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Dietary fibre, such as indigestible oligosaccharides and polysaccharides, occurs in

many foods and has gained considerable importance related to its beneficial effects

on host health and specific diseases. Dietary fibre is neither digested nor absorbed

in the small intestine and modulates the composition of the gut microbiota. New

evidence indicates that dietary fibre also interacts directly with the epithelium and

immune cells throughout the gastrointestinal tract by microbiota‐independent

effects. This review focuses on how dietary fibre improves human health and the

reported health benefits that are connected to molecular pathways, in (a) a

microbiota‐independent manner, via interaction with specific surface receptors on

epithelial and immune cells regulating intestinal barrier and immune function, and

(b) a microbiota‐dependent manner via maintaining intestinal homeostasis by

promoting beneficial microbes, including Bifidobacteria and Lactobacilli, limiting the

growth, adhesion, and cytotoxicity of pathogenic microbes, as well as stimulating

fibre‐derived microbial short‐chain fatty acid production.

LINKED ARTICLES: This article is part of a themed section onThe Pharmacology of

Nutraceuticals. To view the other articles in this section visit http://onlinelibrary.

wiley.com/doi/10.1111/bph.v177.6/issuetoc
1 | INTRODUCTION

The CODEX Alimentarius Commission defined dietary fibre as a group

of carbohydrate polymer compounds with 10 or more monomeric units

(a footnote also allows the inclusion of polymers with a degree of poly-

merization (DP) 3–9), which are neither digested nor absorbed in the

human small intestine (Jones, 2014). Food products that naturally con-

tain dietary fibre, such as cereals, fruits, vegetables, nuts, beans and

seafood, but also breast milk and application of prebiotics in functional

food are main sources of dietary fibre intake. Some dietary fibre affects

the digestion rate by reducing gastric emptying, limiting digestive
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enzyme activity, and restricting the rate and extent of nutrient absorp-

tion in the gut. After ingestion, dietary fibre passes through the oesoph-

agus and stomach and reaches the small intestine followed by

fermentation by the microbiota in the caecum and colon, and finally,

absorption by the host (Qi, Al‐Ghazzewi, & Tester, 2018).

The human gut microbiome, that is, the microbiota that populate the

human gastrointestinal (GI) tract, plays a significant role inmaintaining gut

homeostasis, including the digestion of dietary fibre, production of nutri-

ents, vitamins and hormones, as well as protection against pathogens and

maintaining immune homeostasis (Koh, De Vadder, Kovatcheva‐

Datchary, & Backhed, 2016). Dietary habits are crucial for modulating
′AMP‐activated protein kinase; AP, Angelica polysaccharides; AP‐1, activator protein‐1; CaSR,

ccharides; Gal/GalNAc, galactose/N‐acetylgalactosamine; GI, gastrointestinal; GOS, galacto‐
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NODs, nucleotide‐binding oligomerization domain‐containing proteins; PBMCs, peripheral

rides; RS, resistant starches; SCFAs, short‐chain fatty acids; TLRs, toll‐like receptors; Tregs,
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the composition and function of the gut microbiome. Various types of

dietary fibre have received considerable interest related to their

microbiota‐dependent effects on host health and certain diseases (Makki,

Deehan, Walter, & Backhed, 2018). The composition of the gut

microbiome, including the presence of Bifidobacterium and Lactobacillus

species, is important for health‐promoting effects, such as antiallergic

and anti‐inflammatory properties (Maslowski &Mackay, 2011). The main

end products of intestinal bacterial fermentation of dietary fibre, the

short‐chain fatty acids (SCFAs), particularly acetate, propionate and buty-

rate, are regulators of gut homeostasis. These fibre‐induced microbial

changes andmicrobial fermentation products have a considerable impact

on the immune system and hence on the prevention and treatment of

diseases (Bolognini, Tobin, Milligan, & Moss, 2016).

In addition to its microbiota‐dependent effects, some dietary fibre

interacts with several cell types and protects intestinal epithelial bar-

rier function, has immunomodulatory properties and can inhibit

inflammation independent of the microbiota.

Here, we provide a detailed review of direct, that is microbiota‐

independent, effects of dietary fibre (Figure 1) on intestinal barrier func-

tion, immunity as well as other relevant actions. We also discuss the

microbiota‐dependent effects of dietary fibre on intestinal commensal

and pathogenic microbiota, as well as fibre‐induced SCFA production

and how these microbiota‐dependent and ‐independent effects relate

to the modulation of gut homeostasis in health and disease.

2 | MICROBIOTA‐ INDEPENDENT EFFECTS
OF DIETARY FIBRE

The intestinal mucosa is continuously exposed to food components as

well as pathogenic and commensal microbes. This requires a homeo-

static balance that allows for tolerating food antigens as well as benefi-

cial nonpathogenic commensal microbes, while defending against

pathogenic microbes. The disruption of this homeostatic balance has

been associated with the development of multiple (inflammatory)
diseases, such as inflammatory bowel disease (IBD). To maintain intes-

tinal homeostasis a close interaction between the luminal microbiota,

intestinal epithelium and immune cells is required (Rescigno, 2011).

Intestinal epithelial cells (IECs), which are responsible for the larg-

est mucosal surface of the human body, are in direct contact with

the external environment. Their main functions are the digestion of

food and the absorption of nutrients, but they also act as a physical

and biochemical barrier, preventing potentially harmful antigens from

invading the body. The luminal secretion of mucins by goblet cells pro-

vides the first protection against luminal antigens. Moreover, IECs are

sealed by junctional complexes, such as tight and adherens junctions,

which are important regulators of epithelial barrier function. Disrup-

tion of these junctional complexes leads to increased epithelial perme-

ability (also known as a “leaky gut”) and predisposes to or enhances

acute and chronic disease progression (Peterson & Artis, 2014).

Related to the continuous exposure to pathogens, antigens and toxins,

the intestinal epithelium shows rapid self‐renewal in the event of tis-

sue damage (Sancho, Batlle, & Clevers, 2003).

Innate as well as adaptive immune cells including dendritic cells (DCs),

macrophages, and mast cells (MCs) are influenced by IEC‐derived signals

(e.g. cytokines and chemokines, direct cell–cell contact; Rescigno, 2011).

Dendritic cells efficiently acquire antigens from the intestinal lumen and

can induce tolerance and immunity (Coombes & Powrie, 2008). Macro-

phages maintain the intestinal homeostasis and are important compo-

nents of protective immunity with high phagocytic activity (Bain &

Schridde, 2018). Mast cells contribute to host defence against invading

pathogens by regulating epithelial function and integrity, and by raising

innate and adaptive mucosal immune responses (Bischoff, 2009).

Dietary fibre passes the upper GI tract before reaching the large

intestine to be fermented and interacts with IECs and immune cells

along its intestinal journey. The direct interaction of fibre with differ-

ent intestinal cell types promotes gut homeostasis and intestinal epi-

thelial barrier function, and it supports intestinal immune responses

via effects on dendritic cells, macrophage and mast cells.
FIGURE 1 Groups of dietary fibre discussed
in this review. Dietary fibre is usually
categorized based on their chemical structure

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/disease-exacerbation
https://www.sciencedirect.com/topics/immunology-and-microbiology/phagocytosis
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2.1 | The effect of dietary fibre on intestinal
epithelial barrier function

Several studies have highlighted the importance of dietary fibre in

protecting intestinal barrier integrity. The human milk oligosaccharide

(HMO) and lacto‐N‐neotetraose induced an increase in transepithelial

electrical resistance in Caco‐2Bbe cells (Holscher, Davis, & Tappenden,

2014). Galacto‐oligosaccharides (GOS) mitigates the harmful effects

of the mycotoxin deoxynivalenol on the intestinal barrier of Caco‐2

cells, accelerating tight junction reassembly and stabilizing the expres-

sion and cellular distribution of the tight junction protein, claudin‐3

(Akbari et al., 2015). In addition, GOS enhanced the mucosal barrier

function via direct modulation of goblet cell function by up‐regulating

gene and protein expression levels of secretory products and Golgi‐

sulfotransferases (Bhatia et al., 2015). Astragalus polysaccharide (tradi-

tional Chinese medicinal herb) prevented the decreased occludin

mRNA expression in lipopolysaccharides (LPS‐challenged Caco‐2 cells

(Wang, Li, Yang, & Yao, 2013) and a product rich in β‐galactomannan

protected the S. Enteritidis‐infected Caco‐2 intestinal epithelial barrier

and recovered the zonula occludens‐1 and occludin localization

(Brufau et al., 2016).

The epithelial glycocalyx is important for bacterial–epithelial cell

interactions and can support microbial colonization and gut barrier

function. 2′‐Fucosyllactose (2′FL), 3′FL, and inulins were able to stim-

ulate intestinal epithelial glycocalyx development, while pectins were

less effective (Kong et al., 2019).

Dietary fibre also promotes intestinal barrier function by direct

effects on the proliferation, migration, differentiation and apoptosis

of IECs. For example, HMOs induced apoptosis and inhibited prolifer-

ation in IECs by promoting arrest in the G2/M phase (Kuntz, Kunz, &

Rudloff, 2009) and Holscher et al. (2014; 2017) indicated that there

is an association between the inhibition in cell proliferation and an

increase in cellular differentiation (Holscher et al., 2014; Holscher,

Bode, & Tappenden, 2017). High temperature‐modified citrus pectins

repressed the proliferation of G2/M cell‐cycle arrest and induced apo-

ptosis in a caspase‐3‐dependent way in different cancer cell lines (Hao

et al., 2013). In contrast, arabinoxylan and mixed‐linked β‐glucans had

no effect on the proliferation of Caco‐2 and HT‐29 cells (Samuelsen,

Rieder, Grimmer, Michaelsen, & Knutsen, 2011).

In summary, different dietary fibre can protect intestinal barrier

function via modulation of epithelial tight junction proteins, goblet cell

function and, possibly, via regulation of epithelial cell and glycocalyx

maturation.
2.2 | Potential molecular mechanisms of the
regulation of intestinal epithelial barrier function by
dietary fibre

2.2.1 | Activation of AMP‐activated protein kinase
by dietary fibre

AMP‐activated protein kinase (AMPK) is an important regulator of

IECs including their protective barrier function and tight junction
assembly (Sun, Yang, Rogers, Du, & Zhu, 2017). Chitosan oligosac-

charides (COS) promoted the assembly of tight junction proteins in

an IEC line by activation of AMPK via calcium‐sensing receptor

(CaSR)‐phospholipase C (PLC)‐IP3 receptor channel‐dependent path-

way mediated calcium release from endoplasmic reticulum

(Muanprasat et al., 2015). There is also a potential role for toll‐like

receptors 2 (TLR2) in regulating intestinal epithelial barrier function,

since activation of TLR2 by inulin‐type fructans (ITF) and lemon pec-

tins promoted the intestinal epithelial integrity, probably via a

TLR2/MyD88/NF‐κB signalling pathway (Vogt et al., 2014; Vogt

et al., 2016). In addition, TLR2 signalling is involved in epithelial

proliferation and apoptosis of terminally differentiated epithelial

cells (Hormann et al., 2014). There are even indications that

TLR2 signalling promotes mucin production (Jiang et al., 2017;

Wu et al., 2007).

2.2.2 | Dietary fibre interaction with the epidermal
growth factor receptor

The epidermal growth factor receptor (EGFR) can induce IEC prolifer-

ation and differentiation (Yarden, 2001). Neutral and acidic HMOs

caused IEC cycle arrest by interacting with the EGFR as measured

by EGFR phosphorylation. These oligosaccharides activated EGFR

downstream signalling pathways, such as p38 MAPK and ERK1/2

(Kuntz et al., 2009).

Taken together, different dietary fibre contains intestinal barrier

protective properties by recovering the junctional network, modulat-

ing goblet cell function and possibly by increasing epithelial cell dif-

ferentiation and glycocalyx maturation which is possibly related to

direct interactions with AMPK, TLRs, and EGFR. In addition, these

types of dietary fibre modulate cytokine production and release by

IECs and other cell types, thereby indirectly modifying intestinal

barrier function.

2.3 | The effect of dietary fibre on intestinal
epithelial immunity

Dietary fibre can promote intestinal immunity by direct effects on

IECs and on cells of the intestinal immune system including dendritic

cells, macrophages and mast cells.

2.3.1 | Immunological effects of dietary fibre that are
mediated by IECs

Several in vitro studies have described the effects of dietary fibre on

intestinal epithelial‐derived cytokine and chemokine production and

release using different IEC lines. Inulin, GOS and fructo‐

oligosaccharides (FOS) increased human growth‐related oncogene‐α,

monocyte chemoattractant protein (MCP)‐1, macrophage inflamma-

tory protein (MIP)‐2 and IL‐8 secretion in some types of IECs

(Ortega‐Gonzalez et al., 2014), whereas α3‐sialyllactose and chicory

FOS inhibited baseline IL‐12 release in Caco‐2 cells (Zenhom et al.,

2011). In contrast, arabinoxylan and mixed‐linked β‐glucans did not

https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1619
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1540
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=54
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=274
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=123
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1752
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1797
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=519
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=514
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=819
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=771
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=827
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=821
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4977
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affect the basal production of IL‐8 by Caco‐2 and HT‐29 cells

(Samuelsen et al., 2011), which is in agreement with the unaltered

basal expression of proinflammatory mediators in human colonic epi-

thelial cells incubated with pooled HMOs (Newburg, Ko, Leone, &

Nanthakumar, 2016).

The inhibition of cytokine/chemokine expression and release by

several types of dietary fibre, including HMOs (He, Liu, et al., 2016;

Newburg et al., 2016; Zehra et al., 2018), GOS (Akbari et al., 2015),

arabinoxylan hydrolysates (Mendis, Leclerc, & Simsek, 2016),

arabinoxylans, mannose and galactomannans (Hermes, Manzanilla,

Martin‐Orue, Perez, & Klasing, 2011), was described in in vitro studies

using different IECs exposed to inflammatory triggers. For example,

HMOs and galactosyllactoses inhibit TNF‐α, Salmonella‐ and Listeria‐

induced IL‐8 and MIP‐3α expression and release in T84, NCM‐460

and H4 cells. The HMOs, 6′‐sialyllactose (6′SL), can decrease IL‐8

and MIP‐3α release in T84 and HT‐29 cells stimulated with antigen–

antibody complex (Zehra et al., 2018), whereas 2′FL is effective in

inhibiting the LPS‐dependent induction of IL‐8 in T84 cells (He, Liu,

et al., 2016). HMOs from colostrum are able to attenuate PAMP‐

induced inflammatory cytokine protein levels, including IL‐8, IL‐6,

MCP‐1/2, and IL‐1β (He, Liu, Leone, & Newburg, 2014). In addition,

GOS suppress the secretion of IL‐8 in Caco‐2 cells stimulated with

the mycotoxin deoxynivalenol, while FOS and inulin are not effective

in this study (Akbari et al., 2015).

Different arabinoxylan hydrolysates exert differential effects on

LPS‐induced IL‐8 and TNF‐α release in colon cancer cell lines (Caco‐

2 and HT‐29 cells; Mendis, Leclerc, & Simsek, 2017). Feedstuffs con-

taining arabinoxylans, mannose, or galactomannans are able to

decrease the Escherichia coli‐induced IL‐1β, IL‐8 and TNF‐α expression

in a porcine IEC line (IPEC‐J2; Hermes et al., 2011).

2.3.2 | The effect of dietary fibre on intestinal den-
dritic cells

Several in vitro studies have shown that dietary fibre promotes immu-

nological responses by acting on intestinal dendritic cells. For example,

a GOS/FOS mixture stimulated IL‐10 release by human monocyte‐

derived dendritic cells (Lehmann et al., 2015), whereas pectin reduced

their synthetic lipopeptide P3CSK4‐induced release of IL‐6 and IL‐10

(Sahasrabudhe et al., 2018). Different dietary fibre (GOS, inulin, pectin,

arabinoxylan and β‐glucan) caused a more regulatory status of den-

dritic cells as indicated by an elevated IL‐10/IL‐12 ratio (Bermudez‐

Brito et al., 2015; Mikkelsen, Jespersen, Mehlsen, Engelsen & Frøkiær,

2014). The immunomodulating effects of dietary fibre on dendritic

cells might be dependent on its interaction with (released factors from)

IECs as described by Bermudez‐Brito et al. (2015) using coculture sys-

tems. It has been shown that production of different cytokines and

chemokines, including IFN‐γ, IL‐12, IL‐1, IL‐6, IL‐8, MCP‐1, MIP‐1α,

RANTES and TNF‐α, released by dendritic cells is decreased after

incubation with dietary fibre‐stimulated Caco‐2 cell medium (GOS,

inulin, pectin, arabinoxylan, β‐glucan and resistant starches (RS);

Bermudez‐Brito, Rosch, Schols, Faas, & de Vos, 2015; Bermudez‐Brito,

Sahasrabudhe, et al., 2015).
2.3.3 | The effect of dietary fibre on intestinal
macrophages

Dietary fibre has been shown to stimulate basal proinflammatory

cytokine release by macrophages and monocytes. FOS and inulin

reportedly induced TNF‐α and IL‐10 release by rat and human

monocytes (Capitan‐Canadas et al., 2014). Stimulation of murine

peritoneal macrophages with oat β‐glucan resulted in the production

of IL‐1 (Estrada et al., 1997) and an increase in phagocytic activity

(Yun, Estrada, Van Kessel, Park, & Laarveld, 2003). In RAW264.7

cells, a murine macrophage cell line, pectin decreased the P3CSK4‐

induced IL‐6 production (Sahasrabudhe et al., 2018), and

arabinoxylan hydrolysates modulated the LPS‐induced NO produc-

tion (Mendis et al., 2016).
2.3.4 | The effect of dietary fibre on intestinal mast
cells

Dietary fibre can inhibit mast cell activation. Angelica polysaccha-

rides (AP) inhibited the release of proinflammatory cytokines, such

as IL‐1, TNF‐α, IL‐6, IL‐4 and MCP‐1, in addition also possessed

inhibitory effects on allergic mediator release, including β‐

hexosaminidase, leukotrienes C4 and histamine by RBL‐2H3 MCs

(Mao et al., 2016). These effects might be related to an AP‐induced

down‐regulation of essential proteins in the Gab2/PI3K/Akt and

Fyn/Syk pathways and/or the AP‐induced decrease in Ca2+ influx

(Mao et al., 2016). Two different sulfated polysaccharides repressed

the IgE‐mediated activation in the same cell line (Ngatu et al.,

2017). The HMO, 6′SL, inhibited the degranulation of murine bone

marrow‐derived mast cells, whereas 2′FL had no effect (Castillo‐

Courtade et al., 2015).
2.3.5 | The effect of dietary fibre on blood mononu-
clear cells

In addition, dietary fibre may promote the development of the

intestinal immune system as suggested by studies done on cord

blood mononuclear cells from healthy newborns. Low‐molecular‐

weight fucoidan stimulated IL‐4 and IL‐13 production in these

cells, whereas the acidic oligosaccharides increased IL‐13 production

and the percentage of IFN‐γ producing T cells. Both types of dietary

fibre significantly increased CD25 expression, indicative of their

effects on lymphocyte function and maturation (Eiwegger et al.,

2004). Acidic oligosaccharides skewed the Th‐2 type T‐cell pheno-

type towards a more balanced Th‐1/Th‐2 profile in cord blood

cells as well as in peripheral blood mononuclear cells (PBMCs) from

adults (Eiwegger et al., 2010). In addition shorter chain fructans

induced a more regulatory cytokine balance compared to longer

chain fructans, as measured by IL‐10/IL‐12 ratios in human PBMCs

(Vogt et al., 2013).

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5074
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=808
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4998
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4974
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4975
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4968
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=756
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=758
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4996
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=285
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2026
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2230
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4980
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1695
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2.4 | Potential molecular mechanisms of the
regulation of intestinal immunity by dietary fibre

2.4.1 | Dietary fibre binds to carbohydrate‐binding
domains

The immune‐modulatory effects of dietary fibre on macrophages and

dendritic cells are mediated, at least in part, by binding to carbohy-

drate receptors, including Ca+‐dependent C‐type lectin receptors,

such as mannose receptor, DC‐SIGN, macrophage galactose‐specific

lectin and langerin as well as Ca+‐independent C‐type lectin recep-

tors, like dectin‐1, dectin‐2, and complement receptor 3. These

receptors can recognize mannose, β‐glucans, fucose‐containing gly-

cans, glucose, galactose and/or chitin (Wismar, Brix, Frokiaer, &

Laerke, 2010). After binding, intracellular signalling pathways are

activated, ultimately leading to the modulation of immune responses

(Drickamer & Taylor, 2015; Goodridge, Wolf, & Underhill, 2009).

HMOs possess binding epitopes for selectin ligands and

therefore possibly binds selectins, known as carbohydrate‐binding

proteins, which support leukocyte adhesion to the blood vessel

wall (Schumacher, Bendas, Stahl, & Beermann, 2006). HMOs are

complex glycans that interact with galectins (Noll et al., 2016).

Galectins also contain carbohydrate‐recognition domains and

serve as pattern recognition receptors for dietary fibre. For example,

intestinal epithelium‐derived galectin‐9 was involved in the

immunomodulating effects of non‐digestible oligosaccharides as

demonstrated in a coculture model with IECs and PBMCs (de Kivit

et al., 2013).
2.4.2 | Dietary fibre binds to TLRs

Various types of dietary fibre act as TLR ligands, with downstream

phosphorylation of IκB and effects on cytokine production. Two

different types of resistant starches (RS), including RS type 2 and

type 3, predominantly bind to TLR2 and TLR5, respectively

(Bermudez‐Brito, Rosch, et al., 2015). ITF can bind to TLR2 located

on IECs (Vogt et al., 2014) and PBMCs and to a lesser extent

TLR4, 5, 7, 8 and nucleotide‐binding oligomerization domain‐

containing proteins 2 (NOD2) on PBMCs, which resulted in NF‐κB/

activator protein‐1 (AP‐1) activation (Vogt et al., 2013). The chain

length of ITF is important for TLR binding and the induced

activation pattern, including cytokine release (Vogt et al., 2013; Vogt

et al., 2017). Interestingly, pectin inhibited TLR2‐TLR1 activation

(Sahasrabudhe et al., 2018).

GOS, FOS and inulin areTLR4 ligands in IECs and induced cytokine

production dependent on TLR4/MyD88/NF‐κB and secondarily on

MAPK (Ortega‐Gonzalez et al., 2014). Monocytes and dendritic cells

can also bind GOS, FOS, and inulin via TLR4 (Capitan‐Canadas et al.,

2014; Lehmann et al., 2015). Different HMOs controlled immune

responses via TLR3 and TLR4 signalling as reviewed by He, Lawlor,

and Newburg (2016).

CD14 expression in enterocytes mediated LPS‐TLR4 stimulation

and corresponding IL‐8 response and 2′FL suppressed CD14
expression and repressed NF‐κB and p‐ERK levels, whereas STAT3

phosphorylation and expression of IκB and suppressor of cytokine sig-

nalling 2 were increased (He, Liu, et al., 2016).

In summary, dietary fibre binds and activates different TLRs, mainly

TLR2, 3, and 4, in a cell type‐independent manner.
2.4.3 | Activation of PPARγ by dietary fibre

Previous research has highlighted the role of PPARγ in regulating

inflammation and immunity (Daynes & Jones, 2002). Oligosaccha-

rides (α3‐sialyllactose or FOS) exerted an anti‐inflammatory effect

by activation of PPARγ, which was at least partly dependent on

one of the members of the novel family of pattern recognition mol-

ecules in innate immunity, the peptidoglycan recognition protein 3

(PGlyRP3; Zenhom, Hyder, de Vrese, et al., 2011). PGlyRPs are

expressed in enterocytes and can recognize microbes. In contrast

to TLRs and NODs, PGlyRP3 seems to have an anti‐inflammatory

role in IECs. This anti‐inflammatory effect is mediated via NF‐κB

pathway suppression, as also observed in reduced gene expression

and nuclear translocation of NF‐κB induced by α3‐sialyllactose and

FOS (Zenhom et al., 2011; Zenhom, Hyder, de Vrese, et al., 2011).

The anti‐inflammatory effect of 6′SL was PPARγ dependent and

associated with a decreased activity of the transcription factors

AP‐1 and NF‐κB (Zehra et al., 2018).

Taken together, dietary fibre can alter intracellular signalling via

binding to specific cell surface receptors on different cell types that

regulate epithelial cell maturation, barrier function and mucosal immu-

nity (summarized in Table 1). The mechanisms and scope of these

effects are determined by the chemical structure, the purity the origin

of dietary fibre and its target cell type.
2.5 | In vivo relevance

Although IEC lines, including Caco‐2 and HT‐29, in general provide a

powerful tool to investigate properties and molecular mechanism of

the intestinal epithelium, results gained from these in vitro models

can be difficult to extrapolate to the (human) in vivo situation.

Despite the abundant literature concerning microbiota‐independent

effects is related to in vitro studies, an in vivo study with germ‐free

mice by Lleywellyn et al. (2018) showed that psyllium fibre has both

microbiota‐dependent and ‐independent effects and reduced the

severity of colitis related to an improved intestinal barrier function

and stimulation of the innate and antimicrobial immunity,

confirming the biological relevance of microbiota‐independent

effects of dietary fibres (Llewellyn et al., 2018). However, the effect

on colitis of psyllium fibre was significantly greater in SPF animals.

Other in vivo studies with dietary fibres using germ‐free mice

highlighted the importance of the microbiota to maintain gut homeo-

stasis and to prevent diseases (Charbonneau et al., 2016; Turnbaugh

et al., 2009).

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=945
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2930
https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=992
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1755
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1754
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1763
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1751
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1753
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2994
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=595
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3 | MICROBIOTA‐DEPENDENT EFFECTS OF
DIETARY FIBRE ON GUT HOMEOSTASIS

The human gut microbiome is constituted by numerous microbial

communities comprising hundreds of individual bacterial species,

including beneficial (non‐invasive) microbes (e.g. Bifidobacterium and

Lactobacillus spp.) and potential pathogenic (invasive) microbes (e.g.

E. coli; Bik et al., 2018). Bifidobacterium and Lactobacillus spp. have

anti‐inflammatory effects (Gill, Rutherfurd, & Cross, 2001), stimulate

brain functions (Mayer, Tillisch, & Gupta, 2015), modulate metabolism

(Brusaferro et al., 2018) and antagonize intestinal pathogens (Servin,

2004). Pathogenic microbes, such as enteropathogenic and

enterohemorrhagic E. coli and Clostridium difficile, can cause gut

pathology by producing toxins and causing infections. Dietary fibre

can help to maintain intestinal homeostasis and to prevent diseases

by promoting and limiting the growth and effects of beneficial and

pathogenic microbes, respectively (summarized in Table 2). The major-

ity of data supporting the microbiota‐dependent effects of dietary

fibre are based on in vitro and in vivo animal studies, while well‐

designed clinical trials are scarce (Table 2).
3.1 | Dietary fibre increases Bifidobacterium and/or
Lactobacillus spp. growth

Dietary fibre intervention, especially with ITF, FOS and GOS, has been

widely used to stimulate the growth of Bifidobacterium and/or Lacto-

bacillus species and the production of SCFAs (Turnbaugh et al.,

2009). There are different mechanisms of action related to the bene-

ficial effects of dietary fibre‐stimulated Bifidobacterium and Lactobacil-

lus spp. growth on human health: (a) improving intestinal barrier

function, (b) immunomodulation, (c) influencing brain function and (d)

antimicrobial activities.

Bifidobacterium and Lactobacillus spp. have been shown to improve

intestinal epithelial barrier function (Madsen et al., 2001). An increase

in the number of Lactobacillus and Bifidobacterium spp. in the caecum

induced by oligofructose supplementation controls endogenous pro-

duction of the intestinotrophic hormone, glucagon‐like peptide‐2,

and consequently improved gut barrier function in obese mice (Cani

et al., 2009).

Studies in healthy humans indicated that wheat bran extract con-

taining arabinoxylan oligosaccharides can increase fecal bifidobacteria

levels and exert beneficial effects on gut health parameters (Francois

et al., 2012). The growth of Bifidobacteria induced by fructans in the

diet was associated with an increase in villus height and crypt depth,

resulting in thicker mucosal layers in the rat jejunum and colon

(Kleessen, Hartmann, & Blaut, 2003).

Gut commensal microbes can also affect the host immune system.

Lactobacillus acidophilus and Lactobacillus rhamnosus increased the num-

ber of regulatory T cells (Tregs) and inhibited the development of der-

matitis and asthma, respectively (Jang et al., 2012; Shah et al., 2012).

Food‐derived laminarin (a kind of glucan polysaccharides), an antagonist

of the dectin‐1 receptor (a C‐type lectin receptor expressed on

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1140
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2927
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dendritic cells and macrophages), inhibited the development of dextran

sulphate sodium (DSS) induced colitis via promoting the growth and col-

onization of Lactobacillus murinus leading to an increase in Tregs (Tang

et al., 2015). In addition, the administration of inulin and FOS decreased

intestinal inflammation and reduced the severity of colitis, which was

associated with increased butyrate, lactate and lactobacilli spp. in the

colon (Cherbut et al., 2003; Videla et al., 2001).

The oral administration of L. rhamnosus and Bifidobacterium lactis

enhanced NK cell‐mediated tumoricidal activity in mouse spleens (Gill,

Rutherfurd, Prasad, & Gopal, 2000) and improved the ability of the

elderly to resist immune aging (Gill et al., 2001). Gopalakrishnan

et al. (2012) reported that GOS can reduce the severity of colitis man-

ifested by less infiltration of inflammatory cells in the caecum and

colon along with a reduction in goblet cell depletion, which was mainly

because of a GOS‐induced increase in Bifidobacterium spp. leading to

enhanced NK cell function and IL‐15 production.

Bifidobacterium strains exhibited anti‐inflammatory and immuno-

regulatory effects and increased IL‐10 release by dendritic cells and

decreased IFN‐γ production by T cells (Hart et al., 2004). A clinical

study in patients with Crohn's disease showed that FOS stimulated

the growth of bifidobacteria in both faeces and mucosa, and these

changes were related to immunoregulatory effects on mucosal den-

dritic cell functions and IL‐10 release (Lindsay et al., 2006).

In a large prospective study, it has been observed that long‐term

intake of dietary fibre is associated with a lower risk of Crohn's disease

(Ananthakrishnan et al., 2013). Arslanoglu et al. (2008) suggested that

early nutritional intervention with GOS/FOS seems to modulate the

infant's immune system, leading to a protective effect against allergy

and infection. In addition, 2′FL stimulated immune development in

infants as observed by lower plasma cytokine profiles, such as IL‐1,

IL‐6, and TNF‐α (Goehring et al., 2016).

Furthermore, intestinal bacteria, including Lactobacillus and

Bifidobacterium spp., importantly modulate brain functions and may

be involved neuropsychiatric diseases (Mayer et al., 2015). Dietary

fibre can modulate brain signalling via the microbial gut–brain axis,

control emotional behaviour and ameliorate cognitive and behavioural

disorders in animal models and humans, in part, by increasing Lactoba-

cillus and Bifidobacterium spp. gut populations (Clark & Mach, 2016;

Luna & Foster, 2015). The administration of a probiotic formulation

consisting of Lactobacillus helveticus and Bifidobacterium longum exhib-

ited anxiolytic‐like activity in rats and beneficial remission of psycho-

logical distress in healthy women (Messaoudi et al., 2011). SCFAs,

primarily acetate, have been shown to cross the blood–brain barrier

and affect brain function. Acetate derived from the fermentable car-

bohydrate inulin directly suppressed appetite by activating the

enzyme acetyl‐CoA carboxylase in the brain and by producing regula-

tory neuropeptides (Frost et al., 2014). In patients with irritable bowel

syndrome, GOS stimulated gut bifidobacteria alleviated bloating symp-

toms and reduced anxiety scores (Silk et al., 2009). HMOs (3′SL or 6′

SL) that promote bifidobacterial growth and modulate inflammatory

responses prevented stress‐induced changes in gut microbiota and

diminished anxiety‐like behaviour, potentially via modulating the

microbial gut–brain axis (Tarr et al., 2015).

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4981
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Lactobacilli and Bifidobacteria exhibit adhesion properties that

interfere with the adhesion of bacterial pathogens to IECs and partic-

ipate in the antimicrobial activity of host GI defence (Servin, 2004).

Two different Bifidobacterium strains isolated from infant faeces

inhibited the entry of Salmonella enterica serotype Salmonella

typhimurium into Caco‐2 cells (Lievin et al., 2000). Different Lactobacil-

lus spp. (e.g., Lactobacillus plantarum) exhibited an anti‐Salmonella

effect via antimicrobial activity and competitive adhesion to mucin

and HT‐29 cell lines. Brink et al. (2006) showed that the prebiotic saba

starch functioned better than L. plantarum against Salmonella in vitro

(Brink, Todorov, Martin, Senekal, & Dicks, 2006; Uraipan, Brigidi, &

Hongpattarakere, 2014). Moreover, Lactobacillus spp. cultured and

fermented with FOS showed antimicrobial activity against Listeria

innocua and Enterobacter aerogenes (Mandadzhieva et al., 2011).

There is abundant literature concerning the effects of dietary

fibre on the growth of Bifidobacterium and Lactobacillus spp. (So

et al., 2018), however dietary fibre can also stimulate other microbes.

For example, COS inhibited gut dysbiosis by promoting Akkermansia

muciniphila (Zheng et al., 2018), whereas inulin has been found

to increase faecal Faecalibacterium prausnitzii in healthy humans

(Ramirez‐Farias et al., 2009).

In summary, dietary fibre regulates the abundance of important

beneficial commensal bacteria in the GI tract, such as Bifidobacterium

and Lactobacillus spp., thereby improving intestinal barrier function,

immune regulation, antimicrobial activity and neuropsychiatric

disorders.
3.2 | Dietary fibre inhibits pathogen‐induced
cytotoxicity

Dietary fibre can also interfere with pathogenic microbes, for example,

toxin‐producing microbes. Dietary fibre protects from the effects of

pathogenic microbes by (a) directly binding to toxins or lectins, (b)

inhibiting the expression of toxins or toxin‐related genes and (c) neu-

tralizing or interfering with toxins.

C. difficile toxin A and toxin B have carbohydrate‐binding sites that

bind to HMOs (El‐Hawiet, Kitova, & Klassen, 2015). This suggests that

HMOs can specifically abolish cytotoxicity by modifying the

diethylpyrocarbonate of histidine residues in toxins (Nguyen et al.,

2016). Furthermore, HMOs also have the ability to bind to Shiga toxin

type 2 holotoxin (Stx2) and the B subunit homopentamers of cholera

toxin, heat‐labile toxin and Shiga toxin type 1 (CTB5, HLTB5 and

Stx1B5; El‐Hawiet et al., 2015). GOS are usually added to infant

formula to simulate the beneficial effects of HMOs. GOS and HMOs

both contain terminal galactose (Gal), which can bind to specific lectin

of protozoan parasite Entamoeba histolytica. HMOs and/or GOS res-

cued the destruction of IECs by binding to the galactose/N‐

acetylgalactosamine (Gal/GalNAc) lectin on the surface of E. histolytica

trophozoites to reduce the cytotoxicity and adhesion of E. histolytica

to intestine (Jantscher‐Krenn et al., 2012).

HMOs decreased invasion and toxicity of Candida albicans, a fungal

colonizer of the neonatal gut, by shortening hyphal length and by
reducing the expression of hyphal‐specific genes (mycelial cell wall

protein‐encoding genes), possibly protecting premature infants from

C. albicans‐induced intestinal disorders (Gonia et al., 2015). ITF and

FOS decreased gene expression of Clostridium cluster XI and C. difficile

toxin B (TcdB) in the faeces of rats in an IBD model, thereby reducing

chronic inflammation (Koleva et al., 2012).

Pectin and pectic‐oligosaccharides (POS) were shown to neutralize

and interfere with toxins and reduce cytotoxicity of Shiga‐like toxins

from E. coli O157:H7 in vitro, as well as protect cells from Shiga‐like

toxin‐induced damage (Di et al., 2017; Olano‐Martin et al., 2003). A clin-

ical study in patients with severe bloody dysentery caused by Shigella

infection showed that green banana (rich in RS) improved childhood

shigellosis, reduced myeloperoxidase activity in mucus and blood, and

increased SCFA concentrations in faeces (Rabbani et al., 2009).
3.3 | Dietary fibre acts as anti‐adhesives and decoy
glycan receptors

Soluble decoy carbohydrates can bind to pathogenic microbes, thereby

preventing their binding and damage to the gut epithelium. The carbo-

hydrate moiety on epithelial cells serves as a binding site for adhesins

expressed by many intestinal pathogens such as Salmonella, entero-

pathogenic E. coli and enterohemorrhagic E. coli. GOS act as anti‐

adhesives that competitively inhibit the adhesion of pathogens to GI

epithelium. in vitro studies showed that the adherence of enteropatho-

genic E. coli and Cronobacter sakazakii to host epithelial cells can be

inhibited by GOS (Quintero et al., 2011; Shoaf et al., 2006). In addition,

GOS competitively inhibited Vibrio cholerae toxin binding to its cell sur-

face toxin receptor (GM‐1) on the host cell surface (Sinclair et al., 2009).

In addition, GOS significantly reduced the adhesion of the murine bac-

terial pathogen Citrobacter rodentium to the epithelial cell surface in a

dose‐dependent manner in vitro, but not in vivo, whichmight be related

to the expression of adhesins that are insensitive to GOS when

C. rodentium grows in vivo (Kittana et al., 2018).

Similar to GOS, HMOs also act as anti‐adhesives and decoy glycan

receptors, preventing adherence of pathogens to host intestinal epithe-

lium, thereby decreasing the risk of infections (Jantscher‐Krenn et al.,

2012; Ruiz‐Palacios, Cervantes, Ramos, Chavez‐Munguia, & Newburg,

2003). Breastfeeding results in a lower incidence of diarrhoea,

which could be related to the reduced binding and colonization of the

intestinal pathogen Campylobacter jejuni induced by HMOs (Ruiz‐

Palacios et al., 2003). In addition, the anti‐adhesive activity of HMOs

(as well as GOS) also prevented the attachment, invasion and infection

of E. histolytica to human IECs (Jantscher‐Krenn et al., 2012). HMOs

and GOS bind to Gal/GalNAc lectin on the surface of E. histolytica to

interfere with its specific binding site, and this antiadhesive and

cytoprotective effect depends on the free terminal Gal.

Di et al. (2017) reported that pectin and POS blocked the binding

of E. coli O157:H7 to human HT‐29 cells. POS have the ability to com-

pete with Shiga toxin 2 binding to the neutral glycolipid

globotriaosylceramide Gb3 receptor on the human IEC surface. Low

MW and de‐esterification of POS facilitates the anti‐adhesive activity



CAI ET AL. 1373BJP
of Shiga toxin‐producing E. coli to human IECs (Di et al., 2017). More-

over, POS concentration dependently inhibited the adherence and

invasion of C. jejuni to Caco‐2 cells (Ganan et al., 2010).
3.4 | Dietary fibre inhibits the growth of pathogenic
microbes

Notably, some types of dietary fibre exhibit antibacterial effects and

directly inhibit the growth of pathogenic microbes independent of host

immunity. For example, non‐sialylated HMOs directly inhibited the

growth of Streptococcus agalactiae. This inhibition was specific for

S. agalactiae and not observed for uropathogenic E. coli, Pseudomonas

aeruginosa, or Staphylococcus aureus (Lin et al., 2017). Moreover, this

growth inhibition by HMOswas dependent on the expression of bacte-

rial glycosyltransferase encoded by the gbs0738 gene in S. agalactiae.

This glycosyltransferase might catalyse the incorporation of HMOs

components into the cell wall of bacteria to inhibit the growth of

S. agalactiae (Lin et al., 2017). POS completely inhibited the growth of

Clostridium perfringens and Bacteroides fragilis strains, whereas FOS

enhanced the growth of C. perfringens and B. fragilis strains. This indi-

cates that POS and HMOs not only display prebiotic properties but also

exhibit antimicrobial activities (Li et al., 2016). Another study found that

COS showed better growth inhibitory activity against both Gram‐

positive and ‐negative bacteria, such as Bacillus cereus, E. coli, Yersinia

enterocolitica, and Bacillus licheniformis, compared to natural chitosan.

Higher DP COS (monomers) with a low degree of acetylation exhibited

optimal growth inhibition and lead to pore formation and perme-

abilization of B. cereus cell walls. In addition, the blockage of nutrient

flow caused by aggregation of COS was the main cause of growth inhi-

bition and lysis of E. coli (Vishu Kumar et al., 2005).

Although only a few in vitro studies have shown that dietary fibre

directly inhibits the growth of pathogenic microbes, it may open new

therapeutic avenues for the treatment of pathogen infections and

may contribute to reducing the use of antibiotics.
4 | DIETARY FIBRE‐DERIVED MICROBIAL
METABOLITE PRODUCTION

A substantial part of the potential health benefits of dietary fibre is

related to its metabolites produced by the gut microbiota. The most

prominent dietary fibre‐derived metabolites are SCFAs, including ace-

tate, propionate, and butyrate, which are found in high concentrations

in the intestine, reaching around 13 mmol·kg−1 of intestinal content in

the terminal ileum, increasing to 131 mmol·kg−1 in the caecum, with

lower concentrations in the distal colon (80 mmol·kg−1; Cummings,

Pomare, Branch, Naylor, & Macfarlane, 1987). The amount and types

of SCFAs that are produced largely depend on substrate availability,

bacterial species composition of the microbiome and intestinal transit

time (Macfarlane & Macfarlane, 2003). Acetate, propionate, and buty-

rate are the most abundant SCFAs (≥95%) in the GI tract (den Besten

et al., 2013). Generally, Bacteroidetes are potent producers of acetate
and propionate, whereas butyrate is mainly produced by Firmicutes

(Louis & Flint, 2017; Macfarlane & Macfarlane, 2003).

Potent substrates for SCFAs production are polysaccharides, oligo-

saccharides, proteins, peptides and glycoprotein precursors by anaero-

bic microorganisms (Blachier, Mariotti, Huneau, & Tomé, 2007),

although in quantitative terms, the carbohydrates (polysaccharides

and oligosaccharides) are most important for SCFAs production.

4.1 | The effect of short‐chain fatty acids (SCFAs) on
gut homeostasis

Similar to dietary fibre, SCFAs may contribute to gut homeostasis by

regulating mucus (over)production and secretion (Schroeder et al.,

2018). Indeed, in vitro studies indicated butyrate and propionate as

inducers of mucin (MUC2) synthesis and secretion by intestinal cells

(Burger‐van Paassen et al., 2009). Furthermore, SCFAs preserved

intestinal barrier function by decreasing tight junction permeability

(Suzuki, Yoshida, & Hara, 2008), potentially through activation of

AMPK (Peng, Li, Green, Holzman, & Lin, 2009). Although the authors

compared the effects of butyrate to similar effects of (low concen-

trations of) histone deacetylase (HDAC) inhibitor Trichostatin A, a

recent in vivo study suggested butyrate promoted tight junction pro-

tein expression in a GPCR109A‐dependent manner (Feng et al.,

2018). Finally, SCFAs promote gut health by decreasing local pH,

thereby inhibiting or promoting the colonization of different taxa

(Tramontano et al., 2018).

4.2 | Regulation of gut immunity and systemic
pathology by SCFAs

SCFAs regulate local immunity and systemic pathology. Interestingly,

these microbial metabolites are connected to (novel) molecular path-

ways (Bolognini et al., 2016).

4.2.1 | SCFAs as histone deacetylase (HDAC)
inhibitors

Butyrate, and to a lesser extent propionate, is a potent HDAC inhib-

itor in intestinal cells and associated with the regulation of intestinal

immunity and gut homeostasis (Schilderink, Verseijden, & de Jonge,

2013). Via HDAC inhibition, butyrate and other SCFAs display anti-

cancer activities by inducing apoptosis and differentiation

(Hinnebusch, Meng, Wu, Archer, & Hodin, 2002). Interestingly, can-

cerous colonocytes shifted their primary energy source from buty-

rate to glucose, resulting in a threefold accumulation of butyrate

within the cell (known as the Warburg effect) inhibiting the prolifer-

ation of the cancerous colonocytes (Donohoe et al., 2012). Butyrate

modulated the function of intestinal macrophages via HDAC‐

mediated down‐regulation of proinflammatory mediators, including

NO, IL‐6 and IL‐12 (Chang, Hao, Offermanns, & Medzhitov, 2014).

In 2013, two reports suggested that intestinal immunity is promoted

by butyrate via histone H3 acetylation, as well as via the generation

of colonic Tregs in a GPCR43‐dependent manner (Furusawa et al.,

https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=848
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=7005
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=312
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=226
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2013; Smith et al., 2013). Remarkably, the co‐occurring HDAC

inhibition and stimulation of GPCR receptors by SCFAs both dimin-

ished endothelial cell activation, in a similar fashion (Li, van Esch,

Henricks, Folkerts, & Garssen, 2018). More distant from the gut, ele-

vated acetate levels were shown to reduce allergic airway disease in

mice by enhancing Tregs in the lung through HDAC9 inhibition

(Thorburn et al., 2015). Taken together, butyrate and other SCFAs

can modulate immune cell function and disease, holding potential

clinical implications.

4.2.2 | SCFAs as GPCR ligands

SCFAs are ligands for cell membrane receptors such as GPCR43 (also

called FFA2), GPCR41 (also called FFA3) and GPCR109a (also called

hydroxycarboxylic acid receptor 2). GPCR43 can potently be stimu-

lated by acetate, propionate and butyrate, while GPCR41 has a higher

affinity for butyrate and propionate (Brown et al., 2003). In vivo
FIGURE 2 Mechanisms of microbiota‐dependent and ‐independent effec
affecting the intestinal commensal microbiota composition (e.g., increased g
function, immunomodulatory effects, stimulating brain function and antim
inhibiting the cytotoxicity, adhesion or growth of pathogenic microorganism
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and carbohydrate receptors) or via interaction with regulatory molecules (e
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diminish inflammatory responses in models of colitis, arthritis and

allergic airway disease in a GPCR43‐dependent manner. Similarly,

administration of propionate reduced allergic airway disease in mice
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tion in a GPCR41‐dependent manner (Trompette et al., 2014). Due

to the ubiquitous expression of the receptors on different cell types

and the reported anticancer plus anti‐inflammatory effects of

SCFA‐mediated GPCR stimulation, the pharmacological development

of GPCR‐selective compounds might be of therapeutic interest

(Bolognini et al., 2016).
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https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=2620
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=227
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=312
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4983
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4.2.3 | SCFAs as regulators of transcriptional activity

Nuclear PPARs can be stimulated by SCFAs with a potency order of

butyrate > propionate > acetate (Alex et al., 2013). Byndloss et al.

(2017) showed that PPARγ inhibits dysbiotic Enterobacteriaceae

expansion when stimulated by butyrate. Butyrate can also regulate

transcription factor activity directly: NF‐κB activity is strongly

inhibited by butyrate demonstrating therapeutic potential in experi-

mental models of colitis and Crohn's disease (Segain et al., 2000).

Furthermore, butyrate‐regulated genes often contain several binding

sites for specificity protein 1 and AP‐1, suggesting that butyrate (and

to a lesser extent propionate) can exert its effects via activation of

these transcription factors and associated pathways (Nepelska et al.,

2012; Yu, Waby, Chirakkal, Staton, & Corfe, 2010). Finally, the aryl

hydrocarbon receptor (AhR) emerged as a critical regulator of immune

and metabolic processes in the GI tract. Recently, butyrate was found

to induce AhR activity and transcription of AhR‐dependent genes in

human IECs (Marinelli et al., 2019).

Taken together, dietary fibre‐derived SCFAs are important

promotors of colonic health and positive regulators of immune

responses.
5 | CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

This review describes the impact of different dietary fibre on the

microbiome composition but also emphasizes the microbiota‐

independent effects (Figure 2). It has been well demonstrated that die-

tary fibre promotes commensal bacteria in the GI tract, such as

Bifidobacteria and Lactobacilli. Bifidobacteria and Lactobacilli have been

shown to directly compete with pathogenic bacteria but can also

stimulate the intestinal barrier, immune and brain function. These die-

tary fibres do not only stimulate commensal bacteria but also directly

influence pathogens via inhibition of pathogen growth, competitive

inhibition of adhesion, abolishment of cytotoxicity and toxin produc-

tion induced by pathogens, which have been associated with a range

of beneficial health effects. A substantial part of these potential health

benefits is related to dietary fibre‐derived microbial metabolite

production, including SCFAs. SCFAs can promote intestinal immune

homeostasis through inhibition of HDAC and via several other

receptor‐mediated pathways, such as GPCR41, GPCR43, GPCR109a,

and PPARs.

In addition, several microbiota‐independent effects of dietary fibre

are important for maintaining intestinal epithelial barrier function and

promoting gut immune responses (Figure 2). Various dietary fibre

can bind to receptors on epithelial cells (EGFR, PPARγ, and TLRs)

and different immune cells (TLRs and carbohydrate‐binding domains)

or interact with regulatory molecules (e.g., AMPK) to regulate intesti-

nal barrier function and immune homeostasis. These in vitro studies

suggest that multiple dietary fibres exhibit diverse effects on IEC‐

derived cytokine and chemokine production and release. This may

be associated with the structure–function relationship among dietary
fibre structure and their immunomodulatory properties. However,

the different types of IECs and triggers used in the in vitro

studies can contribute to heterogenicity between the studies. In addi-

tion, more in vivo studies with germ‐free mice are needed to confirm

the biological relevance of the microbiota‐independent effects. The

scope and mechanisms of its effects on gut homeostasis emphasize

that dietary fibre does more than modifying the gut microbiota and

highlight its multifaceted potential in the treatment or prevention of

(chronic) diseases.

The use of dietary fibre to maintain health and prevent diseases is

rapidly expanding, and dietary fibre‐based nutraceuticals and func-

tional foods are explored for their effects on several diseases (Gul,

Singh, & Jabeen, 2016). Both pharmacologists and nutritionists are

increasingly aware of the importance of maintaining and restoring

(gut) homeostasis and agree that multifactorial diseases require

multitargeting approaches combining pharmacology and nutrition

(Georgiou, Garssen, & Witkamp, 2011). The new developments in

nutraceutical and functional food research using omics techniques

have gained interest in the concept of personalized nutrition (Verma,

Hontecillas, Tubau‐Juni, Abedi, & Bassaganya‐Riera, 2018), which

seems to be promising for dietary fibre as well. Personalized nutrition

is important related to dietary fibre intake, since there is a high inter-

individual variability of the human microbiome, which will lead to sig-

nificant variability in response to dietary fibre intake. (Tap et al., 2015).

Since most of the studies performed so far focus on the effects of

individual dietary fibre, it will be a major challenge to study the inter-

action of different types of dietary fibre and the interaction of dietary

fibre with other nutritional components.

In this respect, well‐conducted in vitro, in vivo and clinical studies

are needed to establish the efficacy and mechanisms of action of die-

tary fibre in treating patients and in utilizing dietary fibre‐based

approaches for the prevention of disease.
5.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY (Harding et al., 2018), and are permanently archived in the

Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al.,

2017).
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