016/j.crohns.2013.01.010
http://doi.org/10.1038/nrgastro.2015.150
http://www.ncbi.nlm.nih.gov/pubmed/26323879
http://doi.org/10.1111/apt.15542
http://doi.org/10.1016/j.pharep.2016.04.009
http://doi.org/10.1136/gut.34.11.1547
http://www.ncbi.nlm.nih.gov/pubmed/8244142
http://doi.org/10.1093/jcag/gwy054
http://doi.org/10.1016/j.ctim.2020.102493
http://doi.org/10.1038/ajg.2011.44
http://www.ncbi.nlm.nih.gov/pubmed/21468064
http://doi.org/10.1016/0006-291X(83)91572-3
http://doi.org/10.2165/00003495-199855040-00001
http://www.ncbi.nlm.nih.gov/pubmed/9561339
http://doi.org/10.2217/thy.09.97
http://doi.org/10.1097/00042737-200302000-00008
http://www.ncbi.nlm.nih.gov/pubmed/12560759
http://doi.org/10.1007/s11745-001-0831-4
http://doi.org/10.1093/jn/132.11.3263
http://doi.org/10.1016/j.nutres.2015.05.021
http://doi.org/10.1152/ajpgi.00307.2002
http://doi.org/10.1097/MOG.0b013e328354d81c
http://www.ncbi.nlm.nih.gov/pubmed/22678450
http://doi.org/10.1016/j.amjcard.2003.08.020
http://www.ncbi.nlm.nih.gov/pubmed/14636916
http://doi.org/10.1016/j.chom.2020.01.006


Foods 2021, 10, 368 15 of 19

35. Tannock, G.W.; Liu, Y. Guided dietary fibre intake as a means of directing short-chain fatty acid production by the gut microbiota.
J. R. Soc. N. Z. 2019, 2, 1–22. [CrossRef]

36. Reif, S.; Klei, I.; Lubin, F.; Farbstein, M.; Hallak, A.; Gilat, T. Pre-illness dietary factors in inflammatory bowel disease. Gut 1997,
40, 754–760. [CrossRef] [PubMed]

37. Jantchou, P.; Morois, S.; Clavel-Chapelon, F.; Boutron-Ruault, M.C.; Carbonnel, F. Animal protein intake and risk of inflammatory
bowel disease: The E3N prospective study. Am. J. Gastroenterol. 2010, 105, 2195–2201. [CrossRef] [PubMed]

38. Shoda, R.; Matsueda, K.; Yamato, S.; Umeda, N. Epidemiologic analysis of Crohn disease in Japan: Increased dietary intake of n-6
polyunsaturated fatty acids and animal protein relates to the increased incidence of Crohn disease in Japan. Am. J. Clin. Nutr.
1996, 63, 741–745. [CrossRef] [PubMed]

39. Spooren, C.E.G.M.; Pierik, M.J.; Zeegers, M.P.; Feskens, E.J.M.; Masclee, A.A.M.; Jonkers, D.M.A.E. Review article: The association
of diet with onset and relapse in patients with inflammatory bowel disease. Aliment. Pharmacol. Ther. 2013, 38, 1172–1187.
[CrossRef] [PubMed]

40. Holick, M.F. Vitamin D deficiency. N. Engl. J. Med. 2007, 357, 266–281. [CrossRef] [PubMed]
41. Wang, Y.J.; Zhu, J.G.; DeLuca, H.F. Where is the vitamin D receptor? Arch. Biochem. Biophys. 2012, 523, 123–133. [CrossRef]

[PubMed]
42. Mouli, V.P.; Ananthakrishnan, A.N. Vitamin D and inflammatory bowel diseases. Aliment. Pharmacol. Ther. 2014, 39, 125–136.

[CrossRef] [PubMed]
43. Ananthakrishnan, A.N.; Cagan, A.; Gainer, V.S.; Cai, T.; Cheng, S.C.; Savova, G.; Chen, P.; Szolovits, P.; Xia, Z.; De Jager, P.L.; et al.

Normalization of plasma 25-hydroxy vitamin D is associated with reduced risk of surgery in Crohn’s disease. Inflamm. Bowel Dis.
2013, 19, 1921–1927. [CrossRef]

44. Jørgensen, S.P.; Hvas, C.L.; Agnholt, J.; Christensen, L.A.; Heickendorff, L.; Dahlerup, J.F. Active Crohn’s disease is associated
with low vitamin D levels. J. Crohn’s Colitis 2013, 7, 407–413. [CrossRef] [PubMed]

45. Kabbani, T.A.; Koutroubakis, I.E.; Schoen, R.E.; Ramos-Rivers, C.; Shah, N.; Swoger, J.; Regueiro, M.; Barrie, A.; Schwartz, M.;
Hashash, J.G.; et al. Association of Vitamin D level with clinical status in inflammatory bowel disease: A 5-year longitudinal
study. Am. J. Gastroenterol. 2016, 111, 712–719. [CrossRef]

46. Bartels, L.E.; Jørgensen, S.P.; Bendix, M.; Hvas, C.L.; Agnholt, J.; Agger, R.; Dahlerup, J.F. 25-Hydroxy vitamin D3 modulates
dendritic cell phenotype and function in Crohn’s disease. Inflammopharmacology 2013, 21, 177–186. [CrossRef] [PubMed]

47. Boonstra, A.; Barrat, F.J.; Crain, C.; Heath, V.L.; Savelkoul, H.F.; O’Garra, A. 1alpha,25-Dihydroxyvitamin d3 has a direct effect on
naive CD4(+) T cells to enhance the development of Th2 cells. J. Immunol. 2001, 167, 4974–4980. [CrossRef]

48. Bruce, D.; Yu, S.; Ooi, J.H.; Cantorna, M.T. Converging pathways lead to overproduction of IL-17 in the absence of vitamin D
signaling. Int. Immunopharmacol. 2001, 23, 519–528. [CrossRef]

49. Piechota-Polanczyk, A.; Fichna, J. The role of oxidative stress in pathogenesis and treatment of inflammatory bowel diseases.
Naunyn Schmiedeberg’s Arch. Pharmacol. 2014, 387, 605–620. [CrossRef]

50. Vaghari-Tabari, M.; Moein, S.; Qujeq, D.; Kashifard, M.; Hajian-Tilaki, K. Positive correlation of fecal calprotectin with serum
antioxidant enzymes in patients with inflammatory bowel disease: Accidental numerical correlation or a new finding? Am. J.
Med. Sci. 2018, 355, 449–455. [CrossRef]

51. Siva, S.; Rubin, D.T.; Gulotta, G.; Wroblewski, K.; Pekow, J. Zinc deficiency is associated with poor clinical outcomes in patients
with inflammatory bowel disease. Inflamm. Bowel Dis. 2016, 23, 152–157. [CrossRef]

52. Alkhouri, R.H.; Hashmi, H.; Baker, R.D.; Gelfond, D.; Baker, S.S. Vitamin and mineral status in patients with inflammatory bowel
disease. J. Pediatr. Gastroenterol. Nutr. 2013, 56, 89–92. [CrossRef] [PubMed]

53. Vaghari-Tabari, M.; Jafari-Gharabaghlou, D.; Sadeghsoltani, F.; Hassanpour, P.; Qujeq, D.; Rashtchizadeh, N.; Ghorbanihaghjo, A.
Zinc and selenium in inflammatory bowel disease: Trace elements with key roles? Biol. Trace Elem. Res. 2020, 1–15. [CrossRef]

54. Liu, J.; Rozovsky, S. Membrane-bound selenoproteins. Antioxid. Redox Signal. 2015, 23, 795–813. [CrossRef] [PubMed]
55. Gîlcă-Blanariu, G.E.; Diaconescu, S.; Ciocoiu, M.; S, tefănescu, G. New insights into the role of trace elements in ibd. BioMed Res.

Int. 2018, 2018, 1–9. [CrossRef] [PubMed]
56. Imamura, F.; O’Connor, L.; Ye, Z.; Mursu, J.; Hayashino, Y.; Bhupathiraju, S.N.; Forouhi, N.G. Consumption of sugar sweetened

beverages, artificially sweetened beverages, and fruit juice and incidence of type 2 diabetes: Systematic review, meta-analysis,
and estimation of population attributable fraction. Br. J. Sports Med. 2016, 50, 496–504. [CrossRef] [PubMed]

57. Narain, A.; Kwok, C.S.; Mamas, M.A. Soft drinks and sweetened beverages and the risk of cardiovascular disease and mortality:
A systematic review and meta-analysis. Int. J. Clin. Pract. 2016, 70, 791–805. [CrossRef] [PubMed]

58. Choi, H.K.; Curhan, G. Soft drinks, fructose consumption, and the risk of gout in men: Prospective cohort study. BMJ. 2008,
336, 309–312. [CrossRef] [PubMed]

59. Te Morenga, L.A.; Howatson, A.J.; Jones, R.M.; Mann, J. Dietary sugars and cardiometabolic risk: Systematic review and
meta-analyses of randomized controlled trials of the effects on blood pressure and lipids. Am. J. Clin. Nutr. 2014, 100, 65–79.
[CrossRef]

60. Maaz, A.; Anderson, A.J.; Dmitriy, B.; Ramos, R.C.; O’Keefe, S.J.; Regueiro, M.D. The association between added dietary sugars
and inflammatory bowel disease severity. Gastroenterology 2018, 154, S622.

61. De Palma, G.; Nadal, I.; Collado, M.C.; Sanz, Y. Effects of a gluten-free diet on gut microbiota and immune function in healthy
adult human subjects. Br. J. Nutr. 2009, 102, 1154–1160. [CrossRef] [PubMed]

http://doi.org/10.1080/03036758.2019.1657471
http://doi.org/10.1136/gut.40.6.754
http://www.ncbi.nlm.nih.gov/pubmed/9245929
http://doi.org/10.1038/ajg.2010.192
http://www.ncbi.nlm.nih.gov/pubmed/20461067
http://doi.org/10.1093/ajcn/63.5.741
http://www.ncbi.nlm.nih.gov/pubmed/8615358
http://doi.org/10.1111/apt.12501
http://www.ncbi.nlm.nih.gov/pubmed/24118051
http://doi.org/10.1056/NEJMra070553
http://www.ncbi.nlm.nih.gov/pubmed/17634462
http://doi.org/10.1016/j.abb.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22503810
http://doi.org/10.1111/apt.12553
http://www.ncbi.nlm.nih.gov/pubmed/24236989
http://doi.org/10.1097/MIB.0b013e3182902ad9
http://doi.org/10.1016/j.crohns.2013.01.012
http://www.ncbi.nlm.nih.gov/pubmed/23403039
http://doi.org/10.1038/ajg.2016.53
http://doi.org/10.1007/s10787-012-0168-y
http://www.ncbi.nlm.nih.gov/pubmed/23341164
http://doi.org/10.4049/jimmunol.167.9.4974
http://doi.org/10.1093/intimm/dxr045
http://doi.org/10.1007/s00210-014-0985-1
http://doi.org/10.1016/j.amjms.2017.12.009
http://doi.org/10.1097/MIB.0000000000000989
http://doi.org/10.1097/MPG.0b013e31826a105d
http://www.ncbi.nlm.nih.gov/pubmed/22832510
http://doi.org/10.1007/s12011-020-02444-w
http://doi.org/10.1089/ars.2015.6388
http://www.ncbi.nlm.nih.gov/pubmed/26168272
http://doi.org/10.1155/2018/1813047
http://www.ncbi.nlm.nih.gov/pubmed/30258848
http://doi.org/10.1136/bjsports-2016-h3576rep
http://www.ncbi.nlm.nih.gov/pubmed/27044603
http://doi.org/10.1111/ijcp.12841
http://www.ncbi.nlm.nih.gov/pubmed/27456347
http://doi.org/10.1136/bmj.39449.819271.BE
http://www.ncbi.nlm.nih.gov/pubmed/18244959
http://doi.org/10.3945/ajcn.113.081521
http://doi.org/10.1017/S0007114509371767
http://www.ncbi.nlm.nih.gov/pubmed/19445821


Foods 2021, 10, 368 16 of 19

62. Lorenzo Pisarello, M.J.; Vintiñi, E.O.; González, S.N.; Pagani, F.; Medina, M.S. Decrease in lactobacilli in the intestinal microbiota
of celiac children with a gluten-free diet, and selection of potentially probiotic strains. Can. J. Microbiol. 2015, 61, 32–37. [CrossRef]

63. De Angelis, M.; Vannini, L.; Di Cagno, R.; Cavallo, N.; Minervini, F.; Francavilla, R.; Ercolini, D.; Gobbetti, M. Salivary and
fecal microbiota and metabolome of celiac children under gluten-free diet. Int. J. Food Microbiol. 2016, 239, 125–132. [CrossRef]
[PubMed]

64. De Filippis, F.; Pellegrini, N.; Vannini, L.; Jeffery, I.B.; La Storia, A.; Laghi, L.; Serrazanetti, D.I.; Di Cagno, R.; Ferrocino, I.;
Lazzi, C.; et al. High-level adherence to a Mediterranean diet beneficially impacts the gut microbiota and associated metabolome.
Gut 2016, 65, 1812–1821. [CrossRef] [PubMed]

65. Chierico, F.; Del Vernocchi, P.; Dallapiccola, B.; Putignani, L. Mediterranean diet and health: Food effects on gut microbiota and
disease control. Int. J. Mol. Sci. 2014, 15, 11678–11699. [CrossRef]

66. Izaskun, G.M.; Marta, S.R.; Cristina, A.; Collado María, C. Shifts on gut microbiota associated to Mediterranean diet adherence
and specific dietary intakes on general adult population. Front. Microbiol. 2018, 9, 890.

67. Myles, I.A. Fast food fever: Reviewing the impacts of the Western diet on immunity. Nutr. J. 2014, 13, 61. [CrossRef]
68. Zinöcker, M.K.; Lindseth, I.A. The Western diet-microbiome-host interaction and its role in metabolic disease. Nutrients 2018,

10, 365. [CrossRef] [PubMed]
69. Arumugam, M.; Raes, J.; Pelletier, E.; Le Paslier, D.; Yamada, T.; Mende, D.R.; Fernandes, G.R.; Tap, J.; Bruls, T.; Batto, J.M.; et al.

Enterotypes of the human gut microbiome. Nature 2011, 473, 174–180. [CrossRef]
70. West, N.R.; Powrie, F. Immunotherapy not working? Check your microbiota. Cancer Cell 2015, 28, 687–689. [CrossRef] [PubMed]
71. Liu, Y.J.; Tang, B.; Wang, F.C.; Tang, L.; Lei, Y.Y.; Luo, Y.; Huang, S.J.; Yang, M.; Wu, L.Y.; Wang, W.; et al. Parthenolide

ameliorates colon inflammation through regulating Treg/Th17 balance in a gut microbiota-dependent manner. Theranostics 2020,
10, 5225–5241. [CrossRef]

72. Sivan, A.; Corrales, L.; Hubert, N.; Williams, J.B.; Aquino-Michaels, K.; Earley, Z.M.; Benyamin, F.W.; Lei, Y.M.; Jabri, B.;
Alegre, M.L.; et al. Commensal Bifidobacterium promotes antitumor immunity and facilitates anti-PD-L1 efficacy. Science 2015,
350, 1084–1089. [CrossRef] [PubMed]

73. Lloyd-Price, J.; Arze, C.; Ananthakrishnan, A.N.; Schirmer, M.; Avila-Pacheco, J.; Poon, T.W.; Andrews, E.; Ajami, N.J.; Bonham, K.S.;
Brislawn, C.J.; et al. Multi-omics of the gut microbial ecosystem in inflammatory bowel diseases. Nature 2019, 569, 655–662. [CrossRef]

74. Vich Vila, A.; Imhann, F.; Collij, V.; Jankipersadsing, S.A.; Gurry, T.; Mujagic, Z.; Kurilshikov, A.; Bonder, M.J.; Jiang, X.;
Tigchelaar, E.F.; et al. Gut microbiota composition and functional changes in inflammatory bowel disease and irritable bowel
syndrome. Sci. Transl. Med. 2018, 10, 8914. [CrossRef] [PubMed]

75. Newman, K.M.; Rank, K.M.; Vaughn, B.P.; Khoruts, A. Treatment of recurrent Clostridium difficile infection using fecal microbiota
transplantation in patients with inflammatory bowel disease. Gut Microbes 2017, 8, 303–309. [CrossRef]

76. Quince, C.; Lundin, E.E.; Andreasson, A.N.; Greco, D.; Rafter, J.; Talley, N.J.; Agreus, L.; Andersson, A.F.; Engstrand, L.;
D’Amato, M. The impact of Crohn’s disease genes on healthy human gut microbiota: A pilot study. Gut 2013, 62, 952–954.
[CrossRef]

77. Shang, L.J.; Liu, H.B.; Dai, Z.Q.; Li, J.; Chen, M.X.; Zeng, X.F.; Qiao, S.Y. Microbial changes associated with IBD mouse model and
microbiota transplantation confers colitis symptom in microbiota deletion mice. Curr. Pharm. Design 2020, 26, 1–30.

78. Joossens, M.; Huys, G.; Cnockaert, M.; De Preter, V.; Verbeke, K.; Rutgeerts, P.; Vandamme, P.; Vermeire, S. Dysbiosis of the faecal
microbiota in patients with Crohn’s disease and their unaffected relatives. Gut 2011, 60, 631–637. [CrossRef] [PubMed]

79. Frank, D.N.; St Amand, A.L.; Feldman, R.A.; Boedeker, E.C.; Harpaz, N.; Pace, N.R. Molecular-phylogenetic characterization of
microbial community imbalances in human inflammatory bowel diseases. Proc. Natl. Acad. Sci. USA 2007, 104, 13780–13785.
[CrossRef]

80. Sokol, H.; Lepage, P.; Seksik, P.; Dore, J.; Marteau, P. Temperature gradient gel electrophoresis of fecal 16s rRNA reveals active
Escherichia coli in the microbiota of patients with ulcerative colitis. J. Clin. Microbiol. 2006, 44, 3172–3177. [CrossRef] [PubMed]

81. Andoh, A.; Kuzuoka, H.; Tsujikawa, T.; Nakamura, S.; Hirai, F.; Suzuki, Y.; Matsui, T.; Fujiyama, Y.; Matsumoto, T. Multicenter
analysis of fecal microbiota profiles in Japanese patients with Crohn’s disease. J. Gastroenterol. 2012, 47, 1298–1307. [CrossRef]

82. Seksik, P.; Rigottier-Gois, L.; Gramet, G.; Sutren, M.; Pochart, P.; Marteau, P.; Jian, R.; Dore, J. Alterations of the dominant faecal
bacterial groups in patients with Crohn’s disease of the colon. Gut 2003, 52, 237–242. [CrossRef] [PubMed]

83. Willing, B.; Halfvarson, J.; Dicksved, J.; Rosenquist, M.; Jarnerot, G.; Engstrand, L.; Tysk, C.; Jansson, J.K. Twin studies reveal
specific imbalances in the mucosa-associated microbiota of patients with ileal Crohn’s disease. Inflamm. Bowel Dis. 2009,
15, 653–660. [CrossRef]

84. Nazareth, N.; Magro, F.; Machado, E.; Ribeiro, T.G.; Martinho, A.; Rodrigues, P.; Alves, R.; Macedo, G.N.; Gracio, D.;
Coelho, R.; et al. Prevalence of Mycobacterium avium subsp. Paratuberculosis and Escherichia coli in blood samples from patients
with inflammatory bowel disease. Med. Microbiol. Immunol. 2015, 204, 681–692. [PubMed]

85. Mahendran, V.; Riordan, S.M.; Grimm, M.C.; Tran, T.A.; Major, J.; Kaakoush, N.O.; Mitchell, H.; Zhang, L. Prevalence of
campylobacter species in adult Crohn’s disease and the preferential colonization sites of campylobacter species in the human
intestine. PLoS ONE 2011, 6, e25417. [CrossRef] [PubMed]

86. Meehan, C.J.; Beiko, R.G. A phylogenomic view of ecological specialization in the Lachnospiraceae, a family of digestive tract-
associated bacteria. Genome Biol. Evol. 2014, 6, 703–713. [CrossRef]

87. Hood, L. Tackling the microbiome. Science 2012, 336, 1209. [CrossRef] [PubMed]

http://doi.org/10.1139/cjm-2014-0472
http://doi.org/10.1016/j.ijfoodmicro.2016.07.025
http://www.ncbi.nlm.nih.gov/pubmed/27452636
http://doi.org/10.1136/gutjnl-2015-309957
http://www.ncbi.nlm.nih.gov/pubmed/26416813
http://doi.org/10.3390/ijms150711678
http://doi.org/10.1186/1475-2891-13-61
http://doi.org/10.3390/nu10030365
http://www.ncbi.nlm.nih.gov/pubmed/29562591
http://doi.org/10.1038/nature09944
http://doi.org/10.1016/j.ccell.2015.11.010
http://www.ncbi.nlm.nih.gov/pubmed/26678336
http://doi.org/10.7150/thno.43716
http://doi.org/10.1126/science.aac4255
http://www.ncbi.nlm.nih.gov/pubmed/26541606
http://doi.org/10.1038/s41586-019-1237-9
http://doi.org/10.1126/scitranslmed.aap8914
http://www.ncbi.nlm.nih.gov/pubmed/30567928
http://doi.org/10.1080/19490976.2017.1279377
http://doi.org/10.1136/gutjnl-2012-304214
http://doi.org/10.1136/gut.2010.223263
http://www.ncbi.nlm.nih.gov/pubmed/21209126
http://doi.org/10.1073/pnas.0706625104
http://doi.org/10.1128/JCM.02600-05
http://www.ncbi.nlm.nih.gov/pubmed/16954244
http://doi.org/10.1007/s00535-012-0605-0
http://doi.org/10.1136/gut.52.2.237
http://www.ncbi.nlm.nih.gov/pubmed/12524406
http://doi.org/10.1002/ibd.20783
http://www.ncbi.nlm.nih.gov/pubmed/25994082
http://doi.org/10.1371/journal.pone.0025417
http://www.ncbi.nlm.nih.gov/pubmed/21966525
http://doi.org/10.1093/gbe/evu050
http://doi.org/10.1126/science.1225475
http://www.ncbi.nlm.nih.gov/pubmed/22674329


Foods 2021, 10, 368 17 of 19

88. de La Serre, C.B.; Ellis, C.L.; Lee, J.; Hartman, A.L.; Rutledge, J.C.; Raybould, H.E. Propensity to high-fat diet-induced obesity
in rats is associated with changes in the gut microbiota and gut inflammation. Am. J. Physiol. Gastrointest. Liver Physiol. 2010,
299, 440–448. [CrossRef]

89. Cani, P.D.; Bibiloni, R.; Knauf, C.; Waget, A.; Neyrinck, A.M.; Delzenne, N.M.; Burcelin, R. Changes in gut microbiota control
metabolic endotoxemia-induced inflammation in high-fat diet-induced obesity and diabetes in mice. Diabetes 2008, 57, 1470–1481.
[CrossRef]

90. Baumgart, M.; Dogan, B.; Rishniw, M.; Weitzman, G.; Bosworth, B.; Yantiss, R.; Orsi, R.H.; Wiedmann, M.; McDonough, P.; Kim,
S.G.; et al. Culture independent analysis of ileal mucosa reveals a selective increase in invasive Escherichia coli of novel phylogeny
relative to depletion of Clostridiales in Crohn’s disease involving the ileum. ISME J. 2007, 1, 403–418. [CrossRef]

91. Kotlowski, R.; Bernstein, C.N.; Sepehr, S.; Krause, D.O. High prevalence of Escherichia coli belonging to the B2+ D phylogenetic
group in inflammatory bowel disease. Gut 2007, 56, 669–675. [CrossRef] [PubMed]

92. Martinez, C.; Antolin, M.; Santos, J.; Torrejon, A.; Casellas, F.; Borruel, N.; Guarner, F.; Malagelada, J.R. Unstable composition of
the fecal microbiota in ulcerative colitis during clinical remission. Am. J. Gastroenterol. 2008, 103, 643–648. [CrossRef]

93. Peterson, D.A.; Frank, D.N.; Pace, N.R.; Gordon, J.I. Metagenomic approaches for defining the pathogenesis of inflammatory
bowel diseases. Cell Host Microbe 2008, 3, 417–427. [CrossRef] [PubMed]

94. Martin, H.M.; Campbell, B.J.; Hart, C.A.; Mpofu, C.; Nayar, M.; Singh, R.; Englyst, H.; Williams, H.F.; Rhodes, J.M. Enhanced
Escherichia coli adherence and invasion in Crohn’s disease and colon cancer. Gastroenterology 2004, 127, 80–93. [CrossRef]

95. Darfeuille-Michaud, A.; Boudeau, J.; Bulois, P.; Neut, C.; Glasser, A.L.; Barnich, N.; Bringer, M.A.; Swidsinski, A.; Beaugerie, L.;
Colombel, J.F. High prevalence of adherent-invasive Escherichia coli associated with ileal mucosa in Crohn’s disease. Gastroenterology
2004, 127, 412–421. [CrossRef]

96. Barnich, N.; Darfeuille-Michaud, A. Adherent-invasive Escherichia coli and Crohn’s disease. Curr. Opin. Gastroenterol. 2007,
23, 16–20. [CrossRef]

97. Gathungu, G.; Zhang, Y.; Rowehl, L.; Frank, D.; Boedeker, E.; Parkinson, J.; Ellen, J. P-217 specific PCR assays using CRISPR
genes for detection of AIEC in fecal samples. Inflamma. Bowel Dis. 2014, 20, 113.

98. O’Brien, C.L.; Bringer, M.A.; Holt, K.E.; Gordon, D.M.; Dubois, A.L.; Barnich, N.; Darfeuille-Michaud, A.; Pavli, P. Comparative
genomics of Crohn’s disease-associated adherent invasive Escherichia coli. Gut 2017, 66, 1382–1389. [CrossRef] [PubMed]

99. Scanu, A.M.; Bull, T.J.; Cannas, S.; Sanderson, J.D.; Sechi, L.A.; Dettori, G.; Zanetti, S.; Hermon-Taylor, J. Mycobacterium avium
subspecies paratuberculosis infection in cases of irritable bowel syndrome and comparison with Crohn’s disease and Johne’s
disease: Common neural and immune pathogenicities. J. Clin. Microbiol. 2007, 45, 3883–3890. [CrossRef] [PubMed]

100. Manning, E.J.; Collins, M.T. Mycobacterium avium subsp. paratuberculosis: Pathogen, pathogenesis and diagnosis. Rev. Sci. Tech.
Int. Off. Epizoot. 2001, 20, 133–150. [CrossRef] [PubMed]

101. Lund, B.M.; Gould, G.W.; Rampling, A.M. Pasteurization of milk and the heat resistance of Mycobacterium avium subsp. paratu-
berculosis: A critical review of the data. Int. J. Food Microbiol. 2002, 77, 135–145. [CrossRef]

102. Petersson, J.; Schreiber, O.; Hansson, G.C.; Gendler, S.J.; Velcich, A.; Lundberg, J.O.; Roos, S.; Holm, L.; Phillipson, M. Importance
and regulation of the colonic mucus barrier in a mouse model of colitis. Am. J. Physiol. Gastrointest. Liver Physiol. 2011,
300, G327–G333. [CrossRef]

103. Lawley, T.D.; Walker, A.W. Intestinal colonization resistance. Immunology 2013, 138, 1–11. [CrossRef]
104. Swann, J.; Wang, Y.; Abecia, L.; Costabile, A.; Tuohy, K.; Gibson, G.; Roberts, D.; Sidaway, J.; Jones, H.; Wilson, I.D.; et al. Gut

microbiome modulates the toxicity of hydrazine: A metabonomic study. Mol. Biosyst. 2009, 5, 351–355. [CrossRef] [PubMed]
105. He, W.; Wang, Y.; Wang, P.; Wang, F. Intestinal barrier dysfunction in severe burn injury. Burns Trauma 2019, 7, 24. [CrossRef]

[PubMed]
106. König, J.; Wells, J.; Cani, P.D.; García-Ródenas, C.L.; MacDonald, T.; Mercenier, A.; Whyte, J.; Troost, F.; Brummer, R.J. Human

intestinal barrier function in health and disease. Clin. Transl. Gastroen. 2016, 7, e196. [CrossRef] [PubMed]
107. Sharma, U.; Olson, R.K.; Erhart, F.N.; Zhang, L.; Meng, J.; Segura, B.; Banerjee, S.; Sharma, M.; Saluja, A.K.; Ramakrishnan, S.; et al.

Prescription opioids induce gut dysbiosis and exacerbate colitis in a murine model of inflammatory bowel disease. J. Crohn’s Colitis
2020, 14, 801–817. [CrossRef] [PubMed]

108. Curciarello, R.; Canziani, K.E.; Docena, G.H.; Muglia, C.I. Contribution of non-immune cells to activation and modulation of the
intestinal inflammation. Front. Immunol. 2019, 10, 647. [CrossRef]

109. Rubio, C.A.; Schmidt, P.T. Severe defects in the macrophage barrier to gut microflora in inflammatory bowel disease and Colon
Cancer. Anticancer Res. 2018, 38, 3811–3815. [CrossRef] [PubMed]

110. Buttó, L.F.; Haller, D. Dysbiosis in intestinal inflammation: Cause or consequence. Int. J. Med. Microbiol. 2016, 306, 302–309.
[CrossRef]

111. Mcilroy, J.; Ianiro, G.; Mukhopadhya, I.; Hansen, R.; Hold, G.L. Review article: The gut microbiome in inflammatory bowel
disease-avenues for microbial management. Aliment. Pharm. Ther. 2018, 47, 26–42. [CrossRef] [PubMed]

112. Quevrain, E.; Maubert, M.A.; Michon, C.; Chain, F.; Marquant, R.; Tailhades, J.; Miquel, S.; Carlier, L.; Bermúdez-Humarán, L.G.;
Pigneur, B.; et al. Identification of an anti-inflammatory protein from Faecalibacterium prausnitzii, a commensal bacterium deficient
in Crohn’s disease. Gut 2015, 65, 415–425. [CrossRef]

113. Coyne, M.J.; Reinap, B.; Lee, M.M.; Comstock, L.E. Human symbionts use a host-like pathway for surface fucosylation. Science
2005, 307, 1778–1781. [CrossRef]

http://doi.org/10.1152/ajpgi.00098.2010
http://doi.org/10.2337/db07-1403
http://doi.org/10.1038/ismej.2007.52
http://doi.org/10.1136/gut.2006.099796
http://www.ncbi.nlm.nih.gov/pubmed/17028128
http://doi.org/10.1111/j.1572-0241.2007.01592.x
http://doi.org/10.1016/j.chom.2008.05.001
http://www.ncbi.nlm.nih.gov/pubmed/18541218
http://doi.org/10.1053/j.gastro.2004.03.054
http://doi.org/10.1053/j.gastro.2004.04.061
http://doi.org/10.1097/MOG.0b013e3280105a38
http://doi.org/10.1136/gutjnl-2015-311059
http://www.ncbi.nlm.nih.gov/pubmed/27196580
http://doi.org/10.1128/JCM.01371-07
http://www.ncbi.nlm.nih.gov/pubmed/17913930
http://doi.org/10.20506/rst.20.1.1275
http://www.ncbi.nlm.nih.gov/pubmed/11288509
http://doi.org/10.1016/S0168-1605(02)00057-0
http://doi.org/10.1152/ajpgi.00422.2010
http://doi.org/10.1111/j.1365-2567.2012.03616.x
http://doi.org/10.1039/b811468d
http://www.ncbi.nlm.nih.gov/pubmed/19396371
http://doi.org/10.1186/s41038-019-0162-3
http://www.ncbi.nlm.nih.gov/pubmed/31372365
http://doi.org/10.1038/ctg.2016.54
http://www.ncbi.nlm.nih.gov/pubmed/27763627
http://doi.org/10.1093/ecco-jcc/jjz188
http://www.ncbi.nlm.nih.gov/pubmed/31773170
http://doi.org/10.3389/fimmu.2019.00647
http://doi.org/10.21873/anticanres.12664
http://www.ncbi.nlm.nih.gov/pubmed/29970500
http://doi.org/10.1016/j.ijmm.2016.02.010
http://doi.org/10.1111/apt.14384
http://www.ncbi.nlm.nih.gov/pubmed/29034981
http://doi.org/10.1136/gutjnl-2014-307649
http://doi.org/10.1126/science.1106469


Foods 2021, 10, 368 18 of 19

114. Blacher, E.; Levy, M.; Tatirovsky, E.; Elinav, E. Microbiome-modulated metabolites at the interface of host immunity. J. Immunol.
2017, 198, 572–580. [CrossRef]

115. Levy, M.; Blacher, E.; Elinav, E. Microbiome, metabolites and host immunity. Curr. Opin. Microbiol. 2017, 35, 8–15. [CrossRef]
116. Fenton, T.M.; Jørgensen, P.B.; Niss, K.; Rubin, S.; Mörbe, U.M.; Riis, L.B.; Da Silva, C.; Plumb, A.; Vandamme, J.;

Jakobsen, H.L.; et al. Immune profiling of human gut-associated lymphoid tissue identifies a role for isolated lymphoid
follicles in priming of region-specific immunity. Immunity 2020, 52, 557–570. [CrossRef] [PubMed]

117. Desai, M.S.; Seekatz, A.M.; Koropatkin, N.M.; Kamada, N.; Hickey, C.A.; Wolter, M.; Pudlo, N.A.; Kitamoto, S.; Terrapon, N.;
Muller, A.; et al. A dietary fiber-deprived gut microbiota degrades the colonic mucus barrier and enhances pathogen susceptibility.
Cell 2016, 167, 1339–1353. [CrossRef] [PubMed]

118. Wrzosek, L.; Miquel, S.; Noordine, M.L.; Bouet, S.; Joncquel Chevalier-Curt, M.; Robert, V.; Philippe, C.; Bridonneau, C.;
Cherbuy, C.; Robbe-Masselot, C.; et al. Bacteroides thetaiotaomicron and Faecalibacterium prausnitzii influence the production of
mucus glycans and the development of goblet cells in the colonic epithelium of a gnotobiotic model rodent. BMC Biol. 2013,
11, 61. [CrossRef] [PubMed]

119. Birchenough, G.M.; Nystrom, E.E.; Johansson, M.E.; Hansson, G.C. A sentinel goblet cell guards the colonic crypt by triggering
Nlrp6-dependent Muc2 secretion. Science 2016, 352, 1535–1542. [CrossRef]

120. Farrell, R.J.; La Mont, J.T. Microbial factors in inflammatory bowel disease. Gastroenterol. Clin. North Am. 2002, 31, 41–62.
121. Swidsinski, A.; Ladhoff, A.; Pernthaler, A.; Swidsinski, S.; Loening-Baucke, V.; Ortner, M.; Weber, J.; Hoffmann, U.; Schreiber, S.;

Dietel, M.; et al. Mucosal flora in inflammatory bowel disease. Gastroenterology 2002, 122, 44–54. [CrossRef] [PubMed]
122. Verma, R.; Verma, A.K.; Ahuja, V.; Paul, J. Real-Time analysis of mucosal flora in patients with inflammatory bowel disease in

India. J. Clin. Microbiol. 2010, 48, 4279–4282. [CrossRef]
123. Wine, E.; Griffiths, A.; Sherman, P. A model for bacterial-mediated changes of the mucosal barrier in IBDs: Campylobacter jejuni

infection impairs the integrity of polarized epithelial cells. J. Pediatr. Gastr. Nutr. 2006, 43, 8. [CrossRef]
124. Häsler, R.; Sheibani-Tezerji, R.; Sinha, A.; Barann, M.; Rehman, A.; Esser, D.; Aden, K.; Knecht, C.; Brandt, B.; Nikolaus, S.; et al.

Uncoupling of mucosal gene regulation, mRNA splicing and adherent microbiota signatures in inflammatory bowel disease. Gut
2007, 66, 2087–2097. [CrossRef]

125. Swidsinski, A.; Loening-Baucke, V.; Theissig, F.; Engelhardt, H.; Bengmark, S.; Koch, S.; Lochs, H.; Dörffel, Y. Comparative study
of the intestinal mucus barrier in normal and inflamed colon. Gut 2007, 56, 343–350. [CrossRef]

126. Chiodini, R.J.; Dowd, S.E.; Barron, J.N.; Galandiuk, S.; Davis, B.; Glassing, A. Transitional and temporal changes in the mucosal
and submucosal intestinal microbiota in advanced Crohn’s disease of the terminal ileum. J. Med. Microbiol. 2018, 67, 549–559.
[CrossRef] [PubMed]

127. Chiodini, R.J.; Dowd, S.E.; Chamberlin, W.M.; Galandiuk, S.; Davis, B.; Glassing, A. Microbial population differentials between
mucosal and submucosal intestinal tissues in advanced Crohn’s disease of the ileum. PLoS ONE 2015, 10, e0134382. [CrossRef]
[PubMed]

128. Fyderek, K.; Strus, M.; Kowalska-Duplaga, K.; Gosiewski, T.; Wedrychowicz, A.; Jedynak-Wasowicz, U.; Sładek, M.;
Pieczarkowski, S.; Adamski, P.; Kochan, P.; et al. Mucosal bacterial microflora and mucus layer thickness in adolescents with
inflammatory bowel disease. World J. Gastroenterol. 2009, 15, 5287–5294. [CrossRef] [PubMed]

129. Suzuki, K.; Kawamoto, S.; Maruya, M.; Fagarasan, S. GALT: Organization and dynamics leading to IgA synthesis. Adv. Immunol.
2010, 107, 153–185.

130. Eberl, G.; Colonna, M.; Di Santo, J.P.; McKenzie, A.N. Innate lymphoid cells. Innate lymphoid cells: A new paradigm in
immunology. Science 2015, 348, 6566. [CrossRef] [PubMed]

131. Tum, A.P.; Hubbard, A.L. Transcytosis: Crossing cellular barriers. Physiol. Rev. 2003, 83, 871–932. [CrossRef]
132. Lewkowicz, N.; Klink, M.; Mycko, M.P.; Lewkowicz, P. Neutrophil—CD4+CD25+ T regulatory cell interactions: A possible new

mechanism of infectious tolerance. Immunobiology 2013, 218, 455–464. [CrossRef]
133. Ise, W.; Nakamura, K.; Shimizu, N.; Goto, H.; Fujimoto, K.; Kaminogawa, S.; Hachimura, S. Orally tolerized T cells can form

conjugates with APCs but are defective in immunological synapse formation. J. Immunol. 2005, 175, 829–838. [CrossRef] [PubMed]
134. Rezende, R.M.; Weiner, H.L. History and mechanisms of oral tolerance. Semin. Immunol. 2017, 30, 3–11. [CrossRef]
135. Tangye, S.G.; Ma, C.S.; Brink, R.; Deenick, E.K. The good, the bad and the ugly-TFH cells in human health and disease.

Nat. Rev. Immunol. 2013, 13, 412–426. [CrossRef]
136. Qi, H. T follicular helper cells in space-time. Nat. Rev. Immunol. 2016, 16, 612–625. [CrossRef]
137. Walker, J.A.; Barlow, J.L.; McKenzie, A.N. Innate lymphoid cells—How did we miss them? Nat. Rev. Immunol. 2013, 13, 75–87.

[CrossRef]
138. Round, J.L.; Mazmanian, S.K. Inducible Foxp3+ regulatory T cell development by a commensal bacterium of the intestinal

microbiota. Proc. Natl Acad. Sci. USA 2010, 107, 12204–12209. [CrossRef] [PubMed]
139. Atarashi, K.; Tanoue, T.; Ando, M.; Kamada, N.; Nagano, Y.; Narushima, S.; Suda, W.; Imaoka, A.; Setoyama, H.;

Nagamori, T.; et al. Th17 cell induction by adhesion of microbes to intestinal epithelial cells. Cell 2015, 163, 367–380.
[CrossRef] [PubMed]

140. Xavier, R.J.; Podolsky, D.K. Unravelling the pathogenesis of inflammatory bowel diseas. Nature 2007, 448, 427–434. [CrossRef]
[PubMed]

http://doi.org/10.4049/jimmunol.1601247
http://doi.org/10.1016/j.mib.2016.10.003
http://doi.org/10.1016/j.immuni.2020.02.001
http://www.ncbi.nlm.nih.gov/pubmed/32160523
http://doi.org/10.1016/j.cell.2016.10.043
http://www.ncbi.nlm.nih.gov/pubmed/27863247
http://doi.org/10.1186/1741-7007-11-61
http://www.ncbi.nlm.nih.gov/pubmed/23692866
http://doi.org/10.1126/science.aaf7419
http://doi.org/10.1053/gast.2002.30294
http://www.ncbi.nlm.nih.gov/pubmed/11781279
http://doi.org/10.1128/JCM.01360-10
http://doi.org/10.1097/01.mpg.0000256189.35849.c4
http://doi.org/10.1136/gutjnl-2016-311651
http://doi.org/10.1136/gut.2006.098160
http://doi.org/10.1099/jmm.0.000690
http://www.ncbi.nlm.nih.gov/pubmed/29458679
http://doi.org/10.1371/journal.pone.0134382
http://www.ncbi.nlm.nih.gov/pubmed/26222621
http://doi.org/10.3748/wjg.15.5287
http://www.ncbi.nlm.nih.gov/pubmed/19908336
http://doi.org/10.1126/science.aaa6566
http://www.ncbi.nlm.nih.gov/pubmed/25999512
http://doi.org/10.1152/physrev.00001.2003
http://doi.org/10.1016/j.imbio.2012.05.029
http://doi.org/10.4049/jimmunol.175.2.829
http://www.ncbi.nlm.nih.gov/pubmed/16002680
http://doi.org/10.1016/j.smim.2017.07.004
http://doi.org/10.1038/nri3447
http://doi.org/10.1038/nri.2016.94
http://doi.org/10.1038/nri3349
http://doi.org/10.1073/pnas.0909122107
http://www.ncbi.nlm.nih.gov/pubmed/20566854
http://doi.org/10.1016/j.cell.2015.08.058
http://www.ncbi.nlm.nih.gov/pubmed/26411289
http://doi.org/10.1038/nature06005
http://www.ncbi.nlm.nih.gov/pubmed/17653185


Foods 2021, 10, 368 19 of 19

141. Gaboriau-Routhiau, V.; Rakotobe, S.; Lécuyer, E.; Mulder, I.; Lan, A.; Bridonneau, C.; Rochet, V.; Pisi, A.; De Paepe, M.; Brandi, G.;
et al. The key role of segmented filamentous bacteria in the coordinated maturation of gut helper T cell responses. Immunity 2009,
31, 677–689. [CrossRef]

142. Ivanov, I.I.; Atarashi, K.; Manel, N.; Brodie, E.L.; Shima, T.; Karaoz, U.; Wei, D.; Goldfarb, K.C.; Santee, C.A.; Lynch, S.V.; et al.
Induction of intestinal Th17 cells by segmented filamentous bacteria. Cell 2009, 139, 485–498. [CrossRef] [PubMed]

143. Hirota, K.; Turner, J.E.; Villa, M.; Duarte, J.H.; Demengeot, J.; Steinmetz, O.M.; Stockinger, B. Plasticity of Th17 cells in Peyer’s
patches is responsible for the induction of T cell-dependent IgA responses. Nat. Immunol. 2013, 14, 372–379. [CrossRef]

144. Savino, W.; Dardenne, M.; Velloso, L.A.; Dayse Silva-Barbosa, S. The thymus is a common target in malnutrition and infection.
Br. J. Nutr. 2007, 98, 11–16. [CrossRef]

145. Palm, N.W.; de Zoete, M.R.; Cullen, T.W.; Barry, N.A.; Stefanowski, J.; Hao, L.; Degnan, P.H.; Hu, J.; Peter, I.; Zhang, W.; et al.
Immunoglobulin A coating identifies colitogenic bacteria in inflammatory bowel disease. Cell 2014, 158, 1000–1010. [CrossRef]

146. Gaffen, S.L.; Hajishengallis, G. A new inflammatory cytokine on the block: Rethinking periodontal disease and the Th1/Th2
paradigm in the context of Th17 cells and IL-17. J. Dent. Res. 2008, 87, 817–828. [CrossRef] [PubMed]

147. Mazmanian, S.K.; Liu, C.H.; Tzianabos, A.O.; Dennis, L.K. An immunomodulatory molecule of symbiotic bacteria directs
maturation of the host immune system. Cell 2005, 122, 107–118. [CrossRef]

148. Chappert, P.; Bouladoux, N.; Naik, S.; Schwartz, R.H. Specific gut commensal flora locally alters T cell tuning to endogenous
ligands. Immunity 2013, 38, 1198–1210. [CrossRef] [PubMed]

149. Mazmanian, S.K.; Round, J.L.; Kasper, D.L. A microbial symbiosis factor prevents intestinal inflammatory disease. Nature 2008,
453, 620–625. [CrossRef] [PubMed]

150. Atarashi, K.; Tanoue, T.; Oshima, K.; Suda, W.; Nagano, Y.; Nishikawa, H.; Fukuda, S.; Saito, T.; Narushima, S.; Hase, K.; et al. Treg
induction by a rationally selected mixture of Clostridia strains from the human microbiota. Nature 2013, 500, 232–236. [CrossRef]

151. Lightfoot, Y.L.; Selle, K.; Yang, T.; Goh, Y.J.; Sahay, B.; Zadeh, M.; Owen, J.L.; Colliou, N.; Li, E.; Johannssen, T.; et al. SIGNR3-
dependent immune regulation by Lactobacillus acidophilus surface layer protein A in colitis. EMBO J. 2015, 34, 881–895.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.immuni.2009.08.020
http://doi.org/10.1016/j.cell.2009.09.033
http://www.ncbi.nlm.nih.gov/pubmed/19836068
http://doi.org/10.1038/ni.2552
http://doi.org/10.1017/S0007114507832880
http://doi.org/10.1016/j.cell.2014.08.006
http://doi.org/10.1177/154405910808700908
http://www.ncbi.nlm.nih.gov/pubmed/18719207
http://doi.org/10.1016/j.cell.2005.05.007
http://doi.org/10.1016/j.immuni.2013.06.005
http://www.ncbi.nlm.nih.gov/pubmed/23809163
http://doi.org/10.1038/nature07008
http://www.ncbi.nlm.nih.gov/pubmed/18509436
http://doi.org/10.1038/nature12331
http://doi.org/10.15252/embj.201490296
http://www.ncbi.nlm.nih.gov/pubmed/25666591

	Introduction 
	Intestinal Microbiota and IBD 
	The Prevalence of IBD Worldwide 
	Dietary Nutrients and IBD: A Complex Interaction 
	Dietary Fat 
	Dietary Fiber 
	Protein 
	Vitamin D 
	Other Nutrients 
	Dietary Nutrients and Microbiota 
	Gut Microbiota and IBD: Dysbiosis Is a Typical Feature in IBD 
	Gut Microbiome Dysbiosis Induces IBD: Role of Immunological Barrier 
	Microbiota and Intestinal Epithelial Cells 
	Migration of Mucosal Bacteria in IBD 

	GALT Dysfunction during IBD 
	Microbiome and GALT 
	Conclusions and Perspectives 
	References

