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Abstract 
The microbiome is an important regulator in the development of the immune system. The              
complexity and composition of the microbiota are crucial for maintaining health and intestinal             
homeostasis. The Western, high-fat/low-fiber, diet causes vital changes in the composition of            
the microbiota and is correlated with the development of multiple Western diseases, such as              
inflammatory bowel disease (IBD). A good balanced diet, contains the right dietary fibers and              
is proven to be effective against the alteration of the gut microbiota. Whereat each dietary               
fiber is characterized with its own specific health benefits. The indirect effects mainly cause              
an increased level of short-chain fatty acids (SCFAs), but the dietary fibers can also affect               
receptors directly. Research discovered the TLR2 and 4 as the most commonly affected             
receptors. In this thesis, the increasing dysbiosis of the microbiota is discussed, in which the               
dietary fibers inulin, β-glucan, and pectin are discussed in association with their direct and              
indirect effects on the microbiota, immune system and intestinal health.   
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1. Introduction 
 

The human gut is colonized by 100 trillion bacteria, divided in more than 35,000              
bacterial species (1, 2). The two dominant bacterial phyla, the Bacteroidetes and Firmicutes,             
compose about 90% of the gut microbiome. The other 10% is devoted to phyla like               
Proteobacteria and Actinobacteria (3). Firmicutes, for example, can be sub-grouped into           
Clostridium coccoides (Clostridium cluster XIVa) and Clostridium leptum (Clostridium cluster          
IV). The bacteria, Ruminococcus and Faecalibacterium, are bacterial species of the           
Firmicutes phylum, in which Ruminococcus is placed into the Clostridium class (4). The three              
major genera of the Bacteroidetes phylum are Bacteroides, Prevotella, and Porphyromonas           
(3). Previously, research has analyzed all the human metagenomics and classified them in             
three clusters called enterotypes depending on the bacteria genus which is prevalently            
present in the gut of the individual (5). Enterotype 1 has the Bacteroides as the               
representative bacteria. Enterotype 2 and 3 respectively have Prevotella and Ruminococcus           
as most prevalent and abundant bacteria (4). However, this approach was followed by many              
controversial discussions since not all researchers agreed with this classification. Bacterial           
species within the same genus can vary from beneficial commensal to deadly pathogen.             
This variation is neglected when classification is simply grouped into the aforementioned            
enterotypes (6). Despite this, the enterotypes highlight the distinction and the relationship            
between the bacteria in the human gut (3). Based on environment, the type of diet, age, and                 
possible diseases, the gut microbiome differs from individual to individual. The microbiome            
influences a variety of processes in the human body, such as metabolisms and immune              
responses, providing a well controlled nutrient metabolism and protection against infections           
pathogens (1, 7-9). Maintaining the symbiosis of the microbiome and its host is extremely              
important, as well as maintaining the microbiome in the desired composition.  

 

2. The Health Properties of the Right Microbiome 

2.1 Immunological Development 
The composition of the microbiome determines the quality of the immune responses            

(10). It has been shown, for example, that the microbiome induces production of secretory              
IgA (SIgA) in the host. This is illustrated by a significantly lower SIgA concentration in               
germ-free mice (11, 12). IgAs are the most abundant antibodies found in the intestinal lumen               
and, after binding to the polymeric Ig receptor (pIgR), intestinal B cells translocate to the               
surface of the epithelial cells where they generate SIgAs (13). SIgAs protect the intestinal              
epithelium, they inhibit the entrance of pathogens by blocking the epithelial receptors for             
these pathogens. Also, they capture them in mucus and facilitate their removal out of the               
body (14). Altogether, the SIgA production is important for maintaining the intestinal structure             
and function and does not develop without the microbiome. Moreover, the microbiome is             
responsible for proliferation of intraepithelial lymphocytes (IELs) (15). IELs are specialized           
cells that are important in supporting the epithelial barrier homeostasis (16). In addition, the               
presence of the microbiome is associated with an increase in cytokine production, such as              
IL-12, interferon gamma (IFN-y), and IL-10 (17). The microbiome induced cytokines are also             
acknowledged for supporting expansion of B and T cells in Peyer’s patches and the              
mesenteric lymph nodes of which CD4+ T cells and FOXp3-expressing regulatory T cells             
(Tregs) are increased the most (17). Depending on the microbiome and its host’s condition,              
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it can modify immune responses by either promoting inflammation (by expanding CD4+ T             
cells) or suppressing it (by inducing more Tregs). 

2.2. Bacterial Characteristics in the Immune Response 

Specific bacteria are the driving force behind gut immune development. It has been             
shown that a higher concentration of Bifidobacteria causes maturation of the SIgA system,             
necessary for protecting the mucosal intestinal barrier (18). Colonization with Bacteroides           
fragilis is associated with a down-regulation of the response against a characteristic            
molecule for gram-negative bacteria, lipopolysaccharide (LPS) (18). LPS binds to Toll-like           
receptor 4 (TLR4) and consequently activates NF-κB, secreting pro-inflammatory cytokines          
and inducing intestinal inflammation (19). Down-regulating this response will lead to reduced            
inflammation and can prevent colitis. However, the bacterial surface protein polysaccharide           
A (PSA) of the Bacteroides fragilis can stimulate intestinal dendritic cells (DCs) to activate              
CD4+ T cells resulting in an inflammatory response with IL-12 and IFN-y secretion, as well               
as Th1 differentiation; a necessary response to pathogen infiltration (20). This confirms the             
immune modulating role of the microbiota. On the one hand, the microbiota can function as               
an immunosuppressant whereas, on the other hand, it can induce an inflammatory            
response. The result is dependent on the need of the host. For example, a downregulation in                
a body with an autoimmune disease or the induction of extra stimuli to fight an infection in an                  
immunocompromised host, respectively. More bacteria with this modulating function are          
characterized in the human gut. 

Recent research has demonstrated that segmented filamentous bacteria (SFB), a          
Clostridium related species from the Firmicutes phylum, also significantly contributes to           
development of the gut immune system. SFBs are tightly attached to the ileum and are               
known for inducing pro-inflammatory T helper 1 (Th1) and 17 (Th17) cells, as well as for                
Treg development (21-23). Th17 cells mainly produce IL-17 and IL-22 in the lamina propria              
and participate in the extracellular immunity against bacteria, thereby increasing the           
responsiveness against pathogens (22). While Tregs suppress unnecessary inflammatory         
responses and counteract reactions of self-reactive T cells (24). With an increase of Tregs,              
due to induction by microbiota, the T cell response can be properly maintained (25). The               
microbiome composition is crucial for maintaining homeostasis in T cell population. How the             
bacteria sense the host’s need is unknown and more research needs to focus on the specific                
bacterial actions. The bacterial composition is vital for a healthy life as alterations may create               
a dysbiosis leading to a higher risk of diseases (26). 

2.3. Compositional Changes Due to Diet  

Emerging insight of the last decade has demonstrated that the microbiome is rather             
versatile and that the composition of the microbiome can be affected by lifestyle changes              
such as diet (9, 27). The most extreme changes in the microbiome were associated with two                
of the greatest dietary shifts in human evolution. The shift from the hunter-gatherer (the              
Paleolithic) to the farmer (Neolithic) society where a high carbohydrate diet was introduced.             
Moreover, a transition into the industrialized era influenced the diet with processed flours             
and sugars (28, 29). Living in the Western world of today is associated with high fat and low                  
fiber intake, better known as the Western diet (30). Comparative studies have assessed the              
different microbiomes between Europeans living in accordance with the Western diet, and a             
rural African population from Burkina Faso whose diet consists of high amounts of fibers.              
Results showed a completely different bacterial composition between the two populations           
(27). Whereas Europeans are known for a dominant enterotype 1 (Bacteroides), the African             
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population showed a clear prevalence of enterotype 2 (Prevotella). Although many other            
factors are different between Europe and Africa, more studies have proven the effect that              
diet has on the alteration of the gut microbiome (31, 32). Significantly increased Prevotella              
bacteria were seen after introducing a high fiber diet, as well as an increased level of                
Firmicutes (4). On the other hand, a high-fat diet worked in the opposite direction and               
increased the level of Bacteroides, whilst decreasing the presence of Prevotella and            
Firmicutes (33). These bacterial shifts have been connected with serious health issues.  

2.4. Consequences 
Diet changes and the associated microbiome alterations have significant and          

sparsely discussed consequences. Studies have demonstrated that changes in microbiota,          
obtained after living according to the Western diet, are still reversible after only one              
generation (34). However, after several generations merged into the Western diet,           
progressive and non-recoverable diversity loss of the microbiota was observed (35). These            
alterations are the underlying cause of many Western diseases, such as diabetes, obesity,             
and cardiovascular diseases (36-39). Alteration of the microbiome even plays a role in the              
development of neurological diseases such as Alzheimer and autism as well as the             
development of certain cancers (40-42). The occurrence of these Western diseases is            
increasing significantly (43, 44). Therefore, awareness for the consequences of the Western            
diet, its impact on the microbiome composition, and the risks to develop Western diseases              
must increase. Moreover, one worldwide increasing Western disease is a chronical           
inflammation in the human intestine, known as inflammatory bowel disease (IBD) (45). 

 

3. IBD as a Low-Fiber Related Disease 

3.1. Alteration of Gut Microbiota 
Inflammatory bowel disease (IBD) is the umbrella term which includes both ulcerative            

colitis (UC) and Crohn’s disease (CD), a disease which has increased worldwide over the              
last decades (45). It is classified as one of the many Western diseases that is correlated with                 
lower dietary fiber intake. Although the underlying cause of the development of IBD is still               
not understood, it is associated with an altered microbiota in patients. The gut bacteria              
triggers excessive immune responses by activating specific receptors called         
pathogen-recognition receptors (PRRs). Pathogens are recognized by PRRs, because of          
their characteristic molecules, known as pathogen-associated molecular patterns (PAMPS).         
Toll-like receptors (TLRs) are the best known PRRs in the human gut, expressed at the cell                
surfaces of almost every immune cell, as well as the intestinal epithelial cells (46). More               
receptors like NOD-like receptors (NLRs), which are intracellular, are present in these cells             
as well (46). These receptors will stimulate a suitable immune response after recognizing the              
PAMPs, inducing autophagy of the microorganism, and present pathogenic proteins to other            
immune cells. However, PAMPs are not only associated with pathogens. Since commensal            
bacteria are characterized by the same molecules, they will activate the PRRs too (47). It is                
acknowledged that TLR activation by commensals contributes in maintaining the intestinal           
epithelial homeostasis and protects against direct damage in healthy conditions (48).           
However, in the case of IBD, the ratio between commensals and pathogens is changed,              
therefore homeostasis cannot be remained (49).  

The concentration of the Proteobacteria Escheria coli is proven to be significantly            
increased in IBD (49, 50). It is their presence that is linked to bacterial invasion into epithelial                 
cells that, therefore, makes them pathogenic (45). Furthermore, a reduced microbiota           

4 



diversity is observed in IBD patients of which mainly bacteria from the Firmicutes phylum,              
such as Faecalibacterium prausnitzii, are decreased. Previous studies declared that F.           
prausnitzii increases the anti-inflammatory cytokines IL-10 and IL-8, together with          
metabolites that could possibly block NF-κB activation. On the other hand, the production of              
the inflammatory cytokines IL-12 and IFN-y is significantly lowered (51). Moreover, F.            
prausnitzii is a butyrate-producing bacteria, that increases the mucin production, as well as             
the production of antimicrobial peptides (AMPs) (52). In IBD patients, butyrate is observed to              
be decreased, which possibly contributes to gut inflammation (52). Studies also have shown              
that CD patients frequently have bacteria that resides in the inner mucus layer, tightly              
adhered to the epithelium, which is normally sterile in healthy controls (53). Bacteria, such as               
Ruminococcus gnavus and Ruminococcus torques, are known for degrading mucins, and           
not only use it as an energy source, but also offer it as nutrients to other bacteria in this                   
mucus layer. Where healthy controls are able to keep fecal bacteria outside the mucus layer,               
an impaired barrier function in IBD patients is observed (54). The PRRs aforementioned will              
get activated by these bacteria, subsequently triggering an inflammatory response (46).           
Furthermore, the opposite effect that the commensal bacteria execute on the PRRs cannot             
be guaranteed in IBD. A poorer bacterial recognition is associated with a subset of PRR               
gene mutations discovered in IBD that will oppose intestinal homeostasis (48, 52). 

3.2. NOD2 Mutation 
Some CD patients have been recorded with mutations in the NOD2 gene that causes              

a dysregulated interaction between bacteria and the NOD2 receptor. The NOD2 protein is a              
receptor in the cytosol, present in intestinal epithelial cells, dendritic cells, and macrophages             
(52). It recognizes bacterial cell wall components, like peptidoglycans, that stimulate the            
NOD2 receptor and induce autophagy in the infected cells (55). Consequences of the NOD2              
mutations are controversial. Whereas some suggest that mutations result in impaired           
activation of NF-κB (56), others suggest that an enhanced NOD2 activation leads to NF-κB              
upregulation, resulting in an excessive Th1 response (57). It is unclear whether NOD2             
mutations cause deficient pathogen recognition, followed by failing in autophagy induction           
and the lack of sensing it to the innate immune system or causing commensal bacteria to be                 
recognized as pathogens, resulting in an unnecessary inflammation induction (55).          
Nevertheless, increased pro-inflammatory cytokine production, such as TNF-α, IL-1β, and          
IL-6 have long been associated with IBD. Where these innate immune defects can be linked               
to NOD2 mutations, more susceptibility genes were found with mutations in IBD patients,             
enhancing the alteration of the microbiome.  

 

3.3. ATG16L1 & TLR8 Genes 
The ATG16L1 gene is correlated with a specific T300A mutation in CD patients             

leading to impaired bacterial uptake via autophagy (58). ATG16L is a vital protein to fulfil               
autophagy, an important mechanism against intracellular pathogens and thereby maintaining          
homeostasis (59). In addition, mutations in TLR8 genes were also reported to be an              
increased risk for inflammation in IBD patients (60). Both mutations can lead to a deficient               
bacterial recognition thereby inducing an inappropriate immune response. Overproduction of          
pro-inflammatory cytokines causing inflammation of the mucosal intestinal barrier, and          
increase permeability (61). Subsequently, more pathogens will be able to infiltrate the            
mucosal layer of the gut and thereby creating a positive feedback loop where more and               
more pro-inflammatory cytokines will be released. Moreover, the beneficial bacteria in the            

5 



gut will be dominated by the pathogenic bacteria, shifting the microbiome in the wrong              
direction (62).  

3.4. Paneth Cell Dysfunction 
Often associated with the susceptibility gene mutations and another cause for the            

dysbiosis is an impaired Paneth cell function (63, 64). Paneth cells are specialized intestinal              
epithelial cells, located at the bottom of the intestinal crypts. They are crucial in the               
regulation of the microbiome, achieved by secreting granules with antimicrobial peptides           
(AMPs), such as α-defensins (65). AMPs are important in the innate immunity and can              
directly kill or inhibit the growth of pathogens (64). However, they will do no harm to                
commensal bacteria, therefore, regulating the microbial composition (65). Impaired Paneth          
cell function may be a key contributor to the development of inflammation in IBD patients               
with the altered microbiota as an underlying cause (66). Mutations in the NOD2, as well as                
the ATG16L gene, are associated with impaired Paneth cell function, resulting in a lower              
production of AMPs (56, 58, 64). IBD patients are frequently recorded with defective             
expression of AMPs (52), correlated with an expansion in Escherichia shigella (67) and E.              
coli (68). The gene mutations give a higher risk in developing deficient Paneth cells,              
therefore, fewer AMPs will get secreted and the intestinal microbiota cannot be regulated             
fully, resulting in a more pathogenic appearance that will induce inflammatory reactions,            
leading to IBD. Due to less functional Tregs in IBD (69), suppressing inflammatory             
responses might be harder to obtain. Simultaneously, an unregulated and exaggerated T cell             
response (Th1/Th17) has been noticed, leading to even more induction of the inflammation             
(55,82). 

3.5. What Now? 
Existed therapies for IBD are currently only focussing on reducing inflammation.           

Since the cause of IBD is still unknown and little is known about the disease itself,                
developing a cure is not possible yet (69). Most medication is synthetic and associated with               
unwanted side effects. Therefore, more research should be executed, focussing on naturally            
occurring supplements (70). Evidence has already been presented and nutrition therapy has            
gained a lot of interest in recent years (71). Especially when nutrition gets less immune               
modulating and a lack of fiber and high fat intake are associated with the increase in                
Western diseases (72). Consciousness about a healthy diet is critical. Studies have shown             
that a greater knowledge of nutrition among students results in consuming less unhealthy             
fats (73). Research has already acknowledged a correlation between the lack of dietary             
fibers in diet and the altered microbiota. To grow and function, the microbiota needs dietary               
fibers. For this reason, more research into dietary fiber intake has become increasingly             
relevant upon illustrating the effects on the microbiota.  

 

4. Dietary Fibers 

4.1. Classification 
Dietary fibers can be classified in different groups but all can improve bowel habits.              

They are plant-based carbohydrate polymers that cannot be digested in the small intestines,             
and therefore reach the large intestines (74). Here, they serve as a food source for gut                
bacteria that can then produce health-promoting substances (75). They contain at least three             
monomeric units (MUs) and in previous literature, dietary fibers are often distinguished into             
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soluble or insoluble fibers (76). However, these physiological terms are not always reliable             
when not all characteristics are mentioned such as viscosity, fermentation, and bulking            
effects (74). Dietary fibers can also be subdivided by using their main source: 1) Non-starch               
polysaccharides (NSP), such as cellulose, β-glucan, pectin, and gear gum. Abundantly           
present in cereals, and the cell walls of fruits, and vegetables. 2) Resistant (non-digestible)              
oligosaccharides (ROs), like inulin, fructo-oligosaccharides, and galacto-oligosaccharides.       
Mainly found in plants, beans, and human milk. And 3) Resistant starches (RSs), including              
physically trapped, resistant granules (74). Dietary fibers are mostly known for their indirect             
effects on gut immunity. The microbiota-accessible carbohydrates (MACs) in the dietary           
fibers stimulate the growth of beneficial gut bacteria that will consequently produce            
substances such as short-chain fatty acids (SCFAs) (35, 77). These substances themselves,            
affect the host immunity in a positive way.  

 

4.2. Fermentation Products 

4.2.1. Beneficial Effects of Short-Chain Fatty Acids 
SCFAs are fermentation products, just like methane, carbon dioxide, hydrogen, and           

lactate. These products contribute to the energy metabolism and will, therefore, increase the             
bacterial mass in the gut (78). SCFAs consist of one to six carbon molecules of which                
acetate, propionate, and butyrate are the most common SCFAs. They are water-soluble and             
are passively absorbed into the bloodstream where they contribute for 7-8% to the energy              
metabolism (78). It is suggest that SCFAs activate AMP-activated protein kinase (AMPK), a             
major regulator for metabolic homeostasis. A high concentration of SCFA is obtained via the              
effect of dietary fibers, and causing AMPK activation in the liver (79). Leading to the               
activation of ATP-producing catabolic pathways, like the oxidation of glucose or fatty acids.             
Whereas it simultaneously leads to inhibition of energy-consuming biosynthesis of these           
energetic molecules (80, 81). Suggesting that this AMPK activation may be a promising             
therapeutic pathway to tackle metabolic diseases, whereby the increase of dietary fiber            
intake can result in achieving this activation.  
 

SCFAs are the primary energy source for epithelial colonic cells. Butyrate (C4) is             
deemed to be a key factor for the energy supply in colonocytes and may be critical for                 
preventing colonic disorders (78). Moreover, SFCAs also stimulate the enlargement of Tregs            
in the colon (82-84). SCFAs bind to the G-protein coupled receptors (GPR) 41 and 43               
present in almost all immune cells, such as intestinal epithelial cells (IECs), and also Tregs               
(82, 85). The intake of dietary fibers has already shown increased expression in the GPR 43                
(86). Furthermore, SCFAs are able to activate mitogen-activated protein kinase (MAPK)           
which mediate cell differentiation, cell proliferation, cell death, and protective immunity (85,            
87, 88). In addition, SCFAs hold the ability to inhibit histone deacetylase (HDAC) activity,              
which can then regulate transcription factors and on their turn, gene expression (89). It can               
also activate the peroxisome proliferator-activated receptor (PPAR), which is known for its            
transcription factor function. Forming a heterodimer with the retinoid X receptor, it regulates             
the expression of genes intricated in immunity and metabolism (89). Moreover, SFCAs lower             
the pH in the intestines, not only leading to inhibition of growth of pathogenic organisms but                
also reducing enzyme activities produced by the gut bacteria (90, 91). Unfortunately, SCFA             
levels can be reduced when the microbiome is altered. Changes in diet can cause these               
alterations and so, consequently affect the SFCA concentration. 
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4.2.2. Western Diet Alters SCFA Production 
Conversely, a lower SFCA concentration leads to dysfunctional intestinal epithelial          

cells and causing a thinning of the intestinal barrier. This barrier separates the inner and               
outer environment and is necessary for maintaining healthy conditions. Reducing the           
protective layer causing encroachment of pathogens which has clear correlations with the            
development of diseases like IBD (50, 83). Clinical studies have already proven the positive              
influence after administering dietary fibers and therefore increasing the SCFA levels (90,            
92-94). Although all studied dietary fibers show SCFA production, different fibers result in             
slightly different end-effects. Whereas β-glucans increase the production of propionate,          
oligosaccharides enhances the growth of Bifidobacterium, while inulin promotes the          
concentration of Collinsella (95). Without the induction of dietary fibers, the diversity of the              
microbiome will decrease. Not only will this have an effect on the SCFA production, also on                
the conversion of bile acids, regulated by the microbiome as well. 
 

4.2.3. Another Fermentation Product Affected by Western Diet 
Furthermore, the concentration of secondary bile acids is linked to the consequences            

of the Western diet. Normally, the primary bile acids (BAs): cholic acid (CA) and              
chenodeoxycholic acid (CDCA), are being converted into the secondary BAs: deoxycholic           
acid (DCA) and lithocholic acid (LCA), respectively. Among others, the 7 a-dehydroxylase            
enzyme catalyzes this conversion in the gut, due to the presence of microbiota (91). The               
lower pH, obtained by SCFAs, regulates this conversion by inhibiting the enzyme’s activity.             
However, a lower SCFA concentration dysregulates the conversion of the BAs in the gut.              
Research has shown that a high-fat, low-fiber intake also directly leads to an elevated              
production of secondary BAs (96, 97). Also exposed were enhanced bile salt hydrolase gene              
expression, increased levels of the portal fibroblast growth factor 19 (FGF19) and the             
farnesoid X receptor (FXR) (96, 97). Associated with the inhibited growth of some members              
of the dominating phyla Bacteroidetes and Firmicutes, the high secondary BA levels might,             
therefore, result in the emergence of inflammation in the intestines (33). When changing the              
diet into a more healthy one containing less fat and more fibers, the SCFA production will                
increase while the secondary BAs will decrease. Simultaneously, other fermentation          
products will become present, enhancing the regulation of the immune response even more. 
 

4.2.4. Dietary Induced AhR Ligands 
Currently, a lot of research is focussed on SCFAs as main immune active bacterial              

substrates but more immune active fermentation products are made by bacteria, such as             
indole derivatives. Whereas SCFAs are produced in reaction to dietary fiber intake, indole             
derivatives are molecules converted from another vital nutrition source, namely proteins.           
Some bacterial species in the gut, such as Lactobacilli, are able to generate indole              
derivatives from the essential amino acid tryptophan (98). The indole derivatives, such as             
indole-3-carbinol (I3C), indole-3-acetic acid (IAA), and indole-3-aldehyde (IAld), have the          
ability to serve as a ligand for the aryl hydrocarbon receptor (AhR) (99). The AhR is a                 
ligand-dependent transcription factor, expressed by a variety of immune cells (100-102).           
Once activated, it triggers immune responses, providing protection against pathogens and           
metabolizes toxic chemicals, like dioxin, a typical AhR ligand (100). Although the most             
potential ligand for AhR is 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), it is recently shown           
that dietary compounds (such as indole) provide a molecular link between the intestinal             
immune system and the microbiota (103, 104). Studies demonstrated a reduced intestinal            
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pathology as a result of a diet rich in the indole derivative I3C (103). I3C can be converted                  
into 3,3-diindolylmethane (DIM) and indolo[3,2-b]carbazole (ICZ), two high-affinity AhR         
ligands (105). They activate AhR, which enables the maintenance of intraepithelial           
lymphocytes (IELs), and therefore, the homeostasis of the epithelial barrier (16).  

 

4.2.5. Health Effects of AhR Ligands 
The diet-induced AhR ligands have immunomodulatory effects and a lower intake           

entails higher risks for the development of diseases. Whereas a lack of AhR ligands              
corresponds with increased disease activity and more epithelial damage after a dextran            
sulfate sodium (DSS)-induced colitis, only mild symptoms were observed by inducing AhR            
ligands into the diet (103). Protection against pathogens, like Candida albicans, was also             
observed after the intake of AhR ligands (106). Research stated that this was due to rising                
IL-22 levels, produced by type 3 innate lymphoid cells (ILC3s). ILCs mimic the helper T cell                
response by producing similar cytokines (107). As a consequence of a healthy diet with a               
sufficient amount of tryptophan, AhR ligands activate the AhR and promote ILC3-producing            
IL-22 to protect the intestine (98). Another important aspect of AhR activation is the              
upregulation of cytochrome P450 1A1 (CYP1A1), that is known as a detoxification enzyme             
(108, 109). It possesses the ability to metabolize toxic compounds, whereat polycyclic            
aromatic hydrocarbons (PAHs) are typical CYP1A1 substrates. Although, non-specific         
substrates, such as indole derivatives, can be metabolized by CYP1A1 as well (109).             
Over-expression of CYP1A1 is recently associated with a loss of ILC3 and Th17 cells (110).               
Consequently, a decrease in IL-22 and IL-17 cytokines have been observed. Therefore it             
becomes more likely to assume that AhR ligands, like indole derivatives, not only can              
promote but also maintain ILC3 in order to mediate the inflammatory response. Stimulating             
inflammation when necessary but counteracting over-inflammation or autoimmune diseases         
is the balance AhR ligands can achieve. While these ligands are crucial for maintaining              
homeostasis in the intestinal epithelial barrier, the Western diet provides food with less             
immune modulating components and minor AhR ligand become present in the gut.            
Researches imply therefore, that an unbalanced diet and a lower intake of tryptophan,             
corresponds with a loss and dysregulation in the microbiome and an increased vulnerability             
to IBD (111). IBD patients, but also people with a higher risk for IBD, will benefit from a                  
healthy and balanced diet (112). Whereas individualized diets are favorable, it definitely            
should contain specific dietary fibers that all have their own characteristic feature. Until now,              
most health advisory agencies focus on the quantitative intake of dietary fibers which is of               
limited use because it negates the potential for fiber-specific treatment. Therefore, it should             
focus more on individual fibers posing unique immunological effects (75). 

 

4.3. Inulin 
 

Inulin is a common prebiotic dietary fiber that is associated with several health             
benefits, like balancing the microbiome composition as well as directly affecting the immune             
system by activating PRRs. Inulin is a fructose-based dietary fiber that includes all (2→1)              
linear fructans, like chicory inulin and long-chain inulin (inulin HP). Oligofructose is a partial              
enzymatic hydrolysis product of chicory inulin. Oligofructose combined with inulin HP, known            
as oligofructose-enriched inulin, is the most active product (113). Inulins naturally occur in             
sources such as chicory, onion, banana, artichoke, and asparagus (114). Unique to inulin is              
the selectivity of colonic fermentation by the Bifidobacteria specific (115). Causing the            
significant growth of beneficial and health-promoting bacteria, whereas pathogenic bacteria          
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become reduced, resulting in a vital change in microbiota composition (113). The increased             
SCFAs due to fermentation of inulin is only part of the beneficial systemic effects. It is shown                 
that inulin promotes colon mass and increases enterocyte proliferation (116). Enhanced by a             
thicker mucus layer and a decline in mucosal lesions, regeneration of the epithelium reduces              
the risk of microbiota encroachment (117). Studies also have acknowledged an increase in             
the cytokines transforming growth factor- (TGF- ) and IL-10, which both induce the            
production of Tregs, known to suppress detrimental immune responses in the gut (118).             
Inulin appears to have direct effects on the gut immunity as well. It can activate PRRs to                 
modulate different immune responses.  

 
Controversial effects of inulin are demonstrated, as it can down-regulate as well as             

promote inflammatory immune responses. Inulins are detected in the intestine through PRRs            
present on immune cells. Among others, dendritic cells (DCs) express TLR2 on their             
surfaces. TLR2 recognizes inulin, which induces the activation of the receptor and causing             
production of the regulatory cytokine IL-10, previously described as an inducer for Tregs             
(119-121). Studies have proven that TLR2 activation is chain length-dependent and that it is              
only obtained via short-chain 2→1-fructans, not by long-chain 2→1-fructans (122).          
Activation of other PRRs is tested as well. Whereas some studies only indicated the activity               
of TLR2, other studies also acknowledged the stimulation of TLR4 activation by inulin (123,              
124). Studies associated the TLR4 activation with the induction of a pro-inflammatory            
reaction. In response to pathogenic infiltration and tumor growth and development, cytokines            
like TNF-α and IL-6 are secreted to stimulate the innate immune system (123). Interestingly,              
the release of the cytokines IFN-γ and IL-17 was inhibited, suggesting a reduced activation              
of Th17 cells (123). While it was noticed that IL-10 production was increased as well.               
Subsequently inducing the differentiation of Tregs, inulin balances the immune response by            
regulating the T cell differentiation. Moreover, inulin treatment has also shown to enhance             
phagocytosis in macrophages by directly activating the TLR4 pathway, resulting in a better             
pathogenic clearance. The treatment had a maximal effect with a dose of 1 mg/mL for every                
6 hours (124). In summary, the prebiotic dietary fiber inulin is known for its health-promoting               
effects but does not work in one single way. It can affect multiple TLRs and also induce                 
different immune responses. Promoting regulation of the immune system in a homeostatic            
condition but stimulating inflammation when necessary. 

4.4. β-glucan 

One of the major components of Non-Starch Polysaccharides (NSPs) is the dietary            
fiber -glucan, associated with its immunomodulatory role it can be used in treatment for              
diseases like IBD as well as certain cancers (125, 126). β-glucans consist of -glucose              
polymers connected with a glycosidic bond, differing in position (127, 128). Cellulose, for             
example, is an (1,4) -ᴅ-glucan, whereas -1,3-glucans are commonly present too. Although           
the structures are heterogeneous, the common name “ -glucan” is used. β-glucan is present             
in the cell walls of yeast, fungi, and seaweed, and is known for its physiological effects (127).                 
Research showed the controversial effects of -glucan. Whereas -glucan can stimulate the            
immune system and thereby offers protection against pathogens, it can also reduce            
inflammatory cytokines and decreases disease activity (128-132). β-glucan is already used           
in some therapies for many years. For example, the -1,3-glucan, lentinan, present in             
mushrooms has already been used in combination with chemotherapy for 30 years to             
stimulate the immune systems of cancer patients (128, 132).  

β-glucans in fungi, like mushrooms, can be effective in the treatment against            
pathogens, whereby β-glucan plays an immunostimulating role. Since many fungi are           
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poisonous, our body will recognize fungal components with for example TLR2s present on             
immune cells. -glucans, which are the main component of the cell wall of the fungus, are                
known to trigger the TLR2 signaling pathway (126). Via the MyD88 adaptor, TLR2 activates              
NF-κB and controls fungal infection (133). In this way, harmless compounds can stimulate             
the immune response against dangerous microbes. However, -glucans do not only interact            
with TLR2. The most important receptor for -glucan is found to be the C-type lectin-like               
receptor (CTLR) Dectin-1, expressed by immune cells such as macrophages, DCs, and            
neutrophils (134). Fungal -glucan triggers Dectin-1 and results in activating the spleen            
tyrosine kinase (Syk) pathway, a different pathway than TLRs, but also leading to NF-κB              
activation (133). Even though Dectin-1 is not a TLR, it can collaborate with TLR2, as well as                 
with TLR4, 5, 7, and 9. Subsequently, phagocytosis is induced, together with an             
inflammatory cytokine response in order to control the fungal infection (135, 136).            
Mushrooms consist of a high concentration of fungal -glucans that will be recognized by              
the immune system and act immunostimulating, therefore, induce more resistance against           
infections. However, much research acknowledged the immunosuppressive role of         
mushrooms derived -glucan (137). Controversial results of -glucans are abundantly          
present. So is -glucan also associated with suppressing the NF-κB pathway by interacting             
with TLR2, 4, as well as Dectin-1 (138).  

Several studies have proven the immunomodulating role of -glucan, at which           
-glucan mainly lead to less inflammation by tackling different pathways. Studies determined            

the reduction of Th17 signaling molecules in the colon. They found a decreased expression              
of Th17-related cytokines (IL-17A, IL-17F, IL-22) (131). Since the unbalanced Th17           
response has been associated with the inflammation occurrence in IBD, -glucan can            
contribute to the therapy for IBD. DSS-induced IBD mice treated with -glucan showed             
reduced expression of IL-17A and IL-17F as well as other pro-inflammatory cytokines like             
IL-1β, IL-6, and TNF-α. This all was associated with less intestinal damage, decreased             
clinical symptoms, and reduced disease activity (126, 139). Moreover, administration of           

-glucan led to an increase of Tregs, together with a recovered NK cell population (126).               
Additionally, a significant increase of IgA concentration was noticed after administration with            
doses up to 400 mg/day (140). Furthermore, studies have acknowledged the inhibitory effect             
of -glucan on mast cell activation that induces hyperpermeability in the gut of IBD patients               
(141, 142). More studies demonstrated the positive effects of -glucan administration on            
DSS-induced colitis resulting in less inflammation in the colon (128). The reduced            
pro-inflammatory cytokines can be assigned to a suppressed MAPK pathway due to            

-glucan. Activation of the MAPK pathway is associated with the production of            
pro-inflammatory cytokines (137). -glucans can seize on different steps by inhibiting           
phosphorylation of several proteins (JNK/ERK1/2, p38, Elk-1, PPARγ) that normally further           
activate the MAPK pathway (128, 137). To conclude, -glucans are able to stimulate the              
immune response in order to protect infections, but at the same time they can suppress               
inflammation and reduce cytokine release. 
 

4.5. Pectin 
 

One of the most in-depth investigated dietary fiber, known to modulate the immune             
response in its own characteristic way is the dietary fiber pectin. Commonly present as a               
plant cell wall component in vegetables and fruits. Pectin is a water-soluble fiber and its               
backbone consists of a long linear chain of α(1-4)-glycoside-linked-galacturonic acids, which           
can differ in degree of methyl esterification (DM) (143, 144). Depending on the number of               
methanol moles per 100 mol galacturonic acid (145). Like other dietary fibers, pectin reaches              
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the large intestine where it gets fermented by the bacteria in the gut (145). During the                
fermentation, unsaturated oligogalacturonic acids are formed as intermediate products (143).          
It was noticed that single bacteria cultures, such as Bacteroides thetaiotaomicron, are able             
to degrade pectin, whereas only E.coli not possess this ability (143). In addition to              
Bacteroides, bacteria like Bifidobacteria, Eubacteria, and Clostridia, are also known to           
degrade pectin. Therefore, a pectin-containing diet will increase the quantitative as well as             
the qualitative composition of gut microbiota (145). Moreover, some bacterial strains are            
even classified into pectinolytic and can only grow on pectin or pectin-related compounds             
(146). As a result, due to the induced pectin consumption, the SCFA concentration raises              
together with all its positive health effects, like mucosal proliferation (147). Whereat a higher              
pectin concentration appears to be more effective (148), the DM of pectin has an adverse               
effect on the SCFA production. An increase in DM decreases the SCFA production,             
suggesting that a lower DM ensures more positive health effects (145). Low DM pectin              
revealed to be effective against inflammation already (144). The study has demonstrated the             
inhibition of the TLR2 due to the administer of pectin, and low-DM pectin that causes the                
most efficient inhibition. Activation of the TLR normally results in activating NF-κB and the              
production of pro-inflammatory cytokines, such as IL-1β, TNF-α, and IL-6, leading to            
intestinal tissue damage (149). The NF-κB pathway is known to be hyperactive in IBD              
patients, whereby an elevated level of pro-inflammatory cytokines is detected (150). Low-DM            
pectin has shown to specifically block the formation of the TLR2-TLR1 dimer, whereas the              
formation of the regulatory TLR2-TLR6 dimer was not disturbed (144). NF-κB can be             
reduced through a higher pectin intake (151).  
 

Furthermore, pectin has shown to downregulate the inflammatory response in the           
colon in IL-10 deficient mice and in mice with DSS-induced colitis (152, 153). Other studies               
have acknowledged the anti-inflammatory effects of pectin by showing an attenuated level of             
IL-6 after inducing pectin into the diet (19, 154). The bacterial molecule, LPS, stimulates the               
upregulation of TLR4 on the cell membrane of immune cells. Activation of TLR4 causes,              
among other pro-inflammatory cytokines, IL-6 to produce. Citrus pectin, as well as apple             
pectin, have shown to have an anti-inflammatory effect on the TLR4 activation and reduce              
the IL-6 concentration (19, 154). Derived from apple pectin is the molecule apple             
oligogalactan (AOG). AOG reduces the TLR4 expression in intestinal tissue by redistributing            
the TLR4 from the cell membrane back to the cytoplasm, thereby changing the LPS              
responsiveness and impair inflammation (19, 155). Suggesting that AOG binds, just like            
LPS, to the TLR4 but competitively antagonize the binding of LPS (19). Once again, the               
dietary fiber can also send the immune response in an inflammatory direction. The pectin              
rhamnogalacturonan has shown to activate TLR4 in a cancerous situation. The TLR4            
activation causes CD8+ T cells to proliferate and induces pro-inflammatory cytokines, all in             
order to inhibit the growth of tumors (156). In conclusion, pectin has already proven to be                
protective against endotoxin shocks, diabetes, colitis, and colitis-associated colon cancer          
(19, 148, 154, 157). Altogether, the administration of pectin results, mostly, in an             
anti-inflammatory effect and could even prevent or cure intestinal inflammation (144). 
 
 

5. Conclusion and Future Perspectives 
 

The composition of the microbiome determines the quality of the immune responses.            
However, the Western diet is known to be responsible for a shift in the microbial               
composition. The low amount of fibers has many side effects that influences the intestinal              
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homeostasis. The gut bacteria will reduce diversity as detrimental bacteria will dominate            
health-promoting bacteria. As a consequence, the SCFA concentration will decrease,          
leading to the thinning of the protective intestinal mucus layer. Therefore, the encroachment             
of pathogens becomes more likely. Additionally, a higher secondary BA concentration will be             
obtained, linked with a higher vulnerability to develop intestinal inflammations. All those side             
effects are also observed in patients suffering from IBD and are as well linked to other                
Western diseases. Whereas some IBD patients are recorded with specific gene mutations,            
the altered composition of the microbiota, due to the Western diet, is a key player in the                 
development of the disease. The Western diet is besides a high fat and low fiber               
concentration also associated with a lower intake of proteins. This leads to a reduction in               
AhR ligands that normally can maintain the homeostasis in a healthy condition.            
Nevertheless, a special focus in this thesis is on the mentioned dietary fibers; inulin,              
β-glucan, and pectin, that have their own characteristic health effects. In most cases, the              
fibers cause an anti-inflammatory effect which can prevent or cure intestinal inflammation.            
However, in some conditions the immune system needs to be extra stimulated, in an              
immunocompromised situation for example. Here, the dietary fibers modulate a          
pro-inflammatory response and can contribute to the prevention of infections. Whether these            
functional changes are due to the dietary fiber itself or due to the microbiota is unclear. What                 
we do know is that the microbiota plays a crucial role in modulating the immune response.                
The microbiota can conduct the immune response in the direction beneficial for its host.              
Therefore, it is likely to assume that the microbiota also can convert the dietary fibers into                
the molecules needed for the right condition. More research into dietary fibers is needed,              
whereat a special focus needs to be on inducing clinical trials. Evidence is presented and               
specific dietary fibers are proven to be health promoting. The knowledge needs to be              
introduced to a wider audience at which clear attention needs to be on the intake of only                 
specific dietary fibers.  
 
 

6. References 
 

1. Milani C, Duranti S, Bottacini F, Casey E, Turroni F, Mahony J, et al. The First Microbial Colonizers of the                     
Human Gut: Composition, Activities, and Health Implications of the Infant Gut Microbiota. Microbiol Mol Biol Rev.                
2017 November 08;81(4):17. Print 2017 Dec. 
2. Sekirov I, Russell SL, Antunes LCM, Finlay BB. Gut Microbiota in Health and Disease.               
https://doi.org/10.1152/physrev.00045.2009. 2010. 
3. Johnson EL, Heaver SL, Walters WA, Ley RE. Microbiome and metabolic disease: revisiting the bacterial                
phylum Bacteroidetes. Journal of Molecular Medicine. 2017;95(1):1-8. 
4. Bibbo S, Ianiro G, Giorgio V, Scaldaferri F, Masucci L, Gasbarrini A, et al. The role of diet on gut microbiota                      
composition. Eur Rev Med Pharmacol Sci. 2016 November 01;20(22):4742-9. 
5. Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR, et al. Enterotypes of the human gut                     
microbiome. Nature. 2011 May;473(7346):174-80. 
6. Costea PI, Hildebrand F, Arumugam M, Backhed F, Blaser MJ, Bushman FD, et al. Enterotypes in the                  
landscape of gut microbial community composition. Nat Microbiol. 2018 January 01;3(1):8-16. 
7. Ventura M, Turroni F, Canchaya C, Vaughan EE, O'Toole PW, van Sinderen D. Microbial diversity in the                  
human intestine and novel insights from metagenomics. Frontiers in bioscience (Landmark edition). 2009             
January;14:3214-21. 
8. Backhed F, Ley RE, Sonnenburg JL, Peterson DA, Gordon JI. Host-Bacterial Mutualism in the Human                
Intestine. Science. 2005 March;307(5717):1915-20. 
9. Jha AR, Davenport ER, Gautam Y, Bhandari D, Tandukar S, Ng KM, et al. Gut microbiome transition across a                    
lifestyle gradient in Himalaya. PLOS Biology. 2018 November;16(11):e2005396. 
10. Shi N, Li N, Duan X, Niu H. Interaction between the gut microbiome and mucosal immune system. Mil Med                    
Res. 2017 April 27;4:9. eCollection 2017. 
11. Macpherson AJ, Gatto D, Sainsbury E, Harriman GR, Hengartner H, Zinkernagel RM. A primitive T                
cell-independent mechanism of intestinal mucosal IgA responses to commensal bacteria. Science.           
2000;288(5474):2222-6. 

13 



12. Kato LM, Kawamoto S, Maruya M, Fagarasan S. The role of the adaptive immune system in regulation of gut                    
microbiota. Immunol Rev. 2014 July 01;260(1):67-75. 
13. Cerutti A, Rescigno M. The biology of intestinal immunoglobulin A responses. Immunity. 2008;28(6):740-50. 
14. Mantis NJ, Rol N, Corthésy B. Secretory IgA's complex roles in immunity and mucosal homeostasis in the                  
gut. Mucosal immunology. 2011;4(6):603. 
15. Imaoka A, Matsumoto S, Setoyama H, Okada Y, Umesaki Y. Proliferative recruitment of intestinal               
intraepithelial lymphocytes after microbial colonization of germ-free mice. Eur J Immunol. 1996;26(4):945-8. 
16. Sheridan BS, Lefrancois L. Intraepithelial lymphocytes: to serve and protect. Curr Gastroenterol Rep. 2010               
December 01;12(6):513-21. 
17. Hrncir T, Stepankova R, Kozakova H, Hudcovic T, Tlaskalova-Hogenova H. Gut microbiota and              
lipopolysaccharide content of the diet influence development of regulatory T cells: studies in germ-free mice.               
BMC immunology. 2008;9(1):65. 
18. Sjogren YM, Tomicic S, Lundberg A, Bottcher MF, Bjorksten B, Sverremark-Ekstrom E, et al. Influence of                 
early gut microbiota on the maturation of childhood mucosal and systemic immune responses. Clin Exp Allergy.                
2009 December 01;39(12):1842-51. 
19. Liu L, Li YH, Niu YB, Sun Y, Guo ZJ, Li Q, et al. An apple oligogalactan prevents against inflammation and                      
carcinogenesis by targeting LPS/TLR4/NF-kappaB pathway in a mouse model of colitis-associated colon cancer.             
Carcinogenesis. 2010 October 01;31(10):1822-32. 
20. Mazmanian SK, Liu CH, Tzianabos AO, Kasper DL. An immunomodulatory molecule of symbiotic bacteria               
directs maturation of the host immune system. Cell. 2005 July;122(1):107-18. 
21. Gaboriau-Routhiau V, Rakotobe S, Lecuyer E, Mulder I, Lan A, Bridonneau C, et al. The key role of                   
segmented filamentous bacteria in the coordinated maturation of gut helper T cell responses. Immunity. 2009               
October 16;31(4):677-89. 
22. Schnupf P, Gaboriau-Routhiau V, Sansonetti PJ, Cerf-Bensussan N. Segmented filamentous bacteria, Th17             
inducers and helpers in a hostile world. Curr Opin Microbiol. 2017 February 01;35:100-9. 
23. Ivanov II, Atarashi K, Manel N, Brodie EL, Shima T, Karaoz U, et al. Induction of intestinal Th17 cells by                     
segmented filamentous bacteria. Cell. 2009 October;139(3):485-98. 
24. Yamada A, Arakaki R, Saito M, Tsunematsu T, Kudo Y, Ishimaru N. Role of regulatory T cell in the                    
pathogenesis of inflammatory bowel disease. World J Gastroenterol. 2016 February 21;22(7):2195-205. 
25. Wing K, Sakaguchi S. Regulatory T cells exert checks and balances on self tolerance and autoimmunity. Nat                  
Immunol. 2010 January 01;11(1):7-13. 
26. Brown K, DeCoffe D, Molcan E, Gibson DL. Diet-induced dysbiosis of the intestinal microbiota and the effects                  
on immunity and disease. Nutrients. 2012;4(8):1095-119. 
27. De Filippo C, Cavalieri D, Di Paola M, Ramazzotti M, Poullet JB, Massart S, et al. Impact of diet in shaping                      
gut microbiota revealed by a comparative study in children from Europe and rural Africa. Proceedings of the                 
National Academy of Sciences of the United States of America. 2010 August;107(33):14691-6. 
28. Adler CJ, Dobney K, Weyrich LS, Kaidonis J, Walker AW, Haak W, et al. Sequencing ancient calcified dental                   
plaque shows changes in oral microbiota with dietary shifts of the Neolithic and Industrial revolutions. Nat Genet.                 
2013 April 01;45(4):5, 455e1. 
29. Chan YK, Estaki M, Gibson DL. Clinical consequences of diet-induced dysbiosis. Ann Nutr Metab. 2013;63                
Suppl 2:28-40. 
30. Napier BA, Andres-Terre M, Massis LM, Hryckowian AJ, Higginbottom SK, Cumnock K, et al. Western diet                 
regulates immune status and the response to LPS-driven sepsis independent of diet-associated microbiome.             
Proceedings of the National Academy of Sciences of the United States of America. 2019              
February;116(9):3688-94. 
31. Schnorr SL, Candela M, Rampelli S, Centanni M, Consolandi C, Basaglia G, et al. Gut microbiome of the                   
Hadza hunter-gatherers. Nature communications. 2014 April;5:3654. 
32. Wu GD, Chen J, Hoffmann C, Bittinger K, Chen YY, Keilbaugh SA, et al. Linking long-term dietary patterns                   
with gut microbial enterotypes. Science. 2011 October 07;334(6052):105-8. 
33. David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE, et al. Diet rapidly and                  
reproducibly alters the human gut microbiome. Nature. 2014 January 23;505(7484):559-63. 
34. Sonnenburg ED, Smits SA, Tikhonov M, Higginbottom SK, Wingreen NS, Sonnenburg JL. Diet-induced              
extinctions in the gut microbiota compound over generations. Nature. 2016 January;529(7585):212-5. 
35. Sonnenburg ED, Smits SA, Tikhonov M, Higginbottom SK, Wingreen NS, Sonnenburg JL. Diet-induced              
extinctions in the gut microbiota compound over generations. Nature. 2016 January;529(7585):212-5. 
36. Tang WH, Kitai T, Hazen SL. Gut Microbiota in Cardiovascular Health and Disease. Circ Res. 2017 March                  
31;120(7):1183-96. 
37. Carvalho BM, Saad MJ. Influence of gut microbiota on subclinical inflammation and insulin resistance.               
Mediators Inflamm. 2013;2013:986734. 
38. Chassaing B, Raja SM, Lewis JD, Srinivasan S, Gewirtz AT. Colonic Microbiota Encroachment Correlates               
With Dysglycemia in Humans. Cell Mol Gastroenterol Hepatol. 2017 April 13;4(2):205-21. 
39. Sun S, Lulla A, Sioda M, Winglee K, Wu MC, Jacobs DR, et al. Gut Microbiota Composition and Blood                    
Pressure. Hypertension. 2019 March 25:HYPERTENSIONAHA11812109. 
40. Jiang C, Li G, Huang P, Liu Z, Zhao B. The Gut Microbiota and Alzheimer's Disease. J Alzheimers Dis.                    
2017;58(1):1-15. 
41. Ma B, Liang J, Dai M, Wang J, Luo J, Zhang Z, et al. Altered Gut Microbiota in Chinese Children With Autism                       

14 



Spectrum Disorders. Front Cell Infect Microbiol. 2019 March 06;9:40. 
42. Wang Z, Wang Q, Zhao J, Gong L, Zhang Y, Wang X, et al. Altered diversity and composition of the gut                      
microbiome in patients with cervical cancer. AMB Express. 2019 March 23;9(1):z. 
43. Blaser MJ. Who are we? Indigenous microbes and the ecology of human diseases. EMBO reports. 2006                 
October;7(10):956-60. 
44. Peterson DA, Frank DN, Pace NR, Gordon JI. Metagenomic Approaches for Defining the Pathogenesis of                
Inflammatory Bowel Diseases. Cell Host & Microbe. 2008 June;3(6):417-27. 
45. Zhang Y, Li Y. Inflammatory bowel disease: Pathogenesis. World Journal of Gastroenterology : WJG.               
2014;20(1):91. 
46. Walsh D, McCarthy J, O'Driscoll C, Melgar S. Pattern recognition receptors--molecular orchestrators of              
inflammation in inflammatory bowel disease. Cytokine Growth Factor Rev. 2013 April 01;24(2):91-104. 
47. Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, Medzhitov R. Recognition of commensal              
microflora by toll-like receptors is required for intestinal homeostasis. Cell. 2004 July 23;118(2):229-41. 
48. Abreu MT, Fukata M, Arditi M. TLR signaling in the gut in health and disease. J Immunol. 2005 April                    
15;174(8):4453-60. 
49. Carding S, Verbeke K, Vipond DT, Corfe BM, Owen LJ. Dysbiosis of the gut microbiota in disease. Microb                   
Ecol Health Dis. 2015 February 02;26:26191. 
50. Schoultz I, Keita AV. Cellular and Molecular Therapeutic Targets in Inflammatory Bowel Disease-Focusing on               
Intestinal Barrier Function. Cells. 2019 February 22;8(2):10.3390/cells8020193. 
51. Sokol H, Pigneur B, Watterlot L, Lakhdari O, Bermudez-Humaran LG, Gratadoux JJ, et al. Faecalibacterium                
prausnitzii is an anti-inflammatory commensal bacterium identified by gut microbiota analysis of Crohn disease              
patients. Proc Natl Acad Sci U S A. 2008 October 28;105(43):16731-6. 
52. Matsuoka K, Kanai T. The gut microbiota and inflammatory bowel disease. Seminars in immunopathology.               
2015 January;37(1):47-55. 
53. Johansson ME, Phillipson M, Petersson J, Velcich A, Holm L, Hansson GC. The inner of the two Muc2                   
mucin-dependent mucus layers in colon is devoid of bacteria. Proc Natl Acad Sci U S A. 2008 September                  
30;105(39):15064-9. 
54. Swidsinski A, Ladhoff A, Pernthaler A, Swidsinski S, Loening-Baucke V, Ortner M, et al. Mucosal flora in                  
inflammatory bowel disease. Gastroenterology. 2002 January 01;122(1):44-54. 
55. Cooney R, Baker J, Brain O, Danis B, Pichulik T, Allan P, et al. NOD2 stimulation induces autophagy in                    
dendritic cells influencing bacterial handling and antigen presentation. Nat Med. 2010 January 01;16(1):90-7. 
56. Wehkamp J, Harder J, Weichenthal M, Schwab M, Schaffeler E, Schlee M, et al. NOD2 (CARD15) mutations                  
in Crohn's disease are associated with diminished mucosal alpha-defensin expression. Gut. 2004 November             
01;53(11):1658-64. 
57. Watanabe T, Kitani A, Murray PJ, Strober W. NOD2 is a negative regulator of Toll-like receptor 2-mediated T                   
helper type 1 responses. Nat Immunol. 2004 August 01;5(8):800-8. 
58. Liu TC, Kern JT, VanDussen KL, Xiong S, Kaiko GE, Wilen CB, et al. Interaction between smoking and                   
ATG16L1T300A triggers Paneth cell defects in Crohn's disease. J Clin Invest. 2018 November             
01;128(11):5110-22. 
59. Kaser A, Blumberg RS. Autophagy, microbial sensing, endoplasmic reticulum stress, and epithelial function in               
inflammatory bowel disease. Gastroenterology. 2011 May 01;140(6):1738-47. 
60. Saruta M, Targan SR, Mei L, Ippoliti AF, Taylor KD, Rotter JI. High-frequency haplotypes in the X                  
chromosome locus TLR8 are associated with both CD and UC in females. Inflamm Bowel Dis. 2009 March                 
01;15(3):321-7. 
61. Luissint AC, Parkos CA, Nusrat A. Inflammation and the Intestinal Barrier: Leukocyte-Epithelial Cell              
Interactions, Cell Junction Remodeling, and Mucosal Repair. Gastroenterology. 2016 October 01;151(4):616-32. 
62. Azimi T, Nasiri MJ, Chirani AS, Pouriran R, Dabiri H. The role of bacteria in the inflammatory bowel disease                    
development: a narrative review. APMIS. 2018 April 01;126(4):275-83. 
63. Adolph TE, Tomczak MF, Niederreiter L, Ko HJ, Bock J, Martinez-Naves E, et al. Paneth cells as a site of                     
origin for intestinal inflammation. Nature. 2013 November 14;503(7475):272-6. 
64. Kim JM. Antimicrobial proteins in intestine and inflammatory bowel diseases. Intest Res. 2014 January               
01;12(1):20-33. 
65. Nakamura K, Sakuragi N, Takakuwa A, Ayabe T. Paneth cell alpha-defensins and enteric microbiota in health                 
and disease. Biosci Microbiota Food Health. 2016;35(2):57-67. 
66. Courth LF, Ostaff MJ, Mailander-Sanchez D, Malek NP, Stange EF, Wehkamp J. Crohn's disease-derived               
monocytes fail to induce Paneth cell defensins. Proc Natl Acad Sci U S A. 2015 November 10;112(45):14000-5. 
67. Chen J, Huang C, Wang J, Zhou H, Lu Y, Lou L, et al. Dysbiosis of intestinal microbiota and decrease in                      
paneth cell antimicrobial peptide level during acute necrotizing pancreatitis in rats. PLoS One. 2017 April               
25;12(4):e0176583. 
68. Riba A, Olier M, Lacroix-Lamande S, Lencina C, Bacquie V, Harkat C, et al. Paneth Cell Defects Induce                   
Microbiota Dysbiosis in Mice and Promote Visceral Hypersensitivity. Gastroenterology. 2017 December           
01;153(6):1606.e2. 
69. Gajendran M, Loganathan P, Catinella AP, Hashash JG. A comprehensive review and update on Crohn's                
disease. Dis Mon. 2018 February 01;64(2):20-57. 
70. Chang S, Hanauer S. Optimizing pharmacologic management of inflammatory bowel disease. Expert Rev              
Clin Pharmacol. 2017 June 01;10(6):595-607. 

15 



71. Suskind DL, Cohen SA, Brittnacher MJ, Wahbeh G, Lee D, Shaffer ML, et al. Clinical and Fecal Microbial                   
Changes With Diet Therapy in Active Inflammatory Bowel Disease. J Clin Gastroenterol. 2018 February              
01;52(2):155-63. 
72. Lewis JD, Abreu MT. Diet as a Trigger or Therapy for Inflammatory Bowel Diseases. Gastroenterology. 2017                 
February 01;152(2):414.e6. 
73. Yahia N, Brown CA, Rapley M, Chung M. Level of nutrition knowledge and its association with fat                  
consumption among college students. BMC Public Health. 2016 October 04;16(1):z. 
74. Stephen AM, Champ MM, Cloran SJ, Fleith M, van Lieshout L, Mejborn H, et al. Dietary fibre in Europe:                    
current state of knowledge on definitions, sources, recommendations, intakes and relationships to health. Nutr              
Res Rev. 2017 December 01;30(2):149-90. 
75. Jha R, Fouhse JM, Tiwari UP, Li L, Willing BP. Dietary Fiber and Intestinal Health of Monogastric Animals.                   
Frontiers in Veterinary Science. 2019 March;6:48. 
76. McCleary BV, DeVries JW, Rader JI, Cohen G, Prosky L, Mugford DC, et al. Determination of insoluble,                  
soluble, and total dietary fiber (CODEX definition) by enzymatic-gravimetric method and liquid chromatography:             
collaborative study. J AOAC Int. 2012 June 01;95(3):824-44. 
77. Cummings JH, Pomare EW, Branch WJ, Naylor CP, Macfarlane GT. Short chain fatty acids in human large                  
intestine, portal, hepatic and venous blood. Gut. 1987 October;28(10):1221-7. 
78. Slavin J. Fiber and Prebiotics: Mechanisms and Health Benefits. Nutrients. 2013 April;5(4):1417-35. 
79. Hu G, Chen G, Xu H, Ge R, Lin J. Activation of the AMP activated protein kinase by short-chain fatty acids is                       
the main mechanism underlying the beneficial effect of a high fiber diet on the metabolic syndrome. Medical                 
Hypotheses. 2010 January;74(1):123-6. 
80. Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-Melody J, et al. Role of AMP-activated protein kinase in                     
mechanism of metformin action. Journal of Clinical Investigation. 2001 October;108(8):1167-74. 
81. Yamauchi T, Kamon J, Minokoshi Y, Ito Y, Waki H, Uchida S, et al. Adiponectin stimulates glucose utilization                   
and fatty-acid oxidation by activating AMP-activated protein kinase. Nature Medicine. 2002           
November;8(11):1288-95. 
82. Smith PM, Howitt MR, Panikov N, Michaud M, Gallini CA, Bohlooly-Y M, et al. The Microbial Metabolites,                  
Short-Chain Fatty Acids, Regulate Colonic Treg Cell Homeostasis. Science. 2013 August;341(6145):569-73. 
83. Alagon Fernandez Del Campo, P, De Orta Pando A, Straface JI, Lopez Vega JR, Toledo Plata D, Niezen                   
Lugo SF, et al. The Use of Probiotic Therapy to Modulate the Gut Microbiota and Dendritic Cell Responses in                   
Inflammatory Bowel Diseases. Med Sci (Basel). 2019 February 22;7(2):10.3390/medsci7020033. 
84. Sun M, Wu W, Liu Z, Cong Y. Microbiota metabolite short chain fatty acids, GPCR, and inflammatory bowel                   
diseases. J Gastroenterol. 2017 January 01;52(1):1-8. 
85. Kim MH, Kang SG, Park JH, Yanagisawa M, Kim CH. Short-Chain Fatty Acids Activate GPR41 and GPR43                  
on Intestinal Epithelial Cells to Promote Inflammatory Responses in Mice. Gastroenterology. 2013            
August;145(2):406.e10. 
86. Corte Osorio LY, Martinez Flores HE, Ortiz Alvarado R. Effect of dietary fiber in the quantitative expression of                   
butyrate receptor GPR43 in rats colon. Nutr Hosp. 2011 October 01;26(5):1052-8. 
87. Xu Z, Liao B, Zhang R, Sh R, Wang L. Pretreatment with bacterial components promotes DSS-injured colonic                  
epithelial repair through the activation of STAT-3. Molecular Medicine Reports. 2017 February;16(2):2247-53. 
88. Pearson G, Robinson F, Beers Gibson T, Xu BE, Karandikar M, Berman K, et al. Mitogen-activated protein                  
(MAP) kinase pathways: regulation and physiological functions. Endocr Rev. 2001 April 01;22(2):153-83. 
89. Folkerts J, Stadhouders R, Redegeld FA, Tam S, Hendriks RW, Galli SJ, et al. Effect of Dietary Fiber and                    
Metabolites on Mast Cell Activation and Mast Cell-Associated Diseases. Frontiers in Immunology. 2018             
May;9:1067. 
90. den Besten G, van Eunen K, Groen AK, Venema K, Reijngoud D, Bakker BM. The role of short-chain fatty                    
acids in the interplay between diet, gut microbiota, and host energy metabolism. Journal of lipid research. 2013                 
September;54(9):2325-40. 
91. Ghaffarzadegan T, Zhong Y, Fåk Hållenius F, Nyman M. Effects of barley variety, dietary fiber and β-glucan                  
content on bile acid composition in cecum of rats fed low- and high-fat diets. The Journal of Nutritional                  
Biochemistry. 2018 March;53:104-10. 
92. Vernia P, Marcheggiano A, Caprilli R, Frieri G, Corrao G, Valpiani D, et al. Short-chain fatty acid topical                   
treatment in distal ulcerative colitis. Alimentary pharmacology & therapeutics. 1995 June;9(3):309-13. 
93. Scheppach W. Treatment of distal ulcerative colitis with short-chain fatty acid enemas. A placebo-controlled               
trial. German-Austrian SCFA Study Group. Digestive diseases and sciences. 1996 November;41(11):2254-9. 
94. Patz J, Jacobsohn WZ, Gottschalk-Sabag S, Zeides S, Braverman DZ. Treatment of refractory distal               
ulcerative colitis with short chain fatty acid enemas. Am J Gastroenterol. 1996 April 01;91(4):731-4. 
95. Carlson JL, Erickson JM, Hess JM, Gould TJ, Slavin JL. Prebiotic Dietary Fiber and Gut Health: Comparing                  
the in Vitro Fermentations of Beta-Glucan, Inulin and Xylooligosaccharide. Nutrients. 2017 December;9(12):1361. 
96. Lin S, Yang X, Yuan P, Yang J, Wang P, Zhong H, et al. Undernutrition Shapes the Gut Microbiota and Bile                      
Acid Profile in Association with Altered Gut-Liver FXR Signaling in Weaning Pigs. J Agric Food Chem. 2019 April                  
03;67(13):3691-701. 
97. Wan Y, Yuan J, Li J, Li H, Zhang J, Tang J, et al. Unconjugated and secondary bile acid profiles in response                       
to higher-fat, lower-carbohydrate diet and associated with related gut microbiota: A 6-month randomized             
controlled-feeding trial. Clin Nutr. 2019 February 27. 
98. Zelante T, Iannitti RG, Cunha C, De Luca A, Giovannini G, Pieraccini G, et al. Tryptophan catabolites from                   

16 



microbiota engage aryl hydrocarbon receptor and balance mucosal reactivity via interleukin-22. Immunity. 2013             
August 22;39(2):372-85. 
99. Hubbard TD, Murray IA, Perdew GH. Indole and Tryptophan Metabolism: Endogenous and Dietary Routes to                
Ah Receptor Activation. Drug Metab Dispos. 2015 October 01;43(10):1522-35. 
100. Murray IA, Perdew GH. Ligand activation of the Ah receptor contributes to gastrointestinal homeostasis.               
Curr Opin Toxicol. 2017 February 01;2:15-23. 
101. Gutierrez-Vazquez C, Quintana FJ. Regulation of the Immune Response by the Aryl Hydrocarbon Receptor.               
Immunity. 2018 January 16;48(1):19-33. 
102. Jaronen M, Quintana FJ. Immunological Relevance of the Coevolution of IDO1 and AHR. Front Immunol.                
2014 October 20;5:521. 
103. Li Y, Innocentin S, Withers DR, Roberts NA, Gallagher AR, Grigorieva EF, et al. Exogenous stimuli maintain                  
intraepithelial lymphocytes via aryl hydrocarbon receptor activation. Cell. 2011 October 28;147(3):629-40. 
104. Kiss EA, Vonarbourg C, Kopfmann S, Hobeika E, Finke D, Esser C, et al. Natural aryl hydrocarbon receptor                   
ligands control organogenesis of intestinal lymphoid follicles. Science. 2011 December 16;334(6062):1561-5. 
105. Wang SQ, Cheng LS, Liu Y, Wang JY, Jiang W. Indole-3-Carbinol (I3C) and its Major Derivatives: Their                  
Pharmacokinetics and Important Roles in Hepatic Protection. Curr Drug Metab. 2016;17(4):401-9. 
106. Oh S, Go GW, Mylonakis E, Kim Y. The bacterial signalling molecule indole attenuates the virulence of the                   
fungal pathogen Candida albicans. J Appl Microbiol. 2012 September 01;113(3):622-8. 
107. Li S, Bostick JW, Zhou L. Regulation of Innate Lymphoid Cells by Aryl Hydrocarbon Receptor. Front                 
Immunol. 2018 January 05;8:1909. 
108. Julliard W, Fechner JH, Mezrich JD. The aryl hydrocarbon receptor meets immunology: friend or foe? A little                  
of both. Front Immunol. 2014 October 02;5:458. 
109. Ito S, Chen C, Satoh J, Yim S, Gonzalez FJ. Dietary phytochemicals regulate whole-body CYP1A1                
expression through an arylhydrocarbon receptor nuclear translocator-dependent system in gut. J Clin Invest.             
2007 July 01;117(7):1940-50. 
110. Schiering C, Wincent E, Metidji A, Iseppon A, Li Y, Potocnik AJ, et al. Feedback control of AHR signalling                    
regulates intestinal immunity. Nature. 2017 February 09;542(7640):242-5. 
111. Lamas B, Richard ML, Leducq V, Pham HP, Michel ML, Da Costa G, et al. CARD9 impacts colitis by altering                     
gut microbiota metabolism of tryptophan into aryl hydrocarbon receptor ligands. Nat Med. 2016 June              
01;22(6):598-605. 
112. Silveira ALM, Ferreira AVM, de Oliveira MC, Rachid MA, da Cunha Sousa, L F, Dos Santos Martins F, et al.                     
Preventive rather than therapeutic treatment with high fiber diet attenuates clinical and inflammatory markers of               
acute and chronic DSS-induced colitis in mice. Eur J Nutr. 2017 February 01;56(1):179-91. 
113. Roberfroid MB. Introducing inulin-type fructans. Br J Nutr. 2005 April 01;93 Suppl 1:13. 
114. Apajalahti JH, Kettunen H, Kettunen A, Holben WE, Nurminen PH, Rautonen N, et al. Culture-independent                
microbial community analysis reveals that inulin in the diet primarily affects previously unknown bacteria in the                
mouse cecum. Appl Environ Microbiol. 2002 October 01;68(10):4986-95. 
115. Roberfroid MB. Inulin-type fructans: functional food ingredients. J Nutr. 2007 November 01;137(11             
Suppl):2502S. 
116. Zou J, Chassaing B, Singh V, Pellizzon M, Ricci M, Fythe MD, et al. Fiber-Mediated Nourishment of Gut                   
Microbiota Protects against Diet-Induced Obesity by Restoring IL-22-Mediated Colonic Health. Cell Host Microbe.             
2018 January 10;23(1):53.e4. 
117. Hedemann MS, Theil PK, Bach Knudsen KE. The thickness of the intestinal mucous layer in the colon of                   
rats fed various sources of non-digestible carbohydrates is positively correlated with the pool of SCFA but                
negatively correlated with the proportion of butyric acid in digesta. Br J Nutr. 2009 July 01;102(1):117-25. 
118. Marla Karine Amarante, Carolina Barista Ariza, Carlos Eduardo Coral de Olivera, Karina de Almeide               
Gualtieri, Julie Massayo Maeda Oda, Maria Angelica Ehara Watanabe. Inulin Induces IL-10 Secretion and              
Increased FOXP3 Gene Expression in Human Peripheral Blood Mononuclear Cells. Brazilian Archives of Biology              
and Technology. 2018;61(678-4324). 
119. Vogt L, Meyer D, Pullens G, Faas M, Smelt M, Venema K, et al. Immunological properties of inulin-type                   
fructans. Crit Rev Food Sci Nutr. 2015;55(3):414-36. 
120. Vogt L, Ramasamy U, Meyer D, Pullens G, Venema K, Faas MM, et al. Immune modulation by different                   
types of beta2-->1-fructans is toll-like receptor dependent. PLoS One. 2013 July 05;8(7):e68367. 
121. Andrade EB, Alves J, Madureira P, Oliveira L, Ribeiro A, Cordeiro-da-Silva A, et al. TLR2-induced IL-10                 
production impairs neutrophil recruitment to infected tissues during neonatal bacterial sepsis. J Immunol. 2013              
November 01;191(9):4759-68. 
122. Vogt LM, Meyer D, Pullens G, Faas MM, Venema K, Ramasamy U, et al. Toll-like receptor 2 activation by                    
beta2-->1-fructans protects barrier function of T84 human intestinal epithelial cells in a chain length-dependent              
manner. J Nutr. 2014 July 01;144(7):1002-8. 
123. Kumar S, Kesharwani SS, Kuppast B, Bakkari MA, Tummala H. Pathogen-mimicking vaccine delivery              
system designed with a bioactive polymer (inulin acetate) for robust humoral and cellular immune responses. J                
Control Release. 2017 September 10;261:263-74. 
124. Nagahara Y, Nagamori T, Tamegai H, Hitokuwada M, Yoshimi Y, Ikekita M, et al. Inulin stimulates                 
phagocytosis of PMA-treated THP-1 macrophages by involvement of PI3-kinases and MAP kinases. Biofactors.             
2011 December 01;37(6):447-54. 
125. Nie Y, Lin Q, Luo F. Effects of Non-Starch Polysaccharides on Inflammatory Bowel Disease. International                

17 



journal of molecular sciences. 2017 June;18(7). 
126. Lee K, Park M, Ji K, Lee H, Jang J, Yoon I, et al. Bacterial β-(1,3)-glucan prevents DSS-induced IBD by                     
restoring the reduced population of regulatory T cells. Immunobiology. 2014 October;219(10):802-12. 
127. Novak M, Vetvicka V. Beta-glucans, history, and the present: immunomodulatory aspects and mechanisms              
of action. Journal of immunotoxicology. 2008 January;5(1):47-57. 
128. Geir Hetland, Elma Johnson, Dag M Eide, Bjorn Grinde, Anne Berit C Samuelsen, Harald G Wiker.                 
Antimicrobial effects of beta-glucans and pectin and of the Agaricus blazei-based mushroom extract,             
AndoSanTM. Examples of mouse models for pneumococcal-, fecal bacterial-, and mycobacterial           
infections&nbsp; . 2013. 
129. Crespo H, Guillén H, de Pablo-Maiso L, Gómez-Arrebola C, Rodríguez G, Glaria I, et al. Lentinula edodes                  
β-glucan enriched diet induces pro- and anti-inflammatory macrophages in rabbit. Food & nutrition research.              
2017;61(1):1412791. 
130. Shi L, Lin Q, Yang T, Nie Y, Li X, Liu B, et al. Oral administration of Lentinus edodes β-glucans ameliorates                      
DSS-induced ulcerative colitis in mice via MAPK-Elk-1 and MAPK-PPARγ pathways. Food & Function.             
2016;7(11):4614-27. 
131. Ryan MT, O'Shea CJ, Collins CB, O'Doherty JV, Sweeney T. Effects of dietary supplementation with                
Laminaria hyperborea, Laminaria digitata, and Saccharomyces cerevisiae on the IL-17 pathway in the porcine              
colon. Journal of Animal Science. 2012 December;90(suppl_4):263-5. 
132. Wang H, Cai Y, Zheng Y, Bai Q, Xie D, Yu J. Efficacy of biological response modifier lentinan with                    
chemotherapy for advanced cancer: a meta-analysis. Cancer medicine. 2017 October;6(10):2222-33. 
133. Dennehy KM, Brown GD. The role of the beta-glucan receptor Dectin-1 in control of fungal infection. J                  
Leukoc Biol. 2007 August 01;82(2):253-8. 
134. Plato A, Willment JA, Brown GD. C-type lectin-like receptors of the dectin-1 cluster: ligands and signaling                 
pathways. Int Rev Immunol. 2013 April 01;32(2):134-56. 
135. Dennehy KM, Ferwerda G, Faro-Trindade I, Pyż E, Willment JA, Taylor PR, et al. Syk kinase is required for                    
collaborative cytokine production induced through Dectin-1 and Toll-like receptors. Eur J Immunol.            
2008;38(2):500-6. 
136. Goodridge HS, Underhill DM. Fungal recognition by TLR2 and Dectin-1. In: Toll-Like Receptors (TLRs) and                
Innate Immunity. Springer; 2008. p. 87-109. 
137. Schwartz B, Hadar Y. Possible mechanisms of action of mushroom-derived glucans on inflammatory bowel               
disease and associated cancer. Ann Transl Med. 2014 February 01;2(2):5839.2014.01.03. 
138. Shah VB, Williams DL, Keshvara L. beta-Glucan attenuates TLR2- and TLR4-mediated cytokine production              
by microglia. Neurosci Lett. 2009 July 24;458(3):111-5. 
139. Liu B, Lin Q, Yang T, Zeng L, Shi L, Chen Y, et al. Oat beta-glucan ameliorates dextran sulfate sodium                     
(DSS)-induced ulcerative colitis in mice. Food Funct. 2015 November 01;6(11):3454-63. 
140. Lehne G, Haneberg B, Gaustad P, Johansen PW, Preus H, Abrahamsen TG. Oral administration of a new                  
soluble branched beta-1,3-D-glucan is well tolerated and can lead to increased salivary concentrations of              
immunoglobulin A in healthy volunteers. Clin Exp Immunol. 2006 January 01;143(1):65-9. 
141. Folkerts J, Stadhouders R, Redegeld FA, Tam SY, Hendriks RW, Galli SJ, et al. Effect of Dietary Fiber and                    
Metabolites on Mast Cell Activation and Mast Cell-Associated Diseases. Front Immunol. 2018 May 29;9:1067. 
142. Ganda Mall JP, Casado-Bedmar M, Winberg ME, Brummer RJ, Schoultz I, Keita AV. A beta-Glucan-Based                
Dietary Fiber Reduces Mast Cell-Induced Hyperpermeability in Ileum From Patients With Crohn's Disease and              
Control Subjects. Inflamm Bowel Dis. 2017 December 19;24(1):166-78. 
143. Dongowski G, Lorenz A, Anger H. Degradation of pectins with different degrees of esterification by                
Bacteroides thetaiotaomicron isolated from human gut flora. Appl.Environ.Microbiol. 2000;66(4):1321-7. 
144. Sahasrabudhe NM, Beukema M, Tian L, Troost B, Scholte J, Bruininx E, et al. Dietary Fiber Pectin Directly                   
Blocks Toll-Like Receptor 2–1 and Prevents Doxorubicin-Induced Ileitis. Frontiers in Immunology. 2018            
March;9:383. 
145. Dongowski G, Lorenz A, Proll J. The degree of methylation influences the degradation of pectin in the                  
intestinal tract of rats and in vitro. J Nutr. 2002;132(7):1935-44. 
146. Jensen NS, Canale-Parola E. Bacteroides pectinophilus sp. nov. and Bacteroides galacturonicus sp. nov.:              
two pectinolytic bacteria from the human intestinal tract. Appl Environ Microbiol. 1986 October 01;52(4):880-7. 
147. Fukunaga T, Sasaki M, Araki Y, Okamoto T, Yasuoka T, Tsujikawa T, et al. Effects of the soluble fibre                    
pectin on intestinal cell proliferation, fecal short chain fatty acid production and microbial population. Digestion.               
2003;67(1-2):42-9. 
148. Barth SW, Fähndrich C, Bub A, Dietrich H, Watzl B, Will F, et al. Cloudy apple juice decreases DNA                    
damage, hyperproliferation and aberrant crypt foci development in the distal colon of DMH-initiated rats.              
Carcinogenesis. 2005;26(8):1414-21. 
149. Shin SH, Ye MK, Kim YH, Kim JK. Role of TLRs in the production of chemical mediators in nasal polyp                     
fibroblasts by fungi. Auris Nasus Larynx. 2016 April 01;43(2):166-70. 
150. Coope A, Pascoal LB, da Silva, F A R, Botezelli JD, Ayrizono MLS, Milanski M, et al. Transcriptional and                    
Molecular Pathways Activated in Mesenteric Adipose Tissue and Intestinal Mucosa of Crohn's Disease Patients.              
Int J Inflam. 2017;2017:7646859. 
151. Zhang D, Mi M, Jiang F, Sun Y, Li Y, Yang L, et al. Apple polysaccharide reduces NF-Kb mediated                    
colitis-associated colon carcinogenesis. Nutr Cancer. 2015;67(1):177-90. 
152. Ye MB, Lim BO. Dietary pectin regulates the levels of inflammatory cytokines and immunoglobulins in                

18 



interleukin-10 knockout mice. Journal of agricultural and food chemistry. 2010 November;58(21):11281-6. 
153. Llewellyn SR, Britton GJ, Contijoch EJ, Vennaro OH, Mortha A, Colombel J, et al. Interactions Between Diet                  
and the Intestinal Microbiota Alter Intestinal Permeability and Colitis Severity in Mice. Gastroenterology. 2018              
March;154(4):1046.e2. 
154. Ishisono K, Yabe T, Kitaguchi K. Citrus pectin attenuates endotoxin shock via suppression of Toll-like                
receptor signaling in Peyer's patch myeloid cells. J Nutr Biochem. 2017 December 01;50:38-45. 
155. Jiang T, Gao X, Wu C, Tian F, Lei Q, Bi J, et al. Apple-Derived Pectin Modulates Gut Microbiota, Improves                     
Gut Barrier Function, and Attenuates Metabolic Endotoxemia in Rats with Diet-Induced Obesity. Nutrients. 2016              
February 29;8(3):126. 
156. Park SN, Noh KT, Jeong YI, Jung ID, Kang HK, Cha GS, et al. Rhamnogalacturonan II is a Toll-like receptor                     
4 agonist that inhibits tumor growth by activating dendritic cell-mediated CD8+ T cells. Exp Mol Med. 2013                 
February 08;45:e8. 
157. Liu Y, Dong M, Yang Z, Pan S. Anti-diabetic effect of citrus pectin in diabetic rats and potential mechanism                    
via PI3K/Akt signaling pathway. Int J Biol Macromol. 2016 August 01;89:484-8. 

19 


