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A balanced diet with many dietary components maintains immune homeostasis
directly by interacting with innate and adaptive immune components or indirectly
through gut microbiota and their metabolites. Dietary components may inhibit pro-
inflammatory mediators and promote anti-inflammatory functions or vice versa.
Western diets with imbalanced dietary components skew the immune balance toward
pro-inflammation and induce intestinal inflammation, consequently leading to many
intestinal and systemic inflammatory diseases like ulcerative colitis, Crohn’s disease,
irritable bowel syndrome, cardiovascular problems, obesity, and diabetes. The dietary
component-induced inflammation is usually chronic in nature and frequently caused
or accompanied by alterations in gut microbiota. Therefore, microbiome-targeted
therapies such as probiotics, prebiotics and synbiotics hold great potentials to amend
immune dysregulation and gut dysbiosis, preventing and treating intestinal and systemic
inflammatory diseases. Probiotics,prebiotics and synbioitcs are progressively being
added to foods and beverages, with claims of health benefits. However, the underlining
mechanisms of these interventions for preventing and treating dietary component-
induced inflammation are still not very clear. In addition, possibly ineffective or negative
consequences of some probiotics, prebiotics and synbiotics call for stringent testing
and regulation. Here, we will first briefly review inflammation, in terms of its types and
the relationship between different dietary components and immune responses. Then,
we focus on current knowledge about the direct and indirect effects of probiotics,
prebiotics and synbiotics on intestinal and systemic inflammation. Understanding how
probiotics, prebiotics and synbiotics modulate the immune system and gut microbiota
will improve our strategies for preventing and treating dietary component-induced
intestinal inflammation and inflammatory diseases.

Keywords: inflammation, probiotics, prebiotics, dysbiosis, western diet, synbiotics, undernutrition, microbiota

INTRODUCTION

To improve gut health and counter dietary component-induced inflammation, microbiome-
targeted therapies hold enormous potentials to ameliorate gut dysbiosis and associated
immune dysregulation. Currently, one type of microbiome-targeted therapies, fecal microbiota
transplantation, is widely used in clinical practice to treat recurring Clostridioides difficile infections.
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Other types of microbiome-targeted therapies include usage of
probiotics and prebiotics, which are progressively being added
to foods and beverages, with claims of health benefits. However,
the underlining mechanisms for these interventions to impact
host health such as dietary component-induced inflammatory
conditions remain elusive.

Dietary components have the potential to generate both
pro- and anti-inflammatory signals that can modulate gut
immune responses. Different dietary nutrients interact directly
with innate and adaptive immune components or indirectly
through mediation of gut microbiota and their metabolites to
impact immune responses (1, 2). Gut microbiota is sensitive
to dietary constituents and alterations in diet can cause large
shifts in microbial composition (3, 4). Based on composition of
microbial communities, gut microbiota passes on both pro- and
anti-inflammatory stimuli to the immune system and thus act
as a facilitator through which food components employ their
anti-inflammatory and pro-inflammatory effects. For instance,
animal trials have showed that foods with high concentrations
of saturated fats (5) and sugar (6) induce inflammatory and
autoimmune conditions through microbial processes including
stimulation of T-helper 17 (TH17) cells. In opposite, tryptophan
metabolites suppress inflammation through activation of the aryl
hydrocarbon receptor (AhR) in lymphoid tissues and generation
of regulatory T (Treg) cells (7, 8). Similarly, high intake of dietary
fiber promotes microbial population producing short chain fatty
acids (SCFA) that activate Treg cells through G protein coupled
receptor 43 (GPR43) receptors to suppress inflammation (9).

Unlike Mediterranean diets which are plant based and have
olive oil as the main source of added fat, Western diets (defined
as high content of saturated fats and sucrose and low content
of fiber) are usually deficient in advantageous micronutrients
(vitamins) and trace-elements (zinc, phosphorus, calcium,
magnesium, or potassium) and abundant in detrimental elements
such as sugar, unhealthy fats, salt, and refined grains (10).
Mediterranean diets mainly include whole grains, vegetables,
legumes, fruits, nuts, seeds, herbs, and spices. Olive oil is the main
source of added fat. Fish, seafood, dairy, and poultry are included
in moderation. Red meat and sweets are eaten only occasionally.
On the other hand, Western diets mostly contain high amounts
of processed foods, red meat, high-fat dairy products, high-
sugar foods, and pre-packaged foods. This dietary configuration
in Western diets promotes pro-inflammatory alterations in the
gut microbial diversity (decrease in microbial diversity) and
composition (such as increase in the Firmicutes to Bacteroidetes
ratio), which lead to compromised gut integrity (increase in
epithelial barrier permeability) and activate pattern-recognition
receptors (PRR) like toll-like receptor (TLR) 4 that consequently
activate pro-inflammatory mediators such as cyclooxygenase 2
(COX2), tumor necrosis factor-α (TNF-α), interleukin-1β (IL-
1β), interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-12
(IL-12), and interferon-γ (IFN-γ) (2). Such dietary induced
inflammation associated with impaired immune functions and
gut dysbiosis may consequently lead to an “inflammatory
disorder” such as Crohn’s disease (CD), ulcerative colitis (UC),
and irritable bowel syndrome (IBS) (11, 12). For example,
patients with IBS had more Firmicutes and less Bacteroidetes

than controls and a decrease in Faecalibacterium prausnitzii
accompanied by an increase in the abundance of Streptococcus
species was the main characteristic of the gut microbiota of
participants with IBS symptoms (13). In addition, the gut
microbiota also impacts the systemic immunity and is involved
in many systemic immune-mediated inflammatory diseases
(IMIDs), ranging from diabetes to arthritis and systemic lupus
erythematosus (14). Emerging evidence indicates that metabolic
disorders such as obesity, type 2 diabetes mellitus (T2DM)
and non-alcoholic fatty liver disease (NAFLD) are characterized
by alterations in the intestinal microbiota composition and its
metabolites, which translocate from the gut across a disrupted
intestinal barrier to affect various metabolic organs, such as
the liver and adipose tissue, thereby contributing to low-grade
metabolic inflammation (15).

Altering the gut microbial population by leveraging probiotics,
prebiotics and synbiotics is becoming effective and popular
modalities for disease prevention and treatment. In recent
years, probiotics, prebiotics and synbiotics are increasingly being
incorporated into a wide range of foods, beverages, and topical
products (16). However, the impact of microbiome-targeted
interventions such as probiotics, prebiotics and synbiotics
on dietary component-induced inflammation and metabolic
diseases is still scarce and further investigations are required
both in healthy as well as in disease conditions. This is further
complicated by the fact that most functional experiments have
been carried out with individual dietary components. While
these studies have enhanced our understanding on pro- and
anti-inflammatory abilities of single compounds, the knowledge
related with the impact of whole food and dietary patterns is
less clear. Thus, it is timely to review their potential roles in
relieving inflammation.

INFLAMMATION

Inflammation is a conundrum that defies a simple definition
and can be conceptualized on a “spectrum.” Thus, inflammation
can be defined as a biological response of the body to different
perturbations (injury or infection) or to maintain homeostasis
(17). Inflammation can be classified in many ways such as
being acute or chronic based on the length of inflammation,
and physiological or pathological based on presence or absence
of pathological agents. The hallmarks of the most familiar
type of inflammation include cardinal signs such as redness,
swelling, heat, and pain. Inflammation is prompted by innate
immune responses that identify infection, host damage, and
danger signaling molecules and stimulate a regulated system of
immunological and physiological events to sustain homeostasis
as well as restore functionality (18). However, an increasing
number of evidence suggest that cells and mediators that are
essential for inflammation are equally important in homeostatic
functions such as metabolism, tissue remodeling, and interorgan
crosstalk (17). Hence, inflammation can be contextualized in the
terms of a response, a process, or a state of the system. Each of
these phenomena emphasize different aspects of inflammation.
For example, (1) as a response to perturbations, (2) to eliminate

Frontiers in Nutrition | www.frontiersin.org 2 July 2022 | Volume 9 | Article 931458

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles


fnut-09-931458 July 16, 2022 Time: 14:30 # 3

Bilal et al. Diet-Induced Inflammation and Microbiota-Targeted Intervention

FIGURE 1 | Pictorial representation of the spectrum of inflammation where it is pathological inflammation at one extreme, and physiological inflammation at the other
extreme (as part of normal homeostasis). In the middle of the spectrum is the dietary component-induced inflammation which is a special case that may lead to
pathological or physiological inflammation.

source of perturbation, and (3) alter the state of system
which could be either protective or pathological. As shown
in Figure 1, one extreme of the spectrum of inflammation is
pathological inflammation (pathogen induced) that include acute
inflammation (if tissue can quickly recover) and chronic (if the
pathology prolongs for a long period). At the other end of the
spectrum is physiological inflammation (as a part of normal
homeostasis), in responses to non-pathogens such as cold or
fasting. The dietary component-induced inflammation (also non-
pathogenic) exists in between the spectrum of pathologic and
physiologic inflammation.

Pathological Inflammation
Pathological inflammation can be defined as a diseased
process that results from abnormal or disrupted interactions
between immune and non-immune components. Pathological
inflammation can be a self-limiting or never-ending condition
with a complete or incomplete resolution, respectively. At the
intestinal surface pathological inflammation leads to chronic
intestinal inflammation, which is typically observed in patients
with CD or UC (19). Following an acute microbial infection
or tissue injury, the host defense and tolerance to commensals
is perturbed and physiological inflammation changed to a true
inflammatory response or pathological inflammation (20). It is
characterized by an acute microvascular response, edema, and
stimulation of monocytes and neutrophils (21). This type of
inflammation intends to eradicate the source of perturbation,
repair the damaged structures and supplement tissue structures
with alterations that optimize defenses. For instance, intestinal
epithelial lining goes through inflammatory transformation
and increase the number of mucus-producing goblet cells

and alters mucus structure and composition (22). Pathological
inflammation can be further divided into acute inflammation and
chronic inflammation, based on the length of inflammation.

Acute Inflammation
Acute inflammation is an immediate adaptive response due to
noxious stimuli and has limited specificity. If the inflammatory
response is controlled, it can be beneficial to the body and
could provide protection against many infectious organisms.
Contrary to this, if it is uncontrolled, it can be detrimental such
as in the case of septic shock. Acute inflammation follows a
sequence of events and involves inducers, sensors, mediators,
and effectors (23, 24). Inducers can be infectious agents [for
example, pathogen associate molecular patterns (PAMPs) present
on all microorganisms or virulence factors specific to pathogens]
or non-infectious stimuli (for example, allergens, toxicants,
physical injury, or signals released by cells/tissues that are
malfunctioned or dead). The inducers then activate sensors
which will stimulate mediators. Examples of sensors include
TLR4, immunoglobulin-E (IgE), Nacht Domain-, Leucine-Rich
Repeat-, and PYD-Containing Protein 3 (NALP3), Hageman
factor and purinoceptors that are expressed on specialized
cells. Mediators are specialized entities (for example, TNF-
α, IL-6, bradykinin, IL-1β, arachidonic acid, mast cells, and
complement) that are activated by inducers through sensors
and can modulate inflammation by activating the effectors,
which are tissues or cells (17, 25). These players can act in
parallel on multiple inflammatory pathways depending upon
the stimuli with a goal to restore homeostasis regardless
of the cause. The features of acute inflammation include
vasodilation, increase in blood flow, capillary permeability,
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and migration/sequestration of neutrophils to the infected site
through diapedesis (26).

Chronic Inflammation
Chronic inflammation is often referred to as slow or long-term
inflammation and ranges from months to years. The extent and
effects of chronic inflammation depend upon the cause of the
injury and the ability of the body to respond to the stimulus
in terms of repairing and overcoming the assault (26). Some
examples of the etiologies of chronic inflammation include:
(1) persistence of infectious organisms in the body due to
evasion of the host defenses, for example, bacteria, parasites,
and fungi, (2) low level exposure to foreign materials that
cannot be eliminated by the body such as dust, (3) autoimmune
disorders that attack the healthy tissues of the body such
as rheumatoid arthritis, and systemic lupous erythematosus,
(4) recurrent episodes of acute inflammation, (5) inducers of
continuous oxidative stress and mitochondrial dysfunction, for
example, urates, and increased production of free radical, and
(6) excessive nutrient intake or the inability of the body to
metabolize nutrients. Chronic inflammation follows the same
pattern as acute inflammation except for the composition of
white blood cells, for instance, the plasma cells, macrophages,
and lymphocytes replace the neutrophils. These cells reach
the site of injury and start producing cytokines, and enzymes
leading to fibrosis and granuloma formation. One special
cause/type of chronic inflammation is due to metabolic disorders,
nutrition or an impaired gut-microbiome referred to as metabolic
inflammation and will be discussed in detail below.

Physiological Inflammation
Physiological intestinal inflammation is proposed as a normal
response that prevents gut injury through its ability to flawlessly
adapt to multiple proinflammatory challenges and is therefore
essential to health (19). Physiological inflammation occurs
in the absence of any infection, tissue damage or exposure
to noxious substances. As such, physiological inflammation
can also occur in response to environmental stimuli such
as cold and fasting that lead to impaired homeostasis. Some
examples of physiological inflammation include control of
metabolic homeostasis, regulation of thermogenesis and in the
case of flight or fright responses (17). Hence, physiological
inflammation is a physiological process of the body that acts
as a defense mechanism to maintain homeostasis. Physiological
inflammation at the intestinal level is maintained by gut
microbiota through direct or indirect stimulation from the non-
pathogenic commensals (27). Here, to maintain physiological
balancing, the commensals stimulate production of physiological
concentrations of proinflammatory cytokines such as IL-1β, IL-
6, lymphotoxin, and TNF-α to maintain mucosal homeostasis
(28, 29). Physiological inflammation that results in intestinal
homeostasis are the result of normal interactions between the
immune and non-immune cells at the normal intestinal mucosal
surface. During physiological inflammation, the intestinal
immune system and gut microbiome live in a mutually
beneficial homeostasis sharing a bi-directional relationship,
with both components affecting each other’s functionality,

composition, and development (30). Under these conditions, the
intestinal immune system performs defense against the attack
of pathogenic organisms and maintain a state of tolerance to
the commensal microbes in the gut (31). In addition to the role
of gut microbiota, the metabolites (such as SCFAs and amino
acids) derived from microbiota have also emerged as important
regulators of homeostasis and inflammation. SCFA are formed
as metabolites from the dietary fibers taken up by intestinal
microbiota. Acetate, propionate, and butyrate are the most
abundant SCFAs. SCFAs can maintain intestinal homeostasis
through controlling inflammation via activation of the NLR
Family Pyrin Domain Containing 2 (NLRP2) inflammasome by
G-protein-coupled receptors (GPCRs). Alternatively, SCFAs can
be taken up by the cells and regulate inflammation through
intracellular receptors such as peroxisome proliferator-activated
receptor γ (PPARγ). Among the SCFAs, butyrate is particularly
known to promote epithelial barrier integrity through tight
junctions (TJ), and mucin proteins. Similarly, amino acids like
tryptophan and phenylalanine play important roles for the host.
Tryptophan plays a key role in host immunity through activation
of aryl hydrocarbon receptor (AhR) and kynurenine pathway
through indoleamine 2,3-dioxygenase (IDO) (32). Dietary
component induced inflammation can be viewed as a special type
of physiological chronic low-grade inflammation, which may lead
to metabolic disorders such as obesity, atherosclerosis, (T2DM)
and NAFLD. Like most chronic inflammations this type of
inflammation is also characterized by low- level local or systemic
inflammatory responses (15). It is caused by excessive nutrient
intake, which promotes metabolic dysfunction through activation
of the same signal transduction mediators and pathways as
immune responses to infections (33). The argument in support
of the sterile hypothesis is that excess dietary lipids resulting
in lipotoxicity (in liver and adipose tissue) were reported as
the cause of this phenotype (metabolic inflammation), in the
absence of an infectious agent (34–36). However, contrary to
this the evidence that supports the non-sterile hypothesis comes
from the involvement of the breech at the gastrointestinal tract
interface which harbors many bacteria. Healthy individuals have
an organized intestinal barrier which prevents dissemination of
bacteria and have a diverse composition of gut microbiota. Unlike
healthy individuals, people with obesity or other metabolic
disorders (T2DM, and NAFLD, etc.) exhibit excessive alterations
in the gut microbiota (a term called dysbiosis) along with having
an impaired intestinal barrier (15). To this end, dysbiosis and
a damaged intestinal barrier may result in an altered pool of
commensals that might translocate into the circulation and
elicit low grade inflammation which is often detrimental to
the host. Furthermore, high fat diet has also been associated
with gut dysbiosis, altered functional and compositional changes
in the microbiota, along with intestinal barrier disruption that
leads to translocation of lipopolysaccharides (LPS) as well as
endotoxemia (15). The innate immune cells like macrophages
recognize harmful stimuli like LPS and lipids, saturated fatty
acids, with PRR like TLR-4 and activate inflammatory pathways
like the nod-like receptor containing a pyrin domain (NLRP3)
inflammasome. The activation process of inflammasome happens
through two-step mechanism. The first priming step entails

Frontiers in Nutrition | www.frontiersin.org 4 July 2022 | Volume 9 | Article 931458

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles


fnut-09-931458 July 16, 2022 Time: 14:30 # 5

Bilal et al. Diet-Induced Inflammation and Microbiota-Targeted Intervention

activation of the TLR and signaling molecules like MyD88
through ligands that further activate the transcription factor
nuclear factor kappa B (NF-kB), transcription factor that control
most of the pro-inflammatory mediators, which results in the
transcription of inactive forms of inflammatory cytokine, IL-
1β and IL-18. In the second step inflammasome is activated in
response to cell stress signals and activates the protease caspase-1,
which cleaves pro-IL-1β and pro-IL-18 into active secreted forms
and proceed inflammation (37). Following inflammation, the
resolution of inflammation is an active metabolic inflammatory
process involving removal of apoptotic neutrophils and clearance
of phagocytes (38). This process is mediated through different
mediators like resolvins and protectins, and any disruption
in their biosynthesis may lead to failure in resolution and
consequently chronic inflammation (39). In addition, the
adaptive immune cells also reported to show pro-inflammatory
configuration in metabolic inflammation. The population of T
helper 17 (Th17) and CD8+ T cells has been increased while
IL-10 producing anti-inflammatory Treg cells population has
been declined (15). The Treg cells play a pivotal role in the
regulation of responses of innate immune cells and thus influence
the inflammatory processes (40). While dietary component-
induced inflammation can be initially considered as a special case
of the physiological inflammation, chronic dietary component-
induced inflammation can lead to pathological inflammation and
subsequently metabolic diseases.

PRO-AND ANTI-INFLAMMATORY
MICROBIOTA AND THEIR
INTERACTIONS WITH HOST IMMUNE
SYSTEM

The intestinal tract holds a diverse community of microbes
that are evolved with the host immune system and have
profound interactions with each other. Microbiota is needed
for gut immune development while immune responses regulate
the composition and structure of the gut microbiota (41).
Thus, changes in the microbiota may have a consequent
effect on the host. Gut microbiota includes many different
types of bacteria, scattered in a high number of taxa with
complex ecological relationships among them and with the
host. The abundance of certain taxa has been linked with pro-
inflammatory or anti-inflammatory consequences. For instance,
decreases in Firmicutes and Bacteroidetes and increases in
Enterobacteriaceae (e.g., Escherichia coli) has been reported in
patients with inflammatory conditions like inflammatory bowel
disease (IBD) (42). Similarly, strains of adherent and invasive
E. coli (43) and Enterococcus faecalis (44) are commonly identified
in the mucosa of CD patients. Additionally, certain pro-
inflammatory bacterial strains, such as Ruminococcus gnavus or
Bacteroides species, might dominate in metabolic inflammatory
conditions like obesity (45). In contrast, other commensal
microbial taxa in the gut presents anti-inflammatory roles and
their lower abundance in the gut promotes inflammation. For

example, reduction in F. prausnitzii (46), Lactobacillus GG
(47), and Bifidobacterium species (48) have been associated
with inflammatory conditions. Similarly, clostridia strains falling
within clusters IV, XIVa, and XVIII have been associated with
expansion and differentiation of anti-inflammatory Treg cells of
the host and helped in attenuation of inflammatory conditions of
colitis and allergic diarrhea (49). Keeping in view the presence
of diverse microbial communities with diverse pro- and anti-
inflammatory capabilities to interact with the host immune
system, it is plausible to think that they may communicate
a mix of pro- and anti-inflammatory signals and maintain
immune homeostasis. It is important to understand that dietary
interventions are promoting which segments of microbiota,
favorable or harmful, and whether they facilitate inflammatory or
anti-inflammatory immune responses. It will also be important
to realize that skewing immune homeostasis too much toward
anti-inflammatory arm would interfere with routine immune
responses to pathogens, cancer cells and vaccines.

The gut contains a plethora of microorganisms that are a
source of PAMPs and metabolites (Figure 2). PAMPs interact
with the host by provoking responses through PRR such
as TLR, NOD-like receptors and RIG-I-like receptors (50).
Intense functional and compositional alterations in the gut
microbiota may lead to dysbiosis (39), which is commonly
associated with a bloom of commensals that may become
detrimental (51). The dysbiosis may promote pro-inflammatory
microbiota as well as their interactions with the host, which
is followed by imbalanced immune response with high
expression of innate pro-inflammatory cytokines, including
TNF-α, IL-6, and IL-1β and T helper (Th)1 and Th17 (IL-
17a) cells activation that result in local inflammation (2). An
impaired and defective intestinal barrier result in translocation
of microbiota or its components (like lipopolysaccharides)
into the circulation and consequently initiation of systemic
low- grade inflammation (15). On the other hand, microbial
communities with anti-inflammatory capabilities, like lactic acid
bacteria and Bifidobacteria, are known to produce factors that
inhibit inflammation through downregulating IL-8 secretion,
NF-κB dependent gene expression and macrophage-attracting
chemokines (52). Bifidobacteria and lactic acid bacteria are
also involved in direct downregulation of T effector-mediated
inflammatory responses and upregulation of anti-inflammatory
Treg cells expression in mice (53). Several studies suggest
that microbial-derived SCFA may be adding via G-protein-
coupled receptor and epigenetic mechanisms (54, 55). Intestinal
SCFAs may directly increase the abundance of T reg cells in
the gut (56) or may inhibit the transcription factor NF-κB,
leading to decreased secretion of pro-inflammatory cytokines
and inhibition of inflammation (57). In addition, microbial-
derived butyrate inhibits histone deacetylases 6 and 9, which
increases acetylation in the fork head box P3 (FOXP3) promoter
gene and higher Treg cells proliferation (55). Clearly the gut
microbiota presents diverse microbiota with both pro- and anti-
inflammatory interactions with the host immune system, and
a balanced gut microbiota is crucial for a balanced healthy
immune homeostasis.
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FIGURE 2 | Effects of microbiota on gut immune homeostasis. Gut microbiota and their metabolites interact with gut epithelial cells through PRR such as
membranous Toll-like receptors and cytoplasmic NOD-like receptors. The subsequent inflammatory mediators activate other immune components. The gut immune
system protects the epithelial lining and responds to incursions with different immune cells including dendritic cells, macrophages, CD4 and CD8 T cells and their
cytokines like gamma interferon and IL-17 to proceed inflammation. IL-17 is important as it stimulates tight junction and mucin proteins and improves gut integrity
and function. Longer and exaggerated inflammation is not helpful and counterproductive. Thus, T reg cells with the help of its key IL-10 cytokine control these cells
and maintains immune homeostasis.

PRO-AND ANTI-INFLAMMATORY
DIETARY NUTRIENTS AND THEIR ROLE
IN INTESTINAL AND SYSTEMIC
INFLAMMATION

While many of gut microbes perform key functions for the host,
the host immune system must effectively monitor the microbial
community so that interdependency of their relationship is
maintained. In order to maintain host homeostasis, the immune
system remains tolerant to the diverse microbial community
and keep microbes anatomically in check in the gut, while it
concurrently maintains the capacity to respond appropriately

to microbial attempts to break the intestinal barrier and attack
the host (41). This homeostatic state is maintained through
pro and anti-inflammatory responses. There is a growing
body of evidence that microbiota can impact the stability
of pro-inflammatory and anti-inflammatory responses in the
gut. Microbial competition for nutrients performs a vital
role in controlling this balance (58) and food nutrients with
inflammatory potentials can lead to chronic inflammation at
intestinal and systemic levels (12).

Western diet is known to induce low-grade intestinal
inflammation and is associated with a growing number of
diseases (59). Diet quantity, content and timing play a major
role in shaping gut microbial composition and function
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(12). Ingredients in processed food have been reported to
selectively promote mucolytic bacterial strains. Chassaing
et al. (60) used emulsifiers, detergent-like molecules that are
a ubiquitous component of processed foods and that can
increase bacterial translocation across epithelia in vitro, to
study effects on mice gut integrity, microbiota, and immunity.
They observed increased levels of several mucolytic operational
taxonomic units (OTUs) including R. gnavus, and mucosa-
associated inflammation-promoting Proteobacteria accompanied
with low-grade inflammation and metabolic syndrome in wild
type hosts and robust colitis in mice predisposed to this
disorder. Similarly, non-caloric artificial sweeteners (NAS),
among the most widely used food additives worldwide, have
been reported to drive the development of glucose intolerance
through induction of compositional and functional alterations
in intestinal microbiota (61). Recently, animal food has been
associated with lower Bifidobacterium abundance while similar
microbial configuration was observed in IBD and IBS (12).
A lower population of healthy bacteria (Bifidobacterium and
Lactobacilli) have been observed in Western diet compared
with Mediterranean diet (3). As discussed here and in
section “Inflammation,” these selective alterations in microbiota
composition can lead to dysbiosis and shift in metabolites, which
negatively impact the gut integrity, and thus facilitate chronic
inflammation (2, 10).

A nutritious diet is composed of seven basic components:
carbohydrate (excluding fiber), fiber, protein, fat, vitamins,
minerals, and water. A balanced diet means eating the correct
and right portion of different nutrients on a daily basis. Excess
amounts or insufficient amounts of dietary components will
affect gut microbiota and consequently affect immune functions.
Here, we review several dietary components or foods as examples
for their pro- and anti-inflammatory capabilities in order
to shed light on their relationship with gut microbiota and
the immune system.

Carbohydrates
Simple carbohydrates (sugars) and refined grains in Western
diets and ultra-processed foods and drinks are negatively
linked with gut microbiota and the immune system. Added
sugars include all sugars that are mainly present in ultra-
processed foods and drinks or present naturally in honey, syrups,
and fruit juices (62). The harmful effects of sugar-sweetened
drinks have been reported for the gut microbiota and their
consumption led to increase in the Firmicutes/Bacteroidetes
ratio and reduce the proportion of beneficial butyrate-producers
such as Lachnobacterium (63). In addition, added sugars elicit
increased gut permeability and endotoxemia and consequently
induce systemic inflammation and complications (64). Similarly,
excessive consumption of fructose in the form of refined
sugars is associated with a systemic pro-inflammatory status,
cortisol hyperactivation, insulin resistance and increased visceral
adiposity (65). Fructokinase C is the key enzyme in the liver to
metabolize fructose and it is also adequately expressed in the
small intestine. However, fructose metabolism in the intestine
leads to disruption of the tight junctions and this effect is

not detected in fructokinase knockout mice (66). Further, over-
consumption of fructose leads to increase in infiltration of
macrophages into adipocytes through monocyte chemoattractant
protein-1 and intercellular adhesion molecule-1 (65). Increased
number of macrophages into the adipocytes lead to release of
pro-inflammatory TNFα leading to further inflammation (67).

Refined grains are grain products consisting of grains or
grain flours that have been significantly modified from their
natural composition. During process of making refined-grain
flour, a higher percentage of these nutrients, ferulic acid (93%);
selenium (92%); antioxidant activity (89%); phenolic compounds
and magnesium (83%); flavonoids, zinc, and vitamin E (79%);
zeaxanthin (78%); fiber (58%); and lutein (51%), are lost (68,
69). Refined grain intake is widely assumed to be associated
with adverse health outcomes, including increased risk for
cardiovascular disease (CVD), T2DM, and obesity. The 2015
Dietary Guidelines Advisory Committee recommended that to
improve dietary quality, the US population should replace most
refined grains with whole grains (70). While comparing refined
grains with whole grains, the stool weight, stool frequency,
and SCFA producer Lachnospira were observed lower while
pro-inflammatory Enterobacteriaceae was observed higher in
groups fed with refined grains (71). A high-sugar, low-fiber
diet for only seven days can worsen Small intestinal bacterial
overgrowth (SIBO) and gastrointestinal symptoms (72). On
the other hand, whole grains are rich in vitamins, minerals,
antioxidants, and other nutrients. Whole grain consumption has
been associated with decreased risk of several lifestyle-related
conditions including T2DM, CVD, and body weight (73–75). It
has been assessed that replacing energy intake from saturated
fats with whole grains is associated with lower risk of coronary
heart disease while substituting saturated fats with carbohydrates
from refine grains is associated with an increased risk of
coronary heart disease (76). The germ of whole grains contains
a polyamine, named spermidine, which is known to inhibit
histone acetyltransferases that results in resistance to oxidative
stress and significantly decrease in subclinical inflammation and
cell necrosis (77). Further, Roager et al. (73) reported decrease
in energy intake, body weight and the low-grade systemic
inflammation markers, C-reactive proteins (CRP) and IL-6, in
response to whole grain diet in comparison with a refined grain
diet, without altering composition of gut microbiome in 8-
week diet study, reflecting a direct immune modulating role
of whole grains.

Dietary Fats
High-fat diets are one of the key features of unhealthy eating.
In the last few decades, the consumption of fatty acids has
increased. In particular, the consumption of saturated fat, trans
fatty acids and omega 6 polyunsaturated fatty acids (PUFA) are
increasing, while intake of omega-3 PUFA intake is decreasing
in developed countries (78). The high-fat diets intake has been
associated as a likely cause of gut dysbiosis (79) and linked
with gut dysfunction (80), affecting gut microbiota, promotion
of intestinal permeability and subsequent inflammation (81). The
low-grade inflammation established due to endotoxemia could be
linked with development of non-communicable diseases (82). In
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mice, the high fat diet increased the Firmicutes to Bacteroidetes
ratios, promoted pro-inflammatory cytokines such as IFN, TNF,
IL-1, and IL-6 (83) and showed endotoxemia (84).

The variants of PUFAs have different metabolites and distinct
inflammatory consequences. The omega-6 fatty acids from
soybean oil are considered pro-inflammatory while omega-
3 fatty acids from fish oil are considered anti-inflammatory
(85). The high-fat diets rich in omega-6 polyunsaturated
fatty acids (n-6 PUFAs) deplete SCFA-producers in the gut
and increase inflammatory CRP levels in humans (86). In
opposite, the n-3 PUFA show its anti-inflammatory effects by
inhibiting production of pro-inflammatory cytokines (IL-1β,
TNF-α, and IL-6), chemokines (IL-8), mediators (leukotrienes),
and reactive oxygen and nitrogen species (87–89). The n-3
PUFA block NF-kB signaling, a transcription factor that control
most of the pro-inflammatory mediators, possibly through
interfering with the TLR4 and its receptor protein MyD88
and activating anti-inflammatory transcription factor PPARγ

(90, 91). The n-3 PUFAs (LC n-3 PUFAs), eicosapentaenoic
acid and docosahexaenoic acid, are acted as precursors for
lipid mediators, resolvins and protectins, that actively alleviate
and/or resolve inflammation (92). Further, n-3 PUFA have been
observed to decrease pro-inflammatory T cell subsets (Th1,
Th17) and activate anti-inflammatory T cell subsets (Th2, Treg)
(93). Due to these anti-inflammatory effects, protective role of n-
3 PUFA have been reported in different chronic inflammatory
conditions like CD, UC, and rheumatoid arthritis (94, 95). The
ratio of omega-6 to omega 3 fatty acids reaches to 15:1 in
western style diets due to refined oils (78) and increase metabolic
endotoxemia through interactions with gut microbiota (96).
The modified omega 6 to omega 3 ratio increases abundance
of Enterobacteriaceae, segmented filamentous bacteria and
Clostridia spp. and promotes a pro-inflammatory condition that
could be lessened by increasing omega 3 PUFA levels (97).

Supplementation of extra-virgin olive oil in clinical trials
showed a significant reduction in circulating oxidized low-
density lipoprotein (LDL) and inflammatory markers (98).
Extra virgin olive oil contains a phytochemical, olechantal,
that shows an ibuprofen-like COX-inhibitory activity (99).
In contrast, refined olive oils decrease the abundance of
favorable bacterial families such as Erysipelotrichaceae
and Sutterellaceae and increase in non-beneficial bacteria
with negative consequences for the immune system such as
Desulfovibrionaceae, Spiroplasmataceae, and Helicobacteraceae
(100). Similarly, refined palm oil has been reported to have
negative effects on microbiota and intestinal integrity and
promote release of pro-inflammatory cytokines (101). Palmitic
acid has been reported to induces IL-1β-mediated inflammation
by TLR4 signaling, which consequently lead to activation of the
NLRP3 inflammasome (102). Further, intake of trans fatty acid
has been associated with elevated inflammatory markers (CRP,
IL-6, and tumor necrosis factor receptor 2) and an increased risk
of developing cardiovascular problems (103).

Proteins and Amino Acids
Proteins and their constituents in diets affect host gut
microbiota (104) and immune system (105). These proteins

in intestine act as substrates for digestive enzymes and microbial
fermentation and affect the diversity and composition of gut
microbiota. For instance, the hen egg white promotes abundance
of Akkermansia in rats while duck egg white facilitates
abundance of Proteobacteria and Peptostreptococcaceae
(106). It has been observed that a diet high in protein
reduces abundance of propionate and butyrate producing
bacteria (Ruminococcus, Akkermansia, and F. prausnitzii)
and promotes conducive conditions for pathogenic bacteria
such as Escherichia/Shigella, Enterococcus, and Streptococcus
(107, 108). In addition, a low protein diet may lead to higher
abundance of Desulfovibrionaceae that is positively correlated
with inflammation and lead to intestinal infections (109),
reflecting an optimum protein intake is required for gut
health. Different human studies have reported a link between
a high dietary protein intake and increased risk inflammatory
conditions like IBD and its relapse (110–112). A study using
the murine colitis model has showed that a diet high in red
meat exacerbates the disease index in comparison with a
casein-based protein diet (113). Processed and red meat may
be associated with certain pathological conditions, particularly
colorectal cancer, and many mechanisms, including involvement
of gut microbiota, have been proposed (114). Among them,
red and processed meats contain elevated levels of L-carnitine
that is considered the precursor for trimethylamine (TMA)
produced by the gut microbiota (115). The TMA in the liver
is transformed into trimethylamine N-oxide (TMAO) that is
linked with inflammatory pathways and cardiovascular disease
risk (116). Higher TMAO levels are positively associated with
monocyte activation and induction of NLRP3 inflammasome,
which subsequently trigger inflammatory immune responses
(117). Further, red and processed meats contain elevated levels
of heme iron that has been correlated with an hyperproliferation
of enterocytes and the change in the intestinal barrier (118).
Alterations in the abundance of certain microorganisms such
as Fusobacterium nucleatum, S. bovis/gallolyticus, E. coli, and
Bacteroides fragilis have been reported due to excessive red
meat consumption (119). Recently, processed foods and animal-
derived foods have been associated with higher abundances
of Firmicutes, Ruminococcus species of the Blautia genus and
endotoxin synthesis pathways (12).

Growing literature has showed that amino acids can influence
the composition and functionality of gut microbiota (120, 121).
These amino acids are metabolized through gut microbiota into
different metabolites including polyamine, SCFA, phenol and
indole that are involved in various physiological functions and
are related to host health and diseases (121). It has been observed
in mice fed with methionine-restricted diets that abundance
of SCFA-producing bacteria (Bifidobacterium, Lactobacillus,
Bacteroides, Roseburia, Coprococcus, and Ruminococcus)
and inflammation-inhibiting bacteria (Oscillospira and
Corynebacterium) has been increased while abundance of
inflammation-causing bacteria (Desulfovibrio) has been
decreased, thus conferring health benefits to the host (122).
Specific amino acids have also been discovered to modulate the
immune system. Arginine supplementation affects T lymphocyte
response and increase CD4 + T helper (Th) cells population

Frontiers in Nutrition | www.frontiersin.org 8 July 2022 | Volume 9 | Article 931458

https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles


fnut-09-931458 July 16, 2022 Time: 14:30 # 9

Bilal et al. Diet-Induced Inflammation and Microbiota-Targeted Intervention

in postoperative cancer patients (123). Dietary arginine and
glutamine have significantly decreased colonic IL-17 and TNF-α
cytokines in a dextran sulfate sodium-induced colitis mice
model (124). In another study, IBD patients with active disease
have shown higher levels of tryptophan metabolites, especially
quinolinic acid, suggesting a probable role of tryptophan in IBD
pathogenesis (125). These studies demonstrate that proteins and
amino acids have impact on gut microbiota and immune system
and can modulate gut homeostasis. An optimum level of dietary
proteins and amino acids is required for good gut health while
higher and lower dietary levels may favor pro-inflammatory gut
microbiota and inflammation.

Salts
The excess intake of salt has been associated with a heightened
risk of developing high blood pressure (126), cancer (127),
and chronic inflammation (128). Furthermore, there is growing
evidence that excess salt consumption impacts the immune
system (129). The high salt diets have been associated with
activation of inflammatory and inhibition of anti-inflammatory
responses. Wei et al. (130) showed that mice on a high-salt diet
showed higher number of pro-inflammatory IL-17A producing
cells in the intestinal lamina propria in comparison with mice
on a normal salt diet. Similarly, human intestinal mononuclear
cells increased production of IL-17A, IL-23R, TNFα and RORγt
when exposed to high concentrations of salt (131). Moreover,
ingestion of high amounts of salt also significantly suppressed
Treg cells and their anti-inflammatory function by repressing
IL-10 secretion in mice and human (130, 132, 133).

High concentrations of salts could also negatively affect
the gut microbiota. High-salt diets decrease the abundance
of Oscillibacter, Pseudoflavonifractor, Clostridium XIVa,
Johnsonella, and Rothia, while the abundance of other species
is increased, including Parasutterella spp. Erwinia genus,
Christensenellaceae, Corynebacteriaceae, Lachnospiraceae, and
Ruminococcus (134). Wilck et al. (135) have reported the direct
effects of high salt concentrations on the gut microbiota-Th17
axis, especially reducing the abundance of Lactobacillus species,
which could be the reason of altered production of SCFA and
worsening of colitis in high-salt diets (136).

Vitamin D
The extra-skeletal effects of vitamin D are well documented
for the immune system. Many immune cells express vitamin D
receptors (VDR) and both systemic and locally generated vitamin
D in its active form can modulate innate and adaptive immune
responses (137). Vitamin D hinders T cell effector functions
(138, 139), especially production of cytokines such as IL-2 and
IFN-γ. Further, vitamin D favors differentiation of T helper
cells toward regulatory Th2 and development of Treg cells and
inhibits polarization toward pro-inflammatory Th1 and Th17
cells (139, 140).

Zinc
The transition metal zinc is an important micronutrient and is
required to control different key biological processes including
growth, repair, metabolism, cell integrity, and functionality

(141). Besides boosting defense-related immune functions, the
importance of zinc in maintaining immune tolerance is well-
established. Zinc has been shown to play a role in development
of Treg cells (142, 143), and inhibiting pro-inflammatory Th17
and Th9 cell differentiation (144, 145). It has been observed that
zinc promotes bone marrow-derived dendritic cells to develop
into tolerogenic phenotype by inhibiting MHC-II expression and
tilt Treg-Th17 balance in favor of Treg cells (146).

Deficiencies and excess in micronutrient can shift the
intestinal and systemic homeostasis toward pro-inflammatory
arm and play an important role in local and systemic
inflammation through changes in gut microbiota. Therefore,
targeting gut microbiota, as considered by some investigators as a
single organ (147), through different interventions to reprogram
its structure and function for alleviation of inflammation,
provides new potent opportunities. Intervention through whole
food with anti-inflammatory abilities holds preventive and
therapeutic potentials against inflammation but limited data in
healthy and disease conditions and difficulty to intervene through
dietary change are the limitations. However, the knowledge
on pro-inflammatory and anti-inflammatory capacities of single
compounds is increasing through functional experiments (12).
But these single compound trials do not acknowledge the
interactions of nutrients within their food matrix, which may
explain the contradictory and less efficacious outcomes of these
trials (148). Here, we will discuss the potential role of other
microbiome-based interventions like probiotics, prebiotics and
synbiotics in the gut and systemic inflammation.

POTENTIAL ROLE OF
MICROBIOME-TARGETED
INTERVENTIONS IN INTESTINAL AND
SYSTEMIC INFLAMMATION

Probiotics
Probiotics are defined as “live microorganisms that, when
administered in adequate amounts, confer a health benefit
on the host” (149). Probiotics are increasingly incorporated
into a wide range of foods, beverages, and topical products
(16). The probiotic industry is growing annually at estimated
rate of 7% (150). The health benefits of probiotics have been
documented in humans (151), livestock (152), and poultry (153–
155). Probiotic preparations are mostly based on Bifidobacterium
and Lactobacillus spp. Clinical evidence supports the use of
probiotics for treating intestinal inflammatory conditions (156–
158).

The intestinal homeostasis is strongly affected by the
interactions between the mucosal immunity and the microbiota
that coexist in a mutually beneficial relationship (159). The
positive effects of probiotics on gut health have been ascribed
to different mechanisms including their direct and indirect
immunomodulation (160). Such immunomodulation varies from
immune stimulation of immune responses by L. rhamnosus
GG, Lactobacillus acidophilus, and Lactobacillus casei (161,
162) to tolerance brought by Lactobacillus plantarum (163).
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Probiotics can interact directly with the host through their
surface cell wall effector molecules like peptidoglycan and
lipoteichoic acid and specific proteins (164). These interactions
affect intestinal epithelial, enteroendocrine, immune and vagal
afferent nerves and reflect local intestinal effects such as
development of intestinal barrier integrity and inflammation (as
discussed in section “Inflammation”) and systemic effects via host
immune, endocrine, and nervous system mediators. Probiotics
can also affect host indirectly through interactions with intestinal
microbiota and their secreted metabolites. These include cross
feeding of microbiota through metabolites, changes in the
intestinal microenvironment like by reducing pH, occupation of
binding sites and nutrients competition, and inhibition of growth
through the secretion of strain-specific antibacterial compounds
(165–167). The probiotic-mediated direct immunomodulatory
effects may be prominent in less dense commensal areas like
small intestine (168) in comparison with likely indirect effects
through endogenous microbiota in densely populated areas
like colon (169). Certain probiotics induce anti-inflammatory
cytokines that reduce the induction of inflammation (170), while
others alter the diversity of microbiota that promotes anti-
inflammatory state in the gut (Figure 3) (171, 172). Lactobacillus
and Bifidobacterium species have been shown to stimulate
Treg cells and upregulate anti-inflammatory cytokines like IL-
10 and transforming growth factor-β (TGF-β) (173, 174). These
studies reflect that probiotics have potential to modulate gut
immune responses directly or indirectly and thus affect the
gut homeostasis.

Probiotics have been used to alleviate food borne intestinal
and systemic inflammation. A probiotic strain of Lactobacillus
reuteri has been used for restoration of the gut barrier defect
in dietary- and genetic- induced metabolic impairment through
production of aryl hydrocarbon receptor ligands that repaired
leaky intestinal mucosa and improved consequent inflammatory
complications (175). Recently, mice fed a high-fat diet (HFD)
with live Dysosmobacter welbionis probiotic strain has shown
reduction in pro-inflammatory cytokine, TNFα, and several
macrophages infiltration markers such as CD68, CD163, and
CD11b and decrease in body weight, fat mass gain and
insulin resistance (176). Similarly, Wang et al. (177) reported
improvement in ileal tight junction protein expression and
reduction in endotoxemia, weight gain, hyperglycemia and
hepatic steatosis in HFD-fed mice in response to Parabacteroides
distasonis. The probiotic strain of Akkermansia muciniphila has
been suggested to strengthen mucus thickness and tight junction
expression in intestine for improvement of gut leakiness in mouse
model for alcoholic liver disease (178). In the same manner,
Bifidobacterium longum supplementation protected against fiber-
depleted diet induced colonic mucus deterioration and improved
gut health (179).

It seems that surface as well as secreted components
from lactobacilli play an important role in induction of
anti-inflammatory state. A protease (lactocepin) secreted by
Lactobacillus species degrades IP-10, a lymphocyte-recruiting
chemokine, in the intestine that lowers cecal inflammation
in a colitis model (180). Another protein, p40, secreted by
Lactobacillus species has been shown to decrease inflammation

FIGURE 3 | Potential anti-inflammatory mechanisms induced by probiotics,
prebiotics and synbiotics. Probiotic, prebiotic and synbiotic can stimulate
anti-inflammatory components of the immune system directly or indirectly
through modulation of gut microbiota. These interventions interact with
sentinel cells such as dendritic cells and macrophages through membrane
receptors e.g., PRRs and suppress inflammation. Dendritic cells induce
anti-inflammatory state through blocking transformation of naïve T cells into
Th1 and Th17 cells and promote proliferation of Treg cells that consequently
with help of their cytokines like IL-10 and TGF-β skew immune homeostasis
toward anti-inflammatory state. Macrophages, once activated, produce
different types of pro-inflammatory cytokines to promote inflammation but
microbiota derived SCFA, especially butyrate, hinder different pathways like
MAPK, STAT and NF-kB and suppress pro-inflammatory cytokines (monocyte
chemotactic protein-1, TNF-α, and IL-12) from macrophages to suppress
inflammation.

related cytokines and protects against colitis in mice (181).
Further, the L. plantarum (182) and Lactobacillus rhamnosus
GG probiotic strains with mutations that altered the D-
alanine display on lipoteichoic acid or lipoteichoic acid-deficient
L. acidophilus probiotic strain (183) showed anti-inflammatory
effects and prevented or reduced colitis symptoms in mice.
In the same manner, Bifidobacterium breve has been reported
to reduce pro-inflammatory cytokines (184) and LPS-induced
epithelial cell shedding (185) while F. prausnitzii and spore-
forming Clostridium clusters IV and XIV with strong anti-
inflammatory effects have been proposed as probiotic supplement
to induce tolerance and lessening inflammatory symptoms (46,
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186, 187). Probiotics have shown promising results in clinical
trials related with several inflammatory conditions (Table 1).
For example, Bjarnason et al. (188) reported decreases in fecal
calprotectin in IBD patients while using a cocktail of probiotic
strains. Similarly, Andresen et al. (189) reported improvement
in symptoms of IBS patients in response to heat-inactivated
Bifidobacterium bifidum probiotic strain.

Despite many benefits of probiotics to the gut health,
some probiotics show opposite or no results in the host.
L. plantarum v299 strain has been reported as a potent pro-
inflammatory probiotic strain, which showed crypt destruction
and the recruitment of inflammatory cells in the intestine
(190). Two Lactobacillus strains exacerbated experimental colitis
when administered in mice (191). Similarly, administration
of L. plantarum MF1298 strain showed detrimental effects in
subjects of IBS (192). It was observed in patients with acute
pancreatitis that their mortality increased after administration
of a combination of three probiotics (193). It seems that
effects of probiotics are dependent on probiotic species and the
strains, as some strains have anti-inflammatory effects while
others are pro-inflammatory. Further, same probiotic strains
can have profoundly different effects on the host, differing in
survival in gut environment, adherence to epithelial lining, and
pathogen inhibition (194, 195), probably due to the difference
of existing gut microbiome in the host. The baseline microbiota
shows a degree of colonization resistance to probiotics, which
can influence the duration of residence, penetration into
the mucosal microbiome and potential impact of biological
activity (196). Different studies have demonstrated individual
specific variability in probiotic colonization, either persistently or
transiently during probiotic supplementation (197–199). Zmora
et al. (198) reported that host immune factors and composition
of microbiome as determinants of mucosal colonization of
administered probiotics. These studies reflect that outcome of
probiotic use may be determined by different factors including
strain and species characteristics, enterotype of microbiome (200)
and host responses.

Prebiotics
Prebiotics are defined as “a selectively fermented ingredient
that results in specific changes in the composition and/or
activity of the gastrointestinal microbiota, thus conferring
benefit(s) upon host health.” Potential mechanisms of action of
prebiotics have been proposed (201). The gut microbiota can
ferment prebiotics into SCFA, mainly acetate, propionate and
butyrate. SCFA lower the luminal pH, provide energy sources
for epithelial cells and have profound effects on inflammation
modulators (Figure 3 and section “Inflammation”) and metabolic
regulations. Oligosaccharides and monosaccharides can also
reduce pathogen colonization by blocking the receptor sites used
by pathogens for attachment to the epithelial cell surface (201).

A large number of microorganisms lives in GI tract, and
it has been reported that there are 1010–1012 microorganisms
in human colon (202). These microorganisms are sustained
by diet components as well as endogenous energy sources
like mucin. In particular, non-digestible components in diets
have influence on composition and function of microorganisms.

These non-digestible dietary substances are used in fermentation
by beneficial microbiota to obtain energy for their survival
(203, 204).

A good prebiotic product should show characteristics of
resistance to acidic pH and enzymes in the gut, resistance
to absorption in the gastrointestinal tract, be fermentable by
intestinal microbiota. They will selectively stimulate the growth
and/or activity of the gut bacteria and improve host’s health
(205, 206). Prebiotics mainly include fructans (inulin and fructo-
oligosaccharide), galacto-oligosaccharides, starch and glucose-
derived oligosaccharides (207, 208). Prebiotics can selectively
influence the gut microbiota. Prebiotics confer their beneficial
effects on host through direct interactions with gut mucosal
tissues or indirectly through gut microbiota Figure 3. Previously,
population of Lactobacilli and Bifidobacteria were the main target
for prebiotics to have beneficial effects (209) but now the list
of targets has been expanded to other health-promoting genera
such as Roseburia spp., Eubacterium spp., Akkermansia spp.,
Christensensella spp., Propionibacterium spp., Faecalibacterium
spp., and Anaerostipes spp. (210, 211). In addition to targeted
groups within the microbiota which can utilize prebiotics
directly, other bacterial groups within the microbiota may
also benefit through process of cross feeding (212–214). For
example, Ruminococcus bromii can degrade resistant starches,
and several other species can utilize the fermentation products
of this reaction (215). Consequently, changes in composition
and metabolites of microbiota lead to impact on host epithelial,
immune, nervous, and endocrine systems and promote health
benefits (212). One of main by-products of bacterial prebiotic
metabolism are the SCFA, acetate, propionate and butyrate,
that are well known to impact host systems and mediate many
prebiotic effects (210). SCFA are small molecules and can pass
through gut epithelial lining and enter blood circulation. Hence,
they can affect gastrointestinal track as well as distant site
organs and systems (216). There is evidence that prebiotics
can directly regulate host in microbe-independent mechanism.
Prebiotic molecules interact directly with host receptors, affecting
epithelial and immune cells signaling pathways and regulate
barrier function and inflammation (217). In this regard, the
immune effector cells become hyporesponsive to activate NF-
κB and mitogen-activated protein kinase (MAPK) after exposure
to oligosaccharides and consequently regulate inflammation via
direct modulation of kinome instead of altering gut microbiota
(1). Human milk oligosaccharides (HMOs) may also interact
directly with host gut epithelial or immune cells for its
immunomodulatory effects (218).

Prebiotics have been shown to reduce enteric and
systemic inflammations. The abundance of Bifidobacteria
and F. prausnitzii along with Bacteroides to Firmicutes ratio
is decreased in intestinal inflammation (219, 220). Prebiotics
like galacto-oligosaccharides (GOS) and fructo-oligosaccharides
(FOS) have been observed to improve microbial profiles by
elevating bifidobacteria and decreasing E. coli (151, 221). The
population of Bifidobacteria was elevated in feces and the anti-
inflammatory function of intestinal dendritic cells was improved
when human subjects were supplemented with 15 g/day FOS
for 3 weeks (222). Supplementation of oligofructose in obese
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TABLE 1 | Important clinical trials showing effects of prebiotics, probiotics and synbiotics on inflammatory conditions.

Study (Ref) Intervention Intervention type Condition Duration Effect of intervention

Bjarnason et al. (188) Probiotic Lactobacillus rhamnosus, Lactobacillus
plantarum, Lactobacillus acidophilus, and

Enterococcus faecium

IBD 4 weeks Decrease in fecal calprotectin
(FCAL)

Andresen et al. (189). Probiotic Heat-inactivated Bifidobacterium bifidum IBS 8 weeks IBS symptoms improved

Ligaarden et al. (192). Probiotic Lactobacillus plantarum IBS 6 weeks IBS symptoms deteriorated

Besselink et al. (193). Probiotic Lactobacillus acidophilus, Lactobacillus casei,
Lactobacillus salivarius, Lactococcus lactis, Bifi

dobacterium bifi dum, and Bifi do-bacterium
lactis

acute
pancreatitis

28 days Increased risk of mortality

Dehghan et al. (229). Prebiotic Oligo fructose enriched inulin T2DM 8 weeks Decrease in IL-12 and IFN-γ

Dehghan et al. (230). Prebiotic Oligo fructose enriched inulin T2DM 8 weeks Decrease in TNF-α and IL-6

van den Berg et al. (231). Prebiotic Fructo-oligosaccharide/Galacto-
oligosaccahride

Preterm
infants

27 days Decrease in TNF-α, IFN-γ, and
IL-1β

Abbas et al. (251). Synbiotic Saccharomyces bourardii + psyllium IBS 12 weeks Decrease in IL-8 and TNF-α

Akram et al. (252) Synbiotic 1 synbiotic capsule T2DM 8 weeks Decrease in CRP, IL-6, TNF-α

Eslamparast et al. (253) Synbiotic L. casei, L. rhamnosus, S. thermophilus, B.
breve, L. acidophilus, B. longum, L. bulgaricus

+ Fructo-oligosaccharide

NAFLD 28 days Decrease in CRP and TNF-α

mice improved gut barrier integrity and systemic and hepatic
inflammation, possibly through a GLP2-dependent mechanism
(223). Supplementation of FOS normalized insulin resistance,
leptin levels, dyslipidemia and osteoarthritis in diet induced
obese rats (224). Inulin alone or in combination with probiotic
or butyrate are beneficial in conditions like UC (225, 226),
obesity (227), and T2DM (228). Clinical studies on effects of
using prebiotics for alleviation of inflammation in inflammatory
conditions have shown favorable results (Table 1). The use
of fructo-oligosaccharide, galacto-oligosaccahride and inulin
reduced inflammatory markers in T2DM patients (229, 230) and
Preterm infants (231).

Prebiotics may fail to provide the expected benefits or even
show opposite outcomes. A double-blind cross-over study
showed that the supplementation of oligofructose at the dose
of 6 g/day for 4 weeks to IBS patients showed no improvement
in symptoms (232). In another randomized, double-blind,
placebo-controlled study, 20 g/day FOS supplementation
failed to improve symptoms in IBS patients (233). Similarly,
supplementations of FOS at rate of 15g/day (234) and
oligofructose-enriched inulin at rate of 20 g/day (235) in
patients with CD did not show significant clinical benefits.
Further, in one study the IBS symptom scores even got worsen
when supplemented with FOS prebiotic (236).

These differences in outcomes of prebiotics could be attributed
to different enterotypes of microbiota in different individuals
(200). Specific prebiotics may be more suitable to present
a health benefit when they are given to individuals with
appropriate baseline microbial configuration. Differences in
the gut microbiome have also been associated to differential
clinical response to prebiotics in terms of stool consistency
(237) in healthy adults and hepatic lipid metabolism in hepatic
steatosis patients (238). In another study the production of
SCFA was compared across FOS, sorghum and arabinoxylan and
it was observed that volunteers with fiber-utilizing Prevotella
dominated microbiota gave equally high response to each

fiber than volunteers with Bacteroides-dominated microbiota
(239). Recent dietary intervention studies with healthy European
subjects pointed to a more beneficial role of a high-fiber diet for
individuals with a Prevotella enterotype than individuals with the
Bacteroides enterotype (240). So, as the enterotypes seem to differ
in their ability to degrade substrates (241), it can be speculated
that metabolic responses of the various enterotypes would be
different and thus affect health outcomes.

Synbiotics
Synbiotics are products that contain both probiotics and
prebiotics, and this mixture is supposed to be more efficient
compared to individual components alone, in terms of gut health
and function (212). The components of the synbiotics may
be complementary or synergistic to each other. These may be
complementary that mechanisms of action of each component
can be independent of each other and both components have
their own demonstrated health benefits. These may be synergistic
in the sense that synbiotics include a fermentable substrate
(prebiotic) for the co-administered live microbe (probiotic),
where the substrate and the microbe may or may not be able
to elicit a health benefit independent of the other, but they have
a proven health benefit in combination (242). Supplementation
with synbiotics is supposed to show a better effect on intestinal
and systemic inflammation than prebiotics or probiotics alone
because of their superior ability to increase SCFA producing
bacteria and providing substrates for their fermentation (243).
SCFA promotes mucosal barrier stabilization, T reg cell
induction, anti-inflammatory cytokines secretion and inhibition
of inflammatory factors (244, 245) (Figure 3).

Synbiotics have been observed in lessening the gut and
systemic inflammation and in some instances, they showed
superior effects over prebiotics and probiotics. For example,
Vu et al. (246) compared effects of prebiotics, probiotics and
synbiotics on obesity-associated colitis and hepatic manifestation
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and observed that prebiotic and probiotic alone did not modulate
inflammatory cell infiltration and inflammatory markers (i.e.,
IL-6 and TNF-α). Similarly, In IBD patients, the preliminary
evidence suggested that synbiotics were more effective than
probiotics or prebiotics alone (247). Yao et al. (248) reported a
role of synbiotics in alleviation of high fat diet-induced hepatic
steatosis, release of TNF-α and decrease in the progression
of cirrhosis. They observed a transcriptional decrease in
inflammatory factors such as lipopolysaccharides, TLR-4 and NF-
κB and improvement in gut integrity and function. Li et al.
(249) reported that synbiotics mediated improvement in the body
weight, epididymal fat index, blood lipid level, and liver function
indexes of mice with diet induced hyperlipidemia. The synergistic
effects were also observed in the mRNA expressions of ZO-1,
occludin, and claudin-1 in the small intestine, strength of the
intestinal barrier, and composition of the intestinal microbiota.
Beneficial effects of synbiotics were also observed in NAFLD
and was proposed as a probable management strategy for
patients with NAFLD (250). Clinical data also supported the use
of synbiotics (Table 1), where synbiotics significantly reduced
inflammatory markers in IBS (251), T2DM (252) and NAFLD
(253) patients.

The synbiotics may fail to show beneficial effects or worsen
the inflammatory conditions. In a meta-analysis conducted by
McLoughlin et al. (254), 10 out of 26 studies in humans indicated
no change in inflammatory biomarkers while 2 other studies
showed an increase in inflammatory parameters. Formulation
of synbiotic ingredients and dosage may be likely factors to
explain conflicting outcomes of these studies in terms of anti-
inflammatory effects of synbiotics.

Effects of Probiotics, Prebiotics and
Synbiotics in Undernutrition/poor Diet
Conditions
One aspect of poor nutrition is undernutrition that leads
to stunting (low height for age), wasting (low weight for
height), underweight (low weight for age) and micronutrient
deficiencies or insufficiencies (a lack of important vitamins and
minerals) (255). Probiotics, prebiotics and synbiotics have been
documented to ameliorate the effects of poor diets in terms
of undernutrition. However, dietary interventions alone may
not be insufficient to comprehensively reduce the burden of
undernutrition. Undernourished children have been observed
with immature, less diverse, and dysbiotic gut microbiota which
might be modified using gut microbiota–targeted nutritional
interventions (256). In a recent systemic review encompassing
studies in low- and middle-income countries, probiotics and
synbiotics were reported to have potential advantages to improve
the growth of undernourished children (257). Similarly, Onubi
et al. (258) concluded in their systemic review that probiotics have
the potential to improve child growth in developing countries
and in under-nourished children. Castro-Mejía et al. (259)
used probiotic strains (L. rhamnosus GG and Bifidobacterium
animalis subsp. lactis BB-12) for restitution of gut microbiota in
Ugandan children with severe acute malnutrition and reported
an advantageous increase in microbial observed species and
reduction in the cumulative incidence of diarrhea during
the outpatient phase. In this context, the effect of prebiotics
in undernourished is not supported by strong experimental
evidence. Heuven et al. (257) found no effect of prebiotics

FIGURE 4 | Overview of the impact of a balance diet versus western diet on gut microbiota and immune system and potential roles of interventions such as
prebiotics, probiotics and synbiotics on microbiota-immune axis. In general, a balance diet modulates gut immune system directly or indirectly through gut
microbiota with a mix of pro- and anti-inflammatory signals so that the immune system stays alert to keep its defenses but also remain tolerant to unnecessary
signals to avoid needless inflammation (A). The pro-inflammatory components in western diet including low-quality fats (trans fatty acids and refined oils), refined
carbohydrates (sugar and refined grains), unhealthy additives, processed red meat and salts directly modulate the immune system or negatively impact gut
microbiota, causing dysbiosis and changes in metabolites leading to a leaky gut. Consequently, the gut immune homeostasis is shifted toward local or systemic
chronic inflammation (B). Different interventions like prebiotics, probiotics and synbiotics can potentially amend dysbiosis and gut barrier integrity by promoting
healthy gut microbiota and conferring their anti-inflammatory effects on immune system to restore gut immune homeostasis (C).
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in low- and middle-Income countries in their systemic review
while Mugambi et al. (260) observed increase in the abundance
of Bifidobacteria and weight gain of full-term healthy infants
in response to prebiotics. The response of healthy children in
comparison with undernourished children might be different
to prebiotics as undernourished children have immature, less
diverse, and dysbiotic gut microbiota (256). In this regard
synbiotics showed improvement in gut microbiota of young
children. Chua et al. (261) used a synbiotic in infants with
a compromised microbiota at birth and observed that the
synbiotic caused earlier colonization of the gut microbiota
by Bifidobacteria. Similarly, Kosuwon et al. (262) reported to
use synbiotic consisting of scGOS/lcFOS and Bifidobacterium
breve M-16V, for increasing abundance of fecal Bifidobacterium
in healthy young children. Another advantage of using this
approach is its practicality, as most prebiotics, probiotics and
synbiotics are inexpensive, flavored, easy to be administered
and available over the counter. Despite the beneficial effects of
these remedies, major disadvantages/limitations of using these
approaches are the possibility of development of resistance as
the bacterial strains used might have the capacity for horizontal
gene transfer of antibiotic resistance genes and inconsistent
results. However, majority of the studies have showed potential of
probiotics, prebiotics and synbiotics in undernourished children.
Nevertheless, more detailed studies in different socioeconomic
conditions are required to support claims for beneficial effects of
these interventions.

STRENGTHS AND LIMITATIONS OF THE
STUDY

This review has examined recent research on food
borne inflammation, involvement of gut microbiota and
immunity in such inflammatory processes, and potential
roles of gut microbiota targeted interventions like prebiotic,
probiotic and synbiotic in amelioration of gut and systemic
inflammatory conditions. However, the present review
did not encompass the effects of several other emerging
microbiome targeted interventions such as parabiotics,
fermented foods, phytochemicals, vitamins, and minerals on gut
and systemic inflammation.

CONCLUSION

Inflammation is the response by host tissues to tackle
endogenous and exogenous dangers. It varies from low grade
subclinical to severe and clinically observable forms with variable
durations. Western diets contain various dietary components
which cause low-grade inflammation in the gut. The dietary
component-induced inflammation may lead to many gut
and ex-gut inflammatory diseases such as IBS, CD, obesity,
T2DM and cardiovascular problems. Gut microbiota remains
in continuous interaction with the host immune system, and
changes in microbial configuration and metabolism have direct
consequences on immune responses as explained in Figure 4.
Foods can be seen as pro- and anti-inflammatory, depending
on the immune response induced. Shifting from Western style
food to Mediterranean or fermented type of food will confer
anti-inflammatory effects on a host but might be a difficult and
less sustainable choice. As a supplemental choice, microbiome-
based interventions such as usage of probiotics, prebiotics
and synbiotics may help in prevention as well as therapy of
inflammatory conditions that are associated with gut dysbiosis
and immune dysregulation. However, caution must be exercised
when using probiotics, prebiotics and synbiotics since there
are reports that show inconsistencies and undesired/opposite
outcomes. Future investigations to develop next generation of
probiotics, prebiotics and synbiotics will help to fill the lacunae
left behind by classical probiotic and prebiotic approaches.
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152. Markowiak P, Śliżewska K. The role of probiotics, prebiotics and synbiotics
in animal nutrition. Gut Pathog. (2018) 10:21. doi: 10.1186/s13099-018-0250-0

153. Bilal M, Si W, Barbe F, Chevaux E, Sienkiewicz O, Zhao X. Effects of novel
probiotic strains of Bacillus pumilus and Bacillus subtilis on production, gut
health, and immunity of broiler chickens raised under suboptimal conditions.
Poult Sci. (2021) 100:100871. doi: 10.1016/j.psj.2020.11.048

154. Bilal M, Achard C, Barbe F, Chevaux E, Ronholm J, Zhao X. Bacillus pumilus
and Bacillus subtilis promote early maturation of cecal microbiota in broiler
chickens. Microorganisms. (2021) 9:1899. doi: 10.3390/microorganisms9091899

155. Wang L, Li L, Lv Y, Chen Q, Feng J, Zhao X. Lactobacillus plantarum
restores intestinal permeability disrupted by Salmonella infection in
newly-hatched chicks. Sci Rep. (2018) 8:2229. doi: 10.1038/s41598-018-20
752-z

156. Wilkins T, Sequoia J. Probiotics for gastrointestinal conditions: a summary of
the evidence. Am Fam Physician. (2017) 96:170–8.

157. Sanchez B, Delgado S, Blanco-Miguez A, Lourenco A, Gueimonde M,
Margolles A. Probiotics, gut microbiota, and their influence on host health and
disease. Mol Nutr Food Res. (2017) 61:1600240.

158. Goldenberg JZ, Yap C, Lytvyn L, Lo CK, Beardsley J, Mertz D, et al. Probiotics
for the prevention of clostridium difficile-associated diarrhea in adults and
children. Cochrane Database Syst Rev. (2017) 12:CD006095.

159. Garrett WS, Gordon JI, Glimcher LH. Homeostasis and inflammation in the
intestine. Cell. (2010) 140:859–70.

160. Klaenhammer TR, Kleerebezem M, Kopp MV, Rescigno M. The impact of
probiotics and prebiotics on the immune system. Nat Rev Immunol. (2012)
12:728–34.

161. Si W, Liang H, Bugno J, Xu Q, Ding X, Yang K, et al. Lactobacillus rhamnosus
GG induces cGAS/STING-dependent type I interferon and improves response to
immune checkpoint blockade. Gut. (2022) 71:521–33. doi: 10.1136/gutjnl-2020-
323426

162. Van Baarlen P, Troost FJ, Van Hemert S, Van der Meer C, de Vos WM,
de Groot PJ, et al. Human mucosal in vivo transcriptome responses to three
lactobacilli indicate how probiotics may modulate human cellular pathways. Proc
Natl Acad Sci USA. (2011) 108:4562–9. doi: 10.1073/pnas.1000079107

163. Van Baarlen P, Troost FJ, van Hemert S, van der Meer C, de Vos WM,
de Groot PJ, et al. Differential NF-κB pathways induction by Lactobacillus
plantarum in the duodenum of healthy humans correlating with immune
tolerance. Proc Natl Acad Sci USA. (2009) 106:2371–6. doi: 10.1073/pnas.
0809919106

164. Bron PA, van Baarlen P, Kleerebezem M. Emerging molecular insights into
the interaction between probiotics and the host intestinal mucosa. Nat Rev
Microbiol. (2011) 10:66–78.

165. Plaza-Diaz J, Ruiz-Ojeda FJ, Gil-Campos M, Gil A. Mechanisms of action of
probiotics. Adv Nutr. (2019) 10:S49–66. doi: 10.1093/advances/nmy063

166. Monteagudo-Mera A, Rastall RA, Gibson GR, Charalampopoulos D,
Chatzifragkou A. Adhesion mechanisms mediated by probiotics and prebiotics
and their potential impact on human health. Appl Microbiol Biotechnol. (2019)
103:6463–72. doi: 10.1007/s00253-019-09978-7

167. Lebeer S, Bron PA, Marco ML, Van Pijkeren J, O’Connell Motherway M, Hill
C, et al. Identification of probiotic effector molecules: present state and future
perspective. Curr Opin Biotechnol. (2018) 49:217–23. doi: 10.1016/j.copbio.2017.
10.007

168. Zoetendal EG, Raes J, van den Bogert B, Arumugam M, Booijink CCGM,
Troost FJ, et al. The human small intestinal microbiota is driven by rapid uptake
and conversion of simple carbohydrates. ISME J. (2012) 6:1415–26. doi: 10.1038/
ismej.2011.212

169. Reid G, Younes JA, Van der Mei HC, Gloor GB, Knight R, Busscher HJ.
Microbiota restoration: natural and supplemented recovery of human microbial
communities. Nat Rev Microbiol. (2011) 9:27–38. doi: 10.1038/nrmicro2473

170. Vanderpool C, Yan F, Polk BD. Mechanisms of probiotic action: implications
for therapeutic applications in inflammatory bowel diseases. Inflamm Bowel Dis.
(2008) 14:1585–96.

171. Yin X, Heeney D, Srisengfa Y, Golomb B, Griffey S, Marco M. Bacteriocin
biosynthesis contributes to the anti-inflammatory capacities of probiotic
Lactobacillus plantarum. Benef Microbes. (2018) 9:333–44. doi: 10.3920/BM2017.
0096

172. Carasi P, Racedo SM, Jacquot C, Elie AM, Serradell ML, Urdaci MC.
Enterococcus durans EP1 a promising anti-inflammatory probiotic able to
stimulate sIgA and to increase Faecalibacterium prausnitzii abundance. Front
Immunol. (2017) 8:88. doi: 10.3389/fimmu.2017.00088

173. Konieczna P, Groeger D, Ziegler M, Frei R, Ferstl R, Shnahan F, et al.
Bifidobacterium infantis 35624 administration induces Foxp3 T regulatory
cells in human peripheral blood: potential role for myeloid and plasmacytoid
dendritic cells. Gut. (2012) 61:354–66. doi: 10.1136/gutjnl-2011-300936

174. Campeotto F, Suau A, Kapel N, Magne F, Viallon V, Ferraris L,
et al. A fermented formula in pre-term infants: clinical tolerance, gut
microbiota, downregulation of faecal calprotectin and up-regulation of
faecal secretory IgA. Br J Nutr. (2011) 22:1–10. doi: 10.1017/S000711451000
5702

175. Natividad JM, Agus A, Planchais J, Lamas B, Jarry AC, Martin R, et al.
Impaired aryl hydrocarbon receptor ligand production by the gut microbiota is
a key factor in metabolic syndrome. Cell Metab. (2018) 28:737–49. doi: 10.1016/
j.cmet.2018.07.001

Frontiers in Nutrition | www.frontiersin.org 18 July 2022 | Volume 9 | Article 931458

https://doi.org/10.1038/nature24628
https://doi.org/10.1186/s40168-018-0433-4
https://doi.org/10.1186/s40168-018-0433-4
https://doi.org/10.3389/fimmu.2018.03160
https://doi.org/10.3389/fimmu.2013.00148
https://doi.org/10.3389/fimmu.2013.00148
https://doi.org/10.1038/nri2378
https://doi.org/10.1038/nri2378
https://doi.org/10.3390/nu7105392
https://doi.org/10.3390/nu7105392
https://doi.org/10.3945/an.112.003210
https://doi.org/10.1016/j.jnutbio.2015.11.010
https://doi.org/10.1002/mnfr.201500524
https://doi.org/10.1016/j.jtemb.2018.02.004
https://doi.org/10.1093/intimm/dxq017
https://doi.org/10.4049/jimmunol.1600410
https://doi.org/10.1016/j.clnu.2016.12.027
https://doi.org/10.3389/fmicb.2019.00739
https://doi.org/10.3390/nu9091021
https://doi.org/10.1186/s13099-018-0250-0
https://doi.org/10.1016/j.psj.2020.11.048
https://doi.org/10.3390/microorganisms9091899
https://doi.org/10.1038/s41598-018-20752-z
https://doi.org/10.1038/s41598-018-20752-z
https://doi.org/10.1136/gutjnl-2020-323426
https://doi.org/10.1136/gutjnl-2020-323426
https://doi.org/10.1073/pnas.1000079107
https://doi.org/10.1073/pnas.0809919106
https://doi.org/10.1073/pnas.0809919106
https://doi.org/10.1093/advances/nmy063
https://doi.org/10.1007/s00253-019-09978-7
https://doi.org/10.1016/j.copbio.2017.10.007
https://doi.org/10.1016/j.copbio.2017.10.007
https://doi.org/10.1038/ismej.2011.212
https://doi.org/10.1038/ismej.2011.212
https://doi.org/10.1038/nrmicro2473
https://doi.org/10.3920/BM2017.0096
https://doi.org/10.3920/BM2017.0096
https://doi.org/10.3389/fimmu.2017.00088
https://doi.org/10.1136/gutjnl-2011-300936
https://doi.org/10.1017/S0007114510005702
https://doi.org/10.1017/S0007114510005702
https://doi.org/10.1016/j.cmet.2018.07.001
https://doi.org/10.1016/j.cmet.2018.07.001
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles


fnut-09-931458 July 16, 2022 Time: 14:30 # 19

Bilal et al. Diet-Induced Inflammation and Microbiota-Targeted Intervention

176. Le Roy T, de Hase EM, Van Hul M, Paquot A, Pelicaen R, Régnier M,
et al. Dysosmobacter welbionis is a newly isolated human commensal bacterium
preventing diet-induced obesity and metabolic disorders in mice. Gut. (2022)
71:534–43. doi: 10.1136/gutjnl-2020-323778

177. Wang K, Liao M, Zhou N, Bao L, Ma K, Zheng Z, et al. Parabacteroides
distasonis alleviates obesity and metabolic dysfunctions via production of
succinate and secondary bile acids. Cell Rep. (2019) 26:222–35. doi: 10.1016/j.
celrep.2018.12.028

178. Grander C, Adolph TE, Wieser V, Lowe P, Wrzosek L, Gyongyosi B, et al.
Recovery of ethanol- induced Akkermansia muciniphila depletion ameliorates
alcoholic liver disease. Gut. (2017) 67:891–901. doi: 10.1136/gutjnl-2016-313432

179. Schroeder BO, Birchenough GMH, Ståhlman M, Arike L, Johansson MEV,
Hansson GC, et al. Bifidobacteria or fiber protects against diet- induced
microbiota- mediated colonic mucus deterioration. Cell Host Microbe. (2018)
23:27–40. doi: 10.1016/j.chom.2017.11.004

180. Von Schillde MA, Hörmannsperger G, Weiher M, Alpert CA, Hahne H,
Bäuerl C, et al. Lactocepin secreted by Lactobacillus exerts anti-inflammatory
effects by selectively degrading proinflammatory chemokines. Cell Host Microbe.
(2012) 11:387–96. doi: 10.1016/j.chom.2012.02.006

181. Yan F, Cao H, Cover TL, Washington MK, Shi Y, Liu L, et al. Colon-
specific delivery of a probiotic derived soluble protein ameliorates intestinal
inflammation in mice through an EGFR-dependent mechanism. J Clin Invest.
(2011) 121:2242–53. doi: 10.1172/JCI44031

182. Grangette C, Nutten S, Palumbo E, Morath S, Hermann C, Dewulf J,
et al. Enhanced anti-inflammatory capacity of a Lactobacillus plantarum mutant
synthesizing modified teichoic acids. Proc Natl Acad Sci USA. (2005) 102:10321–
6. doi: 10.1073/pnas.0504084102

183. Mohamadzadeh M, Pfeiler EA, Brown JB, Zadeh M, Gramarossa M, Managlia
E, et al. Regulation of induced colonic inflammation by Lactobacillus acidophilus
deficient in lipoteichoic acid. Proc Natl Acad Sci USA. (2011) 108:4623–30. doi:
10.1073/pnas.1005066107

184. Fanning S, Hall LJ, Cronin M, Zomer A, MacSharry J, Goulding D, et al.
Bifidobacterial surface exopolysaccharide facilitates commensal-host interaction
through immune modulation and pathogen protection. Proc Natl Acad Sci USA.
(2012) 109:2108–13. doi: 10.1073/pnas.1115621109

185. Hughes KR, Harnisch LC, Alcon-Giner C, Mitra S, Wright CJ, Ketskemety
J, et al. Bifidobacterium breve reduces apoptotic epithelial cell shedding in an
exopolysaccharide and MyD88-dependent manner. Open Biol. (2017) 7:160155.
doi: 10.1098/rsob.160155

186. Machado D, Barbosa JC, Domingos M, Almeida D, Andrade JC, Freitas
AC, et al. Revealing antimicrobial resistance profile of the novel probiotic
candidate Faecalibacterium prausnitzii DSM 17677. Int J Food Microbiol. (2022)
363:109501. doi: 10.1016/j.ijfoodmicro.2021.109501

187. Atarashi K, Tanoue T, Shima T, Imaoka A, Kuwahara T, Momose Y, et al.
Induction of colonic regulatory T cells by indigenous Clostridium species.
Science. (2011) 331:337–41. doi: 10.1126/science.1198469

188. Bjarnason I, Sission G, Hayee B. A randomised, double-blind, placebo-
controlled trial of a multi-strain probiotic in patients with asymptomatic
ulcerative colitis and Crohn’s disease. Inflammopharmacol. (2019) 27:465–73.
doi: 10.1007/s10787-019-00595-4

189. Andresen V, Jürgen G, Peter L. Heat-inactivated Bifidobacterium bifidum
MIMBb75 (SYN-HI-001) in the treatment of irritable bowel syndrome: a
multicentre, randomised, double-blind, placebo-controlled clinical trial. Lancet
Gastroenterol Hepatol. (2020) 5:658–66. doi: 10.1016/S2468-1253(20)30056-X

190. Tsilingiri K, Barbosa T, Penna G, Caprioli F, Sonzogni A, Viale G, et al.
Probiotic and postbiotic activity in health and disease: comparison on a novel
polarised ex-vivo organ culture model. Gut. (2012) 61:1007–15. doi: 10.1136/
gutjnl-2011-300971

191. Mileti E, Matteoli G, Iliev ID, Rescigno M. Comparison of the
immunomodulatory properties of three probiotic strains of lactobacilli
using complex culture systems: prediction for in vivo efficacy. PLoS One. (2009)
4:e7056. doi: 10.1371/journal.pone.0007056

192. Ligaarden SC, Axelsson L, Naterstad K, Lydersen S, Farup PG. A candidate
probiotic with unfavourable effects in subjects with irritable bowel syndrome:
a randomised controlled trial. BMC Gastroenterol. (2010) 10:16. doi: 10.1186/
1471-230X-10-16

193. Besselink MG, van Santvoort HC, Buskens E, Boermeester MA, van Goor
H, Timmerman HM, et al. Probiotic prophylaxis in predicted severe acute

pancreatitis: a randomised, double-blind, placebo-controlled trial. Lancet. (2008)
371:651–9. doi: 10.1016/S0140-6736(08)60207-X

194. Campana R, Van Hemert S, Baone W. Strain-specific probiotic properties
of lactic acid bacteria and their interference with human intestinal pathogens
invasion. Gut Pathog. (2017) 9:12. doi: 10.1186/s13099-017-0162-4

195. Wang L, Hu L, Xu Q, Yin B, Fang D, Wang G, et al. Bifidobacterium
adolescentis exerts strain-specific effects on constipation induced by loperamide
in BALB/c mice. Int J Mol Sci. (2017) 18:318. doi: 10.3390/ijms18020318

196. Veiga P, Suez J, Derrien M, Elinav E. Moving from probiotics to precision
probiotics. Nat Microbiol. (2020) 5:878–80. doi: 10.1038/s41564-020-0721-1

197. Montassier E, Valdés-Mas R, Batard E, Zmora N, Dori-Bachash M, Suez J,
et al. Probiotics impact the antibiotic resistance gene reservoir along the human
GI tract in a person-specific and antibiotic-dependent manner. Nat Microbiol.
(2021) 6:1043–54. doi: 10.1038/s41564-021-00920-0

198. Zmora N, Zilberman-Schapira G, Suez J, Mor U, Dori-Bachash M, Bashiardes
S, et al. Personalized gut mucosal colonization resistance to empiric probiotics is
associated with unique host and microbiome features. Cell. (2018) 174:1388–405.
doi: 10.1016/j.cell.2018.08.041

199. Maldonado-Gómez MX, Martínez I, Bottacini F, O’Callaghan A, Ventura M,
van Sinderen D, et al. Stable engraftment of Bifidobacterium longum AH1206 in
the human gut depends on individualized features of the resident microbiome.
Cell Host Microbe. (2016) 20:515–26. doi: 10.1016/j.chom.2016.09.001

200. Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, Mende DR,
et al. Enterotypes of the human gut microbiome. Nature. (2011) 473:174–80.
doi: 10.1038/nature09944

201. Pourabedin M, Zhao X. Prebiotics and gut microbiota in chickens. FEMS
Microbiol Lett. (2015) 362:122. doi: 10.1093/femsle/fnv122

202. Collins S, Reid G. Distant site effects of ingested prebiotics. Nutrients. (2016)
8:523. doi: 10.3390/nu8090523

203. Gibson GR, Probert HM, Van Loo J, Rastall RA, Roberfroid MB. Dietary
modulation of the human colonic microbiota: updating the concept of prebiotics.
Nutr Res Rev. (2004) 17:259–75. doi: 10.1079/NRR200479

204. Glenn G, Roberfroid M. Dietary modulation of the human colonic
microbiota: introducing the concept of prebiotics. J Nutr. (1995) 125:1401–12.

205. Valcheva R, Dieleman LA. Prebiotics: definition and protective mechanisms.
Best Pract Res Clin Gastroenterol. (2016) 30:27–37.

206. Gibson GR, Scott KP, Rastall RA, Tuohy KM, Hotchkiss A, Dubert-
Ferrandon A, et al. Dietary prebiotics: current status and new definition. Food
Sci Technol Bull Funct Foods. (2010) 7:1–19.

207. Davani-Davari D, Negahdaripour M, Karimzadeh I, Seifan M, Mohkam
M, Masoumi SJ, et al. Prebiotics: definition, types, sources, mechanisms,
and clinical applications. Foods. (2019) 8:92. doi: 10.3390/foods803
0092

208. Mano MCR, Neri-Numa IA, da Silva JB, Paulino BN, Pessôa MG, Pastore
GM. Oligosaccharide biotechnology: an approach of prebiotic revolution on the
industry. Appl Microbiol Biotechnol. (2019) 102:17–37. doi: 10.1007/s00253-017-
8564-2

209. Louis P, Flint HJ, Michel C. How to manipulate the microbiota: prebiotics.
Adv Exp Med Biol. (2016) 902:119–42.

210. Blaak EE, Canfora EE, Theis S, Frost G, Groen AK, Mithieux G, et al. Short
chain fatty acids in human gut and metabolic health. Benefic Microbes. (2020)
11:411–55. doi: 10.3920/BM2020.0057

211. Le Bastard Q, Chapelet G, Javaudin F, Lepelletier D, Batard E, Montassier
E. The effects of inulin on gut microbial composition: a systematic review of
evidence from human studies. Eur J Clin Microbiol Infect Dis. (2020) 39:403–13.
doi: 10.1007/s10096-019-03721-w

212. Gibson GR, Hutkins R, Sanders ME, Prescott SL, Reimer RA, Salminen SJ,
et al. Expert consensus document: the international scientific association for
probiotics and prebiotics (ISAPP) consensus statement on the definition and
scope of prebiotics. Nat Rev Gastroenterol Hepatol. (2017) 14:491–502. doi: 10.
1038/nrgastro.2017.75

213. Belenguer A, Duncan SH, Calder AG, Holtrop G, Louis P, Lobley
GE, et al. Two routes of metabolic cross-feeding between Bifidobacterium
adolescentis and butyrate- producing anaerobes from the human gut.
Appl Environ Microbiol. (2006) 72:3593–9. doi: 10.1128/AEM.72.5.3593-3599.
2006

214. Falony G, Vlachou A, Verbrugghe K, De Vuyst L. Cross-feeding between
bifidobacterium longum bb536 and acetate-converting, butyrate-producing

Frontiers in Nutrition | www.frontiersin.org 19 July 2022 | Volume 9 | Article 931458

https://doi.org/10.1136/gutjnl-2020-323778
https://doi.org/10.1016/j.celrep.2018.12.028
https://doi.org/10.1016/j.celrep.2018.12.028
https://doi.org/10.1136/gutjnl-2016-313432
https://doi.org/10.1016/j.chom.2017.11.004
https://doi.org/10.1016/j.chom.2012.02.006
https://doi.org/10.1172/JCI44031
https://doi.org/10.1073/pnas.0504084102
https://doi.org/10.1073/pnas.1005066107
https://doi.org/10.1073/pnas.1005066107
https://doi.org/10.1073/pnas.1115621109
https://doi.org/10.1098/rsob.160155
https://doi.org/10.1016/j.ijfoodmicro.2021.109501
https://doi.org/10.1126/science.1198469
https://doi.org/10.1007/s10787-019-00595-4
https://doi.org/10.1016/S2468-1253(20)30056-X
https://doi.org/10.1136/gutjnl-2011-300971
https://doi.org/10.1136/gutjnl-2011-300971
https://doi.org/10.1371/journal.pone.0007056
https://doi.org/10.1186/1471-230X-10-16
https://doi.org/10.1186/1471-230X-10-16
https://doi.org/10.1016/S0140-6736(08)60207-X
https://doi.org/10.1186/s13099-017-0162-4
https://doi.org/10.3390/ijms18020318
https://doi.org/10.1038/s41564-020-0721-1
https://doi.org/10.1038/s41564-021-00920-0
https://doi.org/10.1016/j.cell.2018.08.041
https://doi.org/10.1016/j.chom.2016.09.001
https://doi.org/10.1038/nature09944
https://doi.org/10.1093/femsle/fnv122
https://doi.org/10.3390/nu8090523
https://doi.org/10.1079/NRR200479
https://doi.org/10.3390/foods8030092
https://doi.org/10.3390/foods8030092
https://doi.org/10.1007/s00253-017-8564-2
https://doi.org/10.1007/s00253-017-8564-2
https://doi.org/10.3920/BM2020.0057
https://doi.org/10.1007/s10096-019-03721-w
https://doi.org/10.1038/nrgastro.2017.75
https://doi.org/10.1038/nrgastro.2017.75
https://doi.org/10.1128/AEM.72.5.3593-3599.2006
https://doi.org/10.1128/AEM.72.5.3593-3599.2006
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org/
https://www.frontiersin.org/journals/nutrition#articles


fnut-09-931458 July 16, 2022 Time: 14:30 # 20

Bilal et al. Diet-Induced Inflammation and Microbiota-Targeted Intervention

colon bacteria during growth on oligofructose. Appl Environ Microbiol. (2006)
72:7835–41. doi: 10.1128/AEM.01296-06

215. Ze X, Duncan SH, Louis P, Flint HJ. Ruminococcus bromii is a keystone
species for the degradation of resistant starch in the human colon. ISME J. (2012)
6:1535–43. doi: 10.1038/ismej.2012.4

216. Den Besten G, van Eunen K, Groen AK, Venema K, Reijngoud DJ, Bakker
BM. The role of short-chain fatty acids in the interplay between diet, gut
microbiota, and host energy metabolism. J Lipid Res. (2013) 54:2325–40. doi:
10.1194/jlr.R036012

217. Brosseau C, Selle A, Palmer DJ, Prescott SL, Barbarot S, Bodinier M.
Prebiotics: mechanisms and preventive effects in allergy. Nutrients. (2019)
11:1841. doi: 10.3390/nu11081841

218. Triantis V, Bode L, van Neerven RJJ. Immunological effects of human milk
oligosaccharides. Front Pediatr. (2018) 6:190. doi: 10.3389/fped.2018.00190

219. Wilson B, Whelan K. Prebiotic inulin-type fructans and galacto-
oligosaccharides: definition, specificity, function, and application in
gastrointestinal disorders. J Gastroenterol Hepatol. (2017) 32:64–8.
doi: 10.1111/jgh.13700

220. Whelan K. Mechanisms and effectiveness of prebiotics in modifying the
gastrointestinal microbiota for the management of digestive disorders. Proc Nutr
Soc. (2013) 72:288–98.

221. Musilova S, Rada V, Marounek M, Nevoral J, Duskova D, Bunesova V,
et al. Prebiotic effects of a novel combination of galactooligosaccharides and
maltodextrins. J Med Food. (2015) 18:685–9. doi: 10.1089/jmf.2013.0187

222. Lindsay JO, Whelan K, Stagg AJ, Gobin P, Al-Hassi HO, Rayment N, et al.
Clinical, microbiological, and immunological effects of fructo-oligosaccharide
in patients with Crohn’s disease. Gut. (2006) 55:348–55. doi: 10.1136/gut.2005.
074971

223. Cani PD, Possemiers S, Van de Wiele T, Guiot Y, Everard A, Rottier O,
et al. Changes in gut microbiota control inflammation in obese mice through
a mechanism involving GLP-2-driven improvement of gut permeability. Gut.
(2009) 58:1091–103. doi: 10.1136/gut.2008.165886

224. Rios JL, Bomhof MR, Reimer RA, Hart DA, Collins KH, Herzog W.
Protective effect of prebiotic and exercise intervention on knee health in a rat
model of diet-induced obesity. Sci Rep. (2019) 9:3893. doi: 10.1038/s41598-019-
40601-x

225. Plaza-Diaz J, Ruiz-Ojeda FJ, Vilchez-Padial LM, Gil A. Evidence of the anti-
inflammatory effects of probiotics and synbiotics in intestinal chronic diseases.
Nutrients. (2017) 9:555.

226. Leenen CH, Dieleman LA. Inulin and oligofructose in chronic inflammatory
bowel disease. J Nutr. (2007) 137:2572S–5S.

227. Nicolucci AC, Hume MP, Martinez I, Mayengbam S, Walter J, Reimer RA.
Prebiotics reduce body fat and alter intestinal microbiota in children who are
overweight or with obesity. Gastroenterology. (2017) 153:711–22.

228. Roshanravan N, Mahdavi R, Alizadeh E, Jafarabadi MA, Hedayati M,
Ghavami A, et al. Effect of butyrate and inulin supplementation on glycemic
status, lipid profile and glucagon-like peptide 1 level in patients with type 2
diabetes: a randomized double-blind, placebo-controlled trial. Horm Metab Res.
(2017) 49:886–91. doi: 10.1055/s-0043-119089

229. Dehghan P, Farhangi MA, Tavakoli F, Aliasgarzadeh A, Akbari AM. Impact
of prebiotic supplementation on T-cell subsets and their related cytokines,
anthropometric features and blood pressure in patients with type 2 diabetes
mellitus: a randomized placebo-controlled trial. Complement Ther Med. (2016)
24:96–102. doi: 10.1016/j.ctim.2015.12.010

230. Dehghan P, Gargari BP, Jafar-Abadi MA, Aliasgharzadeh A. Inulin controls
inflammation and metabolic endotoxemia in women with type 2 diabetes
mellitus: a randomized-controlled clinical trial. Int J Food Sci Nutr. (2014)
65:117–23.

231. van den Berg JP, van Zwieteren N, Westerbeek EAM, Garssen J, van Elburg
RM. Neonatal modulation of serum cytokine profiles by a specific mixture
of anti-inflammatory neutral and acidic oligosaccharides in preterm infants.
Cytokine. (2013) 64:188–95. doi: 10.1016/j.cyto.2013.07.002

232. Hunter J, Tuffnell Q, Lee A. Controlled trial of oligofructose in the
management of irritable bowel syndrome. J Nutr. (1999) 129:1451S–3S. doi:
10.1093/jn/129.7.1451S

233. Olesen M, Gudmand-Høyer E. Efficacy, safety, and tolerability of
fructooligosaccharides in the treatment of irritable bowel syndrome. Am J Clin
Nutr. (2000) 72:1570–5. doi: 10.1093/ajcn/72.6.1570

234. Benjamin JL, Hedin CR, Koutsoumpas A, Ng SC, McCarthy NE, Hart
AL, et al. Randomised, double-blind, placebo-controlled trial of fructo-
oligosaccharides in active Crohn’s disease. Gut. (2011) 60:923–9. doi: 10.1136/
gut.2010.232025

235. Joossens M, De Preter V, Ballet V, Verbeke K, Rutgeerts P, Vermeire S.
Effect of oligofructose-enriched inulin (of-in) on bacterial composition and
disease activity of patients with Crohn’s disease: results from a double-blinded
randomised controlled trial. Gut. (2011) 61:958. doi: 10.1136/gutjnl-2011-
300413

236. Skodje GI, Sarna VK, Minelle IH, Rolfsen KL, Muir JG, Gibson PR, et al.
Fructan, rather than gluten, induces symptoms in patients with self-reported
non-Celiac gluten sensitivity. Gastroenterology. (2018) 154:529–39.

237. Reider SJ, Moosmang S, Tragust J, Trgovec-Greif L, Tragust S, Perschy L,
et al. Prebiotic effects of partially hydrolyzed guar gum on the composition and
function of the human microbiota-results from the PAGODA trial. Nutrients.
(2020) 12:1257. doi: 10.3390/nu12051257

238. Rodriguez J, Hiel S, Neyrinck AM, Le Roy T, Pötgens SA, Leyrolle Q,
et al. Discovery of the gut microbial signature driving the efficacy of prebiotic
intervention on liver steatosis. Acta Gastro Enterol Belg. (2020) 83:A35. doi:
10.1136/gutjnl-2019-319726

239. Chen T, Long W, Zhang C, Liu S, Zhao L, Hamaker BR. Fiber-utilizing
capacity varies in Prevotella versus Bacteroides-dominated gut microbiota. Sci
Rep. (2017) 7:2594. doi: 10.1038/s41598-017-02995-4

240. Matusheski N, Caffrey A, Christensen L, Mezgec S, Surendran S, Hjorth M,
et al. Diets, nutrients, genes and the microbiome: recent advances in personalised
nutrition. Br J Nutr. (2021) 126:1489–97. doi: 10.1017/S0007114521000374

241. Costea PI, Hildebrand F, Arumugam M, Bäckhed F, Blaser MJ, Bushman FD,
et al. Enterotypes in the landscape of gut microbial community composition. Nat
Microbiol. (2018) 3:8–16. doi: 10.1038/s41564-017-0072-8

242. Swanson KS, Gibson GR, Hutkins R, Reimer RA, Reid G, Verbeke K,
et al. The international scientific association for probiotics and prebiotics
(ISAPP) consensus statement on the definition and scope of synbiotics. Nat Rev
Gastroenterol Hepatol. (2020) 17:687–701. doi: 10.1038/s41575-020-0344-2

243. de Vrese M, Schrezenmeir J. Probiotics, prebiotics, and synbiotics. Adv
Biochem Eng Biotechnol. (2008) 111:1–66.

244. Ratajczak W, Rył A, Mizerski A, Walczakiewicz K, Sipak O, Laszczyńska M.
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