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Editorial

Special Issue “Molecular Mechanisms of Bioactive Nutrients
Promoting Health Through Gut Microbiota 2.0”
Matteo Bordiga 1 and Baojun Xu 2,*

1 Department of Pharmaceutical Sciences, Università degli Studi del Piemonte Orientale “A. Avogadro”,
Largo Donegani 2, 28100 Novara, Italy; matteo.bordiga@uniupo.it

2 Food Science and Technology Program, Department of Life Sciences, BNU-HKBU United International
College, Zhuhai 519087, China

* Correspondence: baojunxu@uic.edu.cn; Tel.: +86-756-3620636

This Special Issue of the International Journal of Molecular Sciences focuses on the highly
relevant and rapidly developing topic of gut microbiota research. As the articles within
this collection highlight, the human gut microbiota plays a critical role in human health.
Dietary intake directly influences gut microbiota composition, and the resulting changes in
gut metabolites can have profound effects on the host. This Special Issue brings together
the latest findings on the intricate relationship between bioactive food components, gut
microbiota, colon health, and chronic metabolic diseases.

The gut microbiota is a complex ecosystem composed of trillions of microorganisms,
including bacteria, archaea, fungi, and viruses. These microbes play essential roles in
digestion, nutrient absorption, immune function, and even mental health. Importantly, the
composition of the gut microbiota is not static; it is constantly changing in response to diet,
lifestyle factors, and medications.

A growing body of research suggests that bioactive components derived from dietary
sources can be harnessed to modify gut microbiota composition and promote health.
These bioactive components include phytochemicals (naturally occurring plant chemicals)
and complex carbohydrates. However, the exact mechanisms by which these dietary
components influence gut microbiota metabolism and how these changes affect human
health remain unclear.

This Special Issue features a selection of articles that address these critical gaps in our
knowledge. For instance, the article by Velderrain-Armenta et al. investigates the combined
effects of Bifidobacterium longum and Chlorella sorokiniana on the antiviral cellular immune
response [1]. Their findings suggest that this combination may be effective in boosting the
immune system and protecting against rotavirus infection.

In another article by Mollace et al. explores the potential of bergamot polyphenolic extract
combined with albedo and pulp fibers to counteract changes in gut microbiota associated
with a high-fat diet [2]. Their study suggests that this combination may help to improve gut
health and metabolic profiles in individuals with high-fat diet-induced dyslipidemia.

The article by Kato et al. takes a more holistic approach, examining the integrated
multi-omics effects of fructo-oligosaccharide (FOS) supplementation on the human gut
ecosystem [3]. Their findings highlight the significant inter-individual variability in re-
sponse to FOS supplementation, suggesting the need for personalized approaches to
prebiotic consumption.

Int. J. Mol. Sci. 2025, 26, 1081 https://doi.org/10.3390/ijms26031081
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Moving beyond the gut, Liu et al. explore the potential of egg-derived peptides to
prevent obesity in a mouse model [4]. Their study suggests that these peptides may help to
reduce lipid deposition and reprogram gut microbiota, ultimately leading to weight loss
and improved metabolic health.

The complex interplay between diet, gut microbiota, and mental health is the focus of
the article by Randeni and Xu [5], in which they review the latest evidence on how dietary
components can influence gut microbiota composition and function, thereby impacting
mood and reducing the risk of depression.

Randeni et al. also contribute another article to this Special Issue, this time exploring
the triangular relationship between diet, gut microbiota, and inflammation [6]. Chronic
inflammation is a key factor in many diseases, and this review highlights the potential of
dietary interventions to modulate gut microbiota composition and reduce inflammation.

The article by Rodríguez-Daza and de Vos focuses on the role of dietary polyphenols in
promoting the growth of Akkermansia muciniphila, a beneficial gut bacterium associated with
improved gut health and metabolic function [7]. Their review explores the mechanisms by
which polyphenols may exert these effects and the potential therapeutic implications.

Finally, Santhiravel et al. discuss the impact of plant phytochemicals on the gut
microbiota [8], highlighting the potential of these bioactive compounds to modify gut
microbiota composition and promote human health.

In conclusion, this Special Issue of the International Journal of Molecular Sciences pro-
vides a comprehensive overview of the latest research on the interplay between bioactive
nutrients, gut microbiota, inflammation [9], and human health [10]. The research contribu-
tions to this Special Issue highlight the vast potential of dietary interventions to modulate
gut microbiota composition and promote health. As our understanding of this complex
ecosystem continues to grow, we can expect to see the development of novel therapeutic
strategies for a wide range of chronic diseases.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Velderrain-Armenta, F.; González-Ochoa, G.; Tamez-Guerra, P.; Romero-Arguelles, R.; Romo-Sáenz, C.I.; Gomez-Flores, R.; Flores-

Mendoza, L.; Icedo-García, R.; Soñanez-Organis, J.G. Bifidobacterium longum and Chlorella sorokiniana combination modulates
IFN-γ, IL-10, and SOCS3 in rotavirus-infected cells. Int. J. Mol. Sci. 2024, 25, 5514. [CrossRef] [PubMed]

2. Mollace, R.; Macrì, R.; Nicita, M.; Musolino, V.; Gliozzi, M.; Carresi, C.; Bava, I.; Maiuolo, J.; Tavernese, A.; Cardamone, A.; et al.
Bergamot polyphenolic extract combined with albedo and pulp fibres counteracts changes in gut microbiota associated with
high-fat diet: Implications for lipoprotein size re-arrangement. Int. J. Mol. Sci. 2023, 24, 12967. [CrossRef] [PubMed]

3. Kato, T.; Kagawa, M.; Suda, W.; Tsuboi, Y.; Inoue-Suzuki, S.; Kikuchi, J.; Hattori, M.; Ohta, T.; Ohno, H. Integrated multi-omics
analysis reveals differential effects of fructo-oligosaccharides (FOS) supplementation on the human gut ecosystem. Int. J. Mol. Sci.
2022, 23, 11728. [CrossRef] [PubMed]

4. Liu, Z.; Ding, S.; Jiang, H.; Fang, J. Egg protein transferrin-derived peptides Irw (Lle-Arg-Trp) and Iqw (Lle-Gln-Trp) prevent
obesity mouse model induced by a high-fat diet via reducing lipid deposition and reprogramming gut microbiota. Int. J. Mol. Sci.
2022, 23, 11227. [CrossRef] [PubMed]

5. Randeni, N.; Xu, B. Critical review of the cross-links between dietary components, the gut microbiome, and depression. Int. J.
Mol. Sci. 2025, 26, 614. [CrossRef] [PubMed]

6. Randeni, N.; Bordiga, M.; Xu, B. A comprehensive review of the triangular relationship among diet-gut microbiota-inflammation.
Int. J. Mol. Sci. 2024, 25, 9366. [CrossRef] [PubMed]

7. Rodríguez-Daza, M.C.; de Vos, W. Polyphenols as drivers of a homeostatic gut microecology and immuno-metabolic traits of
Akkermansia muciniphila: From mouse to man. Int. J. Mol. Sci. 2023, 24, 45. [CrossRef] [PubMed]

8. Santhiravel, S.; Bekhit, A.E.-D.A.; Mendis, E.; Jacobs, J.L.; Dunshea, F.R.; Rajapakse, N.; Ponnampalam, E.N. The impact of plant
phytochemicals on the gut microbiota of humans for a balanced life. Int. J. Mol. Sci. 2022, 23, 8124. [CrossRef] [PubMed]

2



Int. J. Mol. Sci. 2025, 26, 1081

9. Ma, Z.; Du, B.; Li, J.; Yang, Y.; Zhu, F. An insight into anti-inflammatory activities and inflammation related diseases of
anthocyanins: A review of both in vivo and in vitro investigations. Int. J. Mol. Sci. 2021, 22, 11076. [CrossRef] [PubMed]
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Review

Critical Review of the Cross-Links Between Dietary
Components, the Gut Microbiome, and Depression
Nidesha Randeni and Baojun Xu *

Food Science and Technology Program, Department of Life Sciences, BNU-HKBU United International College,
Zhuhai 519087, China; nidesha.randeni96@gmail.com
* Correspondence: baojunxu@uic.edu.cn; Tel.: +86-756-3620636

Abstract: The complex relationship between diet, the gut microbiota, and mental health,
particularly depression, has become a focal point of contemporary research. This critical
review examines how specific dietary components, such as fiber, proteins, fats, vitamins,
minerals, and bioactive compounds, shape the gut microbiome and influence microbial
metabolism in order to regulate depressive outcomes. These dietary-induced changes in the
gut microbiota can modulate the production of microbial metabolites, which play vital roles
in gut–brain communication. The gut–brain axis facilitates this communication through
neural, immune, and endocrine pathways. Alterations in microbial metabolites can influ-
ence central nervous system (CNS) functions by impacting neuroplasticity, inflammatory
responses, and neurotransmitter levels—all of which are linked to the onset and course
of depression. This review highlights recent findings linking dietary components with ben-
eficial changes in gut microbiota composition and reduced depressive symptoms. We also
explore the challenges of individual variability in responses to dietary interventions and
the long-term sustainability of these strategies. The review underscores the necessity for
further longitudinal and mechanistic studies to elucidate the precise mechanisms through
which diet and gut microbiota interactions can be leveraged to mitigate depression, paving
the way for personalized nutritional therapies.

Keywords: diet; gut health; dietary patterns; mental health; neurotransmitters

1. Introduction
The intricate relationship between diet, the gut microbiome, and mental health has

emerged as a focal point in contemporary biomedical research. This triad of components
is the basis of the gut–brain axis—the bidirectional communication network between the
enteric nervous system (ENS) and the CNS that “talks” back and forth and integrates
information from the gut and the brain to regulate bodily functions and mental health. The
gut–brain axis encompasses several different pathways (immunological, hormonal, and
neurological), all contributing to GI functions and the mental state of individuals [1].

Dietary influences play a major role in shaping the gut microbiome—the ecological
community of billions of microorganisms residing within the gastrointestinal (GI) tract [2].
These microbes are not only present passively but also play active roles in several physiolog-
ical processes, like the modulation of immune response, production of neurotransmitters,
and even synthesis of some essential metabolites. There are several kinds of dietary inter-
vention that cause changes in the diversity and composition of the gut microbiota [3], with
some foods being more beneficial for enhancing certain bacterial groups while others cause
an imbalance called dysbiosis, which is known to be associated with several diseases [4].

Int. J. Mol. Sci. 2025, 26, 614 https://doi.org/10.3390/ijms26020614
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Research on depression, which is a widespread and debilitating mental disorder, has
revealed that changes in the gut–brain axis may be implicated in the condition. There
is a growing body of evidence indicating that gut microbiota may influence functions of
the brain and behaviors through the synthesis of neuroactive substances, changes in the
immune response, and the modification of the integrity of the gut barrier. All these factors
are important and contribute to the understanding of the disease mechanisms underlying
depression, as well as providing new approaches for treatment by manipulating the gut
microbiome [5].

The objective of this review is to conduct an integral and objective survey of all litera-
ture available on the links connecting depression, gut microbiota, and diet. In particular,
we will elucidate the mechanisms within the gut–brain axis—particularly focusing on
neurotransmitter production, immune response, and microbial byproduct composition—
that we hypothesize can explain how dietary interventions can modify gut microbiota to
improve mental health. This review will be framed within the context of recent advances
in the field, highlighting key studies and identifying gaps in the knowledge that warrant
further investigation.

2. Gut Microbiome and Depression
2.1. Composition and Function of the Gut Microbiome

The gut microbiome comprises numerous microorganisms that play critical roles
within the host. The gut microbiota is dominated by bacteria, with the majority belonging
to four dominant phyla: Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria [6]. These
phyla are interconnected to form a microbial community, which is considered unique for
each species in the community because of the effects of the host’s genetics, diet, age, geog-
raphy, and lifestyle [7]. Firmicutes is the major phylum of the gut microbiome and contain
several families, such as Lactobacillaceae, Clostridiaceae, and Ruminococcaceae. Microorgan-
isms belonging to Firmicutes are critical for the fermentation of complex plant materials
into SCFAs such as butyrate, which has been shown to possess anti-inflammatory prop-
erties while also supporting the health of intestinal tissues [8]. In particular, Bacteroidetes,
including species from the genus Bacteroides, is involved in the breakdown of protein and
polysaccharide complexes in the gut into smaller units for utilization by the host and other
microbes. These organisms are important for the fermentation of carbohydrates and the
production of SCFAs important for metabolic health, such as acetate and propionate [9].
While members of the Actinobacteria phylum, such as Bifidobacterium, are quite common in
the gut microbiome of young children, this group is also significant in adult microbiomes.
Bifidobacterium species include patented probiotic products that have effects on the immune
system and prevent the colonization of the gut by pathogenic organisms [10]. Although
not as abundant as the other major phyla, Proteobacteria comprises Escherichia, Salmonella,
and Helicobacter species that play a role in the gut. Whereas some Proteobacteria are non-
pathogenic members of the skin microbiota, others are opportunistic pathogens that cause
dysbiosis at elevated population densities. Proteobacteria species promote inflammation
and can be upregulated in diseases such as IBD [11].

In addition to bacteria, the gut microbiome also includes archaea, viruses, fungi, and
protozoa [12]. One of the archaea species is Methanobrevibacter smithii, involved in methane
production, and some others are involved in specific digestive processes. Many of the
components of gut virome are bacteriophages, viruses that infect bacteria and that function
as population control agents. Although they are fewer in number, fungi are also involved
in maintaining gut health, but when they start to proliferate, problems occur, as seen in
Candida dysbiosis [13].

5
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Every organism in an individual microbiome is connected with the other organisms to
form associations that are considered significant for the host organism’s health status. The
proportion of these microbial communities is essential because the disruption of the balance
of the microbiome, known as dysbiosis, is associated with many diseases, for instance,
metabolic, autoimmune, and psychiatric disorders.

2.2. Gut Microbiome Dysbiosis and Depression

The connection between depression and gut microbiome dysbiosis is a topic that
has garnered progressively increasing scientific attention concerning its usefulness in
explaining how imbalances in the microbial populations in the human gut can cause
mental health disorders. Dysbiosis is defined as a reduction in beneficial bacteria (for
example, Bifidobacterium and Lactobacillus) and an increase in potentially pathological
bacteria (some strains of Proteobacteria and Clostridia) [14]. This imbalance can disrupt the
integrity of the intestinal barrier, promote immune activation, and create a state of low-
grade inflammation, which is believed to affect depressive-like behavior via bidirectional
communication between the gut and the brain (Figure 1).
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This is supported by one of the effects of dysbiosis, in which dysbiosis triggers the
hypothalamic–pituitary–adrenal (HPA) axis, which is very crucial in the stress response
pathway. An imbalance in microbiota results in enhanced permeability of the intestinal
barrier, or “leaky gut”, and causes the liberation of bacterial endotoxins such as lipopolysac-
charide (LPS). These endotoxins act as immunostimulants, thus increasing the production
of pro-inflammatory cytokines. These cytokines appear to modulate neurotransmitter
function and neural plasticity, both factors related to mood regulation [15]. The dysbiotic
gut also impacts the levels of neuroactive metabolites that function in the brain. A healthy
gut microbiota synthesizes hormones, including serotonin precursors and SCFAs such
as butyrate, necessary for modulating brain health. An ideal microbiome makes up to
90% of the body’s serotonin, which is responsible for mood. These metabolites include

6



Int. J. Mol. Sci. 2025, 26, 614

SCFAs, the production of which decreases in dysbiosis—a state that interferes with these
neurotransmitter pathways and influences the development and severity of depression [16].
In addition, dysbiosis is linked with the overproduction of reactive oxygen species (ROS),
which influence inflammatory processes in the gut and within the brain. Furthermore, an
imbalance in the gut microbiota may affect neurogenesis, causing a decline in the genera-
tion of neurons in the hippocampal part of the brain [17]. In particular, the data also imply
that dysbiosis affects the endocannabinoid system, regulating such processes as emotions,
stress, and anxiety. Some of the gut microbiota directly modulate endocannabinoid tone,
affecting the brain and mood. This homeostasis is imbalanced in dysbiosis, with possible
dysregulation of mood and increased levels of depressive symptoms [18]. With depressive-
like behavior, experiments on in vivo serotonin, dopamine, norepinephrine, 5-HIAA, 3-MT,
HVA, and MHPG metabolic reduction have revealed a gut microbiota shift [19]. Over-
all, gut microbiota imbalance plays a role in the disruption of the anti-inflammatory and
anti-neurotoxic milieu; it participates in mood regulation through numerous processes.
Knowing this connection means there are new options for the use of dietary and probiotic
interventions targeting the restoration of normal gut microbiota, possibly for the prevention
and treatment of depression.

Diet is the main factor associated with dysbiosis. It is worth noting that the human gut
microbiome is very dynamic and sensitive to the types of foods eaten, where various diets
and types of foods support the growth of particular microbial communities. A diet rich
in fiber helps in the growth of friendly bacteria that produce SCFAs, which are important
in gut health and immune defense [20]. On the other hand, the Western diet, associated
with the high consumption of saturated fats and sugars, can have negative health effects
that translate to an increase in inflammation-promoting bacteria and a decrease in human
bacterial counts, otherwise known as dysbiosis [21]. This imbalance can disrupt the gut
barrier function, allowing for the translocation of microbial products into the bloodstream
and triggering systemic inflammation. Further, low nutrient density, as found in foods
with few vitamins and minerals, affects microbial metabolism and decreases the synthesis
of important metabolites that are beneficial for host physiology [2]. In contrast, the oral
intake of red ginseng lowered the levels of depression in mice and stabilized changes in the
gut microbiota during anxiety and depression [22]. In this regard, the type and contents of
food consumed decide the nature of the gut microbiota, and a substandard diet tends to
create dysbiosis and result in various health complications, including metabolic disease,
inflammation, and other mental health disorders such as depression.

2.3. The Gut–Brain Axis

The gut–brain axis is a two-way communication system connecting the CNS with the
ENS through neural, hormonal, and immune system messengers. This bidirectional system
is capable of coordinating messaging between the brain and GI system and, therefore,
has a significant effect on the physical and psychological well-being of the body [23].
Specifically, it has been found that the gut microbiota and its bidirectional communication
with the brain affect mood [24], mental health, decision-making [24], and even preference
for sweetness [25]. Factors such as the ability of the gut microbiota to use the host and
influence it to act in a manner favorable for the microbiota via reliance or local manipulation
seem probable. In this case, the ways the host perceives and activates their brain and body
may be modulated by gut flora “by force”.

The vagus nerve is believed to be the primary neural pathway in the gut–brain axis,
mediating communications between the brain and the gut. It plays an important role in
digestion, mood, and controlling inflammation [26]. The gut sensory neurons communicate
through enteric nerves about the state of the gut to the brain, while motor neurons carry
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signals from the brain to the gut for the purpose of motility and secretion processes [5].
Furthermore, the ENS, also known as the “second brain”, consists of a massive network of
neurons operating largely independently from the CNS, though modulated by it via the
vagus nerve and other autonomic pathways [27] (Figure 2). Other important components of
the gut–brain axis are hormones and neuropeptides. These gut hormones—ghrelin, leptin,
and peptide YY, among others—influence appetite, metabolism, and even mood [28]. For
example, the “hunger hormone” ghrelin, besides stimulating appetite, influences mood
and cognitive functions, acting via the hypothalamus and other encephalic regions [29].
Furthermore, the involvement of the HPA axis, specifically stress hormones such as cortisol,
interferes with gut function and microbiome composition, thus having impacts on mental
health [30] (Figure 2). The gut and the brain interrelate through the immune system,
wherein GALT plays a major role [31]. Moreover, inflammatory cytokines produced within
the gut may cross the blood–brain barrier or signal through the vagus nerve to affect
brain functions, influencing the development of mood disorders such as depression [32].
Dysbiosis leads to increased intestinal permeability known as “leaky gut”, which allows
bacterial endotoxins to enter the bloodstream and induce systemic inflammation. This
inflammation can then impact brain function and behavior [33].
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The gut microbiota produces metabolites such as SCFAs and neurotransmitters
(e.g., serotonin, GABA) that can modulate brain function. Serotonin, for instance, is
predominantly produced in the gut, and its levels are influenced by the gut microbiome
composition. Microbial metabolites can affect the integrity of the blood–brain barrier
and modulate neuroinflammation, influencing mental health outcomes [34]. Serotonin,
or 5-hydroxytryptamine (5-HT), is a key neurotransmitter involved in regulating mood,
cognition, and GI function. Approximately 90% of the body’s serotonin is synthesized in
the gut, predominantly by enterochromaffin cells, with a smaller proportion produced by
neurons in the ENS [35]. Certain bacteria, such as Enterococcus, Streptococcus, and Escherichia
species, can produce metabolites that influence enterochromaffin cells to increase serotonin
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production. GABA is the primary inhibitory neurotransmitter in the CNS, reducing neu-
ronal excitability and playing a role in stress responses and mood regulation [36]. Certain
gut bacteria, including Lactobacillus and Bifidobacterium species, can produce GABA. These
bacteria convert glutamate, an excitatory neurotransmitter, into GABA through the action of
glutamate decarboxylase [34]. GABAergic signaling in the brain is essential for regulating
anxiety, stress, and mood. The dysregulation of serotonin levels in the gut and alterations
in gut microbiota composition that affect GABA production may contribute to psychiatric
conditions such as depression and anxiety disorders [34].

The gut–brain axis is significantly influenced by the immune system through mecha-
nisms involving cytokine modulation, intestinal barrier integrity, and microglial activation.
The gut microbiota interacts with the immune system, affecting both gut and brain health
primarily by influencing cytokine production [37]. Cytokines are small proteins released
by immune cells that play a key role in cell signaling, particularly in immune response.
Dysbiosis can lead to the overproduction of pro-inflammatory cytokines, which can cross
the blood–brain barrier or signal through the vagus nerve, promoting neuroinflammation
and contributing to mood disorders such as depression [38]. Conversely, beneficial bacteria
like Bifidobacterium and Lactobacillus promote the production of anti-inflammatory cytokines
such as IL-10, supporting immune homeostasis [39]. Gut bacteria can also influence the
expression and function of tight junction proteins that regulate intestinal permeability.
Dysbiosis also compromises intestinal barrier integrity, resulting in a “leaky gut”, allowing
endotoxins like LPS to enter the bloodstream and trigger systemic inflammation. This in-
flammation can activate microglia, the brain’s immune cells, leading to neuroinflammation,
a hallmark of neuropsychiatric disorders. These interactions underscore the potential of
targeting the gut microbiota for therapeutic interventions in improving gut and mental
health [40].

2.4. Metabolites Produced by Microorganisms and Their Physiological Roles

The term microbial-derived metabolites refers to the biochemical compounds that
are formed by the gut microbiome as it ferments fibers, proteins, and other substances in
food. These compounds, which include SCFAs, bile acid derivatives, indoles, and neuro-
transmitter precursors, among others, have many physiological functions and are utilized
outside of the gastrointestinal tract; they affect immunity, metabolism, and inflammation,
as well as mental health. They act as crucial mediators integrating the gut with all other
systems, including the brain, via the gut–brain axis. In addition, it has been established
that the gastrointestinal tract has numerous endogenous gut hormones such as leptin,
ghrelin, cholecystokinin, and glucagon-like peptide-1 (GLP-1). The mentioned hormones
also include neuropeptide Y, connected to mood, anxiety, and the immunological system,
as well as peptide YY, originating from two pancreatic polypeptides that promote satiety
and enhance glucose balance and behavior [41].

SCFAs that are produced as a result of the bacterial fermentation of dietary fiber
include acetate, propionate, and butyrate. These metabolites are important in the gut, as
they enhance barrier function by promoting tight junctions and the secretion of mucus.
SCFAs exert an anti-inflammatory effect and immunomodulatory function by inducing
T regulatory cells (Tregs), which curb excessive immune responses and thereby help in
controlling inflammation throughout the body [42]. Moreover, SCFAs upregulate the levels
of the enzyme tyrosine hydroxylase, which regulates the rate at which the biosynthesis
of catecholamines, including dopamine, adrenaline, and noradrenaline, occurs and also
upregulates tryptophan 5-hydroxylase 1, which is a critical enzyme involved in producing
the neurotransmitter serotonin [43]. Tryptophan, an indispensable dietary amino acid,
is a source of numerous important metabolites, including serotonin, that are crucial for
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neuroendocrine signaling. The use of tryptophan to produce various metabolites, includ-
ing tryptamine, kynurenine, and indoles, in particular, is attributable to a specific gut
microbiome [44]. Tryptophan metabolites reach the CNS through the circulation or the
vagal afferent pathway and, therefore, play an important role in neuroendocrine and
neuroimmune activity [45].

The primary bile acids synthesized in the liver are converted by gut microorganisms
into secondary bile acids that play a key role in lipid catabolism and the maintenance of
cholesterol levels. These bile acids altered by microorganisms are also involved in cellular
signaling and bind to receptors such as farnesoid X receptor (FXR) and G-protein coupled
bile acid receptor 1 (TGR5), thereby modulating glucose metabolism, energy balance, and
immune responses. In addition, bile acid metabolites help regulate inflammation, as certain
bile acid derivatives can inhibit pro-inflammatory pathways, reducing the risk of chronic
inflammatory diseases [46].

Kynurenine is another tryptophan metabolite, and Lactobacillus taxa regulate its pro-
duction [47]. In order to decrease host kynurenine metabolism, Lactobacilli create hydrogen
peroxide, an ROS that inhibits the production of the enzyme indoleamine-2,3-dioxygenase
(IDO1). In the GI tract, IDO1 contributes to the synthesis of kynurenine from trypto-
phan [48]. The reduction in Lactobacillus brought on by stress lessened the inhibition
of IDO1 mediated by hydrogen peroxide in a rat model of chronic varied stress, which
increased the synthesis of kynurenine from tryptophan [49]. It has been demonstrated
that kynurenine, which crosses the blood–brain barrier, causes neuroinflammation and
neurodegeneration, which are also linked to depression and Alzheimer’s disease [47].

Derived from the bacterial metabolism of the amino acid tryptophan, indoles play a
critical role in modulating gut barrier integrity, reducing gut permeability, and influencing
immune responses. While the generation of kynurenine and serotonin from tryptophan is
mostly dependent on gut microorganisms, indole synthesis is entirely microbe dependent
because only specific microbes produce the tryptophanase enzyme needed to produce these
chemicals from tryptophan [50]. Indole derivatives like indole-3-propionic acid (IPA) act
as antioxidants and have neuroprotective effects. These metabolites also engage with the
immune cell aryl hydrocarbon receptor (AhR), aiding in achieving immune homeostasis
and reducing tissue inflammation. Indoles’ role in immune modulation, gut health, and
barrier function underscores their significance in ensuring there is neither “leaky gut” nor
systemic inflammation, which contribute to mood dysregulation and other disorders [51].

As shown in Figure 3, tryptophan is essential for the synthesis of serotonin, kynurenine,
and indoles. Ingesting foodstuffs containing tryptophan, such as turkey, eggs, and dairy
products, may serve to enhance serotonin levels. In addition, it is thought that dietary
carbohydrates may further increase the level of tryptophan absorption by elevating insulin
levels, which may suppress other amino acid competition [52]. This amino acid can be
found in meat and dairy products, nuts, and soy products [53]. The proper levels of tyrosine
are critical for the production and regulation of dopamine levels. It has also been argued
that the consumption of many antioxidant-rich foods, including fruits and vegetables, can
help shield neurons that generate dopamine from oxidative damage and stress [54]. GABA
is produced when sufficient amounts of dietary glutamine are present. Foods such as nuts,
seeds, and a few other fermented foods also help in GABA synthesis [55].
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3. The Impact of Dietary Components on the Gut Microbiota
3.1. Carbohydrates

Carbohydrates are a major component of the human diet and significantly alter the
activity and composition of the gut microbiota. The types of carbohydrates consumed,
their fermentation by gut bacteria, and their impact on microbiome diversity are crucial
factors in maintaining gut and overall health. Considering their chemical composition
and digestibility, carbohydrates form two categories: simple and complex [56]. Unlike
simple carbohydrates, many complex carbohydrates and fibers reach the colon, where gut
bacteria ferment them, since they cannot be broken down in the small intestine. The break-
down of fibers depends on the breakdown of carbohydrates by the intestinal microbiota.
Fibers are composed of resistant starches; non-digestible oligosaccharides, including raffi-
nose, stachyose, oligofructose, and inulin; and non-starch polysaccharides such cellulose,
hemicellulose, glucans, gums, and pectins [57]. This fermentation process has significant
implications for gut microbiome diversity and function [58]. Gut bacteria produce monosac-
charides, specific gases (such as carbon dioxide and methane), and short-chain fatty acids
(SCFAs) like butyrate, propionate, and acetate through the saccharolytic fermentation of
food fibers and resistant starches. SCFAs, with their anti-inflammatory properties, provide
colonocytes with the energy needed, enhance gut barrier function, and influence host
metabolism [59]. As illustrated in Figure 4, SCFAs like acetate and propionate are absorbed
by the blood and move to the liver through the portal vein. While a significant portion of
SCFAs is utilized by colonocytes and the liver, some unmetabolized SCFAs may enter the
systemic circulation and exert effects on other tissues and organs like the brain, influencing
brain function, neurotransmitter production, and brain inflammation [60].
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The types and amounts of carbohydrates consumed can significantly influence the
gut microbiome’s diversity and composition [61]. Diets that have high fiber contents
encourage the development of good bacteria, like Bifidobacterium and Lactobacillus species,
which have been acknowledged for their ability to enhance health. These bacteria utilize
dietary fiber to produce SCFAs, contributing to a healthy gut environment and supporting
immune function [62]. By encouraging the growth of harmful bacteria and decreasing the
number of helpful microorganisms, diets heavy in refined carbohydrates—such as sugars
and processed grains—can have a detrimental effect on microbiome diversity. This shift
can lead to dysbiosis, associated with various health issues, including obesity, diabetes,
and inflammatory bowel disease (IBD) [63]. Animal models have shown that the Western
diet, which contains relatively little fiber, reduces the amount of Bifidobacterium and the
diversity of the gut microbiota. [64]. It has been demonstrated that gut dysbiosis can be
improved in rats fed a diet enriched with high-fat and sucrose by decreasing the Firmicutes-
to-Bacteroidetes ratio and increasing the amount of Lactobacillus sp. [65].

3.2. Protein

Proteins are essential macronutrients that are necessary for several physiological func-
tions, including immunological response, growth, and repair. The digestion and fermenta-
tion of dietary proteins by gut microbiota produce several byproducts, and they have the
capacity to greatly impact microbial composition and gut health. Peptides and amino acids
are absorbed into the bloodstream through the intestinal epithelium in the small intestine,
where most protein digestion occurs. However, a fraction of dietary proteins and peptides
escape digestion and reach the colon, where they undergo microbial fermentation [66]. In
the colon, undigested proteins and peptides are broken down by gut bacteria, producing
various byproducts that impact gut health and microbial composition [67]. Gut bacteria
metabolize amino acids to generate a variety of compounds, such as SCFAs, branched-chain
fatty acids (BCFAs), and gases like hydrogen and methane (Figure 5). Key amino acids
involved in these processes include indoles, glutamine, lysine, and arginine [68]. Ammonia,
amines (e.g., putrescine, cadaverine), phenolic compounds (e.g., p-cresol), and hydrogen
sulfide can also be produced as a result of protein fermentation. These metabolites can
have toxic effects on the gut epithelium and are associated with a higher risk of diseases
such as colorectal cancer and IBD [66].
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The type and quantity of dietary protein ingested play an important role in altering
the diversity and composition of gut microbiota. Diets that consist of more animal proteins
tend to promote the growth of protein-fermenting bacteria such as Bacteroides and Clostridia
species, among others, and suppress the growth of carbohydrate-fermenting bacteria such
as Bifidobacterium and Lactobacillus. This particular shift may lead to the generation of
more harmful by-products and fewer beneficial SCFAs [69]. Diets rich in plant proteins,
especially those from pulses and cereals, have been linked to a healthier and more stable
gut microbiome. In addition, plant proteins often contain dietary fiber, which helps in the
establishment of healthy bacteria and the production of SCFAs, which are very important in
ensuring a healthy gut [70]. Consuming a balanced mixture of both animal and vegetable
proteins is suggested to support a diverse and healthy gut microbiome. The addition
of vegetable proteins and dietary fiber can alleviate the adverse consequences of excess
protein fermentation and support gut health [66].

Animal models have suggested that protein quality can modulate the composition of
the gut microbiota. For instance, a preclinical trial conducted by Zhang et al. [71] showed
that cheese whey proteins enhanced fecal Lactobacilli and Bifidobacteria counts as opposed to
casein. Mung bean protein also increased the abundance of the Ruminococcacea family in a
model of mice fed a high-fat diet. Based on this, the bile acid metabolism of Ruminococcacea
family members was thought to be healthier in high-fat-diet mice [72].

3.3. Fats

The roles of dietary lipids extend even to the microscopic organisms thriving within
the human stomach. There have been differences observed with regard to the health of the
gut and the type of fats consumed by hosts in different organisms [73]. Positive effects on
the gut microbiome can be expected with the use of unsaturated fatty acids. Unsaturated
fats are, on the other hand, friendly to the intestinal microflora. For example, a link has
been found between omega-3 fatty acids, increases in anti-inflammatory bacteria, and
decreases in the level of pathogenic bacteria [74]. Wolters et al. [75] also found a possible
association between the availability of MUFAs (palmitoleic, oleic, and eicosenoic acids)
and genera of the family Enterobacteriaceae—Prevotella, Turicibacter, and Parabacteroides.
Conversely, research has established that diets abundant in MUFAs, especially those in
peanuts, sesame, pumpkin seeds, and rapeseed oil, as well as extra virgin olive oil, result
in an improvement in the microbial composition of both healthy and unhealthy mice,
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including those susceptible to metabolic syndrome. MCFAs present in human breast milk,
infant formulas, and virgin coconut oil have the potential to facilitate the supplementation
of Bifidobacterium and Lactobacillus and improve cognitive and metabolic functions [76].
Polyunsaturated fatty acids (PUFAs) are called “essential fatty acids” since the human body
cannot generate them and must obtain them through the diet. The main sources of PUFAs
include fatty fish, nuts, seeds, and sunflower oil. Omega-3 PUFAs can be advantageous by
increasing the number of Lachnospiraceae taxa that produce butyrate and re-establishing the
optimal bacterial ratio [57]. As shown in Figure 6, certain bacterial species become more
abundant as a result of PUFA metabolism. Many metabolites, including SCFAs such as
butyrate, are consequently generated, leading to a decrease in endotoxin and interleukin
(IL)-17 production, which may benefit human health by reducing inflammation. PUFA
metabolism produces unmetabolized SCFAs that enter the systemic circulation and exert
immunoregulatory effects, especially with the brain, influencing gut–brain functions.
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3.4. Micronutrients 

Several micronutrients, including zinc and omega-3 fatty acids, may exert a signifi-
cant impact on the functions of the brain and on development without affecting the gut 
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research has shifted away from concentrating on them. Instead, it has been demonstrated 
that the most advantageous diet for both physical and mental health consists of a wide 
variety of various nutritional foods [79]. Dietary nutrients that support normal brain func-
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Figure 6. The role of PUFAs in relation to the gut microbiome and brain function. ↑, increase;
↓, decrease.

Diets high in saturated fats affect the gut microbiota in a negative way. These fats have
the potential to decrease the number of good bacteria like Bifidobacterium and Lactobacillus
while promoting the growth of hazardous ones. This imbalance, or dysbiosis, can lead to
an increase in gut permeability, called “leaky gut”, promoting systemic inflammation and
contributing to metabolic disorders [77].

3.4. Micronutrients

Several micronutrients, including zinc and omega-3 fatty acids, may exert a significant
impact on the functions of the brain and on development without affecting the gut micro-
biota [78]. Since single nutrients are never eaten in isolation in real life, nutritional research
has shifted away from concentrating on them. Instead, it has been demonstrated that the
most advantageous diet for both physical and mental health consists of a wide variety of
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various nutritional foods [79]. Dietary nutrients that support normal brain function include
vitamins, minerals, and amino acids [78,80]. Many of these nutrients help with cell signal-
ing, myelination, neurotransmitter production, and metabolic processes, among others, by
acting as cofactors for enzymes [81]. Omega-3 fatty acids, folate, s-adenosyl methionine,
inositol, and vitamins B3, B6, and C are among the nutrients with antidepressant effects that
have been the subject of extensive research. Supplementation with these nutrients may be
advantageous, but only as an addition to a diet that promotes gut health [78]. Because of the
fact that eicosanoids produced by AA have inflammatory qualities and eicosapentaenoic
acid has anti-inflammatory properties, a high ratio of omega-6 to omega-3 fatty acids may
cause a pro-inflammatory condition. In addition, evidence suggests that a lack of omega-3
fatty acids may be responsible for some psychiatric disorders, such as depression [82]. For
example, B vitamins are necessary for the production of neurotransmitters and for the
preservation of the myelin sheath, while zinc and magnesium are crucial for the release
of neurotransmitters and for synaptic plasticity. These micronutrient deficiencies can also
result in gut dysbiosis, an overgrowth or imbalance of gut bacteria that usually presents
with inflammation and the disrupted production of neurotransmitters, thereby worsen-
ing depressive symptoms [81]. Calcium, magnesium, potassium, and iron can affect the
microbiome. These minerals have been proven to increase levels of healthy bacteria such
as Bifidobacterium and Lactobacillus, which improve gut health [83]. Too much iron can
lead to germ overgrowth, whereas too little iron can reduce the function and the variety of
microbes present [84]. Zinc deficiency can result in dysbiosis and increased susceptibility to
infections. Zinc supports the integrity of the gut barrier and promotes a balanced microbial
environment [83].

To sum up, evidence suggests that a diet rich in fiber, polyphenols, and micronu-
trients positively alters gut microbial composition, reduces metabolic endotoxemia and
neuroinflammation, and is associated with better cognitive health. There are numerous
small-scale observational and interventional studies that have shown the advantages of
fiber for brain function and health [85]. Eating patterns also contribute to the control and
release of serotonin produced in the ENS, with the most important factor being the intake
of complex carbohydrates with tryptophan. Some components, including polyunsaturated
fatty acids, B vitamins, zinc, and folate, which are dietary micronutrients, may also pro-
mote the healthy growth and development of the brain and its functions, while a lack of
such nutrients in the diet causes the opposite effect by promoting mental disorders and
aggravating brain diseases.

3.5. Phytochemicals and Bioactive Compounds

The utilization of phytochemicals and bioactive agents such as polyphenols, flavonoids,
and other plant-based materials has gained interest concerning their impacts on the gut
microbiota and the brain, especially on depression. These substances are present in large
quantities in fruits, vegetables, tea, and other herbs and represent antioxidants, anti-
inflammatory agents, and prebiotics, thereby affecting the gut–brain axis considerably.
For instance, it is known that polyphenols (and other compounds found in berries, red
wine, and dark chocolate) affect gut microbiome composition through the stimulation of
populations of probiotic bacteria such as Lactobacillus and Bifidobacterium and the suppres-
sion of pathogenic strains [86]. The enhancement of microbial populations correlated with
health promotes systemic immunity so that inflammation is lessened, assists in the repair
and healing of the gut lining, and increases the absorption of SCFA-like butyrate, which
has neuroprotective functions and is associated with better mental state outcomes [87].

Flavonoids, another group of bioactive compounds found in foods like citrus fruits,
onions, and green tea, are also necessary for supporting gut health and mitigating de-
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pressive symptoms. These compounds have been shown to improve the abundance and
diversity of good gut bacteria, contributing to a healthier microbiome [88]. The fermenta-
tion of flavonoids by gut microorganisms produces numerous metabolites that have the
ability to directly impact brain function by passing across the blood–brain barrier, modulate
neurotransmitter levels, and exert anti-inflammatory actions. For example, the flavonoid
quercetin has been observed to increase levels of serotonin and dopamine in the brain,
which are crucial for mood regulation [89]. Additionally, flavonoids can inhibit the activa-
tion of microglia, the brain’s resident immune cells, thereby reducing neuroinflammation,
which is often elevated in individuals with depression [90].

Furthermore, the interplay between bioactive compounds and the gut microbiome can
influence the gut–brain axis through the modulation of tryptophan metabolism. Trypto-
phan, an essential amino acid, is a precursor to serotonin, a neurotransmitter that plays a
vital role in mood regulation [45]. Phytochemicals can impact the gut microbiota’s ability
to metabolize tryptophan, shifting its metabolic pathways toward the production of sero-
tonin and other beneficial metabolites rather than kynurenine, which is associated with
neurotoxicity and inflammation. This shift can help alleviate symptoms of depression by
enhancing serotonin availability and reducing inflammatory markers in the brain [91].

In summary, phytochemicals and bioactive compounds exert multifaceted effects on
the gut microbiota, promoting the growth of beneficial bacteria, enhancing the production
of neuroprotective metabolites, and modulating inflammatory responses. These changes in
the gut environment can positively influence the gut–brain axis, contributing to improved
mental health and offering a promising avenue for the dietary management of depression.
Continued research on the specific mechanisms and optimal dietary sources of these
compounds is essential for developing effective nutritional strategies to support mental
health through gut microbiota modulation.

3.6. The Influence of Dietary Patterns and Components on the Gut Microbiome in
Modulating Depression

The composition and function of the gut microbiome can be greatly impacted by
specific dietary patterns, leading to changes in mental health, including the severity and
occurrence of depression [78]. The Western diet has been linked to detrimental effects
because of the heavy consumption of processed foods, red meat, refined carbohydrates,
and saturated fats, which has been associated with negative impacts on gut microbiota and
mental health. Usually, this diet causes an increase in harmful bacteria and a decrease in
microbial diversity, leading to gut dysbiosis. The resulting imbalance in the gut microbiome
can enhance intestinal permeability, promote systemic inflammation, and adversely affect
the gut–brain axis. These changes are often linked to increased levels of pro-inflammatory
cytokines and neuroinflammation, which are associated with the development and exac-
erbation of depressive symptoms [92]. In contrast, the Mediterranean diet, rich in fruits,
vegetables, whole grains, nuts, seeds, and olive oil, along with the moderate consumption
of fish and poultry, has been shown to promote a healthy gut microbiome and support
mental health. This diet increases the abundance of beneficial bacteria such as Bifidobac-
terium and Lactobacillus and enhances microbial diversity. The high content of fiber and
polyphenols in the Mediterranean diet supports the production of SCFAs such as butyrate,
which has anti-inflammatory properties and can improve the integrity of the gut barrier.
These changes help to reduce systemic and neuroinflammation, contributing to a lower risk
of depression [93]. The relationship between vegan and vegetarian diets and mental health
outcomes, particularly depression, is complex and has yielded mixed findings in recent re-
search. These diets are typically high in fiber, vitamins, minerals, and phytonutrients, which
promote microbial diversity and the development of advantageous gut microorganisms.
The high fiber content encourages the synthesis of SCFAs, which have anti-inflammatory
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and neuroprotective properties. Some studies suggest that individuals adhering to plant-
based diets may experience lower incidences of depressive symptoms [94]. Conversely,
other research findings indicate a potential association between plant-based diets and
increased depressive symptoms [95]. With these conflicting results [96], the current body of
research does not provide a definitive conclusion. Further studies are necessary to clarify
these associations and to understand the underlying mechanisms involved. The ketogenic
diet, characterized by high fat, moderate protein, and very low carbohydrate intake, has
shown mixed effects on the gut microbiome and mental health. While some studies suggest
that the ketogenic diet can reduce inflammation and support mental health by modulating
neurotransmitter levels and reducing neuroinflammation, others indicate that it may reduce
microbial diversity and negatively affect gut health due to low fiber intake. The impact of
the ketogenic diet on depression remains an area of active research, with some evidence
supporting its use in specific cases, such as treatment-resistant depression [97]. In summary,
dietary patterns play a crucial role in shaping the gut microbiome and influencing mental
health. Diets high in polyphenols, fiber, and healthy fats, like the Mediterranean, support a
healthy gut microbiome and are associated with a reduced risk of depression. Conversely,
diets high in processed foods and saturated fats, like the Western diet, can negatively
impact gut health and exacerbate depressive symptoms.

A number of biological systems linked to depression may be directly impacted by the
Western diet and other diets associated with metabolic endotoxemia. A nutritious diet full
of fresh fruits and vegetables is strongly associated with subjective happiness and mental
health, according to numerous studies [80,98]. One of the first interventional studies on
this topic was a 12-week, parallel-group, single-blind randomized controlled trial (RCT) in-
cluding thirty-three male and female participants with moderate to severe depression. The
participants were assigned at random to either social assistance or dietary help treatments.
In order to promote adherence to the suggested diet, the dietary intervention included
tailored dietary advice and nutritional counseling, as well as goal setting, mindful eating,
and motivational interviewing [99]. Compared to conventional therapy alone, the study’s
results showed that dietary intervention significantly reduced depression symptoms. This
implies that changing the gut microbiota with an adjuvant dietary intervention may be a
helpful way to treat depression.

In the MooDFOOD RCT, a diet fortified with calcium, vitamin D, selenium, and
omega-3 fatty acids did not lessen major depressive episodes in people who were over-
weight or obese and had subsyndromal depressive symptoms [100], despite a recent RCT’s
confirmation of the benefits of a Mediterranean-style diet for depression [101]. But taking
into consideration only those participants who adhered for a full year, a supplemental
diet may be able to delay the onset of depression. The HELFIMED trial looked into how
food interventions directly affected participants’ self-reported depression. Patients who
self-reported being depressed were put on a Mediterranean diet that included fish oil for a
6-month intervention period. To enable maximum dietary adherence, they also received
nutritional coaching and cooking instruction. The control group received social support
in order to take into consideration any possible non-dietary antidepressant benefits of
nutritional counseling. The study’s findings showed a substantial decline in depression,
which was positively connected with greater adherence to the Mediterranean diet during
both 3- and 6-month periods. The study also revealed an intriguing correlation between a
lower ratio of omega-6 to omega-3 fatty acids and a reduction in depressive symptoms [100].
In conclusion, the above-mentioned advantages of a diet high in plants for depression
likely include improved intestinal permeability, which lowers metabolic endotoxemia, and
anti-inflammatory effects mediated by increased polyphenol and SCFA synthesis. Increas-
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ing the consumption of omega-3 fatty acids and trace minerals may also help to address
deficiencies in certain important nutrients related to mood and overall brain health.

Numerous dietary components that are linked to either a higher or lower incidence
of depression also change the gut flora (Table 1). It is possible that a dietary component’s
impact on gut microbiota may mediate its effect on mood, either fully or partially.

Table 1. Examples of dietary patterns linked to depression that have an immediate impact on the
host while also interacting with the gut microbiome.

Dietary Component Study Model Effect Reference

High-carbohydrate diet 18 SPF male C57BL/6J mice,
6–8 weeks old

Increased depression
Increased levels of circulation and central nervous system

inflammatory responses
Abnormal expression of central 5-HT and its receptors
Significantly decreased the diversity of intestinal flora

[102]

Dietary capsaicin Male C57BL/6J mice, 4 weeks old

Reduced depression
Relative abundances of Ruminococcus and Prevotella

Increased levels of the monoamine neurotransmitter 5-HT
Reduced levels of the inflammatory cytokine TNF-α

[103]

Herbal extracts Male C57Bl6/J mice, 8 weeks old
Reduced depression

Changes in the gut microbiome
Increased SCFA production

[104]

Dietary fiber

Patients with hypertension from
the Hospital of Soochow
University and Jinchang

Community, China

Reduced depression
Protective effect on depression and anxiety [105]

Dietary fiber Male CD-1 mice, 3 months old

Reduced depression
Maintained the integrity of the gut barrier

Regulated the structure of the gut microbiota
Production of related metabolites

[106]

Dietary fiber Female C57BL/6J mice,
2 months old

Reduced depression
Enhanced SCFA generation

Restructured the gut microbiome
[107]

Apple polyphenol Male C57BL/6 mice,
3–4 weeks old

Ameliorated depression
Increased the richness and diversity of the gut microbiota
Increased relative abundance of Firmicutes and Bacteroidota

Decreased relative abundance of Verrucomicrobiota at the
phylum level

[108]

Phenols C57BL/6J mice, 5 weeks old
Reduced depression

Regulated the structure of the gut microbiota
Regulated microbial metabolism products such as 5-HTP

[109]

Oolong tea polyphenols Male C57BL/6J mice,
6–8 weeks old

Reduced depression
Reshaped intestinal microbiota dysbiosis
Regulated cognition-related metabolites

Strengthened mucosal integrity and intestinal barrier
dysfunction by increasing tight junction protein expression

[110]

Orange flavonoids Participants from Seoul and
Gyeonggi-do, age 20–30 years

Reduced depression
Changed the relative abundance of the gut microbiome,
especially the butyrate-producing Lachnospiraceae family.

[111]

4. Potential Mechanisms Linking Diet, the Gut Microbiome,
and Depression
4.1. Inflammatory Pathways

Progressive and persistent forms of depression are aggravated by inflammatory path-
ways, and more studies have provided evidence of the association between chronic in-
flammation and mood disorders. The complex triad of diet, the gut microbiome, and
inflammation provides a hopeful opportunity to ameliorate neuroinflammation and de-
pression. An altered diet seeking to modify the gut bacteria can have an extensive effect on
inflammation as a result of the immune pathways targeted by bacterial metabolic products.
These diet-induced bacterial metabolites, including, but not limited to, SCFAs, polyphenol
metabolites, and secondary bile acids, have an effect on the production of pro-inflammatory
and anti-inflammatory cytokines, which affect the CNS and also depression [2].
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Increased levels of pro-inflammatory cytokines like IL-6, tumor necrosis factor-α (TNF-
α), and IL-1β, which are implicated in starting inflammatory processes, are influenced
by the CNS through several mechanisms that affect organs and, in turn, lead to depres-
sion [112]. The development of such a response is complicated further by the release of
pro-inflammatory cytokines, which may also act on the HPA axis and increase the levels
of cortisol. Studies have shown that the elevation of the stress hormone cortisol is linked
with some psychiatric conditions, particularly mood disorders, cognitive deficits, and
changes in the volume of mood-related brain areas such as the hippocampus and prefrontal
cortex. Additionally, inflammatory cytokines have a direct effect on the bioavailability
of critical neurotransmitters that are best known for their modulation of mood, mainly
serotonin, dopamine, and glutamate [113]. Depressive symptoms are correlated with low
levels of serotonin and an increase in neurotoxic metabolites like quinolinic acid, which
leads to the overactivation of NMDA receptors, causing toxicity and consequent depressive
symptoms [114]. Motivation and reward pathways, which are generally dysfunctional in de-
pression, are also affected by chronic peripheral inflammation, which decreases dopamine
and alters glutamate signaling [115]. The permanent inflammation of the peripheral system
can lead to the activation of microglia, the immune system cells present in the brain, which
leads to a state known as neuroinflammation. Activated microglia secrete inflammatory
cytokines and generate ROS that are harmful to tissues in the brain, killing healthy neurons
and inhibiting their regeneration [116]. The hippocampus, a functionally very important
brain area in mood control and cognition, is most affected due to reduced neurogenesis,
which has been associated with depressive conditions. Neuroinflammation also has impli-
cations for neuroplasticity; hence, it reduces the capacity of the brain to adjust and cope
with stress and increases the severity of depressive states [117]. Inflammatory cytokines
can reduce the levels of brain-derived neurotrophic factor (BDNF), a protein that pro-
motes neurogenesis and supports the survival of neurons. BDNF is crucial for maintaining
neuroplasticity and resilience to stress. Inflammatory markers like IL-1β inhibit BDNF
production, particularly in the hippocampus, impairing neurogenesis and reducing the
brain’s capacity for stress adaptation. This reduced neuroplasticity makes the brain more
susceptible to depressive states and less responsive to treatment. Inflammatory processes
contribute to oxidative and nitrosative stress, which further impacts brain function and
mood regulation [118]. Inflammation affects the gut–brain axis and increases gut permeabil-
ity (leaky gut), allowing inflammatory endotoxins like LPS to enter the bloodstream. LPS
triggers systemic inflammation, which can reach the brain and activate the HPA axis, as
well as neuroinflammatory pathways, contributing to depressive symptoms. The gut–brain
axis thus serves as an important route by which inflammation originating in the gut can
influence brain function and mood [119].

A high-fiber diet is particularly effective in reshaping the microbiome to support
anti-inflammatory functions by producing SCFAs. Butyrate plays a dual role: it acts directly
on the gut epithelium to enhance tight junction integrity, reducing endotoxemia, and
also interacts with immune cells to decrease the secretion of pro-inflammatory cytokines.
Butyrate binds to G-protein-coupled receptors (GPCRs), specifically GPR41 and GPR43,
which are expressed on colonic epithelial and immune cells, activating anti-inflammatory
pathways through downstream signaling cascades such as the inhibition of the NF-κB
pathway. This, in turn, suppresses microglial activation in the CNS, thereby modulating
neuroinflammation associated with depressive symptoms [45]. Polyphenols, naturally
present in a wide range of plant foods like berries, tea, and cocoa, undergo extensive
metabolism by gut bacteria, yielding bioactive metabolites that cross the blood–brain barrier
and exert neuroprotective effects. For example, gut-derived metabolites of polyphenols,
such as urolithins (derived from ellagic acid) and phenyl-γ-valerolactones (from flavan-3-
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ols), have been shown to inhibit pathways that generate pro-inflammatory mediators like IL-
1β and TNF-α through the suppression of the JAK/STAT and MAPK pathways in immune
cells. These metabolites also support antioxidant defenses by upregulating nuclear factor
erythroid 2–related factor 2 (Nrf2) signaling, which reduces the oxidative stress that often
coexists with neuroinflammatory conditions [120]. Importantly, polyphenol metabolites
modulate the gut–brain axis by preventing the activation of peripheral immune cells that
contribute to neuroinflammation, thereby potentially reducing depressive symptoms [121].
Fang et al. [122] also highlighted the role of alpha-linolenic acid, eicosapentaenoic acid,
and docosahexaenoic acid in regulating gut microbiota to counter inflammatory processes.
Along with food, omega-3 PUFAs, also commonly known as “healthy oils”, are transformed
into specialized pro-resolving mediators (SPMs), which include resolvins and protectins.
These SPMs are features of distinct cells and target specific G proteins in immune cells.
SPMs promote inflammation resolution and decrease the level of pro-inflammatory cytokine
production [123].

Linking the availability of SCFAs, polyphenolic metabolites, and SPMs with the
diet-modified microbiome provides an indication of precise mechanisms by which gut
microbiome dietary modulation may alter inflammation in depression. Strategies aiming to
modify the composition of the gut microbiome in an anti-inflammatory manner to enhance
metabolite barriers and change the composition of the microbial community will have little
net impact on the levels of pro-inflammatory cytokines such as IL-6 and TNF-α, which
are known to aggravate depression. This approach to reducing inflammation provides a
compelling foundation for dietary interventions aimed at treating or preventing depressive
disorders, supporting the targeted modulation of gut-derived inflammatory pathways to
improve mental health outcomes.

4.2. Neurotransmitter Synthesis

The gut microbiome is a major contributor to the production and modulation of vari-
ous neuroactive substances, including serotonin, dopamine, and GABA, which have been
proven important for mood and behavioral control [124]. The gut microbiome influences
the generation of neurotransmitters using several mechanisms, including the production
of the precursors of the neurotransmitters, the modulation of enzymes involved in neuro-
transmitter production, and the gut–brain axis. The microbiome can, therefore, modulate
the peripheral and central nervous systems’ neurotransmitter levels, mood and stress
fluctuations, and psychiatric disorders (like depression and anxiety).

4.2.1. Serotonin Production

Approximately 90% of the serotonin in the human body is produced within the gas-
trointestinal tract, and certain gut bacteria are known to regulate its synthesis [33]. Various
species, such as Enterococcus and Streptococcus, have been found to generate metabolites that
promote the release of serotonin from enterochromaffin cells present in the gut lining [125].
This peripheral serotonin is not able to cross the blood–brain barrier, although it is known
to assist with gut movement, immunity, and enteric nervous system function, among others.
Tryptophan, a precursor of serotonin, is also influenced by certain microbial metabolites
like SCFAs, which in turn affects the amount of serotonin produced. An optimal gut
microbiota allows for more conversion of tryptophan to serotonin and less conversion
to the neurotoxic products of the kynurenine pathway, which cause depression [126]. In
addition, the stimulation of the microbial biosynthesis of SCFAs such as butyrate is effective
in strengthening the gut lining, which in turn decreases peripheral inflammation and helps
to maintain serotonin signaling within the central nervous system [125].
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4.2.2. Dopamine Synthesis

Dopamine is known to play a key role in the regulation of reward, motivation, and
mood states, and determining how the gut microbiota may also play a role is an area of
active research. Some types of bacteria, such as Bacillus and Escherichia coli, have been
shown to either synthesize dopamine or influence its synthesis from precursors such as
tyrosine and phenylalanine [125]. Dopamine synthesized in the gut holds significance in
mediating enteric nervous system signaling mechanisms, which in turn affect the motility
and immune responses of the gut. The “gut–brain axis” also allows microbial metabolites,
such as SCFAs, to reach the brain and modulate the dopaminergic system. For example,
SCFAs are known to affect the function of the brain’s reward center, where even a slight
distortion leads to depressive symptoms, as the mesolimbic dopaminergic neurons are
responsible for dopamine production. Also, microbial populations in the gut or their
absence can alter the permeability of the blood–brain barrier, inhibiting or permitting the
passage of dopamine precursors into the circulation and ultimately the brain, where they
can increase the synthesis of dopamine, responsible for improving mood and increasing
motivation [127].

4.2.3. GABA Production

As a neurotransmitter, GABA competes against the stimulative effects of natural brain
activity. It is critical in decreasing levels of anxiety and facilitating relaxation, as well as
moderating mood. Some gut microorganisms, for example, Lactobacillus and Bifidobacterium,
synthesize GABA [125]. A part of the GABA synthesized in the gut is likely to be released
to the brain via the vagus nerve, which connects the brain and the gut. Research has
demonstrated that changes in the gut microbiome can lead to changes in GABA receptors
in the brain associated with mood and stress changes. Specifically, it has been shown that
the supplementation of Lactobacillus rhamnosus leads to increased GABA receptors in the
amygdala and prefrontal cortex, which influences anxiety behavior. Additionally, this
GABA modulation achieved via bacteria in the gut may also offset the “elevated” levels of
the neurotransmitter “glutamate” associated with depression and anxiety [128].

4.2.4. Gut–Brain Communication and Neurotransmitter Modulation

The microbiome affects the levels of neurotransmitters that can be found in the brain
mainly because of the gut–brain axis, which is a two-way communication channel that
utilizes neural, hormonal, and immunological mechanisms to signal between the two
organs. Such compounds as SCFAs, secondary bile acids, and derivatives of tryptophan
have access to the ventral vagal nerve and then to the CNS, where they participate in
the production and function of different neurotransmitters and their receptors. It has
been observed that these interactions influence the level of BDNF, a neuroprotective factor
that promotes adaptation in stress-provoking conditions and neuroplasticity. Changes in
BDNF and neurotransmitter production are brought about by the gut microbiome, which,
therefore, is capable of influencing the neuroplasticity of an individual, leading to changes
in mood or behavior [91].

4.3. HPA Axis Modulation and the Gut Microbiome’s Role in Stress Response

The HPA axis is at the core of how the body responds to stress, especially with the
production of cortisol, which has a wide range of effects, including mood regulation,
immune function, and protecting the body from stress and its effects. The gut microbiome
is an important factor in determining the activity of the HPA axis in relation to stress,
both in terms of its onset and maintenance. When stress is experienced by the body, the
hypothalamus exerts a direct influence over the pituitary gland’s activity, which induces
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the adrenal glands to secrete cortisol, the primary function of which is to help the body
cope with stress. Cortisol enables the individual to cope with stress for a short duration;
however, at times, it can cause an overdrive of the HPA axis, which is frequently triggered
by prolonged stress or inflammation. HPA axis dysregulation then occurs, which is linked
with mood disorders, especially anxiety and depression [88].

The HPA axis is also affected by the gut microbiota, in most cases by more than
one mechanism. Some beneficial gut microflora, for example, species of Lactobacillus and
Bifidobacterium, have been shown to exert protective effects against HPA activation caused
by stress, at least in part by acting on the vagus nerve, which serves as a major part of
the gut–brain axis. These microbes secrete SCFAs and other molecules that affect the
immune and hormonal systems to prevent excessive inflammation of the HPA axis, which
would lead to its excessive stimulation [129]. Furthermore, gut dysbiosis is associated with
changes in gut function, such as increased gut permeability, which causes the translocation
of endotoxins such as LPS into the circulation, evoking an immune response. The presence
of increased levels of LPS then causes the activation of the HPA axis, which leads to
the pathological production and accumulation of cortisol, which has been implicated in
depression, inflammatory disorders of the gut, and issues linked to neurodegeneration [59].

Furthermore, LPS and peptidoglycan, which serve as microbe-associated molecular
patterns (MAMPs) produced by microorganisms, along with the subsequently produced
pro-inflammatory mediators, activate the HPA axis. The primary bacterial cell wall compo-
nent, known as peptidoglycan, has an adverse effect on behaviors and brain development
because it penetrates the blood–brain barrier and triggers the innate immune system’s
pattern recognition receptors. Similarly, LPS derived from gut microbes and peptidogly-
can induces the activity of NOD1, a protein involved in the activation of the immune
system [130].

The HPA axis and stress mechanisms involve interactions with different macro- and
micronutrients. The consumption of diets rich in refined sugars and saturated fats has
been found to correlate with elevated cortisol levels and altered HPA axis functioning [131].
Cortisol elevation and stress response failure caused by the deficiency of certain micronu-
trients like magnesium and vitamin B6 have been documented [132]. One of the beneficial
effects of omega-3 fatty acids is the regulation of the HPA axis, which is manifested as
reduced cortisol levels and an enhanced ability to cope with stress. Madison et al. [133]
performed a meta-analysis and reported that cortisol levels were significantly decreased
with omega-3 supplementation, with more effective stress responses overall. Such effects
are thought to be connected with inflammation regulation via omega-3s, which shows an
HPA axis-related effect.

4.4. Oxidative Stress and Neuroprotection

As defined, oxidative stress is an excess accumulation of ROS, which becomes detri-
mental since the body cannot detoxify them adequately and is a major contributor to the
pathogenesis of mood disorders, especially neurovegetative disorders, e.g., depression
and anxiety. Elevated oxidative stress factors can evoke neuronal injury and provoke
inflammation and the disruption of neurotransmission, all of which are associated with
mental health disturbances. The gut microbiome helps in enhancing oxidative stress and
neuroprotection by producing metabolites, altering the immune system, and controlling
the mechanisms of antioxidants [134].

Specific bacteria situated within the gut produce SCFAs such as acetate, propionate,
and butyrate, which perform functions that involve being anti-inflammatory and being rich
in antioxidants that inhibit oxidative stress. For example, butyrate aids in maintaining the
structure of the blood–brain barrier, preventing the entry of ROS and peripheral inflamma-
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tory markers into the central nervous system [135]. Furthermore, complex fatty acids extend
the activity of antioxidant enzymes such as superoxide dismutase (SOD), which decom-
poses ROS alongside glutathione peroxidase, thus shielding neurons against the harmful
effects of oxidative stress. Moreover, some gut bacteria synthesize BDNF, a neuroactive
compound that is important in coping with stress and promotes neuroplasticity [136].

On the other hand, dysbiosis of the gut refers to an alteration in the normal gut mi-
croflora; this is characterized by excess oxidative stress, both within the gut and outside it.
Gut dysbiosis is therefore characterized by increased intestinal permeability, which paves
the way for the entry of pro-inflammatory agents such as LPS into the circulation, resulting
in inflammatory responses and inducing oxidative stress [45]. This excessive oxidative
stress can also compromise neuroprotection and disturb the balance of the nervous system
by causing neurodegeneration, which is one of the factors that contribute to the develop-
ment of various mood disorders. This implies that maintaining a healthy balance of gut
microbes helps the body manage oxidative stress with ease and provides neuroprotection,
which highlights the relationship between gut health, oxidative stress, and mental health.

4.5. Depression-Related Changes in the Abundance of Gut Microbes

In recent years, there has been an increased interest in assessing the correlation be-
tween gut microbiome diversity and mental health, more specifically, depression. The
existing research findings indicate that both the diversity and composition of gut microbiota
contribute to the modulation of mood and mental well-being. Healthy gut microbiome
diversity entails the composition and quantity of different microbial organisms present
within the GI tract. It has been documented that higher diversity generally leads to health-
ier outcomes, such as a functional immune response and a regulated metabolic state. On
the other hand, the decreased diversity of the microbiome has been shown to be related
to several health challenges, such as gastrointestinal diseases, metabolic syndrome, and
psychological disorders [64].

Research on germ-free animals, or animal models without sophisticated gut microbiota,
has shed greater clarity on the relationship between gut microbiota and host neurobehav-
ior. A reduction in Parabacteroides and Bacteroides was linked to an increase in immune-
regulating genes and pro-inflammatory cytokines in a rat prenatal stress model. Anxiety
developed as a result of these alterations, causing systemic inflammatory reactions [137].
Early life stress has been shown to increase the number of Oscillibacter, Parasutterella, Tre-
ponema, Ruminiclostridium, and Helicobacter while decreasing that of Bacteroides, Rikenellaceae,
E. ruminantium, Lactobacillus, and Parabacteroides. Elevated corticosterone, adrenocorti-
cotrophic hormone, and glucocorticoid receptor levels in the hippocampal region are linked
to these alterations. These changes in the composition and number of gut microbes inhibit
miR-124a and promote the production of miR-132. Furthermore, the increased expression
of N-methyl-D-aspartate receptor (NR2A and NR2B) and glucocorticoid receptors was
more frequent in rats treated with α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors (GluR1 and GluR2) [138]. Numerous studies have connected anxiety and de-
pressive behaviors to the pathogenic influence of gut dysbiosis [124,139]. Patients with
depression often express symptoms of GI disturbances, including bloating, nausea, vom-
iting, abdominal discomfort, and constipation [140]. Depression pathology is connected
with the disproportionate abundance of Enterobacteriaceae and Alistipes species (increased),
as well as Faecalibacterium species (reduced) [102]. The presence of pathogenic microbiota
families, including Ruminococcaceae, Shewanellaceae, Halomonadaceae, and Verrucomicrobiae,
was positively connected with patients’ anxiety-like behavior, whereas the Lachnospiraceae
and Bacteroidaceae families were associated with both anxiety and IBD [141]. The possible
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connection between gut dysbiosis and depressive-like behavior is clearly suggested by
these clinical data (Table 2).

Table 2. Alterations in gut microbial abundance under depressive conditions.

Depression
Model Genus Sample Site
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um
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CUMS ↑ [142] ↑ [143] ↑ [143] ↑ [144] ↑ [144] - Cecum
↓ [145] ↓ [145] ↓ [146] ↓ [147] - ↓ [146] Fecal pellets

CRS ↓ [148] ↓ [148] ↓ [149] ↓ [149] ↓ [149] ↓ [148] Fecal pellets
MS ↓ [138] ↓ [138] ↓ [138] - - ↓ [138] Fecal pellets

CSDS ↓ [150] - - ↓ [150] ↓ [150] ↓ [150] Fecal pellets

Abbreviations: CUMS, chronic unpredictable mild stress; CRS, chronic restraint stress; MS, maternal separation;
CSDS, chronic social defeat stress; -, not investigated, ↑, increase; ↓, decrease.

5. Interventional Studies: Modifying the Diet to Influence Mental
Health Through the Gut Microbiota
5.1. Dietary Interventions

To a greater degree than would have been the case some years ago, research now shows
that dietary and eating patterns have an effect on mental well-being—especially depressive
states. Adherence to dietary patterns such as the Mediterranean diet, characterized by the
consumption of vegetables, fresh fruits, cereals and grains, nuts, and olive oil, is associated
with a lower prevalence of depression, probably due to the high antioxidant properties
of the above foods. Many of these foods seem to help lessen age-related oxidative stress,
inflammation, and intestinal dysbiosis and promote favorable neurochemical processes.
Following an average follow-up of 20.4 years among 49,261 Swedish women, those who
strictly adhered to a Mediterranean diet pattern had a lower incidence of depression [151].
The Mediterranean diet is associated with improved gut microbial diversity, decreased GI
inflammation, and intestinal barrier integrity. Two important biochemical connections be-
tween the Mediterranean diet and gut dysfunction are propionate and butyrate, two SCFAs
produced by the microbiota [152]. On the flip side, the Western diet, which emphasizes pro-
cessed food with high levels of added sugar, fats, oils, and other refined products, has been
associated with an increased prevalence of depression. This dietary pattern may exacerbate
the risks of inflammation, gut dysbiosis, and neurotoxicity, which have been found to be
depressive. Also, it has been shown in several longitudinal studies and meta-analyses that
adherence to a Western diet is associated with more mood disorders than Mediterranean
and other health-promoting diets.

5.2. FMT (Fecal Microbiota Transplantation)

FMT is a viable intervention technique for chronic diseases linked with dysbiosis,
since it is a quick way to reshape the patient’s gut microbiota through the administra-
tion of fecal flora from healthy donors. It is well known from preclinical research that
FMT can reduce depressive-like behavior. Mice with alcohol-induced depression-like
behavior were cured when the microbiota from healthy donors was transplanted. Ad-
ditionally, rats with stress-induced depression exhibited improved phenotypes due to
neuroinflammation suppression, gut microbiota imbalance correction, and intestinal barrier
restoration [153]. Bacteriophages may mediate the effectiveness of FMT [154]. Apart from
the global microbiota transplantation performed during the FMT method, Lactobacillus
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plantarum mono-colonization shields Drosophila from depressive-like states [155]. The gut–
brain axis may rely on the vagus nerve as a key signaling pathway to control the protective
effects of FMT on depression. Regardless of the resolution of GI symptoms, FMT treat-
ment progressively reduced depression symptoms in patients with diarrhea-predominant
IBD [112]. An RCT further confirmed these beneficial treatment outcomes in patients with
concurrent IBD, anxiety, and depression [69]. In a different RCT, the effectiveness of frozen
oral FMT capsules was evaluated as a further treatment for MDD patients, and it was
discovered that four weeks following transplantation, depressive symptoms considerably
improved [156]. FMT therapy for depression also reduces GI symptoms and rebalances the
gut environment, much like it does for autism. Despite negative effects and complications
of FMT therapy being documented in some articles, this treatment approach is becoming
more and more popular in clinical and scientific settings. This is especially the case for an
alternative pill made from human feces that produces similar effects in a less invasive and
more standardized manner [157].

5.3. Probiotics, Prebiotics, and Synbiotics

Recent clinical trials have shown that probiotics, prebiotics, and synbiotics may pos-
itively influence depression by modulating the gut–brain axis. When taken in sufficient
quantities, living bacteria, known as probiotics, are beneficial to the health of the host. Probi-
otics containing beneficial bacteria, like Lactobacillus and Bifidobacterium, have shown reduc-
tions in depressive symptoms, possibly through anti-inflammatory and neurotransmitter-
modulating effects [158]. As evidenced in Table 3, numerous studies have shown the
effectiveness of different probiotic species (e.g., L. helveticus, L. rhamnosus, B. longum, and B.
breve CCFM1025) in the treatment of clinical depression. It is crucial to remember that some
research has produced unfavorable findings [159,160]. These contradictory results could be
the result of heterogeneity in the cohort characteristics and/or the therapies employed, al-
though this is unknown. Additionally, the synergistic effects of several species can boost the
antidepressant effects of probiotics. According to Liu et al. [161], this implies that utilizing
multi-species probiotics may be more advantageous than using single-species probiotics.

Prebiotics are substrates that the gut bacteria preferentially use to support host health.
They may encourage the growth of certain advantageous microorganisms. Prebiotics, such
as fructooligosaccharides (FOSs) and galactooligosaccharides (GOSs), promote beneficial
bacterial growth and may improve mood by enhancing gut health [161]. Probiotic (L. helveti-
cus and B. longum) and prebiotic (GOS) supplementation’s effects on depression remission in
patients with MDD were examined in a previous RCT. After eight weeks of treatment, it was
found that probiotics, but not prebiotics, reduced the symptoms of depression [162]. In an
RCT, administering patients with depression with 4G-β-D-galactosylsucrose for 24 weeks
consistently increased their sense of self-efficacy without affecting their depressive symp-
toms [163]. By encouraging the growth of probiotics, prebiotics indirectly improve host
health rather than having a direct impact on the body.

Synbiotics—combinations of probiotics and prebiotics—have shown promise as well,
with some studies indicating enhanced effects on mood compared to those of probiotics
alone. A synbiotic supplement (containing L. acidophilus, L. casei, and B. bifidum plus inulin)
improved depressive symptoms in overweight and obese adults [164]. Probiotics and
prebiotics have symbiotic connections. Thus, it is conceivable that synbiotics will lead to
the next advances in the treatment of depression. It is thought that administering probiotics
and prebiotics at the same time increases the activity of good gut bacteria. However,
the careful selection of appropriate prebiotics and probiotic strains is necessary for the
synthesis of successful synbiotics. Moreover, outcomes vary based on formulation, dosage,
and individual gut microbiota composition, highlighting a need for further standardized
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research. Table 3 highlights the evidence from recent studies on prebiotic, probiotic, and
synbiotic interventions.

Table 3. Recent prebiotic, probiotic, and synbiotic intervention studies.

Intervention Dose Study Design Outcome References

Probiotic studies—preclinical studies

Lactobacillus reuteri NK33 and
Bifidobacterium

adolescentis NK98
1× 109 CFU for 5 days Immobilization stress-induced

depression in C57BL/6 mice

↓ Proteobacteria population and gut
LPS production

↓ IL-6 and corticosterone levels
↓Anxiety and depression phenotypes

[165]

Lactobacillus
kefiranofaciens ZW3

1× 107 CFU,
1× 108 CFU, and
1× 109 CFU for

2 weeks

Kunming male mice: CMS model
of depression

↑ Stress-induced serum corticosterone levels
↑ Brain 5-HT levels
↑Depression-like

behavior

[166]

Lactobacillus
helveticus MCC1848

1× 1011 CFU ml−1 for
24 days

Male C57BL/6J (B6) mice:
Subchronic and mild social defeat

stress (sCSDS) model of depression

Restored normal sucrose consumption
Restored nucleus accumbens dopamine and

serotonin receptor
gene expression

[167]

Bifidobacterium
breve CCFM1025

1× 109 CFU ml−1 for
5 weeks

Male adult C57BL/6 mice: CMS
model of depression

↑Metagenomic tryptophan biosynthesis and
profile of SCFA producing bacteria

Normalized the stress-induced expression of
brain Nr3c1 glucocorticoid receptor
↑ BDNF and precursor levels

[168]

Clinical studies
Probiotic (Lactobacillus

helveticus and Bifidobacterium
longum) and prebiotic

(galactooligosaccharide)

1× 1010 CFU per
5 g sachet for 8 weeks

Patients with MDD: RCT for
psychological outcomes

↓Depression score
↓Kynurenine/ tryptophan ratio [162]

Bifidobacterium longum 1714 1× 109 CFU ml−1 for
4 weeks

Randomized, double- blind,
parallel-group design: Social

stress-induced by “Cyberball” game

↑ Theta band power and beta-3 band power in
cortex in

resting stage
Changes in the neural processing of social

stress

[169]

Prebiotic studies—preclinical studies

Fructooligosaccharide from
Morinda officinalis 50 mg kg−1 for 3 weeks

Male SD rats: 7-week CMS model
of depression following 4 weeks of

treatment

Recovery of sucrose intake
↑Mobility and

exploratory behavior
↓ Plasma corticosterone

Repaired damage in the intestinal epithelium

[170]

Synbiotic studies—clinical studies
Synbiotic formulation 15 g of
prebiotics and 5 g of probiotic
containing L. acidophilus T16

and B. bifidum BIA-6,7,8

2.7× 107 CFU g−1 each
for 12 weeks

75 Hemodialysis patients: Serum
BDNF was measured

↓Clinical anxiety and depression scores
↑ Serum BDNF levels [171]

Abbreviations: ↑, increase; ↓, decrease.

6. Limitations and Challenges
One of the major limitations in utilizing dietary interventions to manage depression is

the significant variability in individual responses. This variability can arise from numerous
factors, including genetic differences, baseline microbiome composition, lifestyle factors,
and the presence of other health conditions. For instance, while some individuals may
experience significant mood improvements and gut microbiome benefits from dietary
changes, others may see little to no effect or even negative outcomes, highlighting the need
for personalized dietary recommendations. Additionally, the long-term sustainability of
dietary interventions poses another challenge. While short-term dietary changes can be
beneficial, maintaining these changes in the long term can be difficult due to factors such
as dietary preferences, socio-economic barriers, cultural influences, and the complexity of
adhering to specific dietary regimens. This sustainability issue is compounded by the often
restrictive nature of some therapeutic diets, which can lead to decreased adherence and
potential nutrient deficiencies if not carefully managed. Thus, for dietary interventions to
be effective in the long term, they must be feasible, culturally acceptable, and enjoyable,
ensuring that individuals can maintain the recommended dietary patterns without feeling
overly restricted or deprived.
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7. Gaps in the Knowledge and Future Research Directions
7.1. The Need for Longitudinal and Large-Scale Studies

Despite the growing evidence linking diet, gut microbiome composition, and mental
health, there is a pressing need for more longitudinal and large-scale studies to fully
understand these complex relationships. Current research often relies on cross-sectional
data or short-term interventions, which can provide only a snapshot of the interactions
between diet, the microbiota, and mental health. Longitudinal studies are crucial for
observing how changes in dietary patterns influence the gut microbiome and mental
health outcomes over time, offering insights into causality rather than mere association.
Additionally, there is a significant gap in the research regarding diverse populations. Many
existing studies are conducted on homogeneous groups, limiting the generalizability of
the findings across different ethnicities, ages, genders, and socio-economic backgrounds.
Understanding the variations in dietary impacts across diverse populations can help
to identify specific dietary recommendations tailored to different demographic groups,
thereby enhancing the effectiveness and applicability of dietary interventions for mental
health, particularly depression.

7.2. Mechanistic Studies

To advance our understanding of how diet influences mental health through the gut–
brain axis, it is essential to delve deeper into the precise molecular mechanisms involved.
Mechanistic studies are needed to elucidate the specific pathways by which dietary compo-
nents affect the gut microbiota and how these microbial changes translate into alterations in
brain function and mood regulation. For example, while we know that certain diets can in-
crease the production of SCFAs and modulate tryptophan metabolism, the exact molecular
interactions and regulatory pathways remain unclear. Understanding these mechanisms
at a detailed level, including the role of specific microbial species, metabolites, and host
factors, can help in the development of targeted therapies and interventions. Additionally,
mechanistic studies can explore the interplay between diet-induced microbial changes and
other physiological systems, such as the immune and endocrine systems, which are also
implicated in the pathophysiology of depression. This comprehensive understanding is
critical for identifying new therapeutic targets and optimizing dietary strategies for mental
health improvement.

7.3. Personalized Nutrition

The idea of personalized nutrition represents a future perspective considering the
feasibility of dietary management strategies based on an individual’s microbiome and
genetic constitution. Since the results of dietary interventions vary across individuals,
personalized nutrition solutions can offer some dietary recommendations based on the
gut microbiota composition, metabolic potential, and genetic factors of the individual.
This is easy in theory because it involves mapping out how different foods and food
patterns affect different individuals and what impact those individual effects have, if any,
on mental health. In the present study, emphasis is placed on future projections concerning
the emergence of effective and producible technologies providing a basis for predictive
anthropometric strategies utilizing microbiome data. This can be seen as a large potential
future step in the practical application of nutrition therapy, as it accepts that there are
differences among individuals; therefore, it is not promoting a blanket approach. The last
but most fundamental tool to be adopted for this will be advanced technologies such as the
exploration of metagenomics and metabolomics, as well as the use of machine learning in
understanding the interplay between food, microbiome composition, and mental health.
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8. Conclusions
The interdependence between the diet, the gut microbiome, and depression empha-

sizes the importance of nutrition in mental health. Various dietary fibers, proteins, fats, and
other nutrients are consumed by gut microbes and converted into different metabolites:
SCFAs, indoles, and precursors of neurotransmitters, the effects of which can be seen on
the gut–brain axis and, in turn, mood and cognitive abilities. Such metabolites produced by
microbes have the ability to affect inflammation, the production of neurotransmitters, and
the integrity of the gut barrier, all of which are important in understanding the mechanisms
that cause depression. Especially interventions that include changes in fiber and omega-3s
in the diet or the general use of a healthy balanced diet have been effective in positively
impacting mental health through colonizing the gut with healthy bacteria and curtailing in-
flammation in the body. However, the differential effects on individuals and the compliance
with these interventions for prolonged periods remain constraints. Future studies must be
longitudinal or mechanistic and include functional strategies such as personalized nutrition
in order to enable researchers to grasp the benefits of the gut microbiome for the treatment
of mental disorders. The evidence calls for the incorporation of dietary modalities as a part
of integrative mental healthcare beyond the use of medications, with the hope that nutrition
and gut health will become the mainstay in curbing or treating depression in the future.

Author Contributions: Investigation, N.R.; resources, B.X.; writing—original draft preparation, N.R.;
writing—review and editing, B.X.; supervision, B.X.; funding acquisition, B.X. All authors have read
and agreed to the published version of the manuscript.

Funding: This project was jointly supported by two grants (project code: UICR0400015-24 and
UICR0400016-24) from BNU-HKBU United International College, China.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

5-HT 5-hydroxytryptamine
BCFA Branched-chain fatty acid
BDNF Brain-derived neurotrophic factor
CNS Central nervous system
CRS Chronic restraint stress
CSDS Chronic social defeat stress
CUMS Chronic unpredictable mild stress
ENS Enteric nervous system
FMT Fecal microbiota transplantation
FOS Fructooligosaccharides
GABA Gamma-aminobutyric acid
GALT Gut-associated lymphoid tissue
GI Gastrointestinal
GLP Glucagon-like peptide
GOS Galactooligosaccharide
HPA Hypothalamic–pituitary–adrenal
IBD Inflammatory bowel disease
IDO Indoleamine-2,3-dioxygenase
IL Interleukin
LPS Lipopolysaccharide
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MDD Major depressive disorder
MUFA Monounsaturated fatty acid
MS Maternal separation
PUFA Polyunsaturated fatty acid
RCT Randomized controlled trial
ROS Reactive oxygen species
SCFA Short-chain fatty acid
SPM Specialized pro-resolving mediators
TNF-α Tumor necrosis factor-alpha
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Abstract: The human gastrointestinal tract hosts a complex and dynamic community of microorgan-
isms known as the gut microbiota, which play a pivotal role in numerous physiological processes,
including digestion, metabolism, and immune function. Recent research has highlighted the signifi-
cant impact of diet on the gut microbiota composition and functionality, and the consequential effects
on host health. Concurrently, there is growing evidence linking the gut microbiota to inflammation,
a key factor in many chronic diseases such as inflammatory bowel disease (IBD), obesity, diabetes,
and cardiovascular diseases (CVDs). This review explores how dietary components influence the
gut microbiota composition, how these microbial changes affect inflammatory pathways, and the
therapeutic implications of modulating this axis for chronic inflammatory disease prevention and
management. Beneficial dietary patterns, such as the Mediterranean diet (MD) and plant-based
diets, promote a diverse and balanced gut microbiota composition, supporting anti-inflammatory
pathways. Conversely, the Western diet (WD), high in saturated fats and refined sugars, is associated
with dysbiosis and increased inflammation. With all the links between the three variables considered,
this review attempts to offer a thorough examination of the triangle formed by inflammation, the gut
microbiota, and food.

Keywords: gut microbiota; inflammation; diet; dysbiosis; metabolites

1. Introduction

The human gastrointestinal tract is home to a complex and dynamic community of
microorganisms known as the gut microbiota. This intricate ecosystem plays a critical role in
numerous physiological processes, including digestion, metabolism, immune function, and
even behavior [1]. The composition and functionality of the gut microbiota are profoundly
influenced by diet, with different dietary patterns inducing significant changes in microbial
communities. For instance, diets rich in fiber, polyphenols, and healthy fats, such as the MD,
promote the growth of beneficial bacteria and enhance microbial diversity. Conversely, the
WD, characterized by a high intake of fats and refined sugars, is associated with decreased
microbial diversity, an increase in pathogenic bacteria [2], and an increase in the number of
mucin-degrading bacteria, which, in turn, can affect the intestinal mucus layer thickness [3].

In recent years, a growing body of evidence has emerged linking the gut microbiota to
inflammation, which is a key factor in the pathogenesis of many chronic diseases, including
IBD, obesity, diabetes, and CVDs [4]. The gut microbiota modulate the host’s immune
system and inflammatory responses through various mechanisms. Beneficial bacteria help
to maintain gut barrier integrity, preventing the translocation of harmful pathogens and
toxins into the bloodstream [5]. They also produce metabolites, such as short-chain fatty
acids (SCFAs), which have anti-inflammatory effects and support immune homeostasis [6].
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However, an imbalance in the gut microbiota, known as dysbiosis, can disrupt these
protective mechanisms, leading to increased gut permeability, systemic inflammation [7],
and impaired intestinal barrier structure and function [3]. Understanding the triangular
relationship among diet, the gut microbiota, and inflammation is crucial for developing
effective strategies to improve health outcomes. The interplay between these elements is
mediated through several mechanistic pathways. Dietary components directly influence the
composition and activity of the gut microbiota [8], which, in turn, produce metabolites that
can modulate immune responses and inflammation. For instance, SCFAs produced from the
fermentation of dietary fiber enhance the gut barrier function and regulate inflammatory
pathways, while diets high in saturated fats can promote the growth of pro-inflammatory
bacteria and increase endotoxin levels, leading to systemic inflammation [9].

This review aims to synthesize the current knowledge on the diet–gut
microbiota–inflammation axis, providing insights into how dietary interventions can mod-
ulate the gut microbiota composition and function, and, consequently, influence inflamma-
tory processes. By exploring the mechanistic pathways and therapeutic potential of this
interconnected triad, we hope to contribute to the development of effective strategies for
the prevention and management of chronic inflammatory diseases.

2. Gut Microbiome: General Concepts of Diet and Gut Microbiota

The microbial community of the gut microbiome is extremely complicated. While
there are diverse microbial communities in more proximal parts of the gastrointestinal tract,
the colon has the highest biomass [10]. The human gut contains 10 times the number of
microbial cells of the human body as a whole; these bacteria weigh about 2 kg, represent
up to 5000 different species, and total about 100 trillion [11,12]. The composition of the gut
microbiota comprises fungus, bacteria, viruses, and parasites [1,11]. Moreover, Prevotella,
Ruminococcus, Bacteroidetes, and Firmicutes are among the most prominent kinds of bacte-
ria [13]. Firmicutes are the most prevalent in the average adult, followed by Bacteroidetes
and Actinobacteria [14]. Eubacterium, Ruminococcus, and Clostridium are the three subgroups
of Firmicutes. It has been demonstrated that the proportion of the bacterial species Firmi-
cutes to Bacteroidetes (F/B) affects both health and disease [15]. There is mounting evidence
that suggests that nonbacterial components may also be involved in health and disease,
despite the majority of studies being on bacteria [16]. The microbiota inoculate humans for
the first time during birth. It has been demonstrated that a variety of factors, including the
method of delivery (vaginal versus caesarian section), food (breast versus formula feeding),
and use of antibiotics, affect the composition of an infant’s gut microbiota [17]. During the
first few years of life, the microbiota quickly diversify [18]. They also play a significant
role in the development of the immune system [19], providing defense against pathogenic
microorganisms and bacterial overgrowth. In adults, the microbiota play a role in a number
of processes, including bone density modulation [20], the modification and elimination
of particular toxins and medications [21], and the optimization of intestinal barrier func-
tion [22]. The gut microbiome’s bacteria are involved in producing neurotransmitters like
serotonin, vitamins, and enzymes, as well as obtaining energy from meals and maintaining
a balance between an opportunistic and helpful bacterial makeup. For example, the bacteri-
ally generated vitamin K is involved in immunological and metabolic processes. Therefore,
disease may arise from an imbalance in bacterial species [23]. Numerous factors, including
the host genetics and physiology, environmental exposures, age, and food, influence the
makeup and function of the microbiota [24]. A shift in diet composition can have an impact
on this ratio, because nutrition has been shown to be one of the factors that can change
the bacterial composition the most [11]. The microbiota respond quickly (within 24 h) to
changes in diet in both people and mice [25].
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3. Diet and Gut Microbiota
3.1. Subsection Role of Diet in Shaping Gut Microbiota

Diet refers to the sum of foods and beverages consumed by an individual or group,
playing a crucial role in maintaining health and well-being. It provides the essential nutri-
ents required for various bodily functions, including energy production, growth, repair, and
the maintenance of physiological processes. The composition of one’s diet—encompassing
macronutrients like carbohydrates, proteins, and fats, as well as micronutrients such as
vitamins and minerals—significantly influences overall health outcomes [26].

Beyond providing essential nutrients, diet also has a profound impact on the gut
microbiota, the diverse community of microorganisms living in the gastrointestinal tract.
These microorganisms play key roles in digestion, immune function, and the production
of essential metabolites. The interaction between diet and the gut microbiota is bidirec-
tional: while diet shapes the composition and activity of the gut microbiota, the microbiota
influence how nutrients and other dietary components are metabolized [27].

Different dietary patterns significantly influence health outcomes, particularly through
their impact on the gut microbiota and inflammation [28]. The WD, characterized by high
intakes of processed foods, red meats, sugars, and unhealthy fats, is often associated with
adverse health effects, including a reduced microbial diversity and increased inflamma-
tion [29]. In contrast, the MD, rich in fruits, vegetables, whole grains, nuts, and olive
oil, promotes a diverse and beneficial gut microbiota composition, contributing to anti-
inflammatory effects and improved metabolic health [30]. Similarly, vegetarian and vegan
diets, which emphasize plant-based foods, enhance gut health by increasing the abundance
of fiber-fermenting bacteria and the production of anti-inflammatory metabolites [31]. Each
of these dietary patterns offers unique insights into how dietary choices can shape the gut
microbiota and influence inflammatory processes, thereby affecting overall health.

3.2. Effects of Dietary Patterns on Gut Microbiota
3.2.1. Mediterranean Diet

A varied diet rich in nuts, fruits, vegetables, and olive oils, with moderate fish, poultry,
and wine intake and a minimal intake of processed and red meats, is the hallmark of the
MD [32] (Figure 1). Dietary fiber content is high in multiple components. Because of its
numerous food groups, ease of accessibility, and health advantages, it is becoming more
and more popular among medical and non-medical personnel. The MD is the most recom-
mended plant-based dietary pattern, with an abundance of evidence to support it. High
levels of MD adherence have also been positively linked to changes in the microbiota and
their metabolites [33], pointing to a possible role for the gut microbiota in the advantageous
impacts of this dietary strategy.
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Diverse effects have been observed in human research models investigating the
influence of the MD on the gut microbiome. Numerous studies have reported increased
Bifidobacterium abundance. Prevotella, Bacteroides, and Enterococcus were also elevated
in one of these trials [34]. Faecalibacterium prausnitzii, Roseburia, and Lachnospiraceae
were found to be more abundant in another study [35], while Ruthenibacterium lactatifor-
mans, Flavonifractor plautii, Parabacteroides merdae, Ruminococcus torques, and Ruminococcus
gnavus were found to be less abundant. Increases in Firmicutes and Lactobacillus [34]
have been reported in other research. It has been discovered that some MD components
individually change the composition of the gut microbiota. For instance, eating walnuts
was linked to higher relative abundances of the Eubacterium eligens group, Leuconos-
tocaceae, Lachnospiraceae, and Roseburia [36]. The study found an inverse correlation
between the lipid profile, blood pressure, and the relative abundance of Lachnospiraceae.
A higher abundance of the Clostridiales vadin BB60 group was linked to the monoun-
saturated oleic acid [36]. Significant increases in Bifidobacterium [37], Lactobacillus, and
Roseburia [38] have been reported in response to polyunsaturated fatty acids (PUFAs).
These findings are summarized in Table 1.

In a different study, researchers discovered that people following the MD had higher
Prevotella-to-Bacteroides ratios, suggesting that a diet rich in natural fiber and resistant starch
has a good effect on patients’ bacterial composition [4]. A study that used a meal frequency
questionnaire and a microbiota composition analysis was also carried out in a similar
manner. Following completion, it was discovered that a greater F/B ratio was the result of
poor diet adherence [2,39]. Individuals exhibited increased levels of SCFAs, Bifidobacteria
counts, and Bacteroidetes when they adhered to the MD more closely [2].

Microbial metabolites provide some of the most compelling evidence for microbiota-
mediated effects on human health. Tryptophan, an important amino acid included in
many foods such as fish, chicken, dairy products, and grains [40], is one example of how
it is metabolized by microbes in the MD. The microbiota have the ability to metabolize
tryptophan into tiny compounds that can bind to the aryl hydrocarbon receptor (AhR)
and cause enteroendocrine cells to secrete more glucagon-like peptide 1 (GLP-1) [40]. A
decrease in AhR ligands and GLP-1 release, as well as compromised intestinal barrier
function in animal models, have been linked to metabolic syndrome in both human and
animal investigations [41]. The rise in microbiome gene representation linked to SCFA
generation with the MD [35] is another example of the microbial-mediated influence of
food; this is consistent with reported increases in fecal SCFAs [17].

A 12-month MD intervention was conducted in 612 non-frail or pre-frail subjects
from five European countries (UK, France, The Netherlands, Italy, and Poland) as part of
a study by Ghosh et al., which examined the effects of diet on inflammatory markers.
There was a negative correlation found between the inflammatory markers of CPR,
interleukin (IL)-17, and IL-2 and diet adherence. Positive levels of the anti-inflammatory
cytokine IL-10 were also seen. Following the MD has been linked to several health
benefits, such as an increased production of SCFAs and anti-inflammatory qualities
that lower the risk of long-term inflammatory disorders like Type 2 diabetes mellitus
(T2DM) [42].

3.2.2. Western Diet

Reduced amounts of fruits and vegetables and high amounts of animal proteins,
refined carbohydrates, and sugars—all heavy in calories—are characteristics of the WD [43]
(Figure 1). Dietary fiber has a major influence on the microbiota, yet a normal WD is
poor in it [44]. The bacterial diversity in the gut microbiome is impacted by a WD that
increases Bacteroides spp., Alistipes spp., and Bilophila spp. while decreasing Lactobacillus
spp., Roseburia spp., and E. rectale, the beneficial bacteria [2]. In a recent study, mice fed
with a high-fat, high-sugar diet or a low-fat, high-sugar diet were used. The results showed
that the mice fed with the high-fat, high-sugar diet had more Firmicutes and Mollicutes
and fewer Bacteroidetes [45]. Researchers carried out an experiment on mice in a different
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study. The mice were randomly allocated to receive either a high-fat diet (HFD) or a
regular chow diet. The researchers observed comparable changes in the composition of
the gut microbiota. This confirmed earlier findings that the high-fat diet group included
significant concentrations of Firmicutes and Proteobacteria. Furthermore, the HFD group
also had greater levels of Enterobacteriaceae, Escherichia, Klebsiella, and Shigella according
to this study. Overall, these studies’ findings indicate a relationship between alterations
in the gut microbiota resulting from an HFD: a decrease in Bacteroidetes and an increase
in Firmicutes [9]. A recent study by Suriyano et al. highlighted the significant impact of
dietary macronutrients, specifically sugar and fat, on fecal bacterial counts and quantitative
microbiome profiling in mice. The researchers found that fat, in particular, is a key factor
driving changes in the gut microbiota composition. These alterations in gut bacteria are
linked to the progression of obesity, diabetes, and local inflammation in various body
tissues. The study emphasized that the type of macronutrients consumed can profoundly
influence the gut microbiota, which play a critical role in the development of metabolic
diseases and associated inflammatory conditions [46].

A WD is characterized by high quantities of additives produced from food process-
ing, such as synthetic emulsifiers, and lower levels of natural foods containing dietary
fiber. These emulsifiers have been demonstrated to modify the gut microbiota in mice,
decrease the thickness of the mucus barrier, and encourage intestinal inflammation
and metabolic disorders [47]. In a recent human randomized controlled clinical trial,
microbial diversity, SCFA production, and free amino acid levels were observed to be
reduced by dietary emulsifier supplementation during a brief dietary intervention in
healthy participants. More specifically, there was an increase in Lachnospiraceae and
Roseburia and a drop in F. prausnitzii and Ruminococcus levels. Lastly, some patients, but
not all of them, experienced a decrease in their intestinal mucus thickness, even during a
brief intervention [48].

High levels of animal-based proteins, which have the ability to alter the makeup and
possible function of the gut microbiota, are another feature of a WD. Specifically, it has been
observed that individuals following a WD had higher levels of trimethylamine N-oxide
(TMAO) due to microbiota-dependent transformations converting l-carnitine and phos-
phatidylcholine, which are common in red meats [49]. Furthermore, high concentrations of
ultra-processed foods and dangerous dietary additives, such as emulsifiers and artificial
sweeteners, may contribute to the detrimental effects of the WD on the gut flora [50]. Junk
foods that are characteristic of the WD are rich in artificial substances and preservatives,
low in fiber, and can cause detrimental effects to the gut microbiota. These foods favor
the proliferation of pathogenic bacteria and, acting at the same time, suppress beneficial
bacteria, disrupting the microbiome’s balance and weakening the integrity of the intestinal
barrier. The environment that highly processed meals create in the gut appears to alter the
microbiota in a way that supports a variety of inflammatory diseases, such as metabolic
disorders, IBD, and obesity [51].

Also, a WD is very limited in terms of the consumption of whole grain, which provides
part of the daily needed dietary fiber and nutrients. Whole grains are essential contributors
to a healthy and diverse gut microbiome because they act as prebiotics, stimulating the
production of SCFAs beneficial for gut and general health. A lack of whole grains in the
diet considerably reduces the number of good microbes and the production of SCFAs,
which leads to inflammation. A randomized controlled trial by Vanegas et al. examined
the effects of whole grain consumption on the gut microbiota in humans. Participants who
consumed a diet rich in whole grains, such as oats and barley, showed a significant increase
in the abundance of beneficial gut bacteria, particularly Bifidobacterium and Lactobacillus. In
contrast, those who consumed refined grains exhibited a decrease in microbial diversity
and a reduction in the production of short-chain fatty acids (SCFAs), which are crucial for
maintaining gut health and reducing inflammation [52].
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Additionally, a low consumption of fruits and vegetables is another significant factor.
These foods are vital sources of vitamins, minerals, fiber, and phytochemicals that support
gut health. Fruits and vegetables contribute to a balanced gut microbiome by fostering
microbial diversity and inhibiting the growth of pathogenic bacteria. Their antioxidants
and anti-inflammatory properties further help to protect the gut lining and promote overall
digestive health. A study by Lakshmanan et al. explored the impact of fruit and vegetable
intake on the gut microbiota in a cohort of healthy adults. The researchers found that fruits
and vegetables can provide long-term health benefits by controlling the relative abundance
of bacteria such as L-Ruminococcus and unclassified bacteria from the Erysipelotrichaceae
family, possibly through a reduction in the pro-inflammatory response [53]. These findings
are highlighted in Table 1.

3.2.3. Vegetarian Diet

Vegetables, fruits, grains, legumes, and nuts make up the majority of a vegetarian diet,
however, dairy and eggs are occasionally included [54]. Numerous food groups that are
often included in a healthy vegetarian diet, such as those high in fiber, unsaturated fatty
acids, and polyphenols, are also included in the MD. The saturated fatty acids obtained
from animals are reduced as a result of not consuming red meat. A vegetarian diet has
been linked to a decrease in the metabolites related to CVDs [49], such as acylcarnitine
metabolites and l-carnitine [54]. These elements contribute to the explanation of some of
the health advantages of a vegetarian diet, such as weight and cholesterol reductions [55].
A shift in the makeup of the gut microbiota, including a rise in alpha diversity, has also
been linked to the vegetarian diet [56]. In particular, a vegetarian diet has been linked to
higher relative abundances of the taxa that produce SCFAs, namely Eubacterium biforme,
F. prausnitzii, Eubacterium rectale [56], and Akkermansia [54]. It has been shown that Akker-
mansia contributes to the preservation of the epithelial energy balance and integrity in
the colons of animal models [57]. It is plausible that alterations in the microbiota linked
to a vegetarian diet impact human health; however, more human data are required to
substantiate a direct causal relationship.

According to the previous findings, high levels of Prevotella species have been
associated with plant-based diets [58]. An animal study that used mice deficient in
the miR-146a gene examined the effects of a plant-based diet rich in miR-146a on the
microbial community. The study revealed that the microbiomes of the mice fed with the
plant-based diet differed significantly from the microbiomes of the mice fed with the
control diet, leading the researchers to conclude that a shift in microbial communities
occurs when dietary fiber levels rise. For the mice consuming the plant-based diet, they
discovered that Bacteroides and Alloprevotella significantly increased and Porphyromon-
adaceae and Erysipelotrichaceae decreased [59]. A human diet intervention study was
carried out to investigate the bacterial composition based on what the participants indi-
cated as their regular diet, in an effort to support the theory that a high-fiber diet alters
the bacterial makeup. Prevotella enrichment was observed in ninety-eight vegetarian
patients, but Bacteroides enrichment was observed in the microbiome environments of
those who followed a conventional WD. The researchers also noticed that when 10 of the
participants swapped diets, their microbiome compositions were altered within 24 h of
the ingestion of the other diet [11]. Another related study produced comparable results.
Additionally, they discovered that, in comparison to non-vegetarians, the vegetarian
participants’ microbiomes were enhanced with Prevotella [60]. These key findings are
highlighted in Table 1.
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Table 1. Impact of dietary patterns on gut microbiota in relation to depression.

Dietary Pattern Key Components Impact on Gut Microbiome Health Outcome References

MD

- ↑ fruits, vegetables, whole
grains, legumes, nuts, and
olive oil

- moderate consumption of
fish and poultry

- ↓ red meat and processed
foods

- ↑ fiber, polyphenols, and
omega-3 fatty acids

- ↑microbial diversity
- ↑ growth of beneficial

bacteria, e.g.,
Bifidobacterium,
Lactobacillus

- ↑ levels of Faecalibacterium
prausnitzii, linked to
anti-inflammatory effects

- ↑ production of SCFAs

Reduced risk of depression:

- ↑ gut health
- ↑ neurotransmitter-

modulating
bacteria

- ↓ inflammation
- ↓ inflammatory markers
- ↓ obesity and diabetes
- gut–brain axis modulation

[2,33,34,36,39]

WD

- ↑ red and processed meats,
refined grains, high-fat
dairy, and sugars

- ↑ processed foods,
artificial additives

- ↓ fiber, fruits, vegetables,
and whole grains

- ↓microbial diversity
- ↑ growth of

pro-inflammatory bacteria,
e.g., Proteobacteria,
Bacteroides

- ↓ levels of
SCFA-producing bacteria,
e.g., Roseburia,
Faecalibacterium

Increased risk of depression:

- ↑ pro-inflammatory
cytokines

- gut–brain axis disruption
- ↑metabolic syndrome,

obesity, and inflammation
- ↑ prevalence of gut

dysbiosis and leaky gut
syndrome

[2,9,45,47,49,51]

Vegetarian

- ↑ fruits, vegetables, whole
grains, legumes, nuts,
and seeds

- no meat; some variations
allow dairy and eggs

- rich in fiber,
phytochemicals, and
antioxidants

- ↓ saturated fats and
cholesterol

- ↑ microbial diversity route
- ↑ growth of beneficial

bacteria, e.g.,
Bifidobacterium, Prevotella

- ↑ levels of SCFAs,
particularly butyrate,
linked to gut health

- ↓ levels of bile-tolerant
bacteria, which are linked
to inflammatory responses

Reduced risk of depression:

- improved gut health;
reduced inflammation

- lower risk of cardiovascular
diseases, obesity, and type
2 diabetes

- enhanced protection against
certain cancers

- lower inflammation and
improved insulin sensitivity

[11,49,55,57,58]

↑, increase; ↓, decrease.

3.3. Impact of Macronutrients on Gut Microbiota Composition
3.3.1. Carbohydrates

Food ingredients have a significant effect on the gut microbiota, affecting their com-
position in terms of richness and diversity. Consuming a lot of animal proteins, saturated
fats, sugars, and salt may encourage the growth of pathogenic bacteria at the expense of
beneficial bacteria, but eating complex polysaccharides and vegetable proteins may also
increase the number of beneficial bacteria in the body [50]. Table 2 highlights the role of
macronutrients in the gut flora.

Carbohydrates are primarily used by the body as a source of energy, and they signifi-
cantly influence the composition and function of the gut microbiota. The gut microbiota, in
turn, aid in the digestion of certain carbohydrates. The interaction between dietary carbo-
hydrates and the gut microbiota plays a crucial role in shaping and altering the microbiota,
affecting overall gut health and metabolic processes.

Dietary fiber is categorized as carbohydrates that are unable to be digested in the
upper gastrointestinal system. They are not absorbed in the small intestine because they
are not broken down by the host’s digestive system. The gut microbiota’s fermentation of
carbohydrates is necessary for the breakdown of fibers. According to Rinninella et al., non-
digestible oligosaccharides such as raffinose, stachyose, oligofructose, and inulin, resistant
starches, and non-starch polysaccharides such as cellulose, hemicellulose, glucans, gums,
and pectin make up fibers. Through saccharolytic fermentation, which is carried out by gut
microbes in the colon, they produce monosaccharides, certain gases (methane and carbon
dioxide), and SCFAs like butyrate, acetate, and propionate [61]. Dietary fiber consumption
and the makeup of the gut bacteria influence the types and quantities of SCFAs that
are present. Non-digestible complex carbohydrates have the ability to release particular
microbial metabolites and encourage the growth of a wider range of microbial families
and species with particular traits. Known also as microbiota-accessible carbohydrates
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(MACs), the primary sources of these carbohydrates include cereals, some fruits and
vegetables, and human milk (human milk oligosaccharides) when a person is breastfeeding.
Bananas, chicory root, onions, garlic, artichokes, asparagus, and other foods include
MACs such as oligofructose and inulin [50]. Furthermore, dietary fiber possesses various
physicochemical properties that significantly influence the composition and functionality
of the gut microbiota. One key property is its solubility, which allows soluble fibers to form
viscous gels in the gut, facilitating the fermentation process by beneficial bacteria, thus
increasing the production of SCFAs [62].

There is growing interest in utilizing these carbohydrates as prebiotics to support
gut health. Prebiotics promote the growth of beneficial bacteria such as Lactobacillus and
Faecalibacterium prausnitzii. These bacteria metabolize prebiotics into SCFAs, which have
various positive effects on gut health, including enhancing gut barrier function, reducing
inflammation, and providing energy to colon cells. Consequently, these impacts enhance
the function of the intestinal barrier, elevate insulin sensitivity, and improve the lipid
profile [63]. According to Singh et al., inulin dose-dependently changed the makeup of the
fecal microbiota in male rats fed with an HFD by suppressing the growth of Firmicutes
phyla (such as Roseburia and Clostridium clusters I, IV, and XIV) and boosting the number
of Bifidobacterium species and Bacteroidetes [64].

It has been demonstrated in animal models that the WD, which has a comparatively
lower fiber content, decreases the variety of the gut microbiota and the quantity of Bifi-
dobacterium [65]. Reducing the F/B ratio and raising the quantity of Lactobacillus sp. in
rats fed with a high-fat, sucrose-enriched diet have been demonstrated to ameliorate gut
dysbiosis [66]. Furthermore, MAC intake may be able to slow down the spread of the
opportunistic diarrheal bacterium Clostridium difficile, according to a new mouse model [67].
Remarkably, a high-fat-MAC diet ameliorated cognitive deficits in a mouse model by
influencing the gut microbiota–brain axis, which is triggered by high-fat food intake [68].

In order to disrupt their gut flora, humanized mice were given a high-fiber diet in
a preclinical experiment before being given a low-quality feed. However, providing the
studied animals with a plant polysaccharide-rich diet with a 15% weight-neutral detergent
fiber content did not restore their microbial diversity and composition. Furthermore,
it was noted that this disruption persisted for a number of generations [13]. Studies
conducted in clinical trials have repeatedly shown that a high-fiber diet intervention
increases the abundance of various beneficial bacteria in the feces, including Lactobacillus
sp., Prevotella sp., and Bifidobacterium sp. [69]. In a randomized, double-blind clinical trial,
galacto-oligosaccharides have been shown to significantly increase Bifidobacterium sp. and
Lactobacillus sp. after four weeks of treatment [70].

3.3.2. Fat

Microbial species modify the host’s lipid profile and obesity by metabolizing ingested
fatty acids into different fatty acids [57]. Increased insulin resistance, intestinal permeability,
and the inflammation of adipose tissue are the outcomes of consuming an HFD, particularly
one high in saturated fat acids, which causes dysbiosis with a drop in Bacteroidetes and a
rise in Firmicutes and Proteobacteria [71].

According to Wolters et al. there may be a positive correlation between the Enterobac-
teriaceae family, Prevotella, Turicibacter, and Parabacteroides genera and monounsaturated
fatty acids (MUFAs) (palmitoleic, oleic, and eicosenoic) [72]. Conversely, in both healthy
and ill models, including people at risk of metabolic syndrome, a diet high in MUFAs—rich
in sesame, pumpkin seeds, rapeseed, extra virgin olive oil, and peanuts—showed favor-
able health effects with an enhanced variety of gut flora. Virgin coconut oil, human milk,
and baby formulas all include medium-chain fatty acids (MCFAs), which may promote
the growth of Lactobacillus and Bifidobacterium to improve metabolic and cognitive pro-
cesses [73]. Medium-chain triglycerides (MCTs) enhance the gut microbial balance and
gut barrier integrity, which, in turn, promotes energy expenditure, weight reduction, and
lipid catabolism. However, diets high in coconut oil may raise the ratio of F/B, Allobaculum,
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Clostridium, Lactobacillus, and Staphylococcus, which may lead to metabolic problems and
the inflammation of adipose tissue [61]. Since the human body is unable to produce PUFAs
and must receive them from food, these fatty acids are referred to as “essential fatty acids”.
PUFAs are mostly found in sunflower oil, nuts, seeds, and fatty fish. By raising the number
of butyrate-producing Lachnospiraceae taxa and restoring the F/B ratio, omega-3 PUFAs
can have a beneficial effect [61].

Research has shown that the amount and type of dietary fat significantly impact
the composition of the intestinal microbiota [13]. Additionally, the abundance of sulfate-
reducing bacteria (SRB) can disrupt the intestinal barrier by breaking down the disulfide
bonds in mucus, causing defects and increasing intestinal inflammation [50]. A recent
review demonstrated that MUFAs do not affect richness or diversity indices, the distribution
of phyla, or the ratio between Bacteroidetes and Firmicutes [8]. However, at the family and
genus levels, diets high in monounsaturated fatty acids, such as those found in the MD,
may positively correlate with the genera Parabacteroides, Prevotella, and Turicibacter, as well
as the family Enterobacteriaceae. Conversely, these diets may negatively correlate with the
genus Bifidobacterium.

It has been repeatedly demonstrated that a diet high in saturated and/or total fat
negatively impacts the gut microbiota. Diets high in total and saturated fats have been
found to have a detrimental impact on the richness and diversity of the gut microbiota,
according to fifteen clinical reports (six of which were randomized controlled interventional
trials and nine of which were observational studies) [72]. Carefully monitored feeding
trials in mice confirmed these results, demonstrating that diets with fat ranging from 44%
to 72% raised the gut microbiota’s F/B ratio [74]. In a recent controlled-feeding clinical
trial, 40% fat consumption by young adults in good health was found to be linked to
unfavorable changes in the gut microbiota. Specifically, the intervention led to a decrease in
the abundance of beneficial Fecalibacterium bacteria and an increase in harmful Bacteroides
and Alistipes species, which are known to be prevalent in patients with T2DM. On the
other hand, 20% fat consumption increased the amount of Fecalibacterium and Blautia spp.
in the gut microbiota [75].

According to Yang et al., unsaturated fat enhances the abundance of Akkermansia
and Bifidobacterium and decreases harmful bacteria like Streptococcus and Escherichia sp.
Conversely, saturated fat consistently lowers health-beneficial microbes like Bifidobacterium
and Fecalibacterium. Furthermore, depending on the fat quality, saturated and unsaturated
fats might have different effects on human health. Saturated fat can raise the F/B ratio,
whereas unsaturated fat can lower it [13].

3.3.3. Proteins

Proteins are linear chains of amino acids joined by peptide bonds. In the distal
colon, the primary microbial phyla, Firmicutes, Bacteroidetes, and Proteobacteria,
ferment amino acids. Proteolytic fermentation has the ability to produce branched-chain
fatty acids like isobutyrate, 2-methyl butyrate, and isovalerate, as well as potentially
toxic substrates like ammonia, nitrosamines, and TMAO in smaller amounts than
saccharolytic fermentation [61]. The amount and quality of the dietary proteins that
the gut microbiota digest, especially those with plant or animal origins, determine the
balance of the gut microbiota populations and the generation of these metabolites. An
increased amount of bile-tolerant anaerobic bacteria, such as Bacteroides, Alistipes, and
Bilophila, may result from a diet high in animal proteins, such as red meat and dairy
products. This could increase the amount of TMAO, a substance with proatherogenic
potential that may contribute to CVD. More specifically, animal diets like red meat
include large amounts of the amino acid L-carnitine, which may be a key factor in the
elevated risk of CVD [76,77].
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A traditional WD that includes a high amount of animal-based proteins may pro-
mote the growth of SRB, such as Desulfovibrio spp., which produces hydrogen sulfide
from dietary inorganic sulfur and sulfated amino acids, such as taurine, methionine, and
cysteine. This could lead to an increase in gut inflammation [78]. Conversely, consuming
plant-based proteins like glycated pea proteins may lead to a rise in the number of good
bacteria like Lactobacillus and Bifidobacterium and a drop in the number of Bacteroides
fragilis and Clostridium perfringens [79]. Pulses, which mostly consist of lentils, beans,
chickpeas, and peas, have garnered more interest in recent years due to their potential
as a sustainable alternative to animal proteins. In fact, eating pulses has been linked to
favorable changes in the gut flora in both humans and animals, including enhanced devel-
opment of the butyrate- and acetate-producing species Bifidobacterium, Faecalibacterium,
Clostridium, Eubacterium, and Roseburia [80]. To cut down on gut-inflammation-related
proteins like cysteine and methionine, a diet high in plant-based proteins, such as pulses,
is an excellent substitute for animal proteins. Moreover, they are rich in bioactive sub-
stances and resistant starches, both of which have a well-established beneficial effect on
the gut microbial balance [81].

Data from animal models indicate that the makeup of the gut microbiota is influenced
by the quality of the proteins. For instance, a preclinical study [82] revealed that cheese
whey proteins, as opposed to casein, might function as growth factors for the fecal counts
of Lactobacilli and Bifidobacteria. Mice with a HFD-induced F/B ratio were demonstrated to
respond differently to mung bean protein. In a model of HFD mice, the mung bean protein
also boosted the abundance of the Ruminococcacea family. The authors postulated that
the Ruminococcacea family members’ bile acid (BA) metabolism would have benefited the
health of the HFD mice in light of this result [83].

3.4. Impact of Micronutrients and Phytochemicals on Gut Microbiota Composition
3.4.1. Vitamins

Vitamins are organic compounds that are essential in very small amounts for sup-
porting normal physiological function. They frequently perform a number of functions
in the body, the most significant of which is acting as cofactors for enzymes. Since our
bodies cannot produce enough of certain vitamins to satisfy our daily needs, the diet is the
main source of these nutrients. However, other vitamins, such as vitamin K and B group
vitamins, are produced by the gut bacteria. They are necessary for immune system function,
cell development and differentiation, and energy metabolism control. The gut microbiota
are capable of producing thiamine, riboflavin, niacin, biotin, pantothenic acid, folate, and
vitamin K, among other vitamins. Moreover, a number of studies have demonstrated that
vitamin D may influence the microbiota’s makeup, altering it and raising the number of
potentially advantageous bacterial strains [61]. The gut microbiota may be influenced
by antioxidants like carotenoids. According to recent research, lutein derived from black
currants has been proven to both decrease Bacteroidetes and Clostridium spp. and increase
bifidobacteria and lactobacilli. However, the gut microbiota mediate the anti-inflammatory
benefits of beta-carotene [8].

3.4.2. Minerals

Essential micronutrients such as minerals and trace elements are involved in human
metabolism and actively interact with the gut flora [84]. Human diseases can result from
both excesses and shortages of certain micronutrients. For example, a lean phenotype
has been linked to alterations in the gut microbiota that have been linked to high calcium
consumption [85]. In a human trial, an eight-week course of 1000 mg of calcium per day
increased the amount of Clostridium XVIII in men’s fecal samples [86].
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The effects of iron supplementation, which is frequently used to treat iron insufficiency,
on the gut flora have been inconsistent. However, following iron consumption, several
studies have consistently shown increases in harmful bacteria and decreases in good
bacteria [87]. According to research on animals, excessive iron can lead to intestinal
dysbiosis, which can decrease the number of some Lachnospiraceae family members and
the genus Allobaculum, while increasing the number of bacteria from the Defluviitaleaceae,
Ruminococcaceae, and Coprococcus families [88]. These results have been corroborated
by in vitro investigations, which have demonstrated that elevated iron concentrations can
raise harmful metabolites, reduce commensal bacteria, and boost pathogenic bacteria’s
pathogenicity [89].

Another important element that preserves the epithelial integrity is zinc, which may
act by influencing the good gut microbiota [90]. According to Yang et al., grill chickens
with a chronic zinc shortage experienced a considerable rise in Proteobacteria abundance
and a decrease in Firmicutes. There are, however, insufficient clinical studies on the effects
of dietary zinc on the human gut flora [13]. The impact of iodine supplementation on
the gut flora seems to be influenced by the amount of fat in the diet. Iodine corrected the
thyroid hormone status in an HFD animal model, but it also led to gut dysbiosis, which
was characterized by a decrease in helpful bacteria like Fecalibacterium prausnitzii and an
increase in dangerous bacteria [91]. On the other hand, the same iodine dose boosted good
bacteria such as Bifidobacterium, Lactobacillus, Fecalibacterium, and Allobaculum in the setting
of a low-fat diet (LFD) [91].

In conclusion, research on the effects of micronutrient shortage or supplementation
is the main focus of current studies, even though there is little information on the precise
processes by which minerals and trace elements affect the gut microbiota. It has been
demonstrated that in experimental animals, calcium influences the gut microbiota, includ-
ing Ruminococcacea, Bifidobacterium, and Akkermansia, as well as the ratio of Bacteroidetes
to Prevotella. It is unknown how magnesium affects the gut microbiome, although some
research has indicated that a sudden lack of the mineral may alter the balance of good gut
bacteria. While some clinical trials have found no impact, iron supplementation generally
increases harmful bacteria and lowers helpful bacteria, such as Bifidobacterium, in babies.
Iron administration routes and chemical forms seem to have important effects. Table 2
highlights the roles of micronutrients in the gut flora. There is a clear need for more compre-
hensive preclinical and human intervention studies to fully understand the role of specific
minerals and trace elements in modulating the gut microbiota [13].

Table 2. Impact of dietary nutrients on gut microbiota.

Nutrients Dose and Treatment Duration/Test Model Potentially Beneficial
Microbiota

Potentially Detrimental
Microbiota Reference

Dietary
carbohydrates

Model: almond-based low carbohydrate diet as
reference/clinical trials (45 T2DM patients)
Duration: 3 months
Age: >18 years
Location: Hospital of Soochow University,
Suzhou, China

↑ Roseburia sp.
↑ Ruminococcus
↑ Eubacterium

[92]

Model: oligofructose-enriched inulin (Synergy 1)
(10 g/day), n = 18 and placebo (maltodextrin;
7 g/day), n = 16 as reference/clinical trials
(34 pediatric celiac disease patients, 62% females,
on a gluten-free diet)
Duration: 3 months
Age: mean age 10 years
Location: University of Warmia and Mazury,
Olsztyn, Poland

↑ Bifidobacterium sp. [93]
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Table 2. Cont.

Nutrients Dose and Treatment Duration/Test Model Potentially Beneficial
Microbiota

Potentially Detrimental
Microbiota Reference

Dietary fat

Model: HFD (60% fat) and baseline as
reference/mice model, n = 8
Duration: 14 weeks
Age: 4 to 5 weeks
Location: Jiangnan University, Wuxi, China

↓ Bifidobacterium sp.
↓ Lactobacillus sp.
↓ Faecalibaculum, sp.
↓ Akkermansia. sp.

↑ Desulfovibrionaceae sp.
↑Mucispirillum sp. [94]

Model: fat diet (20%) and the baseline as
reference/clinical trial (52% women) n = 217
Duration: 6 months
Age: 18 to 35 years
Location: Army General Hospital, north China
and Zhejiang University, south China

↑ Fecalibacterium sp.
↑ Parabacteroides sp. [75]

Model: moderate-fat diet (30%) and the baseline
as reference/clinical trial (52% women) n = 217
Duration: 6 months
Age: 18 to 35 years
Location: Army General Hospital, north China
and Zhejiang University, south China

↓ F/B [75]

Model: HFD (40%) and the baseline as
reference/clinical trial (52% women) n = 217
Duration: 6 months
Age: 18 to 35 years
Location: Army General Hospital, north China
and Zhejiang University, south China

↓ F/B
↓ Fecalibacterium sp.

↑ Alistipes sp.
↑ Bacteroides sp. [75]

Dietary protein

Model: high-animal-protein-based diet
(514 g/kg) and baseline as reference/mice model
Duration: 3 weeks
Age: shortly after weaning
Location: Czech academy of sciences, Prague

↑ Escherichia sp.
↑ Staphylococcus sp.
↑ Enterococcus sp.

[95]

Model: plant-protein-based control diet
(176 g/kg) and baseline as reference/mice model
Duration: 3 weeks
Age: shortly after weaning
Location: Czech academy of sciences, Prague

↑ Enterococcus sp. [95]

Model: C57BL/6 DSS-treated mice with isocaloric
diets with 53% protein and the diets with 30%
protein as reference/DDS-treated mice model,
n = 132
Duration: 3 days
Age: 7 weeks
Location: Université Paris-Saclay, France

↑ Desulfovibrio sp.
↑ Bacteroides sp.

↑ Alloprevotella sp.
↑ Haemophilus sp.
↑ Klebsiella sp.

[96]

Minerals

Model: supplementation of 1000 mg calcium +
1000 mg phosphorus/day and the
supplementation of 1000 mg phosphorus/day as
reference/clinical trials (men n = 30,
women n = 32),
Duration: 8 weeks
Age: 29 ± 7 years
Location: University Jena, Germany

↑ Clostridium sp. [97]

Model: high-iron-fortified formula
(6.4 mg Fe/day) and iron drops (no-added-iron
formula with liquid ferrous sulfate
supplementation (5.7 mg Fe/day) as
reference/clinical trials, n = 53
Duration: 45 days
Age: 6 months
Location: Sweden

↑ Lactobacillus sp. ↓ Ruminococcus sp. [98]

Model: 18 µg/day iodine and control group as
reference/mice model, n = 24
Duration: 8 weeks
Age: 3 weeks
Location: Ningbo University, China

↑ Bifidobacterium sp.
↑ Lactobacillus sp.
↑ Fecalibacterium sp.
↑ Allobaculum sp.
↑ Roseburia sp.

[91]
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Table 2. Cont.

Nutrients Dose and Treatment Duration/Test Model Potentially Beneficial
Microbiota

Potentially Detrimental
Microbiota Reference

Vitamins

Model: one dose of 50,000 IU vitamin A and
placebo as reference/clinical trial,
Duration: 15 weeks
Age: 48 h of birth for IU treatment, placebo–early
(6–15 week) or late (2 year) infancy
Location: Dhaka, Bangladesh

↑ Bifidobacterium sp.
↑ Akkermansia sp. [99]

Model: a dose of 40,000 IU vitamin D once
weekly using two capsules of 20,000 IU
(Plenachol, Encap) and baseline as
reference/clinical trial (patients with vitamin D
deficiency: 25[OH] vitamin D < 50 nmol/L)
Duration: 1 month
Age: NA
Location: St Mark’s Hospital, London, UK

↑ Enterobacteria sp. [100]

Polyphenols

Model: HFD with blackberry anthocyanin rich
extract (25 mg/kg body weight per day) and
HFD as reference/rat model n = 6
Duration: 17 weeks
Age: NA
Location: NA

↑ Akkermansia sp. ↓ Ruminococcus sp. [101]

Model: tart cherry juice consumption (8 oz/day)
and baseline as reference/clinical trials, n = 10
Duration: 5 days
Age: 23–30 years
Location: NA

↑ Bifidobacterium sp.
↑ Prevotella sp.
↑ Bacteroides sp.

↓ Ruminococcus sp. [102]

Model: different concentrations of grape phenolic
compounds (2.5 and 5 mg/kg/day diluted in
0.1% Dimethyl Sulfoxide) and the control group
(0.1% Dimethyl Sulfoxide alone) as reference/rat,
n = 6
Duration: 2 months
Age: NA
Location: NA

↑ Bifidobacterium sp. [103]

↑, increase; ↓, decrease; NA, not applicable.

3.5. Impact of Specific Dietary Components on Gut Microbiota Composition
3.5.1. Prebiotics

Prebiotics have been recognized as dietary components that host beneficial bacteria
preferentially used to give a health advantage [104]. The majority of prebiotic substances
are naturally occurring carbohydrates with a range of molecular structures found in food.
Prebiotics include lactulose, inulin, galactooligosaccharides, and fructooligosaccharides.
They are present in a variety of foods, including bananas, onions, garlic, and whole grains.
In addition to carbohydrates, other compounds that may have prebiotic effects include
polyphenols and PUFAs [8].

Prebiotics mainly function by giving beneficial microorganisms in the stomach a source
of food. Since human enzymes cannot break them down, they pass through to the colon
undigested, where the gut flora ferment them [105]. Some microorganisms, like those in
the genus Bacteroides, can use high-molecular-weight polysaccharides, but others, like bifi-
dobacteria, can metabolize low-molecular-weight carbohydrates very effectively, because
they have a variety of cellular and extracellular glycosidases and specific transport sys-
tems [8]. During this fermentation process, SCFAs such as butyrate, propionate, and acetate
are produced [106]. Prebiotics aid in maintaining a healthy gut microbiota composition
by reducing the number of harmful bacteria and specifically promoting the development
and activity of good gut bacteria like Lactobacilli and Bifidobacteria. Concurrently generated
metabolites can boost gut barrier function, control the immune system, supply energy to the
colon’s lining cells, and even affect brain function via the gut–brain axis [107]. For instance,
oligofructose increases the expression of many genes involved in mucus formation, glyco-
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sylation, and secretion, the expression of both transmembrane and secreted mucins, and
the differentiation and quantity of goblet cells, preventing HFD-induced obesity in mice.
These findings were linked to notable alterations in the composition of the gut microbiota,
with oligofructose considerably raising the abundance of the bacterial taxa Ruminococcaceae,
Odoribacter, Akkermansia, and two undiscovered Muribaculaceae. It is interesting to note that
all of these bacterial species had a positive correlation with mucus layer indicators and a
negative correlation with metabolic parameters [108].

3.5.2. Probiotics

Probiotics were defined as “live microorganisms which, when administered in ade-
quate amounts, confer a health benefit on the host” by the Food and Agriculture Organiza-
tion of the United Nations and the World Health Organization in 2001. This definition is
currently the most widely accepted [105]. Probiotics are diverse organisms derived from
many families of bacteria and yeasts. Along with the yeast Saccharomyces cerevisiae, some of
the most well-known species of bacteria utilized as probiotics include Lactobacillus, Bifidobac-
terium, Enterococcus, and Streptococcus. There are several species in each genus, and there
are numerous strains within each species [105]. Probiotics are typically thought to provide
strain-specific health benefits. Probiotics work through a variety of intricate processes that
vary according to the strain. Nevertheless, a few shared mechanisms have been identified.
Probiotics can change the makeup of the gut microbiota, improve the operation of the
intestinal barrier, modify the immune system, and compete with pathogens for nutrients
and binding sites on the intestinal wall [8].

Additionally, they have the ability to produce metabolites and antimicrobial com-
pounds that may have an impact on host health either directly or indirectly. By interacting
through the gut–brain axis, they can affect the host’s neurological system [109]. Probiotics
have the previously mentioned capacity to alter the makeup and/or activity of the gut mi-
crobiota, which may aid in the prevention or treatment of a number of illnesses, including
metabolic syndrome, irritable bowel syndrome (IBS), and IBD [105].

3.5.3. Polyphenols

Polyphenols include flavonoids, phenolic acids, stilbenes, and lignans from fruits, veg-
etables, cereals, tea, coffee, and wine [110]. Polyphenols are being increasingly recognized
for their role in preventing diseases such as diabetes and obesity, attracting significant sci-
entific interest. However, their absorption and bioavailability in humans are still subjects of
debate. Researchers generally agree that the interactions between the intestinal microbiota
and phenolic compounds significantly impact the bioavailability of these compounds [61].
Studies have shown that phenolic compounds can promote the growth of beneficial mi-
croorganisms; for instance, anthocyanins have been found to increase the populations of
Bifidobacterium spp., Lactobacillus, and Enterococcus spp. Additionally, the microbiota are
crucial in modulating the transformation of phenolic compounds into smaller metabolites,
thereby influencing the bioavailability and beneficial properties of proanthocyanidins [111].

According to research conducted in vitro, polyphenols may influence the composition
of the human gut microbiota by suppressing the growth of potentially harmful bacteria
(like Helicobacter pylori and Staphylococcus sp.) and promoting the development of poten-
tially helpful bacteria (like Lactobacillus and Bifidobacteria) [112]. According to Wang et al.,
polyphenols have been shown in animal studies to alter gut microorganisms, microbial
diversity, and F/B ratio. This and other research has indicated that the primary mecha-
nism underlying the health advantages of polyphenols in humans is their prebiotic-like
properties [113].

3.5.4. Resistant Starch

Resistant starch is a type of carbohydrate that resists digestion in the small intestine
and ferments in the large intestine, acting as a prebiotic to beneficial gut bacteria [114].
This fermentation process produces SCFAs, such as butyrate, which have significant health
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benefits, including anti-inflammatory properties and improved gut barrier function. Studies
have shown that diets high in resistant starch can positively alter the gut microbiota
composition by increasing the abundance of beneficial bacteria like Bifidobacterium and
Lactobacillus. Additionally, resistant starch has been linked to improved metabolic health
markers, such as a better insulin sensitivity and a reduced risk of colorectal cancer. These
findings underscore the importance of incorporating resistant-starch-rich foods, such as
legumes, unripe bananas, and cooked and cooled potatoes, into the diet to support gut
health and reduce inflammation [106].

4. Gut Microbiota and Inflammation
4.1. Mechanisms of Gut Microbiota–Immune System Interaction

The diverse microbial community, referred to as the gut microbiota, inhabits the
gastrointestinal tract and engages in a dynamic and reciprocal relationship with the host
immune system. This crosstalk between the gut microbiota and the immune system is
fundamental for the development and function of the immune system, as well as for the
maintenance of gut homeostasis and overall health.

From birth, the gut microbiota are instrumental in shaping the host immune system.
Early colonization by beneficial microbes influences the maturation of immune cells, such
as T cells, and the development of gut-associated lymphoid tissue. These interactions help
to train the immune system to distinguish between harmful pathogens and benign antigens,
preventing overreactions that could lead to allergies or autoimmune diseases. Studies have
shown that germ-free animals, which lack gut microbiota, have underdeveloped immune
systems and are more susceptible to infections and immune-mediated disorders [115].

The gut microbiota influence the immune system’s regulatory mechanisms, promoting
anti-inflammatory responses and maintaining immune tolerance. Certain gut bacteria, such
as Bifidobacterium and Lactobacillus, induce the production of anti-inflammatory cytokines
like IL-10 and regulatory T cells (Tregs), which help to suppress excessive immune responses
and maintain intestinal homeostasis [115]. Dysbiosis, or an imbalance in the gut microbiota,
can disrupt these regulatory pathways, leading to chronic inflammation and contributing
to various inflammatory diseases, including IBD, rheumatoid arthritis (RA), and metabolic
syndrome [116].

4.2. Gut Barrier Function and Permeability

The intestinal barrier is a dynamic structure that may react to a variety of stimuli
and interface with them. It is made up of several components. It plays a crucial role
in maintaining homeostasis by allowing the absorption of nutrients and water while
preventing the entry of harmful pathogens, toxins, and antigens [117]. The gut microbiota
contribute to the integrity of the gut barrier, a crucial line of defense against pathogens [118].
Beneficial bacteria produce SCFAs like butyrate, which nourish colonocytes and strengthen
the tight junctions between epithelial cells. This prevents the translocation of harmful
bacteria and their toxins into the bloodstream, reducing the risk of systemic inflammation
and infection. Additionally, the gut microbiota compete with pathogenic bacteria for
nutrients and attachment sites, further protecting the host from infections [119].

The gut barrier comprises several layers that work together to maintain its integrity
and function. The first line of defense is the mucus layer, which covers the epithelial
cells lining the gut. This layer is composed of mucins and glycoproteins that are secreted
by goblet cells [118]. The mucus traps pathogens and particles, preventing them from
reaching the epithelial surface. It also provides a habitat for commensal bacteria, which
play a role in barrier function and immune modulation [120]. Though mucus protects
epithelial cells as the first line of defense and is composed of the same biological elements
throughout the gastrointestinal tract, its characteristics fluctuate depending on the region.
The mucus layers in the small and large intestines are not the same thickness. The small
intestine’s primary roles include the digestion of food and nutrient absorption; in addition,
it receives far less exposure to the microbiota than the colon. Thus, it contains a single layer.
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Conversely, in the large intestine, the quantity and kind of bacteria that reside there dictate
the thickness of the mucus layer. The mucus is arranged into two layers: the loose outer
layer and the stiff inner layer. Though there are notable morphological distinctions between
these two levels, their peptide contents are nearly identical. In a steady state, the inner
mucus layer is free of germs, because it is highly organized into a flat, lamellar structure
and stays fixed to the epithelial cells. It also prevents bacteria from penetrating. The inner
layer and the outer layer are separated by the relative demarcation line [118]. The middle
epithelial cell layer is the primary physical barrier, consisting of a single layer of enterocytes,
goblet cells, enteroendocrine cells, and paneth cells. These cells are interconnected by tight
junctions, adherens junctions, and desmosomes, which regulate the permeability of the
barrier. Tight junctions are dynamic structures composed of proteins such as claudins,
occludins, and zonula occludens, which can open or close in response to various stimuli,
thus controlling the paracellular transport of substances [7]. Underlying the epithelial
layer is the lamina propria, which contains immune cells such as macrophages, dendritic
cells, and lymphocytes, as well as structures like Peyer’s patches. These immune cells
constantly monitor and respond to microbial and antigenic stimuli, playing a crucial role in
maintaining the integrity of the gut barrier and preventing systemic infections [121]. The
gut microbiota, composed of trillions of microorganisms, form a complex and dynamic
community that interacts with the gut barrier. Beneficial microbes help to maintain this
barrier by producing metabolites such as SCFAs, which enhance the function of epithelial
cells and tight junctions. Dysbiosis, or an imbalance in the gut microbiota, can lead to
barrier dysfunction and increased permeability [120].

The integrity and function of the gut barrier are regulated by various factors, including
the diet, microbial metabolites, immune responses, and genetic predispositions. Dietary
components can significantly influence gut barrier function. Fiber-rich diets promote the
production of SCFAs by the gut microbiota, which strengthens the epithelial barrier and
modulates immune responses. Conversely, diets high in fat and sugar, typical of the WD,
can disrupt the gut barrier by promoting inflammation and altering the composition of the
microbiota [122]. SCFAs, such as butyrate, propionate, and acetate, produced by the fer-
mentation of dietary fibers, play a crucial role in maintaining gut barrier integrity. Butyrate,
in particular, is a primary energy source for colonocytes and enhances the expression of
tight junction proteins, thereby reducing permeability. Other microbial metabolites, such as
indole derivatives and secondary BAs, also contribute to barrier function [6]. Immune cells
in the gut, including regulatory T cells (Tregs) and innate lymphoid cells, produce cytokines
and other signaling molecules that modulate barrier function. Anti-inflammatory cytokines,
such as IL-10, help to maintain barrier integrity, while pro-inflammatory cytokines, such as
tumor necrosis factor-alpha (TNF-α), can disrupt tight junctions and increase permeabil-
ity [123]. Genetic predispositions can affect the structure and function of the gut barrier.
Mutations in genes encoding for tight junction proteins, mucins, and other components of
the epithelial layer can lead to barrier dysfunction and increased susceptibility to diseases
like IBD and celiac disease [7].

Dysfunction of the gut barrier, often referred to as “leaky gut” (Figure 2) is charac-
terized by increased intestinal permeability, allowing for the translocation of pathogens,
toxins, and antigens into the bloodstream. This can trigger systemic inflammation and
contribute to the development of various diseases. Increased gut permeability is a hall-
mark of IBD, including Crohn’s disease (CD) and ulcerative colitis (UC). Dysbiosis and
inflammation disrupt the barrier, leading to chronic intestinal inflammation [124]. Gut
barrier dysfunction is associated with metabolic disorders such as obesity, T2DM, and
non-alcoholic fatty liver disease. Increased permeability allows for the translocation of
endotoxins, such as lipopolysaccharides (LPS), which induce systemic inflammation and
insulin resistance [125]. Leaky gut has been implicated in the pathogenesis of autoimmune
diseases, including celiac disease, RA, and T1DM. Increased permeability allows for the
passage of antigens that trigger autoimmune responses [126].

52



Int. J. Mol. Sci. 2024, 25, 9366

Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW 17 of 40 
 

 

metabolites, such as indole derivatives and secondary BAs, also contribute to barrier func-
tion [6]. Immune cells in the gut, including regulatory T cells (Tregs) and innate lymphoid 
cells, produce cytokines and other signaling molecules that modulate barrier function. 
Anti-inflammatory cytokines, such as IL-10, help to maintain barrier integrity, while pro-
inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-α), can disrupt tight 
junctions and increase permeability [123]. Genetic predispositions can affect the structure 
and function of the gut barrier. Mutations in genes encoding for tight junction proteins, 
mucins, and other components of the epithelial layer can lead to barrier dysfunction and 
increased susceptibility to diseases like IBD and celiac disease [7]. 

Dysfunction of the gut barrier, often referred to as “leaky gut” (Figure 2) is charac-
terized by increased intestinal permeability, allowing for the translocation of pathogens, 
toxins, and antigens into the bloodstream. This can trigger systemic inflammation and 
contribute to the development of various diseases. Increased gut permeability is a hall-
mark of IBD, including Crohn’s disease (CD) and ulcerative colitis (UC). Dysbiosis and 
inflammation disrupt the barrier, leading to chronic intestinal inflammation [124]. Gut 
barrier dysfunction is associated with metabolic disorders such as obesity, T2DM, and 
non-alcoholic fatty liver disease. Increased permeability allows for the translocation of en-
dotoxins, such as lipopolysaccharides (LPS), which induce systemic inflammation and in-
sulin resistance [125]. Leaky gut has been implicated in the pathogenesis of autoimmune 
diseases, including celiac disease, RA, and T1DM. Increased permeability allows for the 
passage of antigens that trigger autoimmune responses [126]. 

 
Figure 2. Gut barrier function and permeability (leaky gut situation). In a healthy gut, intestinal 
contents selectively pass through epithelial cells into the bloodstream, primarily via transcellular 
transport. This process is tightly regulated by tight junctions between epithelial cells, which re-
strict the passage of unwanted substances. In a leaky gut, the integrity of the intestinal barrier is 
compromised due to a reduced thickness of the mucus layer and the loosening of tight junctions. 
This compromised barrier allows pathogens and toxins to cross the intestinal lining and enter the 
bloodstream. 

A significant contributing factor to leaky gut is a reduction in the thickness of the 
intestinal mucus layer. This mucus layer, secreted by goblet cells, acts as a protective bar-
rier between the gut lumen and the epithelial cells. When the mucus layer becomes thin-
ner, it provides less protection, allowing for pathogens and toxins to come into closer con-
tact with the gut lining. Additionally, a decrease in the number of goblet cells further ex-
acerbates this problem by reducing the production of mucus. This reduction compromises 
the gut’s ability to maintain a robust barrier and can lead to increased intestinal permea-
bility [127]. 

Furthermore, leaky gut is associated with changes in the microbial composition and 
function. A compromised mucus layer and fewer goblet cells disrupt the normal habitat 
for beneficial gut bacteria, leading to an imbalance in the microbiota. This imbalance can 
contribute to systemic inflammation and the development of various health issues, 

Figure 2. Gut barrier function and permeability (leaky gut situation). In a healthy gut, intestinal
contents selectively pass through epithelial cells into the bloodstream, primarily via transcellular
transport. This process is tightly regulated by tight junctions between epithelial cells, which restrict the
passage of unwanted substances. In a leaky gut, the integrity of the intestinal barrier is compromised
due to a reduced thickness of the mucus layer and the loosening of tight junctions. This compromised
barrier allows pathogens and toxins to cross the intestinal lining and enter the bloodstream.

A significant contributing factor to leaky gut is a reduction in the thickness of the
intestinal mucus layer. This mucus layer, secreted by goblet cells, acts as a protective barrier
between the gut lumen and the epithelial cells. When the mucus layer becomes thinner, it
provides less protection, allowing for pathogens and toxins to come into closer contact with
the gut lining. Additionally, a decrease in the number of goblet cells further exacerbates
this problem by reducing the production of mucus. This reduction compromises the gut’s
ability to maintain a robust barrier and can lead to increased intestinal permeability [127].

Furthermore, leaky gut is associated with changes in the microbial composition and
function. A compromised mucus layer and fewer goblet cells disrupt the normal habitat
for beneficial gut bacteria, leading to an imbalance in the microbiota. This imbalance
can contribute to systemic inflammation and the development of various health issues,
including inflammatory bowel disease, metabolic disorders, and even neuropsychiatric
conditions. Therefore, maintaining the integrity of the intestinal mucus layer and ensuring
adequate goblet cell function are essential for preserving the gut barrier function and
overall health [127,128].

Emerging evidence suggests a link between gut barrier dysfunction and neurolog-
ical disorders, such as autism spectrum disorder and depression. The gut–brain axis, a
bidirectional communication system between the gut and the brain, is influenced by gut
permeability and microbial metabolites [129]. The gut barrier is a complex and dynamic
structure essential for maintaining intestinal and systemic health. Its integrity and function
are regulated by various factors, including diet, microbial metabolites, immune responses,
and genetic predispositions. Understanding the mechanisms underlying the gut barrier
function and permeability is crucial for developing strategies to prevent and treat diseases
associated with barrier dysfunction.

4.3. Production of Metabolites and Their Effects on Inflammation

The gut microbiota play a crucial role in the metabolism of dietary components, leading
to the production of various metabolites that significantly influence host health. These
metabolites include SCFAs, BAs, vitamins, amino acid derivatives, and other bioactive
compounds. The production of these metabolites is a result of the fermentation and
biotransformation processes carried out by the gut microbiota, and they can have profound
effects on the host’s physiology and immune responses.
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4.3.1. Short-Chain Fatty Acids

In the large intestine, certain bacterial species digest carbohydrates to form short
aliphatic tails of six carbons, which are called SCFAs. These SCFAs are produced under
anaerobic conditions [130]. The main source of SCFAs, including acetate (C2), propionate
(C3), and butyrate (C4) (Table 3), is dietary fibers, generally referred to as prebiotics. How-
ever, other nutrients, such as proteins and peptides, can also be converted into SCFAs.
Bacteria digest oligofructose, arabinoxylan, inulin, and pectin to produce acetate, propi-
onate, and butyrate in the proximal colon at considerable levels (70–140 mM) and at lesser
amounts (20–70 mM) in the distal colon and distal ileum (20–40 mM) [131]. However, these
proportions may differ based on variables such as the host genotype, fermentation location,
microbiota makeup, and diet [132].

The portal vein delivers acetate and propionate to the liver, whereas the colonocytes
mainly use butyrate. Propionate either remains in the liver or is discharged systemically
into the peripheral venous system after being broken down by hepatocytes. As a result,
often, only acetate is found in the peripheral blood [131]. Previous studies have shown that
particular species with specific enzymes could be responsible for producing the different
SCFAs. Microorganisms may also synthesize mono- and disaccharides from dietary fiber
and other carbohydrates due to these enzymes. These saccharides are used by microbes to
produce SCFAs [133].

The primary method by which enteric and acetogenic bacteria produce acetate is called
reductive acetogenesis. As an acetogenesis process, the oxygen-sensitive Wood–Ljungdahl
path is thought to be the most effective way for bacteria to generate acetate [131]. Bacteria
metabolize carbohydrates in a few different ways to produce propionate. These routes
consist of propanediol, acrylate, and succinate. Certain species of Firmicutes and Bac-
teroidetes favor the succinate route [134]. The synthesis of butyrate can proceed via two
routes: butyrate synthesis from acetoacetyl-CoA, which is produced when two acetyl-
CoA molecules combine. Butyryl-CoA: butyrate is produced by acetate CoA-transferase
from butyryl-CoA. Butyryl-CoA: acetyl-CoA is extended to form butyrate by the enzyme
acetate CoA-transferase, which is present in Eubacterium, Roseburia, Anaerostipes, and Faecal-
ibacterium prausnitzii [135,136]. Butyrate kinase and phosphotransbutyrylase provide an
additional pathway. For example, butyrate kinase is required by certain Clostridium species
and several Coprococcus species in the Firmicutes family to produce butyrate [137] (Table 3).

In the organism, SCFAs are involved in a variety of physiological and immunological
functions. SCFAs exert multiple anti-inflammatory effects through various mechanisms:
1. the regulation of immune cells, 2. the maintenance of gut barrier integrity, 3. epigenetic
modulation, and 4. the modulation of metabolic pathways.

SCFAs influence the differentiation and function of immune cells, including T cells,
macrophages, and dendritic cells. Butyrate and propionate enhance the differentiation
of regulatory T cells (Tregs), which play a crucial role in maintaining immune toler-
ance and suppressing excessive inflammatory responses. SCFAs also inhibit the acti-
vation of pro-inflammatory macrophages and dendritic cells, reducing the production
of pro-inflammatory cytokines such as IL-6 and TNF-α [138]. According to research by
Souders et al., butyrate prevented TNF-α-induced reductions in Matrix metalloproteinase
and mitochondrial-to-intracellular calcium ratios. This implies that butyrate may protect
colonocytes from TNF-α-induced cytotoxicity by reducing the flow of calcium through the
mitochondria [139].

Butyrate is particularly important for maintaining the integrity of the gut epithelial
barrier. It provides energy to colonocytes and promotes the expression of tight junction
proteins, which enhance the barrier function and prevent the translocation of pathogens and
their toxins into the bloodstream. By maintaining the gut barrier integrity, SCFAs reduce
systemic inflammation and protect against conditions like “leaky gut” syndrome [140].
SCFAs affect the host’s enterocytes and digestive function locally. For example, at least
60–70% of the energy needed for colonic differentiation and proliferation is provided by
butyrate, a key metabolic substrate for colonocytes [141].
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In addition to supplying colonocytes’ energy, SCFAs in the gut affect the colonic blood
flow, colonic motility, and pH of the gastrointestinal environment, all of which have an im-
pact on the absorption of nutrients and electrolytes. These effects may be mediated via the
activation of G protein-coupled receptors, such as GPR41, GPR43, and GPR109A [142,143].
The activation of these receptors by SCFAs can lead to anti-inflammatory signaling path-
ways, further reducing inflammation and promoting metabolic health [144].

SCFAs, especially butyrate, act as histone deacetylase inhibitors, leading to the hy-
peracetylation of histones and changes in gene expression. This epigenetic modulation
can suppress the expression of genes involved in inflammation and immune responses,
contributing to the anti-inflammatory effects of SCFAs [145].

However, butyrate causes human monocytes to produce more IL-10 and less IL-12,
which, in turn, prevents the synthesis of proinflammatory molecules, including nitric
oxide, TNF-α, IL-1b, and nuclear factor kappa B (NF-kB) activity. Moreover, butyrate
activates caspases 8 and 9, which, in turn, causes neutrophil death and inhibits the high
mobility group box-1 [146]. In human goblet-like cells, line LS174T and T84 epithelial cells,
butyrate, and propionate have been shown to induce the production and secretion of Mucin
2. It appears from this that SCFAs are essential bacterial compounds for maintaining gut
integrity [147].

Table 3. SCFA production by microbes in the gut.

SCFA Receptor Pathway/Reaction Producers References

Acetate GPR43

Via acetyl-CoA

Akkermansia municuphila
Bacteroides spp.

Bifidobacterium spp.
Prevotella spp.

Ruminococcus spp.

[148]

Wood-Ljungdahl
pathway

Blautia hydrogenotrophica
Clostridium spp.

Streptococcus spp.
[136]

Propionate GPR43
GPR41

Succinate pathway

Bacteroides spp.
Phascolarctobacterium succinatutens

Dialister spp.
Veillonella spp.

[148]

Acrylate pathway Megasphaera elsdenii
Coprococcus catus [136]

Propanediol pathway
Salmonella spp.

Roseburia inulinivorans
Ruminococcus obeum

[136]

Butyrate GPR41
GPR109A

Butyrate kinase route Coprococcus comes
Coprococcus eutactus [136]

Bytyryl-CoA

Coprococcus catus
Eubacterium rectale

Roseburia spp.
Faecalibacterium prausnitzii

[135,136]

4.3.2. Bile Acids

BAs are steroid acids found predominantly in the bile of mammals and other verte-
brates. When fat is present, the gut lumen secretes BAs. BAs come in two principal forms:
cholic acid and chenodeoxycholic acid [149]. The gut microbiota transform primary BAs,
which then interact with the Takeda-G-protein-receptor-5 (TGR-5) and the farnesoid X
receptor (FXR) [150]. Through the FXR and TGR5, BAs exert impacts on metabolism [151].
According to Pedersen et al., the activation of the FXR and TGR5 enhances insulin sensitiv-
ity and glycogen production in the liver, raises pancreatic insulin output, and modulates
brain satiety [150]. Taurocholic acid (TCA) is produced more often when animal fat is regu-

55



Int. J. Mol. Sci. 2024, 25, 9366

larly consumed [151]. According to Agus et al., TCA prefers Bilophila wadsworthia, which is
known to promote intestinal permeability and cause bacterial translocation. BA absorption
may be hampered by this change in the microbiota. Consequently, there is a reduction in
the expression of the FXR and FGF19, leading to an imbalance in BAs. Low-grade ongoing
inflammation of the intestinal tract is related to this imbalance in BAs [151].

4.3.3. Tryptophan

Tryptamine and indole derivatives are essential for maintaining the intestinal epithe-
lium’s and immune cells’ homeostasis. According to Hendrikx et al., these substances
are produced by the gut microbiome’s metabolism of tryptophan. These chemicals may
encourage Th17 cells to reprogram into Treg cells, which would reduce inflammation.
Nonetheless, a malfunction in the synthesis of the aryl hydrocarbon receptor ligand indole-
3-propionic acid may result from a change in the host’s gut bacterial makeup, most likely
brought on by food [152]. Due to this ligand’s malfunction, there is a reduction in GLP-1
and IL-22 release, breaking down intestinal permeability and causing LPS translocation
and inflammation [151].

Microbial metabolites, such as SCFAs, secondary BAs, and tryptophan derivatives, play
key roles in modulating immune responses. SCFAs, particularly butyrate, have been shown to
enhance the production of Tregs and inhibit the activation of pro-inflammatory macrophages
and dendritic cells [153]. Secondary BAs, produced by the microbial conversion of primary
BA, can influence the differentiation and function of immune cells, further highlighting the
intricate connection between microbial metabolism and immune regulation.

4.4. Dysbiosis and Inflammatory Conditions

Eubiosis, also known as “healthy microbiota”, is the state in which the microbiota in
the intestines are in balance and has positive effects on the entire body. Stable functional
cores of the microbiome, a high taxonomic diversity, and high microbial gene richness are
characteristics of healthy gut microbial communities. Large changes in the proportions
of the five main phyla of the gut microbiota bacteria or the emergence of new bacterial
taxa define dysbiosis, an imbalance that promotes illness. The two main characteristics of
dysbiosis are the outgrowth of Gram-negative lipopolysaccharide-producing bacteria and
a decrease in microbial richness and diversity [116,154].

The causes of dysbiosis are multifactorial and can be influenced by genetic, environ-
mental, dietary, and lifestyle factors [154]. An increased intestinal permeability is typically
a sign of dysbiosis. Under healthy settings, Th1 and Th17 cells eliminate the translocation
of a small number of bacterial products, such as the polysaccharides of Bacteroides spp. or
mucosa-adherent segmented filamentous bacteria (SFB). Conversely, a high concentration
of invasive bacteria causes the Toll-like receptors to become overactivated. This, in turn,
causes an overexpression of inflammatory cytokines, which, in turn, causes epithelial
damage and chronic inflammation [155]. Surprisingly, mice with a diabetic genotype were
protected from developing the disease by higher SFB levels, as seen in MyD88-deficient
mice models (an adaptor for various innate immune receptors which recognize microbial
stimuli) [156]. This suggests that the microbiota can have both promotion and inhibition
effects. Although a dysbiotic gut community may be the distinguishing feature of a number
of inflammatory illnesses, dysbiosis may also act as a catalyst for the disruption of intestinal
homeostasis and the emergence of inflammation [155].

An expanding range of ailments, including autoimmune diseases, neurological disor-
ders, obesity, metabolic disease, and IBD, have been linked to dysbiosis in terms of both
onset and severity. Additionally, it may act as the catalyst for both Clostridium difficile-
associated diarrhea, which primarily affects elderly people, and necrotizing enterocolitis,
which is seen in infants [116].
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4.5. Association between Gut Microbiota and Inflammatory Diseases

According to Feng et al., the gut microbiota and their metabolites may control the
inflammatory conditions of the host. Numerous studies have connected inflammatory
illnesses to the gut microbiome [21]. According to Forbes et al., the gut microbiota are
altered by immune-mediated inflammatory illnesses such as CD, UC, multiple sclerosis, and
RA [157]. Furthermore, an abundance of studies have demonstrated the pathophysiology
of the gut microbiota in inflammatory illnesses, including obesity, T1DM and T2DM, and
asthma [158].

4.5.1. Inflammatory Bowel Disease

IBD, encompassing CD and UC, is strongly associated with dysbiosis. Over 5 million
people globally suffer from UC, the most prevalent kind of IBD [159,160]. Because of
its mucous-layer-specific inflammation, the walls of the colon and rectum only sustain
superficial damage [161]. Any portion of the gastrointestinal tract can be affected by CD,
which is typified by erratic transmural inflammation that penetrates the intestinal wall
into the serous layer and mostly affects the terminal ileum [124,161]. It has been shown in
earlier research that abnormal intestinal permeability can predict the onset of IBD and is
present in asymptomatic individuals years before the illness manifests [162]. Patients with
IBD exhibit a reduced microbial diversity and altered composition of the gut microbiota,
characterized by a decrease in beneficial bacteria such as Faecalibacterium prausnitzii and an
increase in pathogenic bacteria like Escherichia coli [163].

These microbial shifts contribute to chronic intestinal inflammation through several
mechanisms. Dysbiosis compromises the integrity of the gut barrier, leading to increased
intestinal permeability, or “leaky gut”. This allows bacteria and their metabolites to
translocate into the bloodstream, triggering immune responses and inflammation [164].
An altered gut microbiota composition can lead to inappropriate activation of the mucosal
immune system. For instance, dysbiosis in IBD is associated with increased levels of pro-
inflammatory cytokines, such as TNF-α and IL-6, which exacerbate inflammation [162].
Dysbiosis affects the production of microbial metabolites like SCFAs, which have anti-
inflammatory properties. Reduced levels of SCFAs can contribute to inflammation and
disease progression [5].

4.5.2. Obesity and Metabolic Syndrome

Dysbiosis of the gut microbiota is also implicated in obesity and metabolic syndrome,
conditions characterized by chronic low-grade inflammation. Obese individuals often have
a less diverse gut microbiota and an altered ratio of F/B phyla, with a higher prevalence
of Firmicutes [165]. This imbalance promotes metabolic inflammation through several
pathways: dysbiosis can increase intestinal permeability, allowing LPS from Gram-negative
bacteria to enter the circulation. This condition, known as metabolic endotoxemia, induces
systemic inflammation and insulin resistance [166]. According to Ni et al., dysbiosis
influences the inflammatory state of the adipose tissue. Certain gut bacteria produce
metabolites that can modulate inflammation in the adipose tissue, contributing to insulin
resistance and metabolic syndrome [163]. According to a study, obesity was linked to
precancerous alterations in the transcriptome, while an elevated body mass index was
linked to an increase in two proinflammatory colonic cytokines, TNF- α and IL6 [167].

4.5.3. Rheumatoid Arthritis

RA is an autoimmune disease characterized by chronic inflammation and the de-
struction of cartilage and bones. It has been documented that the gut microbiota play a
role in the development and progression of RA. Patients with RA often show an altered
gut microbiota composition, with an increase in pro-inflammatory bacteria such as Pre-
votella copri [168]. The altered gut microbiota in RA can affect systemic immune responses,
promoting the differentiation of pro-inflammatory T cells and the production of autoanti-
bodies that target joint tissues. The concept of the gut–joint axis suggests that microbial

57



Int. J. Mol. Sci. 2024, 25, 9366

antigens and metabolites can influence joint inflammation. Dysbiosis may lead to the
production of inflammatory mediators that travel from the gut to the joints, exacerbating
RA symptoms [168].

According to a Chinese study, Lactobacillus salivarius was more prevalent in the saliva,
teeth, and stomach of RA patients. On the other hand, Haemophilus species declined in
these patients across all investigated areas [155]. A reduced intestinal microbial diversity
was also seen in RA patients in a different study, and this finding was connected with
both antibody production and the length of the disease. According to Maeda and Takeda,
RA patients had higher relative abundances of Collinsella aerofaciens and Eggerthella lenta
and a lower relative abundance of Faecalibacterium [169]. The genus Collinsella has been
shown in vitro to increase intestinal permeability and induce the expression of IL-17A. This
suggests that the growth of these microorganisms in the human gut can lead to an increase
in proinflammatory conditions and make them a potential cause of arthritis [170].

4.5.4. Cardiovascular Diseases

CVDs, including atherosclerosis, have been associated with dysbiosis. Atherosclero-
sis is brought on by many risk factors, including metabolic syndrome, diabetes mellitus,
tobacco use, and high blood pressure. Alongside these established risk factors for atheroscle-
rosis, there is growing evidence to support the idea of a gut–systemic circulation axis in
the atherosclerotic process. This axis is defined by the bloodstream passage of bacterially
produced products such as LPS and TMAO [171]. The gut microbiota of patients with
CVDs often show a reduced diversity and an increase in pro-inflammatory bacteria [172].

Certain gut bacteria metabolize dietary choline and carnitine into trimethylamine
(TMA), which is further converted into TMAO in the liver. Elevated TMAO levels are
associated with an increased risk of atherosclerosis and cardiovascular events. Dysbiosis
can promote systemic inflammation and the activation of immune cells, contributing to
the development and progression of atherosclerosis [172]. Numerous prospective studies
have assessed the impact of low-grade endotoxemia on the risk of atherosclerosis, with the
results showing that patients with high quantities of LPS are at a much higher risk [173].
It has also been noted that LPS contributes to the susceptibility of atherosclerotic plaques.
Mice exposed to LPS displayed thrombus development and hemorrhaging. This result
most likely stemmed from the creation of Leukotriene B4, a potent activator of leucocyte
activation, and the activation of the arachidonic acid pathways, both of which are decreased
in mice models of arterial inflammation [174].

The TMAO concentration has been suggested as a predictive and prognostic marker
for CVDs due to the recent discovery of a positive correlation between it and acute coronary
syndrome. Moreover, it has been documented that TMAO levels are correlated with the
dimension of atherosclerotic plaques and the risk of cardiovascular events, including
myocardial infarction, stroke, and mortality over three years. Through both inflammatory
and metabolic processes, their levels have also been linked to unstable features of plaques,
such as micro-vessels and a thinner fibrous cap [175].

4.5.5. Type 2 Diabetes Mellitus

The acquired condition known as T2DM is characterized by an increase in cardiovas-
cular risk and mortality, as well as systemic inflammation. In obesity, several gene variants
and environmental variables are mutually associated with the etiology of T2DM. The
reported elevated risk of T2DM in individuals undergoing complete colectomy provides
indirect evidence of the microbiota’s role in T2DM development. As a result, resistance
to diet-induced obesity has been observed in studies using germ-free mice; on the other
hand, these mice showed an altered glucosidic tolerance and weight gain when exposed
to bacteria specific to obesity, such as Enterobacter cloacae, or bacteria derived from obese
donors [176].

AN increased intestinal permeability has been linked to T2DM, which may allow
bacteria to pass through the gut barrier and cause low-grade systemic inflammation [177].
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Remarkably, a long-term follow-up investigation revealed the prognostic significance of
four bacterial species (Clostridium citroniae, C. bolteae, Tyzzerella nexilis, and Ruminococcus
gnavus) in the development of T2DM. Numerous studies have shown altered gut microbiota
in T2DM in the past, identifying a microbial signature for the illness and a connection
between the gut microbiota and particular T2DM characteristics like insulin resistance [178].

A positive correlation has been observed in recent studies on diabetic patients between
a few bacterial species and markers of systemic inflammation; specifically, the relative
abundances of Bifidobacterium adolescentis, Alistipes onderdonkii, and Eubacterium rectale
were positively correlated with IL-6, high-sensitivity C-reactive protein (CRP), and LPS-
lipopolysaccharide binding protein; Bacteroides thetaiotaomicron was found to be positively
correlated with the lipopolysaccharide-binding protein levels [179]. Prevotella copri and
Bacteroides vulgatus, two bacteria that have been identified as being more prevalent in
T2DM patients, have the ability to cause insulin resistance and enhance the availability of
branched-chain amino acids in mice. Ralstonia pickettii-treated obese mice also demonstrated
increased insulin resistance, pointing to a possible involvement of this bacterium in the
development of T2DM [180].

4.5.6. Allergic Diseases

Allergic diseases, such as asthma and atopic dermatitis, are linked to dysbiosis, par-
ticularly during early life. A reduced microbial diversity and an altered gut microbiota
composition in infancy are associated with an increased risk of developing allergic dis-
eases [150]. The gut microbiota play a crucial role in the development of the immune
system. Dysbiosis can impair the maturation of regulatory T cells (Tregs) and skew immune
responses towards a pro-allergic phenotype. Dysbiosis can compromise the integrity of
the gut barrier, allowing allergens to penetrate and trigger immune responses that lead to
allergic inflammation [181].

5. Diet and Inflammation

Diet significantly influences the levels of biomarkers of inflammation in the body,
which can serve as indicators of the overall inflammatory state and risk for various chronic
diseases. Different dietary patterns impact key inflammatory biomarkers such as CRP, IL-6,
TNF-α, and others [182].

CRP is produced by the liver in response to inflammation. Elevated CRP levels
are associated with an increased risk of CVD, diabetes, and other inflammatory condi-
tions [183]. IL-6 is a cytokine involved in inflammation and infection responses. High levels
of IL-6 are linked to chronic inflammatory diseases and conditions like obesity [184] and
metabolic syndrome [185]. TNF-α is a pro-inflammatory cytokine that plays a key role in
systemic inflammation. Elevated levels are associated with autoimmune diseases, insulin
resistance [184], and CVD [186].

Adherence to the MD has been consistently associated with lower levels of CRP, IL-6,
and TNF-α. This diet’s anti-inflammatory effects can be attributed to its high content of
antioxidants, fiber, and healthy fats, particularly omega-3 fatty acids [42]. Rich in omega-3
polyunsaturated fats, the MD has anti-inflammatory and immunomodulatory effects by
affecting the immune system function. These compounds decrease the production of pro-
inflammatory factors like IL-1β, IL-6, TNF-α, VCAM-1, and MCP-1. They also lower ROS
and nitrogen species levels while simultaneously increasing anti-inflammatory cytokines
like IL-10 [187]. The MD pattern’s high fiber intake is another characteristic. It also benefits
the intestinal microbiota by modifying their composition and encouraging the release of
metabolites like SCFAs, which control immune functions (e.g., acetate, propionate, and
butyrate) [188]. For instance, butyrate reduces the synthesis of IL-1β, TNF-α, NF-kB, and
IL-12 to have anti-inflammatory effects. By encouraging the colonization of Bacteroidetes
and specific advantageous Clostridium groups and reducing Proteobacteria and Bacillaceae
phyla, following the MD also helps to restore microbiota eubiosis [2]. The effects of
the MD, rich in extra virgin olive oil (HQ-EVOO), on overweight/obese participants
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and normal-weight controls were investigated by Luisi et al. The authors investigated
the potential effects of a three-month HQ-EVOO-enriched MD on the gut microbiota
composition, oxidative stress metrics, and inflammation. It is interesting to note that this
dietary approach reduced IL-6, TNF-α, and myeloperoxidase (a marker of inflammation
and endothelial dysfunction) in both research groups [189].

Vegetarian and vegan diets are associated with lower levels of inflammatory biomark-
ers, including CRP and IL-6. Studies have demonstrated that plant-based diets can reduce
CRP levels, potentially due to their high fiber content, low saturated fat, and abundance
of anti-inflammatory phytochemicals [190]. Considering that CRP is a well-established
biomarker of systemic low-grade inflammation connected to a number of disorders, Men-
zel et al. suggested that adopting a vegetarian or vegan diet may reduce the levels of
circulating inflammatory biomarkers and improve inflammatory processes. For vegan or
vegetarian populations, these anti-inflammatory qualities may lower the risk of chronic
inflammatory disorders [191]. Remarkably, recent research has demonstrated the function
of inflammasomes in controlling the gut microbiota and gut homeostasis [192]. These
are a collection of protein complexes that stimulate the release of pro-inflammatory cy-
tokines and are capable of identifying a wide range of stimuli that cause inflammation.
These processes could impact immunological homeostasis associated with a corresponding
decrease in the likelihood of developing metabolic disorders, such as atherosclerosis or
metabolic syndrome. The role of inflammasomes in regulating the gut flora offers a novel
and promising research topic that may help us to understand the mechanisms by which
the diet affects the gut microbiota, inflammation, and health, even though more research is
obviously needed [191].

The WD, characterized by a high intake of processed foods, red meats, and refined
sugars, is linked to elevated levels of CRP, IL-6, and TNF-α. Research shows that individuals
consuming a WD have higher levels of systemic inflammation markers, contributing to an
increased risk of chronic diseases [71]. The main alteration in the microbiota composition
caused by a HFD in both animal and human models is a rise in the F/B ratio. According to
Velazquez et al., the most prevalent phyla in the gut microbiota of mice fed with an LFD
and animals fed with an HFD were Bacteroidetes and Firmicutes, which accounted for 61%
and 32% of the gut microbiota in LFD mice and 73% and 21% in old-HFD mice, respectively.
However, compared to the LFD animals, the F/B ratio was greater in the HFD mice [193].
Increases in the abundances of Bacilli, Clostridiales, and Erysipelotrichales—all members
of the Firmicutes phylum—are said to be the primary cause of the observed alterations
in the F/B ratio [194]. Moreover, in a recent study, Yang et al. found that a HFD drives
colorectal tumorigenesis by inducing gut microbial dysbiosis, metabolomic dysregulation
with elevated lysophosphatidic acid, and gut barrier dysfunction in mice [195]. On the
other hand, A. muciniphila lowers the pathogen load in diets heavy in fiber, demonstrating
the context-dependent advantages of this mucin specialist. Increased mucus penetrability
and altered behaviors of A. muciniphila and other community members are the causes of
the increased vulnerability to pathogens, not changes in host immune systems or pathogen
responses [196].

Apart from a HFD, diets high in added sugars are associated with an increased
production of pro-inflammatory biomarkers like CRP and IL-6. A clinical study by Kim et al.
indicated that a high sugar intake elevates CRP levels and other markers of inflammation,
highlighting the inflammatory potential of excessive sugar consumption [197]. In a mouse
model, high-sugar diet consumption significantly increased the abundance of Escherichia
coli in fecal samples and promoted gut inflammation and a systemic immune response [198].
Moreover, in other mice studies, high-sugar diets induced colon inflammation compared
with a standard diet by altering the composition of the gut microbiota, increasing the levels
of Akkermansia muciniphila, known to produce enzymes degrading the mucus layer [199].
Short-term exposure to a high-sugar diet in mice increases their susceptibility to colitis by
reducing the production of SCFAs and increasing the gut permeability [200].
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6. The Interconnected Triangle: Diet, Gut Microbiota, and Inflammation
6.1. Interconnection of Diet and Gut Microbiota

Diet is one of the most significant factors shaping the composition and function of
the gut microbiota. Different dietary patterns, such as the WD, MD, and plant-based
diets, have distinct effects on gut microbial communities. For instance, a WD high in fats
and sugars promotes an imbalance known as dysbiosis, characterized by a reduction in
beneficial bacteria and an increase in pathogenic bacteria. In contrast, diets rich in fiber
and polyphenols, like the MD, enhance the diversity and abundance of beneficial microbes
such as bifidobacteria and lactobacilli (Figure 3). These beneficial bacteria produce SCFAs
and other metabolites that support gut health and reduce inflammation [2,60].
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On the other hand, the gut microbiota play a crucial role in the digestion and metabolism
of dietary components (Figure 3). Microbial enzymes break down complex carbohydrates,
proteins, and fats that are indigestible by human enzymes alone. This breakdown results in
the production of various metabolites, including SCFAs, which provide an energy source
for colonocytes and influence the host metabolism [135]. Moreover, the gut bacteria syn-
thesize essential vitamins such as vitamin K and B vitamins. The gut microbiota can also
modulate appetite and eating behavior through the production of neurotransmitters and
hormones, impacting dietary choices and nutrient intake [201].

6.2. Interconnection of Diet and Inflammation

Diet directly influences systemic inflammation through its impact on the gut micro-
biota and the immune system. Diets high in saturated fats and refined sugars promote
pro-inflammatory pathways by increasing the production of endotoxins such as LPS [171]
(Figure 3). Conversely, anti-inflammatory diets rich in omega-3 fatty acids, fiber, and
polyphenols enhance the production of SCFAs, which have anti-inflammatory properties.
These diets help to reduce the levels of pro-inflammatory cytokines and support the growth
of beneficial bacteria that maintain the gut barrier integrity [5].

Chronic inflammation can alter dietary preferences and nutrient absorption. Inflam-
matory cytokines can affect the central nervous system, leading to changes in appetite and
eating behavior, often resulting in a reduced food intake and altered taste preferences [77].
Inflammation can also impair the function of the digestive system, reducing the absorption
of essential nutrients and leading to deficiencies that exacerbate inflammatory conditions
(Figure 3). This cycle of inflammation and nutrient malabsorption can contribute to the
progression of chronic diseases [164].
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6.3. Interconnection between Gut Microbiota and Inflammation

Gut microbes significantly influence inflammatory processes through their metabolic
activities and interactions with the immune system. Beneficial bacteria produce SCFAs,
which enhance the gut barrier function, modulate immune responses, and inhibit the
production of pro-inflammatory cytokines [144] (Figure 3). Dysbiosis, on the other hand,
disrupts these processes, leading to an increased gut permeability and the translocation of
bacterial endotoxins into the bloodstream. This endotoxemia triggers systemic inflamma-
tion and is associated with various inflammatory diseases such as IBD and RA [144,162].

On the other hand, chronic inflammation can negatively impact the gut microbiota, fur-
ther exacerbating dysbiosis (Figure 3). Inflammatory conditions alter the gut environment,
making it less hospitable for beneficial bacteria and promoting the growth of pathogenic
microbes. This imbalance leads to a vicious cycle where inflammation begets dysbiosis
and dysbiosis fuels further inflammation. Inflammatory diseases often show a reduced
diversity of the gut microbiota, which is linked to worse clinical outcomes [157].

6.4. Role of the Host in the Triangular Relationship

In the triangular relationship between diet, the gut microbiome, and depression, the
host plays a central role, with their genetic background, lifestyle factors, and environmental
exposures significantly influencing this interaction. Variations in the abundance and compo-
sition of specific bacterial communities have been associated with specific genotypes of the
host. Since genes affect the immune system function and prevalence of diseases, then cer-
tain alleles are associated with certain compositions. For instance, people with the rs651821
variant of the APOA5 gene tend to have more Lactobacillus, Sutterella, and Methanobrevibacter,
which are associated with the risk of developing metabolic diseases [202]. According to the
literature, specific variants of microbiome-associated genes are causally related to diseases
including obesity, schizophrenia, Type 2 diabetes, amyotrophic lateral sclerosis, and inflam-
matory bowel disease [203]. Lifestyle factors, such as physical activity, stress levels, sleep
patterns, and medication use (e.g., antibiotics and proton pump inhibitors), also impact the
gut microbiome and its interaction with diet. Physical activity has been shown to promote
gut microbiota diversity and SCFA production, while chronic stress can lead to dysbiosis
by increasing the gut permeability and altering the microbial balance. Similarly, inadequate
sleep and the use of medications can disrupt gut microbiota homeostasis, further compli-
cating the relationship between diet and the microbiome [204]. Environmental exposures,
including pollutants, toxins, and geographical factors, can modulate the gut microbiome
and interact with both genetic predispositions and dietary factors. For instance, exposure
to pollutants may exacerbate gut inflammation and disrupt microbial communities, which
could amplify the effects of an unhealthy diet. Furthermore, factors such as urbanization,
antibiotic use in food production, and water quality can have widespread effects on the
microbiome compositions across populations, leading to variations in how individuals
respond to dietary interventions [205]. Therefore, the host’s genetic background, lifestyle
choices, and environmental context collectively influence the diet–microbiome–depression
link, making it a complex and highly individualized relationship.

6.5. Impact of Diet, Gut Microbiota, and Inflammation on the Brain and Behavior

The gut–brain axis is a complex and bidirectional communication network that links
the gastrointestinal system with the central nervous system, playing a crucial role in
maintaining homeostasis and influencing behavior and mental health. This axis involves
multiple pathways, including neural, hormonal, immune, and metabolic signaling, through
which the gut microbiota can impact brain function and mood [206]. Furthermore, the
host’s behavior is influenced by the relationship between the central nervous system and
the enteric nervous system in the gut–brain axis. The enteric nervous system, sometimes
called the “second brain”, is made up of two nerve plexuses, the myenteric and submu-
cosal plexuses, glial cells, and motor and sensory neurons [207]. Therefore, mediators of
microbiota–gut–brain communication regulated by bacterial metabolism include short-
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chain fatty acids (SCFAs), such as butyrate, neurotransmitters, such as serotonin and
gamma-aminobutyric acid, hormones, such as cortisol, and immunomodulators. These
pathways may be modified by changes in the gut microbiota, which may lead to the onset
or exacerbation of neuropsychiatric diseases and accompanying symptoms [208].

A number of pathophysiological changes, including an altered mood and impaired
stress responses, are caused by functional abnormalities in the gut–brain axis [209]. The
vagus nerve modulates the relationship between psychobiotics and their associated psy-
chophysiological effects, based on the results of multiple animal investigations. This is
mostly because psychobiotics, whether given after vagotomy or after the vagus nerve has
been severed, do not cause a physiological reaction [210].

Diet plays a pivotal role in shaping the composition and functionality of the gut
microbiota, which, in turn, can influence the gut–brain axis. For example, diets rich in
fiber promote the growth of beneficial bacteria that produce short-chain fatty acids (SCFAs).
These SCFAs can cross the blood–brain barrier and modulate brain activity, contributing to
anti-inflammatory effects and the production of neurotransmitters like serotonin, which
are vital for mood regulation [Bai]. Conversely, diets high in fat and sugar can lead
to gut dysbiosis, a state of microbial imbalance, which is associated with an increased
gut permeability (“leaky gut”), systemic inflammation, and altered brain function. Such
changes can contribute to the development of mental health disorders, including depression
and anxiety [211].

Behavioral and psychological factors also play a significant role in this relationship.
Stress, for example, can disrupt the gut microbiota, leading to changes in gut barrier
function and promoting inflammation, which can further influence mood and cognitive
function. Chronic stress is known to alter the gut microbiota composition, reducing the
abundance of beneficial bacteria and increasing the presence of harmful bacteria, thereby
exacerbating the gut–brain axis dysfunction [212].

Additionally, psychological factors like anxiety and depression can alter eating behav-
iors, which may further impact gut health. Emotional eating or a preference for unhealthy,
high-fat, and high-sugar foods can perpetuate a vicious cycle, where a poor diet exacer-
bates gut dysbiosis, leading to further mental health decline. Understanding the intricate
interplay between diet, the gut microbiota, and the gut–brain axis highlights the impor-
tance of a balanced diet and stress management in promoting both gut health and mental
well-being [212].

7. Therapeutic Implications

The growing understanding of the interconnected relationship between diet, gut
microbiota, and inflammation opens up promising avenues for therapeutic interventions
aimed at managing various health conditions. These therapeutic implications can be
harnessed to prevent and treat chronic inflammatory diseases, optimize gut health, and
enhance overall well-being.

Fecal microbiota transplantation (FMT) has the potential to restore the complete mi-
crobiota ecosystem. To replace lost activities in the gut microbiota, single helpful strains or
groups of them (probiotics) might be added; in the meantime, undesirable or hazardous
strains could be eliminated with the use of bacteriophages, antibiotics, or antifungals.
Lastly, it may be possible to inhibit or stop the synthesis of toxic metabolites or increase the
synthesis of advantageous metabolites by targeting microbial metabolic pathways. FMT,
which involves the transfer of stool from a healthy donor to a recipient with dysbiosis,
has shown promise in treating recurrent Clostridioides difficile infection and has cure rates
exceeding 90% [213]. FMT is being explored for other conditions like IBD and metabolic
syndrome [214]. FMT has also been used experimentally to treat other gastrointestinal dis-
orders, such as UC, constipation, IBS, liver diseases such as cirrhosis with encephalopathy
and alcoholic hepatitis, and neurological diseases such as multiple sclerosis and Parkinson’s
disease [201].
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Probiotics are highly well-liked substances that affect the host health and gut micro-
biota. Probiotic microorganisms have a variety of actions that frequently cooperate. Their
primary mechanisms include immune system modulation, enhanced intestinal barrier
function, resistance to colonization, and metabolite synthesis that acts both locally (an-
timicrobials, enzymes, and organic acids) and remotely (hormones and neurochemicals).
Strong evidence supports the safety and effectiveness of a number of probiotics, such
as Lactobacillus species, Bifidobacterium species, and Saccharomyces species. Sanders et al.
identified Roseburia spp. and Faecalibacterium spp. as further interesting options [215].

Promising therapeutic strategies also target the microbiome to either enhance the syn-
thesis of protective metabolites or inhibit or reduce the production of harmful metabolites.
One structural counterpart of choline that has been effectively used to prevent the micro-
bial conversion of dietary choline to TMA is 3,3-dimethyl-1-butanol. Atherosclerosis and
serious CVDs have been linked to TMAO, an oxidation product of TMA [201]. Remarkably,
a new study indicates that, because of TMA’s nephrotoxicity and cardiotoxicity, it may be
the primary offender rather than TMAO [216].

With the potential for personalized nutrition and tailoring dietary recommendations
based on an individual’s unique gut microbiota composition, genetic profile, and specific
health conditions, it is possible to achieve more effective and targeted outcomes. Person-
alized nutrition can help to manage conditions such as IBS, IBD, metabolic syndrome,
and even mental health disorders like anxiety and depression. Advances in microbiome
sequencing and bioinformatics tools facilitate the identification of specific microbial sig-
natures associated with health and disease, allowing for the development of customized
dietary interventions [217].

Probiotics can alleviate the symptoms of gastrointestinal disorders such as IBS and
IBD, reducing bloating, abdominal pain, and diarrhea. Probiotics also play a role in en-
hancing immune responses by modulating the activity of immune cells and increasing the
production of anti-inflammatory cytokines. Metabolic health can be improved through
better glycemic control and lipid profiles, with certain probiotic strains aiding in weight
management and reducing the risk of metabolic syndrome [8]. Moreover, emerging ev-
idence suggests that probiotics can positively impact mental health by modulating the
gut–brain axis, potentially alleviating symptoms of anxiety and depression [109]. Prebiotics
support gut health by promoting beneficial bacterial growth, improving bowel regularity,
and enhancing gut barrier function. They can reduce systemic inflammation and support
immune homeostasis through the increased production of SCFAs [104].

However, the efficacy of probiotics and prebiotics is not without limitations. The
benefits of probiotics are highly strain-specific, and not all strains provide the same health
benefits, making it challenging to identify the most effective strains for specific condi-
tions [218]. Additionally, probiotics must survive the harsh acidic environment of the
stomach and bile salts to reach the intestines, where they must colonize effectively; oth-
erwise, their benefits may be transient [219]. Individual variability, such as differences in
existing gut microbiota, genetics, diet, and health status, also affects the efficacy of these
treatments. Furthermore, the probiotic industry faces issues related to standardization,
quality control, and regulatory approval, leading to variations in the potency, purity, and
efficacy of probiotic products [219].

8. Research Gaps and Future Research Directions

Despite the growing body of evidence highlighting the importance of the diet–gut
microbiota–inflammation axis, several research gaps remain. One significant gap is the
lack of comprehensive, long-term studies that can conclusively establish causality rather
than mere associations between diet, microbiota changes, and inflammation. Most existing
studies are short-term and rely heavily on observational data, which can be influenced
by numerous confounding factors. Furthermore, the individual variability in the gut mi-
crobiota composition and response to dietary interventions is not fully understood. This
variability complicates the development of universal dietary guidelines and underscores
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the need for personalized nutrition strategies. Additionally, the mechanistic pathways
through which specific dietary components influence microbial metabolites and subse-
quently modulate inflammatory responses are not completely elucidated. The interaction
between different dietary components and their cumulative effects on the gut microbiota
and inflammation also require further exploration.

To bridge these gaps, future research should focus on conducting long-term random-
ized controlled trials to establish causative relationships and understand the sustained
impact of dietary interventions on the gut microbiota and inflammation. These studies
should include diverse populations to account for genetic, environmental, and lifestyle
factors that influence individual responses. Incorporating advanced technologies such as
multi-omics (genomics, metabolomics, and proteomics) and machine learning can provide
a more comprehensive understanding of the complex interactions within the diet–gut
microbiota–inflammation axis. Detailed microbial and metabolic profiling before, dur-
ing, and after dietary interventions can help to identify the key microbial players and
metabolites involved in inflammatory processes.

Furthermore, studies should investigate the synergistic effects of combining various
dietary components, such as fiber, polyphenols, and fermented foods, to determine the
optimal dietary patterns for modulating the gut microbiota and reducing inflammation.
Research into personalized nutrition should be intensified, utilizing individual micro-
biome data to tailor dietary recommendations and interventions. Exploring the role of
lesser-studied bioactive compounds in foods, such as phytochemicals and micronutri-
ents, and their specific effects on the gut microbiota and inflammation can also provide
valuable insights.

Additionally, understanding the bidirectional relationship between the gut microbiota
and diet, where the microbiota composition can influence dietary preferences and metabolic
outcomes, is crucial. Investigating the impact of the gut microbiota on nutrient absorption
and metabolism, and how this, in turn, affects inflammation, can provide a more holistic
view of the triangular relationship. Finally, integrating behavioral and psychological aspects
into research can help us to understand how diet and the microbiota influence mental
health and vice versa, further elucidating the comprehensive impact of this interconnected
triad on overall well-being.

As research advances in the fields of diet, the gut microbiome, and depression, there is
a growing need for regulatory oversight to ensure the safety, efficacy, and ethical imple-
mentation of personalized interventions. Personalized nutrition and microbiome-targeted
therapies hold great promise for improving mental health outcomes by tailoring dietary
and therapeutic approaches to an individual’s unique microbiome composition and genetic
background. However, without proper regulation, there is a risk of unsubstantiated claims,
inadequate safety evaluations, and unequal access to these innovations.

Regulatory agencies must establish clear guidelines for developing, testing, and mar-
keting microbiome-based therapies, including probiotics, prebiotics, and other dietary sup-
plements. This includes enforcing rigorous clinical trials to demonstrate their effectiveness
and monitoring long-term safety, particularly as interventions targeting the microbiome are
still in their early stages. In parallel, ensuring that healthcare providers receive adequate
training on the scientific basis and potential risks of these interventions is crucial to avoid
the misuse of and overreliance on emerging but unproven therapies.

Equitable access to personalized interventions is another critical issue. Personalized
nutrition and microbiome-targeted treatments often require advanced diagnostic tools, such
as genetic sequencing and microbiome profiling, which can be costly and may not be readily
available to all individuals, particularly those from low-income or underserved populations.
This could exacerbate existing health disparities by making these promising treatments
accessible only to those who can afford them. Policymakers must consider strategies to
make these interventions more widely available, such as subsidizing costs, integrating them
into public health programs, and supporting research that focuses on diverse populations.
Therefore, a combination of robust regulatory oversight and proactive measures to promote
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equitable access is essential for realizing the full potential of personalized interventions in
managing depression and other health conditions linked to the gut microbiome.

9. Conclusions

The intricate relationship among diet, the gut microbiota, and inflammation under-
scores the importance of dietary choices in maintaining health and preventing chronic
diseases. Evidence suggests that dietary patterns significantly influence the composition
and functionality of the gut microbiota, which, in turn, play a crucial role in modulating
inflammatory processes. Beneficial dietary components, such as fiber, polyphenols, and
healthy fats, support a diverse and balanced gut microbiota, promoting anti-inflammatory
pathways and overall health. Conversely, diets high in saturated fats and refined sugars
can lead to dysbiosis and increased inflammation, contributing to the development and
progression of chronic diseases. Therapeutic strategies, including probiotics, prebiotics,
personalized nutrition, and fecal microbiota transplantation, hold promise in modulating
the gut microbiota to reduce inflammation and improve health outcomes. Future research
should continue to explore the mechanistic pathways of this triad, aiming to develop tar-
geted interventions that harness the power of the gut microbiota for disease prevention and
management. Understanding and leveraging the interconnected triangle of diet, the gut
microbiota, and inflammation could pave the way for innovative approaches to enhance
human health and treat chronic inflammatory conditions.
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Abstract: Rotavirus is the main cause of acute diarrhea in children up to five years of age. In this
regard, probiotics are commonly used to treat or prevent gastroenteritis including viral infections. The
anti-rotavirus effect of Bifidobacterium longum and Chlorella sorokiniana, by reducing viral infectivity
and improving IFN-type I response, has been previously reported. The present study aimed to
study the effect of B. longum and/or C. sorokiniana on modulating the antiviral cellular immune
response mediated by IFN-γ, IL-10, SOCS3, STAT1, and STAT2 genes in rotavirus-infected cells. To
determine the mRNA relative expression of these genes, HT-29 cells were treated with B. longum
and C. sorokiniana alone or in combination, followed by rotavirus infection. In addition, infected
cells were treated with B. longum and/or C. sorokiniana. Cellular RNA was purified, used for cDNA
synthesis, and amplified by qPCR. Our results demonstrated that the combination of B. longum and C.
sorokiniana stimulates the antiviral cellular immune response by upregulating IFN-γ and may block
pro-inflammatory cytokines by upregulating IL-10 and SOCS3. The results of our study indicated
that B. longum, C. sorokiniana, or their combination improve antiviral cellular immune response and
might modulate pro-inflammatory responses.

Keywords: rotavirus; Bifidobacterium; Chlorella; gastroenteritis

1. Introduction

Bifidobacterium species are probiotics commonly used as supplements to improve
human health. They are particularly effective in treating or preventing gastrointestinal
infections by shortening infectious diarrhea duration and severity [1,2]. The beneficial
effect of probiotics is associated with the restoration of intestinal dysbiosis through the
production of molecules such as short-chain fatty acids, bacteriocins, and others [1–4].
Bifidobacteria have also been reported to block infectivity or activate cellular immune
responses against viral infections [2,4,5].

The health-beneficial effects of probiotics are limited by microbial load and viability [3].
They are usually combined with prebiotics or microalgae to improve probiotic viability [1,5].
In this regard, the use of the microalga Chlorella sorokiniana and Chlorella vulgaris has been
shown to improve the viability and growth of probiotics, such as Lactobacillus rhamnosus,
Lactobacillus acidophilus, and Bifidobacterium lactis [6–8]. In addition, C. sorokiniana has
been shown to improve the viability and shelf life of probiotics, such as Bifidobacteium
longum and Lactobacillus plantarum [5,9]. Furthermore, the microalga Chlorella is considered
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a functional food. It has been associated with antimicrobial activity and is increased in
beneficial microorganisms’ population in the intestines, which improves gut health [10].

On the other hand, viruses are a common cause of gastroenteritis worldwide [11].
In virus-infected cells, the first line of defense is the cellular immune response, mediated
by interferons (IFNs) [12]. Type I IFNs comprise a large group of molecules within the
IFN-α and IFN-β genes that directly induce antiviral response [12–14]. In addition, type II
interferon gamma (IFN-γ) has antiviral activity and immunomodulatory functions. It has
been related to the inhibition of viral infection by transmissible gastroenteritis virus and
other viruses [15–18]. Although type I IFNs and IFN-γ directly activate the expression of
interferon-stimulated genes (ISGs) and trigger antiviral activity, IFN-γ induces a different
but partially overlapping set of genes [18]. Type I and II IFNs stimulate a significant
expression and activation of STAT1, whereas IFN-α and IFN-β stimulate those of STAT2 [19].
STAT proteins mediate the signal transduction of cytokines involved in improving the
antiviral response [19]. However, cytokine overstimulation mediated by JAK/STAT’s
signaling is associated with pro-inflammatory conditions, which may also cause tissue
damage. In this regard, interleukin-10 (IL-10) is a regulatory cytokine that suppresses the
immune response by blocking the action of pro-inflammatory cytokines. Suppression of
cytokine signaling 3 (SOCS3) is also induced by IL-10 [20,21] and exerts negative feedback
regulation on type I IFN and the JAK/STAT signaling pathway [20,22].

Within gastrointestinal pathogens, rotavirus causes acute gastroenteritis in children
with symptoms such as watery diarrhea, vomiting, fever, and dehydration [23,24]. Ro-
tavirus belongs to the Reoviridae family and possesses an icosahedral shape structure of
75 nm. Rotavirus has three concentric protein layers that surround a segmented genome of
11 fragments of double-stranded RNA (dsRNA). The viral genome encodes the structural
proteins VP1-VP4, VP6, and VP7 and the non-structural proteins NSP1 to NSP6 [24]. The
viral proteins VP7 and VP4 are part of the rotavirus external layer; VP6, the most abundant
protein, is the intermediate layer, and VP2 is the inner layer of the viral particle. In the
internal layer, VP1 is also present and functions as a viral polymerase, whereas VP3 is an
RNA-capping enzyme [13]. The rotavirus pathogenesis is attributed to NSP1 and NSP4. In
infected cells, NSP4 causes Ca2+-dependent Cl− secretion across the mammalian small in-
testinal mucosa, acting as a diarrhea-inducing enterotoxin. Furthermore, NSP1 participates
in the evasion of the innate immune response by suppressing the type I IFN response and
improving viral replication, hence increasing gastroenteritis severity [24–27].

Currently available vaccines against rotavirus include the human monovalent G1P [8]
vaccine Rotarix® (GlaxoSmithKline Biologicals, Rixensart, Belgium) and the pentavalent
human–bovine reassortant vaccine RotaTeq® (Merck & Co., West Point, PA, USA). Vaccines
are effective against rotavirus severe diarrhea, but their disadvantages involve their limited
distribution and effectiveness in developing countries. Rotavirus is still the main cause of
gastroenteritis-associated morbidity and mortality in children worldwide [23]. Although
these vaccines offer heterotypic protection against diverse genotypes (not-vaccinal geno-
types), the rotavirus strain diversity would have an impact on the efficacy and effectiveness
of a vaccine [28]. On the other hand, some reports have shown the effect of anti-rotavirus
agents targeting host factors in different stages of viral pathogenesis, but those studies
still require further investigation. At present, we lack antiviral agents approved against
rotavirus [29].

On the other hand, Lactobacillus and Bifidobacterium are associated with restored antivi-
ral signaling by up-regulating interferon levels [30–32]. Furthermore, microalgae Chlorella
have demonstrated a beneficial immunomodulatory effect against enteric pathogens [6–8].
In previous reports, Bifidobacterium longum reduced rotavirus infectivity to 72%, and the
combination of B. longum and Chlorella sorokiniana reduced the viral infectivity to 30%, thus
indicating that the antiviral effect of B. longum was improved by C. sorokiniana [5]. Moreover,
B. longum induces an in vitro antiviral response mediated by IFN-α in cells infected with
rotavirus. The antiviral response induced by B. longum and C. sorokiniana was shown to be
mediated by IFN-α and IFN-β [33]. Although a cellular response by type I IFNs in cells
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treated with B. longum and C. sorokiniana in rotavirus-infected cells was observed, the role
of type II IFNs, STAT1/STAT2, IL-10, and SOCS3 in the immunomodulatory cellular effect
of this probiotic and microalgae is still unknown. This work aimed to study the effect of
B. longum and C. sorokiniana on modulating the antiviral cellular immune response mediated
by IFN-γ, IL-10, SOCS3, STAT1, and STAT2 genes in rotavirus-infected cells.

2. Results
2.1. Rotavirus-Infected Cells

The mRNA levels of IFN-γ, IL-10, SOCS3, STAT1, and STAT2 genes were determined
in HT-29 cells infected with rotavirus (without probiotic and microalga treatments). The
results indicated that the relative expression levels of SOCS3, IFN-γ, STAT2, and IL-10 were
lower in rotavirus-infected cells than in non-infected cells, whereas STAT1 was up-regulated
compared to the control (non-infected cells) (Figure 1).
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Figure 1. Rotavirus (RV)-infected cell assays. Relative expression level of SOCS3, IFN-γ, STAT1,
STAT2, and IL-10 genes in HT-29 cells infected with rotavirus using uninfected HT-29 as the control.
Data were analyzed by ANOVA with subsequent Tukey test using GraphPad Prism 10. Differ-
ent letters indicate statistical significance between treatments. p values < 0.05 were considered
statistically significant.

2.2. B. longum and Rotavirus Assays

To study the in vitro antiviral effect of B. longum in HT-29 cells (their viability was
not affected by treatments) in the pre- and post-infection assays with rotavirus, the mRNA
levels of IFN-γ, IL-10, SOCS3, STAT1, and STAT2 genes were measured. Our results
showed a significant (p < 0.05) increase in mRNA of SOCS3, IFN-γ, IL-10, and STAT1 in
cells incubated with the probiotic and infected with rotavirus. In addition, in cells infected
and treated with the probiotic, we observed a significant (p < 0.05) increase in SOCS3, IL-10,
and STAT2 relative expression (Figure 2).
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Figure 2. B. longum and rotavirus (RV) assays. The relative expression levels of SOCS3, IFN-γ, STAT1,
STAT2, and IL-10 genes in HT-29 cells treated with B. longum before (pre-infection) and after (post-
infection) rotavirus infection were analyzed by ANOVA with subsequent Tukey test using GraphPad
Prism 10. Different letters indicate statistical significance between treatments. p values < 0.05 were
considered statistically significant.

2.3. C. sorokiniana and Rotavirus Assays

To determine the effect of C. sorokiniana in HT-29 cells, we studied the mRNA levels
of IFN-γ, IL-10, SOCS3, STAT1, and STAT2 genes in cells incubated with C. sorokiniana in
the rotavirus pre- and post-infection assays. In cells with C. sorokiniana and infected with
rotavirus, we observed a significant (p < 0.05) increase in mRNA levels of SOCS3 and IFN-γ.
Furthermore, in the post-infection assays with rotavirus and C. sorokiniana, we observed a
significant (p < 0.05) relative expression of SOCS3, STAT1, and STAT2. The mRNA level of
IL-10 was downregulated in the pre-infection and post-infection assays (Figure 3).
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Figure 3. C. sorokiniana and rotavirus (RV) assays. The relative expression level of SOCS3, IFN-γ,
STAT1, STAT2, and IL-10 genes in HT-29 cells treated with B. longum before (pre-infection) and
after (post-infection) rotavirus infection. Data were analyzed by ANOVA with subsequent Tukey
test using GraphPad Prism 10. Different letters indicate statistical significance between treatments.
p values < 0.05 were considered statistically significant.

2.4. B. longum in Combination with C. sorokiniana and Rotavirus Assays

A combination of B. longum and C. sorokiniana was used to study its effect on the
antiviral response in HT-29 by measuring the mRNA levels of IFN-γ, IL-10, SOCS3, STAT1,
and STAT2 genes in cells with the combination of B. longum/C. sorokiniana in the pre- and
post-infection assays with rotavirus. In cells incubated with both microorganisms and
infected with rotavirus (pre-infection), we observed a significant (p < 0.05) upregulation
of the mRNA levels of SOCS3, IFN-γ, STAT1, and IL-10. Moreover, in the post-infection
assays (cells infected and further treated), the mRNA levels of SOCS3, IL-10, and IFN-γ
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were significantly (p < 0.05) upregulated, whereas STAT1 was downregulated (Figure 4).
In Figure 5, a heat map summarizes the mRNA expression of SOCS3, IFN-γ, STAT-1,
STAT-2, and IL-10 in cells with B. longum and/or C. sorokiniana and pre- or post-infected
with rotavirus.
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Figure 4. B. longum in combination with C. sorokiniana and rotavirus (RV) assays. The relative
expression level of SOCS3, IFN-γ, STAT1, STAT2, and IL-10 genes in HT-29 cells treated with B. longum
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Figure 5. Heat map showing the mRNA expression of SOCS3, IFN-γ, STAT-1, STAT-2, and IL-10 in
B. longum pre-infected with rotavirus (pre-RV): HT-29 cells infected with RV and treated with
B. longum (Bl); B. longum post-infected with RV (post-RV): HT-29 cells treated with Bl and infected
with RV; C. sorokiniana pre-RV: HT-29 cells infected with RV and treated with C. sorokiniana (Cs);
C. sorokiniana post-RV: HT-29 cells treated with Cs and infected with RV; Bl + Cs pre-RV: HT-29 cells
treated with B. longum in combination with C. sorokiniana and then infected with RV; Bl + Cs post-RV:
HT-29 cells infected with RV and treated with B. longum in combination with C. sorokiniana. Data
were analyzed by three-way ANOVA with subsequent Tukey test using GraphPad Prism 10.

3. Discussion

Rotavirus is the main cause of acute gastroenteritis in children worldwide [23]. In the
present study, we showed that, in HT-29 cells infected with rotavirus, the mRNA relative
expression of SOCS3, IFN-γ, and IL-10 was downregulated (p < 0.05), but a significant
difference with STAT1 and STAT2, as compared with cells without rotavirus infection, was
not observed (Figure 1). Previous studies reported that rotavirus block gene expression
induced by type I and II IFNs. In addition, rotavirus was associated with STAT1/STAT2
inhibition, which decreased antiviral response in early infection, through the activity of
NSP1 [34,35]. Rotavirus protein NSP1 inhibits IFN production by degrading the interferon
precursors IRF3, IRF5, and IRF7. It also inhibits NFkB, which decreases IFN-β and cytokine
production in infected cells, and IFN signaling by preventing the nuclear accumulation of
STAT1/ STAT2 [35,36]. Some other viruses besides rotavirus express proteins associated
with cellular immunity evasion [12]. On the other hand, probiotics might modulate antiviral
immune responses. In this regard, Lactobacillus mucosae and Bifidobacterium breve have been
associated with restoring antiviral signaling by a positive regulation of interferon levels [33].

In previous reports, we demonstrated that B. longum improved monolayer integrity,
rotavirus load reduction, and in vitro anti-rotavirus response through IFN-α [33]. In this
regard, the probiotics Lactobacillus spp. and Bifidobacterium spp. have been associated
with reduced severity and shorter periods of diarrhea. In addition, in vitro assays with
B. longum R0175 in porcine intestinal epitheliocyte cells before rotavirus infection showed
a preventive effect against rotavirus infection [37]. In this study, we found a significant
(p < 0.05) increase in the relative expression of SOCS3, IFN-γ, IL-10, and STAT1 in cells with
B. longum and rotavirus, whereas a higher relative expression of SOCS3 and STAT2 was
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observed in cells infected with rotavirus and incubated with B. longum. In agreement with
our analysis of SOCS3, studies in RAW264.7 cells exposed to Bifidobacterium species showed
increased mRNA levels of SOCS1 or SOCS3. These results indicated that this probiotic
may negatively modulate the levels of pro-inflammatory cytokines [20]. Furthermore,
other studies have demonstrated the immunomodulatory effect of Bifidobacterium species
through the up-regulation of IFN-γ and IL-10. Moreover, an anti-inflammatory effect of
this probiotic on HT-29 cells has been described via modulation of JAK/STAT [38,39].

On the other hand, Chlorella genus is a widely studied microalga for its application
in industries such as animal nutrition, pharmaceuticals, and health [6,40,41]. We have
previously reported that cells treated with C. sorokiniana metabolites caused a significant
reduction in rotavirus infectivity [5]. In this regard, Chlorella supplementation has shown
an effect against hepatitis C by reducing viral load [33,42]. Furthermore, IFN-α relative
gene expression was upregulated in cells with C. sorokiniana and rotavirus (post-infection
assays). Nevertheless, there was a low relative expression of IFN-α in cells infected with
rotavirus before the microalgae treatment. Our previous results indicated that C. sorokiniana
blocked rotavirus infectivity and improved immune cellular response. In order to further
study the effect of C. sorokiniana in rotavirus-infected cells, we investigated the relative
expression of IFN-γ, IL-10, SOCS3, STAT1, and STAT2 genes. Our results indicated that,
in HT-29 cells incubated with C. sorokiniana followed by rotavirus infection, the relative
expression of SOCS3 and IFN-γ significantly increased as compared with that of infected
cells without microalgae treatment, whereas in cells infected and treated with C. sorokiniana,
the relative expression of SOCS3, STAT1, and STAT2 was significantly upregulated. This
may indicate that the antiviral response induced by C. sorokiniana in rotavirus-infected
cells was mediated by IFN-α and IFN-γ in the pre-infection assays and STAT1/STAT2 in
the post-infection assays and regulated by SOCS3 in both assays. This result agrees with
studies with C. vulgaris in mice infected with Listeria monocytogenes, which demonstrated an
increased production of IFN-γ, thus enhancing intracellular resistance to pathogens [43]. In
addition, in a randomized, double-blinded, placebo-controlled trial, a significant increase
in IFN-γ was observed after eight weeks of C. vulgaris supplement intake (pills) [34].

The microalga C. sorokiniana has been related to probiotic viability enhancement
and effectiveness against pathogens. C. sorokiniana and C. vulgaris are also associated
with prebiotic activity by stimulating L. rhamnosus growth [6], and other species showed
potential for improving L. acidophilus and B. lactis viability in yogurt [7,8]. We previously
reported that C. sorokiniana improved the viability and anti-rotavirus effect of B. longum
and L. plantarum [5]. In addition, we observed increased IFN-α levels in cells with the
probiotic/microalgae after rotavirus infection, whereas IFN-β was elevated in cells infected
and treated [33]. In the present study, we also evaluated the effect of B. longum and
C. sorokiniana, including analyses of mRNA relative expression levels of IFN-γ, IL-10,
SOCS3, STAT1, and STAT2 genes. Our results indicated that, in HT-29 cells with both
microorganisms before rotavirus infection, the relative expression of SOCS3, IFN-γ, STAT1,
and IL-10 was significantly (p < 0.05) upregulated. Furthermore, in the post-infection assays
(cells infected and post-treated), the relative expression of SOCS3, IL-10, and IFN-γ was
significantly upregulated. The effect of B. longum combined with C. sorokiniana against
rotavirus in infected cells may be associated with blocking infectivity and inducing an
antiviral cellular response mediated by type I and II IFNs.

The effect of the B. longum/C. sorokiniana combination in cells infected is mediated by
the improvement of the cellular immune response. IFN-α, IFN-β, and IFN-γ significantly
increase the expression and activation of STAT1, whereas IFN-α and IFN-β increase that
of STAT2 [19]. In this regard, we observed an increased level of mRNA expression of
IFN-γ and STAT1 in pre-infection with the probiotic alone or with the microalgae, which
was associated with an improvement of antiviral cellular response, in comparison with
rotavirus-infected cells alone. On the other hand, IL-10 is a regulatory cytokine that
suppresses the immune response by blocking the action of pro-inflammatory cytokines. In
addition, SOCS3 is induced by IL-10 [20,21]. SOCS3 exerts negative feedback regulation
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on IFN type I and the JAK/STAT signaling pathway [20,30]. In the present study, we
observed an increase in the relative expression of IL-10 and SOCS3 in the pre- and post-
infection assays with B. longum and C. sorokiniana as compared with rotavirus-infected cells
without treatments, which may indicate that the protective effect of this probiotic and the
microalga was also induced by IL-10 and SOCS3 by downregulating a pro-inflammatory
response in rotavirus-infected cells. In this regard, the protective effect of B. longum in
rotavirus-infected cells was improved with the combination of C. sorokiniana. Although
some limitations of this study are that we only studied the in vitro assays and mRNA
relative expression of SOCS3, IFN-γ, STAT-1, STAT-2, and IL-10, our results are consistent
with the protective effect of B. longum and C. sorokiniana in rotavirus-infected cells and with
previous reports of beneficial effects of probiotic and microalga against gastrointestinal
pathogens [33,37–39,42].

4. Materials and Methods
4.1. Cells

HT-29 human colon tumor cells (ATCC HTB-38) were used in the assays with
B. longum and C. sorokiniana in rotavirus-infected cells. MA104 rhesus monkey epithe-
lial cells (ATCC CRL-2378) were used for rotavirus propagation and microtitration. HT-29
and MA104 cells were grown in RPMI-1640 and DMEM culture media (Gibco, Grand Island,
NY, USA), respectively, and were supplemented with 5% fetal bovine serum (FBS; Mediat-
ech Inc., Corning, NY, USA), 1% antibiotic and antimycotic solution (Caisson Laboratories,
Smithfield, UT, USA), and 2 mM L-glutamine, and incubated at 37 ◦C and 5% CO2.

4.2. Rotavirus Strain and Viral Titration

MA104 cells were infected with the human Rotavirus strain Wa for propagation and
viral titration as follows. Rotavirus was activated with 10 µg/mL trypsin-EDTA solution
10X (Sigma-Aldrich, St. Louis, MO, USA) and incubated at 37 ◦C for 30 min, after which
activated viruses were incubated with MA104 cells at 37 ◦C in 5% CO2 for one hour.
Next, the inoculum was replaced with DMEM, and the cells were incubated at 37 ◦C
in 5% CO2 for 24 h or until the monolayer lysis was observed. The viral lysates were
stored at −20 ◦C. Rotavirus focus-forming units per mL (FFU/mL) were determined by
an immunoperoxidase assay, as previously reported [44]. In brief, rotavirus lysates were
used to infect MA104 cells and incubated at 37 ◦C in 5% CO2 for 14 h. After incubation,
the cellular monolayer was washed twice with PBS-Ca2+, fixed with cold acetone-PBS
(80% to 20%), and incubated for 45 min at room temperature. Next, the monolayer was
washed twice with PBS-Ca2+ and incubated for one hour at 37 ◦C with the primary anti-
rotavirus antibodies (Invitrogen, Carlsbad, CA, USA). After incubation, the cell monolayers
were washed twice with PBS-Ca2+ and incubated for one hour at 37 ◦C with horseradish
peroxidase (HRP)-anti-sheep IgG conjugate (Invitrogen), followed by incubation with
the substrate (0.1 M sodium acetate buffer pH 5.0, 0.64 mg/mL aminoethyl carbazole
(Sigma-Aldrich), and 0.36% hydrogen peroxide) for 15 min at 37 ◦C. After incubation, the
reaction was stopped with three washes of water. FFU/mL was calculated as follows:
FFU/mL = 20 (microscope objective) × 5.5 (well diameter) × average number of foci
(duplicate determinations; 100 to 200 foci/well) × dilution (foci count). The number
of viral particles per cell (MOI) was calculated with the number of viral particles used
(FFU/mL) per well divided by the number of cells originally seeded in the well. Rotavirus
MOI was 0.1 in each assay.

4.3. Probiotic

Bifidobacterium longum strain (ATCC® 15707) was grown on MPT-broth medium
(5.0 g glucose, 10 g casein digest peptone, 0.50 g sodium chloride, 2.5 g yeast extract, 0.05 g
ascorbic acid, 0.15 g potassium phosphate monobasic, 0.25 g potassium phosphate dibasic,
0.5 g L-cysteine hydrochloride, and 0.124 mg ferric ammonium citrate) [45]. Five milliliters
was aliquoted in 13 × 100 mm borosilicate glass tubes and autoclaved for 15 min at 121 ◦C
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and 15 lbs pressure. The sterile MPT-broth was stored at −20 ◦C until use. Bifidobacterium
longum was inoculated on MTP-broth medium and incubated at 37 ◦C. Colony-forming
units (CFU) per milliliter were calculated by serial dilutions, and the bacterial inoculum for
each assay was adjusted to 1 × 106 CFU/mL.

4.4. C. sorokiniana

The microalga C. sorokiniana was collected in the San Juan River in Cadereyta, Nuevo
León, México [5,46]. It was grown in L-carnitine (LC) nutrient solution (5 mM KNO3,
1 mM KH2 PO4, 2 mM MgSO4·7H2O, 6.25 mM Ca(NO3)2·4H2 O, 46µM H3 BO3, 9.15 µM
MnCl2·4H2O, 765 nM ZnSO4·7H2 O, 320 nM CuSO4·5H2O, 15 nM (NH4)6Mo7O24·4H2O,
20 µM FeSO4·7H2O, and 20 µM Na2 EDTA) at 25 ◦C and 120 rpm under continuous light
at 1400 lumens for 12 d [47].

4.5. Cellular Viability Assay

To demonstrate that treatments without rotavirus do not alter cellular viability, we
determined that of HT-29 cells incubated with B. longum and/or C. sorokiniana by the col-
orimetric 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) reduction
assay. For this, HT-29 cells were incubated with C. sorokiniana and/or B. longum in RPMI-
1640 medium without FBS for 24 h at 37 ◦C and 5% CO2 in 95% air, after which they were
washed twice with PBS, and 20 µL of MTT (Sigma-Aldrich; 5 mg/mL final concentration)
was added to the cells and incubated for three additional hours. MTT was then replaced
by 10 µL of dimethyl sulfoxide (DMSO; Sigma-Aldrich) and incubated for three minutes
under continuous shaking. Optical densities were then determined in a microplate reader
(Multiskan GO, Thermo Fisher Scientific Inc., San Jose, CA, USA) at 570 nm [48].

4.6. B. longum, C. sorokiniana, and Rotavirus Assays

B. longum, C. sorokiniana, and their combination were used to treat rotavirus-infected
cells. In the pre-infection assays, the cells were treated and post-infected with rotavirus
as follows: HT-29 cells were treated with probiotics (1 × 106 CFU/mL), the microalgae
biomass (1 × 106 cells/mL), or their combination for 24 h, after which they were infected
with rotavirus (MOI 0.1) for one hour at 37 ◦C and 5% CO2 in DMEM without FBS. Next,
the inoculum was replaced with DMEM without FBS and incubated at 37 ◦C in 5% CO2 for
24 h. Lysates were then stored at −20 ◦C until use. In the post-infection assays, the cells
were first infected with rotavirus and post-treated with the probiotic and/or microalga.
For this, HT-29 cells were infected with rotavirus (MOI 0.1) for one hour at 37 ◦C and 5%
CO2 in DMEM without FBS, followed by treatment with B. longum (1 × 106 CFU/mL),
Chlorella sorokiniana (1 × 106 cells/mL), or their combination for 24 h. After this, the cells
were stored at 20 ◦C until viral RNA purification and qPCR assays.

4.7. qPCR Assay

Total RNA extraction from rotavirus-infected cell lysates and/or treated with
C. sorokiniana and/or B. longum was performed by the Trizol method (Life Technolo-
gies, Rockville, MD, USA). Total RNA was used as a template for cDNA synthesis
(High-Capacity cDNA Reverse Transcription; Applied Biosystems, Foster City, CA,
USA). Relative expression of IFN-γ, IL-10, SOCS3, STAT1, and STAT2 genes was deter-
mined by qPCR using PGK-1 as an endogenous gene (Table 1). Reactions were developed
with the Sensi FAST SYBER Lo-ROX Kit (Bioline, London, UK), following the manufac-
turer’s instructions. qPCR conditions were 95 ◦C for 5 min, 45 cycles at 58 ◦C for 5 s,
and 60 ◦C for 10 s. Gene relative expression was calculated using the 2(−∆∆Ct) method
(Applied Biosystems).
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Table 1. qPCR primer sequences.

Primer Name
Primer Sequences (5′ to 3′) Product Length ReferenceFwd Rev

SOCS3 5′-ACA ATC TGC CTC AAT CAC TCT G-3′ 5′-TTG ACT TGG ATT GGG ATT TTG-3′ 129 [49]
IFN-γ 5′-GGC ATT TTG AAG AAT TGG AAA G-3′ 5′-TTT GGA TGC TCT GGT CAT CTT-3′ 112 [49]
STAT1 5′-GAT CGC TTG CCC AAC TCT TG-3′ 5′- ACT GTG ACA TCC TTG GGC TG-3′ 198 [50]
STAT2 5′-GGC AGC GAA TCA CTC AAA GC-3′ 5′-CACCAGAGTCAAGAAGCCGA-3′ 159 [50]
IL-10 5′-TGG AGC AGG TGA AGA ATG-3′ 5′-ATA GAA GCC TAC ATG ACA-3′ 105 [49]
PGK1 5′-GAG ATG ATT ATT GGT GGT GGA A-3′ 5′-AGT CAA CAG GCA AGG TAA TC-3′ 160 [51]

4.8. Statistical Analysis

In each assay, three independent experiments were performed, and the results were
reported as mean± SD. Statistical analysis was calculated by the one-way ANOVA or three-
way ANOVA and Tukey’s multiple comparisons or Kruskal–Wallis and Dunn’s multiple
comparison tests using GraphPad Prism 10 (GraphPad Software Inc., San Diego, CA, USA).
p values < 0.05 were considered statistically significant.

5. Conclusions

In this study, we observed that the probiotic B. longum increased the relative expression
of SOCS3, IFN-γ, IL-10, and STAT1 in cells with B. longum and infected with rotavirus and
SOCS3 and STAT2 in cells infected with rotavirus and incubated with B. longum. On the
other hand, in the pre-infection assays with C. sorokiniana, the mRNA levels of SOCS3 and
IFN-γ were increased, whereas in the post-infection assays, SOCS3, STAT1, and STAT2
were upregulated. Additionally, B. longum and C. sorokiniana improved the antiviral cellular
immune response by upregulating SOCS3 and IFN-γ in the pre- and post-infection assays.
This combination may block pro-inflammatory cytokines by upregulating IL-10 and SOCS3.
Our results indicated that B. longum, C. sorokiniana, or their combination improve antiviral
cellular immune response and might modulate pro-inflammatory responses. Although
further research is needed, supplementation with probiotics such as Bifidobacterium and
the microalgae Chlorella might be beneficial and become an alternative in the prevention or
treatment of rotavirus gastroenteritis.
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Abstract: Evidence exists that the gut microbiota contributes to the alterations of lipid metabolism
associated with high-fat diet (HFD). Moreover, the gut microbiota has been found to modulate
the metabolism and absorption of dietary lipids, thereby affecting the formation of lipoproteins
occurring at the intestinal level as well as systemically, though the pathophysiological implication of
altered microbiota composition in HFD and its role in the development of atherosclerotic vascular
disease (ATVD) remain to be better clarified. Recently, evidence has been collected indicating
that supplementation with natural polyphenols and fibres accounts for an improvement of HFD-
associated intestinal dysbiosis, thereby leading to improved lipidaemic profile. This study aimed to
investigate the protective effect of a bergamot polyphenolic extract (BPE) containing 48% polyphenols
enriched with albedo and pulp-derived micronized fibres (BMF) in the gut microbiota of HFD-induced
dyslipidaemia. In particular, rats that received an HFD over a period of four consecutive weeks
showed a significant increase in plasma cholesterol, triglycerides and plasma glucose compared to a
normal-fat diet (NFD) group. This effect was accompanied by body weight increase and alteration of
lipoprotein size and concentration, followed by high levels of MDA, a biomarker of lipid peroxidation.
Treatment with a combination of BPE plus BMF (50/50%) resulted in a significant reduction in
alterations of the metabolic parameters found in HFD-fed rats, an effect associated with increased
size of lipoproteins. Furthermore, the effect of BPE plus BMF treatment on metabolic balance and
lipoprotein size re-arrangement was associated with reduced gut-derived lipopolysaccharide (LPS)
levels, an effect subsequent to improved gut microbiota as expressed by modulation of the Gram-
negative bacteria Proteobacteria, as well as Firmicutes and Bacteroidetes. This study suggests that
nutraceutical supplementation of HFD-fed rats with BPE and BMP or with their combination product
leads to restored gut microbiota, an effect associated with lipoprotein size re-arrangement and better
lipidaemic and metabolic profiles.
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1. Introduction

Evidence has been accumulated showing that cardiovascular disease states, includ-
ing myocardial infarction, hypertension, stroke and peripheral vascular diseases, may be
affected by alterations of gut microbiota [1,2]. The pathophysiological basis of these corre-
lations is still unknown. However, data have been provided that multiple bio-molecular
pathways appear to be involved in changes occurring in gut microbiota which increase
cardiometabolic risk, mostly related to infectious conditions, modifications of host bile acid
and changes in lipidaemic profile [3–5]. These events are supposed to contribute to an
enhanced passage of endotoxins or toxic metabolites from the intestine to the bloodstream,
an effect potentially associated with pro-atherogenic effects, primarily through the accelera-
tion of pre-existing atherosclerotic vascular lesions (e.g., inflammatory-related atheroscle-
rotic plaque destabilization) [6,7]. Consistent data show that endotoxins such as E. coli
lipopolysaccharide (LPS) deriving from gut Gram-negative bacteria represent potential
enhancers for the development of atherosclerotic plaque, possibly via activation of smooth
muscle cell proliferation [8–11]. In particular, LPS was found to activate cytokine release,
an effect associated with the activation of Toll-like receptor (TLR) signalling, and promote
LDL oxidation, thereby reducing constitutive NO release and promoting lipid peroxida-
tion via harmful peroxynitrite generation [12]. Thus, the increase in circulating endotoxin
levels as a consequence of gut microbiota disturbances could play a role in atherosclerosis
development. On the other hand, bacterial metabolites, such as trimethylamine (TMA),
are transformed in the liver into trimethylamine N-oxide (TMAO), which at high levels is
associated with the development of non-alcoholic fatty liver disease (NAFLD) [13,14], an
effect which is accompanied by altered metabolic balance, re-arrangement of lipoprotein
composition and, finally, enhanced atherosclerosis development [15,16]. These data are par-
tially confirmed by clinical observational studies in which modifications of gut microbiota
seem to clearly correlate with increased cardiometabolic risk, though specific changes have
not been identified yet and results are often not corroborated between studies [17,18].

Natural products claimed to produce potential benefits in modulating gut microbiota
disorders have been correlated with an improvement of cardiometabolic profile in both
animal models of cardiovascular disease and in patients [19–21]. Evidence has been shown
that the use of prebiotics alone or in combination with natural antioxidants stimulates the
growth of beneficial gut bacteria, leading to health benefit [22,23].

In particular, both pre-clinical and clinical studies have highlighted the possible
beneficial responses to counteract the development of cardiovascular disease produced
by several prebiotics, including oligosaccharides, inulin and pectins as the ones found in
natural fibres deriving from plant derivatives [24]. These responses depend on an increased
production of short-chain fatty acids (SCFAs) accounted for the growth of beneficial bacteria
genera, such as Lactobacillus and Bifidobacterium [25]. In addition, SCFA increase leads to
an antagonistic effect on the growth of pathogenic species [26,27] and to better intestinal
epithelial cell layer protection [28]. Finally, SCFAs have been found to inhibit histone
deacetylase, thereby contributing to resolving gut inflammatory conditions [29,30], leading
also to better systemic metabolic balance via activating glucagon-like peptide-1 (GLP-1)
production [31].

Besides these effects, the contribution of prebiotics to gut-microbiota-related disorders
remains to be better clarified.

Alongside prebiotics, diet supplementation with natural plant-derived compounds,
such as flavonoids, a family of active ingredients well represented in Citrus derivatives,
berries, red wine, apples and olive oil, have widely been correlated with improvement
of gut microbial dysbiosis [32,33]. The contribution of such natural antioxidants to pre-
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vent cardiometabolic disorders accompanying gut microbiota alterations may depend on
various effects mostly related to their properties in scavenging the overproduction of free
radical species (ROS) [34,35]. In particular, data exist that flavonoids such as naringin and
hesperidin possess an inhibitory effect on TMA-lyase, thereby leading to reduced TMAO
concentration [36,37]. Therefore, the combination of flavonoids and fibres with prebiotic
properties may represent a valid solution for approaching cardiometabolic disorders thanks
to their potential synergistic response under conditions such as high fat diet (HFD), in
which an alteration of lipidaemic profile is associated with altered gut microbiota [38,39].

In recent years, evidence has been collected that Citrus bergamia Risso & Poiteau
(bergamot), a Citrus species rich in flavonoids, may represent a potential source of natural
antioxidants able to counteract HFD-induced alteration of lipidaemic profile both in animal
models of hyperlipidaemia and in patients [40,41]. Moreover, a polyphenolic-rich extract
derived from bergamot juice has been found to improve lipoprotein profiles in patients with
liver steatosis alongside having a beneficial effect on liver function [42]. Finally, bergamot
fibres alone or in combination with natural polyphenolic extracts were found to be able to
antagonize fat accumulation and insulinaemic response both in animals and obese patients,
suggesting that dietary supplementation with such products may have a beneficial response
in metabolic regulation under HFD conditions [43,44].

Here, we studied the effect of a bergamot-derived polyphenolic-rich extract (BPE),
combined with bergamot fibres (BMP) prebiotic-rich in pectin and oligosaccharides derived
from bergamot albedo and pulp fibres, on the gut microbiota of rats fed a normal (NFD) and
a high-fat diet (HFD). Data for this unique preparation on gut microbiota were correlated
with lipidaemic profile, oxidative/inflammatory response and, finally, lipoprotein size
and concentration.

2. Results
2.1. Effect of BPE, BMF and BPE + BMF on Lipidaemic Profiles in Rats Fed a NFD and a HFD

Supplementation of rats with an HFD was associated with metabolic changes and
body weight alterations compared to rats fed a NFD. In particular, in rats fed a HFD over
a period of four consecutive weeks, an increase in body weight, fasting plasma glucose,
total cholesterol, LDL cholesterol, HDL cholesterol, triglycerides and MDA levels was
found compared to rats receiving the standard diet (NFD) (Figure 1A,B). This effect was
counteracted by supplementation of rats with BPE, BMF and BPE + BMF, as shown in
Figure 1A,B. Indeed, in animals fed a HFD and supplemented with 20 mg/kg of BPE, BMF
and BPE + BMF in a single daily administration via gastric gavage, a significant reduction
in all parameters was found compared to the ones altered by HFD alone. No effect was
found in rats receiving a standard diet (NFD) compared to groups supplemented with BPE,
BMF and BPE + BMF at 20 mg/kg (Figure 1A,B). Moreover, all parameters at baseline were
comparable in all eight groups of rats used throughout the study.

The effect of treatment with bergamot extracts was also found to be able to modify
HFD-induced changes of lipoprotein profile compared to the NFD. Indeed, the HFD
compared to the NFD produced a substantial re-arrangement of plasma levels of lipoprotein
particles in rats as evaluated after 4 weeks compared to basal levels (Figure 2).

This effect was counteracted by treatment for 4 weeks with 20 mg/Kg of BPE, BMF or
BPE + BMF (Figure 2). In particular, BPE + BMF was found to be able to decrease the mean
concentration of IDL particles by 40.26%, to increase large LDLs by 27.6% and to decrease
small LDLs by 24.4%. On the other hand, treatment with BPE + BMF led to a 40% increase
in total HDL particles, mainly due to the increase in large HDL particles.
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Figure 1. The effect of BPE, BMF or BPE + BMF (20 mg/Kg daily given orally over a period of 4 weeks 

on (A) plasma glucose (a), total cholesterol (b), LDL cholesterol (c), HDL cholesterol (d), 

triglycerides (e) and MDA (f) and on (B) body weight in NFD and HFD groups. Data are expressed 

as means ± SEs. *: p < 0.05 vs. NFD; §: p < 0.05 vs. HFD. 
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Figure 1. The effect of BPE, BMF or BPE + BMF (20 mg/Kg daily given orally over a period of
4 weeks on (A) plasma glucose (a), total cholesterol (b), LDL cholesterol (c), HDL cholesterol (d),
triglycerides (e) and MDA (f) and on (B) body weight in NFD and HFD groups. Data are expressed
as means ± SEs. *: p < 0.05 vs. NFD; §: p < 0.05 vs. HFD.
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The studies on gut microbiota were carried out in order to verify the microbial 

composition and abundance at the phylum level in both NFD and HFD rats either 

untreated or treated with BPE, BMF and BPE + BMF (Figure 3). 

Figure 2. The effect of BPF, BMF or BPF + BMF (20 mg/Kg daily given orally over a period of 4 weeks)
on lipoprotein diameter (a) and concentration (nmol/L) in NFD and HFD groups. Plasma total HDL
(b); plasma total VLDL (c); plasma total LDL (d); plasma lipoprotein VLDL (large, medium and small)
(e); plasma lipoprotein LDL (large, intermediate and small) (f). Data are expressed as means ± SEs.
*: p < 0.05 vs. NFD; §: p < 0.05 vs. HFD.

2.2. Effect of BPE, BMF and BPE + BMF on Gut Microbiota in Rats NFD and a HFD

The studies on gut microbiota were carried out in order to verify the microbial compo-
sition and abundance at the phylum level in both NFD and HFD rats either untreated or
treated with BPE, BMF and BPE + BMF (Figure 3).

In particular, under basal conditions, 11 phyla were found in eight groups, showing
that Firmicutes and Bacteroidetes represented the largest proportions among detectable
bacteria. However, in animals fed a HFD, compared to the NFD group, consistent changes
were found in our study. Indeed, increased proportions of Firmicutes and Protobacteria
were found as a consequence of HFD supplementation compared to the NFD and, in
contrast, a significant decrease in Bacteroidetes was observed in the HFD group. This effect
was counteracted by treating rats with BPE, BMF and BMF + BPE (Figure 4).
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Figure 3. The modulatory effect of BPE, BMF or BPE + BMF on the gut microbiota composition
(determined by sequencing the V3–V4 region of the 16S rRNA gene using the MiSeq Illumina
system) expressed as relative community abundance at the phylum level. Among the identifiable
bacterial phyla with ≥1% abundance in all samples, Firmicutes was the most abundant, followed by
Bacteroidota and Actinobacteroidota.
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Indeed, all bergamot derivatives almost completely attenuated changes produced by
the HFD compared to the NFD, showing that the combination of polyphenols and bergamot
fibres may contribute to restore the normal composition of gut microbiota.

2.3. Effect of BPE, BMF and BPE + BMF on Plasma LPS Levels in Rats Fed a NFD and a HFD

Plasma LPS levels detected after four weeks were significantly higher in the HFD group
compared to the NFD group (Figure 4). Treatment of rats with BPE, BMF or BPE + BMF
resulted in significant lowering of plasma LPS levels compared to the HFD group. No
changes of plasma LPS concentration were found in NFD-fed rats either untreated or
treated with BPE, BMF or BPE + BMF (Figure 5).
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No changes of plasma LPS concentration were found in NFD-fed rats either untreated or 

treated with BPE, BMF or BPE + BMF (Figure 5). 

 

Figure 5. The effect of BPF, BMF or BPF + BMF (20 mg/Kg daily given orally over a period of 4 weeks)
on plasma LPS (EU/L) concentration in NFD and HFD groups. Data are expressed as means ± SE.
*: p < 0.05 HFD vs. NFD; §: p < 0.05 HFD.

3. Discussion

Our data show that a hyperlipidaemic diet (HFD) led to alterations of gut microbiota
which resulted in a significant increase in the abundance of Firmicutes and Proteobacteria
and a decreased abundance of Bacteroidetes compared to rats fed a NFD. This effect was
associated with increased LPS levels in rats fed the HFD, thereby confirming that changes of
gut microbiota subsequent to HFD lead to an inflammatory state combined with oxidative
stress as detected by means of MDA measurements [45–47]. The changes of gut microbiota
found after 4 weeks of HFD were associated with increased body weights and metabolic
alterations represented by increased plasma glucose, cholesterol and triglycerides and
changes of lipoprotein size and concentration compared with rats fed a normolipaemic diet
(NFD). Moreover, oxidative stress biomarkers such as MDA were also found to be elevated
in the blood of HFD rats, as previously shown by our and other groups [48–50].

These effects were counteracted by treating rats with BPE alone or in combination
with BMF. In fact, in rats fed a HFD, where the diet was supplemented with BPE, BMP
or a combination of both, the normal pattern of gut microbiota was restored, this effect
being associated with reduction in body weight and in plasma levels of glucose, cholesterol
and triglycerides. Interestingly, the improvement of lipidaemic profiles in rats receiving
bergamot extracts alone or in combination with fibres was accompanied by an increased
size of lipoproteins, mostly LDLs, which are known to play a key role in atherosclerosis
development. On the other hand, the effect of natural antioxidants combined with BMF
was associated with reduced LPS levels and with consistent reduction in MDA, thereby
leading to an overall improvement of cardiometabolic risk profile in rats fed with HFD.
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Our data are consistent with previous observations showing that the gut microbiota
is a key player in modulating dietary lipid metabolism, affecting almost all the steps
involved in the regulation of lipid digestion and absorption, being also involved in the
generation of lipoproteins occurring at the intestinal level [15]. In particular, it has been
shown that changes in gut microbiota composition, such as the one obtained by means
of supplementation with Gram-negative bacteria, lead to obesity with increased LDL
lipoproteins, an effect accompanied by elevation of plasma cholesterol and modulation
of the lipid transfer protein system [51]. On the other hand, germ-free mice develop an
obesity-resistant phenotype when fed a HFD, an effect which involves decreased fasting
triglycerides and VLDL production when compared to conventionally reared mice [52].

Moreover, our data confirm previous evidence showing that HFD leads to modifi-
cations of gut microbiota [53]. On the other hand, our data confirm that restoring the
equilibrium among several intestinal bacteria, as found when animals are fed a NFD, is ac-
companied by normalization of lipidaemic profile, lipoprotein re-arrangement and, finally,
attenuated inflammation, which is associated with the altered lipidaemic profile.

The rationale of these responses is still to be better clarified. However, clear evidence
exists that LPS affects the integrity of the intestinal mucosa by altering tight junctions and
thereby impairing intestinal permeability [53–56]. In particular, evidence exists that alter-
ation of gut microbiota induced by HFD leads to overproduction of LPS by Gram-negative
bacteria, which is followed by impairment of the tight junction proteins, such as occludin,
claudin-1 and ZO-1, which leads to LPS entering the portal circulation [57] and thereby
producing at least two systemic responses: one is mediated by liver inflammation via TLR4
activation and cytokine release, which represent the key mechanisms of imbalanced pack-
aging and release of lipoproteins from the liver [53,58,59]; the second one is represented
by a condition of systemic inflammation and oxidative stress which leads to enhanced
atherosclerosis and cardiometabolic risk [12,60,61].

These pathophysiological events are counteracted by bergamot extract and fibres. This
is also consistent with previous data showing that BPE, a powerful antioxidant in vitro and
in vivo, leads to significant protection of vasculature against oxidative damage subsequent
to dyslipidaemia in both diet-induced metabolic syndrome and in patients undergoing
increased cardiometabolic risk [48,62,63].

On the other hand, BPE has been found to produce relevant protection under con-
ditions of liver inflammation, thereby preventing NASH and its deleterious effects in
cardiometabolic risk, mostly due to its antioxidant properties [64].

Our data also show a synergistic response when prebiotic BMF is associated with BPE.
Previous data have shown that BMF may produce a significant inhibition of post-prandial
insulin response in patients and that this could account for a role of BMF in maintaining a
normal metabolic balance in subjects suffering from metabolic syndrome [43].

On the other hand, the use of prebiotics is consistent with gut microbiota normalization
able to reduce cardiometabolic risk [65–68].

Thus, it is likely that a combination of both antioxidant BPE and prebiotic BMF may
better target inflammatory/oxidative damage and dysbiosis subsequent to HFD with a
sequential response occurring via reduction in LPS release and subsequently by attenuating
endotoxin-related systemic consequences.

In conclusion, our data confirm that HFD-related changes of gut microbiota are ac-
companied by increased body weight and alteration of lipoprotein size, an effect which
is associated with modification of lipidaemic profile and imbalanced glucose levels. On
the other hand, dysbiosis produced by alterations of gut microbiota and the subsequent
alteration in lipidaemic profile and lipoprotein packaging contributes to the development of
HFD-associated imbalance occurring in the mechanisms of lipid regulation and transport,
occurring both at the intestinal and systemic level. This is also expressed by enhanced
oxidative stress and increased LPS levels, thereby representing key mechanisms in systemic
inflammation which may be found in animals fed HFD.
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Our data also show, for the first time, that the alterations induced by HFD may be
counteracted by supplementing rats with BPE, BMF or a combination of both, which
restored gut microbiota and produced a re-arrangement of lipoprotein size, reduction in
both LPS and MDA levels, and, finally, led to antagonism of diet-induced dyslipidaemia
and metabolic imbalance. This suggests that combining antioxidants and prebiotics leads
to sequential responses for better counteracting diet-induced alterations of gut microbiota
and their deleterious effects on cardiometabolic risk profile.

4. Materials and Methods
4.1. Plant Material

Bergamot (botanical name: Citrus bergamia Risso & Poiteau, Variety Fantastico) is an
endemic plant growing almost exclusively in the jonic cost of the Calabrian Region in
the South of Italy. The bergamot polyphenolic-rich extract (BPE) and fibres (BMF) used
throughout the study were obtained from fruits which were collected from December to
January 2022 from plants located in a range of 90 Km from Bianco to Reggio Calabria, Italy
(GPS coordinates: latitude: 38.0917; longitude: 16.15159).

In particular, bergamot juice (BJ) was obtained from peeled fruits by squeezing. The
juice was oil-fraction-depleted through stripping and clarified through ultra-filtration, with
subsequent loading on to a polystyrene resin column able to absorb polyphenol compounds
of molecular weights between 300 and 600 Da (Mitsubishi Chemical, Cleansui Co., Ltd.,
Tokyo, Japan). Polyphenol fractions were eluted by a 1 mM KOH solution. The basic
eluate was incubated on a rocking platform to reduce the furocoumarin amount. The
phytocomplex was neutralized through filtration on cationic resin at acidic pH, vacuum
dried and minced to the desired particle size to obtain BPE powder. The toxicological
analyses performed, including heavy metal, pesticide, phthalate and synephrine content
analyses, revealed the absence of toxic compounds at significant levels [40]. Standard
microbiological tests showed that the final BPE and BMF were free of mycotoxins and
contaminating bacteria. Moreover, studies for detecting acute and chronic toxicity in ro-
dents for both products were conducted under (Good Laboratory Practice) GLP conditions.
In particular, the study N.152-0041 was carried out in compliance with the EU Directive
2004/9/EC and Directive 2004/9/EC for GLP Guidelines and with OECD Guidelines
for Repeated Dose 30-day Oral Toxicity Study in Rodents [69]. In addition, the study
N.152-0043 was conducted with OECD Guidelines for Repeated Dose 90-day Oral Toxicity
Study in Rodents [70]. Finally, micronuclei test, aberration test and reversed mutation
measurements confirmed that both BPE and BMF were unable to produce toxicological or
mutagenic effects in rodents according to current regulatory guidelines.

The antioxidant analysis of bergamot extract was performed prior to the administration
of products in animals by means of EPR analysis (Supplementary S1, Figures S1 and S2).

Fibres obtained by bergamot albedo were micronized, and HPLC and nutritional
analysis of the powder was performed. All materials were provided by H&AD srl
(Herbal and Antioxidants Derivatives srl, Bianco, Italy). Test products were dissolved
in water. A specification sheet of both extracts is shown in the Supplementary Materials
(Supplementary S3 and S4).

4.2. High-Pressure Liquid Chromatography (HPLC)

HPLC analysis was performed by a Fast 1200 HPLC system (Agilent Technologies,
5301 Stevens Creek Blvd, Santa Clara, CA, USA) equipped with a DAD detector and a
ZORBAX Eclipse XDB-C18 column—50 mm. A quantity of 2 µL of sample was injected and
eluted with a two-solvent gradient of water and acetonitrile. Different gradients were used
to determine flavonoid, furocoumarin and other polyphenol contents. The flow rate was
3 mL/min, and the column was maintained at 35 ◦C. The detector was monitored at 280 nm.
Flavonoid and furocoumarin pure standards were purchased from Sigma-Aldrich (Burling-
ton, MA, USA). Brutieridin and melitidin were identified according to Di Donna [40]. In
the Supplementary Methods section, it is possible to view the chromatograms of HPLC
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analyses related to BPE and BMF powders. Method validation parameters, such as linearity,
limits of detection, precision and accuracy, are available in Supplementary S2.

The main flavonoids identified were standardized at 48% in BPE powder
(Supplementary S3). The estimated concentrations of the five main flavonoids were: neoe-
riocitrin (131,942 ppm), naringin (138,945 ppm), neohesperidin (134,617 ppm), melitidin
(27,950 ppm) and brutieridin (56,496 ppm) (Supplementary S3).

The concentrations of the main flavonoids in BMF powder were standardized at
17%: neoeriocitrin (4398 ppm), naringin (5184 ppm), neohesperidin (3966 ppm), melitidin
(1233 ppm) and brutieridin (2286 ppm) (Supplementary S4).

4.3. Animals

Male Sprague-Dawley 3-month-old rats (Charles River, Milan, Italy) weighing 270–290 g
were used throughout the study. All animals were housed and cared for in accordance with
the Italian National Health Ministry Guidelines on Laboratory Animal Welfare following
the Italian regulations for the protection of animals used for experimental and other sci-
entific purposes (D.L. 26/2014) as well as with the European Community guidelines [71].
The study was conducted according to the guidelines of the Declaration of Helsinki and
approved by the local Ethics Committee (Calabrian Region Prot. 324: 12 October 2021)
(Supplementary S5).

Rats were housed and maintained under controlled conditions of temperature (21 ◦C)
and humidity (60–65%) with a 12 h light/12 h dark cycle and allowed food ad libitum.

The high-fat diet TD.88137 Total Fat (21% by weight; 42% kcal from fat) was purchased
from Harlan Laboratories, Rossdorf, Germany; the BPE and BMF, both micronized and,
when required, co-grinded, were kindly provided by H&AD srl (Herbal and Antioxidants
Derivatives srl, Bianco, Italy).

4.4. Study Design

After adaptation, the rats were randomly allocated in eight experimental groups:

Control group, fed a normal-fat diet (NFD) for 4 consecutive weeks (n = 6);
HFD group, fed a high-fat diet (HFD) for 4 consecutive weeks (n = 6);
NFD receiving 20 mg/Kg of BPE for 4 consecutive weeks (n = 6);
NFD receiving 20 mg/Kg of BMF for 4 consecutive weeks (n = 6);
NFD receiving 20 mg/Kg of BPE + BMF for 4 consecutive weeks (n = 6);
HFD receiving 20 mg/Kg of BPE for 4 consecutive weeks (n = 6);
HFD receiving 20 mg/Kg of BMF for 4 consecutive weeks (n = 6);
HFD receiving 20 mg/Kg of BPE + BMF for 4 consecutive weeks (n = 6);

Quantities of 20 mg/Kg of the BPE powder were administered alone or in combination
with 20 mg/Kg mg of power derived from dried albedo and pulp fibres (BMF).

All treatments were given via gastric gavage once daily over a period of four weeks.
The doses of BPE and BMF used throughout the study and the treatment time were chosen
according to previous data from our and other research groups [40,72,73].

Body weight, plasma glucose, total cholesterol, triglycerides, HDL, LDL, MDA, plasma
lipoprotein size and concentrations were measured as previously shown [40,74] before
starting treatment and at the end of the feeding period. Blood samples were collected by
means of venipuncture of the tail vein and were stored as previously described [40].

At the same experimental times, rat faeces were collected from the anus of each rat
using sterile EP tubes and immediately preserved in liquid nitrogen at basal and after
4 weeks of treatment in animals fed the NFD and HFD according to the treatment schedule.

4.5. Laboratory Measurements

At the baseline and after 4 weeks of treatment, a 12 h fasting morning blood sam-
ple was collected. All plasma marker concentrations or activities were measured using
classical methods and commercial assay kits, according to the manufacturers’ instructions.
Assay kits for total cholesterol, LDL-C, HDL-C, triglycerides, malondialdehyde (MDA),
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paraoxonase and glutathione peroxidase were purchased from Novamedical Srl (Reggio
Calabria, Italy). All the laboratory tests were performed in a blinded manner in respect to
the assigned treatment.

At the baseline and after 4 weeks of treatment with BPE, BMP and BPE + BMP, plasma
samples were collected in EDTA tubes after a 12 h overnight fast: fasting plasma glucose
(mg/dL), total cholesterol (mg/dL), low-density lipoprotein cholesterol (LDL cholesterol)
(mg/dL), high-density lipoprotein cholesterol (HDL cholesterol) (mg/dL) and triglycerides
(TGs) (mg/dL).

Plasma lipoprotein particles were detected as previously described [42] by means of
the proton NMR spectroscopy technique with the simultaneous concentration measure
of lipoprotein subclasses of different sizes. NMR provides calculated values for mean
very-low-density lipoprotein (VLDL), LDL and HDL particle sizes plus estimates of total
and VLDL, TGs and HDL cholesterol.

The oxidative stress index was assessed by plasma lipid peroxidation product mal-
ondialdehyde (MDA) through a lipid peroxidase assay kit (Sigma-Aldrich, Saint Louis,
MO, USA) according to the manufacturer’s protocol. Briefly, the lipid peroxidation is
determined through the reaction of MDA with thiobarbituric acid (TBA) to obtain a colori-
metric (532 nm)/fluorometric (λex = 532/λem = 553 nm) product proportional to the MDA
concentration in the sample [41].

LPS plasma levels at basal and after 4 weeks of treatment with BPE, BMF and
BPE + BMF were detected through a competitive inhibition enzyme immunoassay. A
Low Sample Volume Lipopolysaccharides (LPS) ELISA Kit (abbexa, abx355419, Leiden,
NL) was used for the in vitro LPS quantification.

4.6. 16S rRNA Gene Sequencing and Analysis
4.6.1. DNA Extraction and PCR Amplification

Rat faeces samples were processed using the E.Z.N.A.® Stool DNA Kit (Omega Bio-
tek, Norcross, GA, USA) to extract total microbial genomic DNA. Before being used, the
DNA quality and concentration were assessed using 1.0% agarose gel electrophoresis
analysis and a NanoDrop® ND-2000 spectrophotometer (Thermo Scientific Inc., Waltham,
MA, USA). An ABI GeneAmp® 9700 PCR thermocycler (Thermo Scientific Inc., Waltham,
MA, USA) was used to amplify the hypervariable region V3-V4 of the bacterial 16S
rRNA gene using primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R
(5′-GGACTACHVGGGTWTCTAAT-3′). Each sample was amplified in triplicate.

The PCR products were run on a 2% agarose gel and then purified through the GeneJET
DNA Gel Extraction Kit (Thermo Fisher Scientific, Waltham, MA, USA). The quantification
was performed using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union
City, CA, USA) according to the manufacturer’s instructions.

4.6.2. Illumina MiSeq Sequencing

Once the amplicons were purified, they were combined in equimolar proportions
and paired-end sequenced on the Illumina MiSeq PE300 platform (Illumina, San Diego,
CA, USA) in accordance with standard protocols (Majorbio Bio-Pharm Technology Co.
Ltd., Shanghai, China). The raw sequences were pre-analysed according to the BIPES
protocol [75], and QIIME (1.8.0) was used to perform the following analyses. The represen-
tative sequences were aligned through PyNAST algorithms [76]. Phylogenetic relationships
were assessed by FastTree sequence alignment [77], and the taxonomic assignments were
combined to construct the BIOM file [78].

4.7. Statistical Analysis

Data analyses were performed using GraphPad PRISM 9.3.1 (GraphPad Software, Inc.,
La Jolla, CA, USA). The differences among treatments were evaluated using GraphPad
PRISM 9.3.1 (GraphPad Software, Inc., La Jolla, CA, USA). The Shapiro–Wilk test was used
to test normality. Normally distributed data were analyzed by one-way ANOVA followed
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by Tukey’s test; data not normally distributed were analyzed through the Kruskal–Wallis
test followed by Dunn’s tests. The results are shown as means ± SEs. A p-value < 0.05 was
considered statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms241612967/s1.
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Abstract: Akkermansia muciniphila is a mucosal symbiont considered a gut microbial marker in healthy
individuals, as its relative abundance is significantly reduced in subjects with gut inflammation and
metabolic disturbances. Dietary polyphenols can distinctly stimulate the relative abundance of A.
muciniphila, contributing to the attenuation of several diseases, including obesity, type 2 diabetes,
inflammatory bowel diseases, and liver damage. However, mechanistic insight into how polyphenols
stimulate A. muciniphila or its activity is limited. This review focuses on dietary interventions in
rodents and humans and in vitro studies using different phenolic classes. We provide critical insights
with respect to potential mechanisms explaining the effects of polyphenols affecting A. muciniphila.
Anthocyanins, flavan-3-ols, flavonols, flavanones, stilbenes, and phenolic acids are shown to increase
relative A. muciniphila levels in vivo, whereas lignans exert the opposite effect. Clinical trials show
consistent findings, and high intervariability relying on the gut microbiota composition at the
baseline and the presence of multiple polyphenol degraders appear to be cardinal determinants in
inducing A. muciniphila and associated benefits by polyphenol intake. Polyphenols signal to the
AhR receptor and impact the relative abundance of A. muciniphila in a direct and indirect fashion,
resulting in the restoration of intestinal epithelial integrity and homeostatic crosstalk with the gut
microbiota by affecting IL-22 production. Moreover, recent evidence suggests that A. muciniphila
participates in the initial hydrolysis of some polyphenols but does not participate in their complete
metabolism. In conclusion, the consumption of polyphenol-rich foods targeting A. muciniphila as a
pivotal intermediary represents a promising precision nutritional therapy to prevent and attenuate
metabolic and inflammatory diseases.

Keywords: Akkermansia muciniphila; gut microbiota; polyphenols; ecological niche; AhR; IL-22;
polyphenol degraders; phenolic metabolites

1. Introduction

The human gut houses trillions of microbes, including viruses, fungi, archaea, and
bacteria, the latter being the major representative [1,2]. The gut microbiota plays an essential
role in human health. Deviations in the composition and functions of the gut microbiota
have been associated with many diseases, including gastrointestinal, cardiovascular [3–6],
hepatic [7], immunological, and neurological disorders [8,9].

A. muciniphila, a member of the phylum Verrucomicrobia, is an anaerobic and mucosa-
associated colonic bacterium with mucin-degrading capabilities that has been identified as
a microbial marker of a homeostatic intestine [10]. It has been linked to potential benefits
by counteracting gut barrier disruption, obesity, and related metabolic disturbances [10–13].
Recently in humans [11] and rodents [14–16], treatment with A. muciniphila was shown
to enhance obesity and related disorders, including glucose tolerance, insulin resistance,
fat mass gain, total plasma cholesterol, liver dysfunction, and low-grade inflammation
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(Figure 1). A specific protein present on the outer membrane of this bacterium, termed
Amuc_1100, has been demonstrated to be implicated in the interaction with the host
mucosa via toll-like receptor-2 (TLR2) signaling, restoring the intestinal barrier function
and decreasing metabolic endotoxemia in mice [10,14,17].
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creased relative proportion of A. muciniphila in the gut microbiota has been inversely associated with 
obesity and type 2 diabetes. The administration of active A. muciniphila; its membrane protein, 
Amuc_1100; and pasteurized cells can reverse metabolic disorders associated with a high-fat diet, 
obesity, and type 2 diabetes. Clinical and preclinical studies highlight the role of A. muciniphila in 
attenuating fat mass accumulation, adipose tissue inflammation, insulin resistance, and glucose ho-
meostasis. A. muciniphila alleviates chronic intestinal inflammation and metabolic endotoxemia (re-
duces the level of lipopolysaccharide (LPS)) and induces immune cell and Toll-like receptor (TLR)-
2 signaling. Owing to its glycan-degrading capabilities and proximity to the host colonic epithelium, 
this bacterium contributes to the maintenance of the mucus layer barrier function and intestinal 
homeostasis. The graph was created with BioRender. 

Obesity, type 2 diabetes (T2D), and chronic consumption of a high-fat diet (HFD) 
have detrimental effects on the gut microbiota composition, especially on relative levels 
of A. muciniphila, altering the integrity of the intestinal epithelium and symbiotic host–
microbe crosstalk [11,18–21]. For instance, a long-term HFD leads to mucin (Muc2) protein 
misfolding and endoplasmic reticulum (ER) stress and reduces Muc2 production and O-
glycosylation by goblet cells (GCs) [22–24]. Hence, the accumulation of non-glycosylated 
Muc2 precursors weakens the protective mucus layer and exacerbates the adhesion and 
mucus degradation by opportunistic pathogens, in addition to reducing mucosa-

Figure 1. Beneficial impact of Akkermansia muciniphila on host health. A. muciniphila protects against
cardiovascular diseases, metabolic disorders, and intestinal microecological disruption. An increased
relative proportion of A. muciniphila in the gut microbiota has been inversely associated with obesity
and type 2 diabetes. The administration of active A. muciniphila; its membrane protein, Amuc_1100;
and pasteurized cells can reverse metabolic disorders associated with a high-fat diet, obesity, and
type 2 diabetes. Clinical and preclinical studies highlight the role of A. muciniphila in attenuating
fat mass accumulation, adipose tissue inflammation, insulin resistance, and glucose homeostasis. A.
muciniphila alleviates chronic intestinal inflammation and metabolic endotoxemia (reduces the level of
lipopolysaccharide (LPS)) and induces immune cell and Toll-like receptor (TLR)-2 signaling. Owing
to its glycan-degrading capabilities and proximity to the host colonic epithelium, this bacterium
contributes to the maintenance of the mucus layer barrier function and intestinal homeostasis. The
graph was created with BioRender.

Obesity, type 2 diabetes (T2D), and chronic consumption of a high-fat diet (HFD)
have detrimental effects on the gut microbiota composition, especially on relative levels
of A. muciniphila, altering the integrity of the intestinal epithelium and symbiotic host–
microbe crosstalk [11,18–21]. For instance, a long-term HFD leads to mucin (Muc2) protein
misfolding and endoplasmic reticulum (ER) stress and reduces Muc2 production and O-
glycosylation by goblet cells (GCs) [22–24]. Hence, the accumulation of non-glycosylated
Muc2 precursors weakens the protective mucus layer and exacerbates the adhesion and
mucus degradation by opportunistic pathogens, in addition to reducing mucosa-associated
symbionts, such as A. muciniphila [24,25]. These gut ecological disturbances were reported
to notably reduce the A. muciniphila population but were shown to be prevented and
restored by the consumption of polyphenols [26,27].

Polyphenols are chemically diverse molecules synthesized by plants as secondary
metabolites. They exert pharmacological properties, such as antioxidant, anticarcino-
genic, antimicrobial, and anti-inflammatory activities [28–32]. Most of the bioactivity of
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polyphenols is thought to be mediated by their interaction with the host gut microbiota.
Indeed, several reports have demonstrated the poor bioavailability of polyphenols by using
cellular cultures mimicking the epithelium of the small and large intestines or by measur-
ing the metabolites from gut microbial degradation of these compounds in vivo [33–36].
Accumulating studies suggest that dietary polyphenols may stimulate the growth of A.
muciniphila in vivo and show this bacterium to be a critical player boosting the bioactivities
of polyphenols in different health conditions, including health-steady status, cardiovascular
diseases, liver damage, and gut inflammation [37–44]. However, the basic mechanisms of
the potential prebiotic effects of polyphenols on A. muciniphila are unclear.

Distinct mechanisms might be implicated in the promoting effects of polyphenols
on A. muciniphila. Polyphenols can restore gut microbiota disbalance and mucus barrier
depletion in obesity and inflammatory bowel diseases (IBD) [44,45]. In the colon, these
molecules interact with more than 1000 species of bacteria that might have the catalytic and
hydrolytic ability to metabolize polyphenols to the corresponding aglycone and derived
metabolites [36,46]. On the one hand, phenolics and derivatives can act as antimicrobials,
inhibiting opportunistic bacteria that are abundant in metabolic diseases [28]. On the
other hand, polyphenols and phenolic metabolites can simultaneously act locally in the
intestinal mucosa, be absorbed through the epithelium into the systemic circulation, and
regulate anti-inflammatory markers [27–30]. In line with this, the activation of the aryl
hydrocarbon receptor (AhR) and the induction of interleukin (IL)-22 appear to be involved
in the mechanisms of action, leading to a protective O-glycan-rich mucus layer and reduced
mucosal inflammation by polyphenols [47–49]. However, in this context, it should be
mentioned that A. muciniphila can also directly induce IL-22, as shown recently [50]. Recent
studies indicate that polyphenols induce goblet cell (GC) differentiation, increase mucus
layer thickness, and reduce colitis. However, it remains unclear whether this is a direct
effect or whether A. muciniphila is involved [26,27,51].

The strong association between the consumption of polyphenols and the relative
abundance of A. muciniphila in humans and animals also suggests the trophic utilization
of phenolics by this bacterium. Indeed, individuals with a polyphenol-degrading metabo-
type that yields the production of phenolic metabolites, such as urolithin A, present with
an increased relative abundance of A. muciniphila and a better metabolic outcome and
health status than those lacking a specific polyphenol-degrading species [43,52,53]. Several
enzymes have been identified to participate in the polyphenol metabolism by gut bacte-
ria [44]. However, none has been described and tested to date in A. muciniphila. A few
in vitro studies on the growth of A. muciniphila in polyphenol-enriched media suggest the
nutritional utilization of phenolics [43,54]. However, diverging findings on the produced
metabolites and the reduced growth of A. muciniphila in the presence of polyphenols as a
unique nutritional source or combined with mucin and glucose prevent the confirmation of
such a hypothesis.

The aim of the present review is to provide an overview of polyphenols that shape
the composition of the gut microbiota, particularly promoting the relative abundance of A.
muciniphila, with a protective role against metabolic and inflammatory disorders. We iden-
tified compelling trials in rodents and humans in A. muciniphila was shown to be selectively
induced by different classes of dietary polyphenols. We focused on the impact of polyphe-
nols and derived metabolites on the mucosal immunomodulation and re-establishment
of the gut microenvironment, improving the ecological niche of A. muciniphila as a po-
tential non-prebiotic mechanism. Additionally, hints with respect to the metabolism of
polyphenols by A. muciniphila and its possible molecular adaptation to these compounds
are discussed. Preclinical and clinical dietary interventions demonstrate that A. muciniphila
potentiates many polyphenol-induced processes by regulating host metabolism and inflam-
mation, contributing to the maintenance of gut homeostasis.
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2. Akkermansia muciniphila, the Gut Microenvironment, and Immune Regulation

The intestinal epithelial barrier is enhanced by the presence of a mucus layer and im-
mune factors produced by the host [55]. This mucus layer secreted by GCs consists mainly
of a mesh-like network of gel-forming Muc2 mucin, with tandem repeated sequences rich
in threonine and serine residues acting as the attachment sites of O-glycans [56]. These
O-glycans primarily consist of N-acetylgalactosamine, N-acetylglucosamine, fucose, galac-
tose, sialic acid (N-acetylneuraminic acid), mannose, and sulfate. The post-translational
O-glycosylation provides resistance to proteolysis by traditional proteases, furnishes se-
lective commensal microbes, and prevents pathogen colonization [25]. A. muciniphila is
a prominent O-glycan utilizer species capable of hydrolyzing glycosidic linkages and de-
grading the colonic mucin. Its genome is equipped with specialized glycosyl hydrolases,
including α-fucosidases, α-sialidases, and endo-α-N-acetylgalactosaminidases [57,58]. All
these features give A. muciniphila the selective trophic advantage to prevail, signal immuno-
logical response in the intestinal mucosa, and contribute to regular mucus turnover. Its
relative abundance positively correlates with mucus layer thickness, intestinal integrity,
reduced endotoxemia and intestinal inflammation, and improved metabolic phenotype in
humans and animals (Figure 1) [10,11,59]. Mechanistic studies conducted in vitro and in
rodent models demonstrate that A. muciniphila increases transepithelial electrical resistance;
stimulates GCs and mucin secretion; alleviates chronic intestinal inflammation; regulates
glucose and lipid metabolism; and induces immune responses, including T-cell receptors,
B-cell receptors, NF-κB activation, and TLR2 signaling [14,17,59,60].

The structure and glycosylation pattern of mucin are critical modulators of the gut mi-
crobiome, particularly A. muciniphila. O-glycosylation defects drive a disrupted niche in the
intestinal mucosa and relate to the onset of gut inflammation and mucin binding and degra-
dation by microbial pathogens. For instance, minimal sulfate modification and a reduced
abundance of A. muciniphila have been reported in subjects with ulcerative colitis [61–63]. A
reduced proportion of fucosylated glycans and an increased proportion of hyposialylated T-
antigen glycans have been associated with exacerbated inflammation [61,64]. Interestingly, such
abnormalities are attenuated by the exogenous administration of mucin O-glycans, modulating
gut microbiota alterations, notably by inhibiting pathogens and favoring A. muciniphila [65].

The regulation of gut immunity and host glycans is fundamental to maintain a protec-
tive gut mucosal barrier. Signals regulating the innate immune response, such as induction
of the aryl hydrocarbon receptor (AhR), have been shown to bridge homeostasis between
the gut microbiota and the intestinal epithelium. The ligand-activated AhR leads to the
transcription of several genes, such as Rort and Foxp3, and modulates interleukin (IL)-22
secretion, with a pivotal role in mucosal defense [66]. For instance, IL-22 can induce fu-
cosylation of intestinal epithelial cells and prevent the overcolonization of opportunistic
pathogens [67]. The role of these markers in signaling colonic innate response makes
them essential regulators of the gut mucus barrier and the colonization of A. muciniphila.
The AhR senses dietary compounds and microbial metabolites, including those of tryp-
tophan metabolism. The modulation of the gut microbiota, especially the stimulation of
tryptophan-metabolizing species, has been associated with the enrichment of AhR ligands
and improved mucosal microenvironment [68,69]. Recently, A. muciniphila was also shown
to metabolize tryptophan to indole derivatives and AhR agonists [70], in addition to being
found to induce IL22 in a MyD88-dependent fashion in mice [50]. Similarly, the live and
pasteurized cells of A. muciniphila and its membrane protein, Amuc_1100, were shown to in-
duce AhR-targeted genes, including CYP1A1, IL-10, and IL-22, protecting against ulcerative
colitis in mice [71]. Additionally, integrative analysis of fecal metagenomes and untargeted
serum metabolomes from patients and mice with ulcerative colitis highlighted a significant
correlation between A. muciniphila and the restoration of tryptophan metabolism [71]. A
synergic effect might exist between AhR modulators and the abundance of A. muciniphila in
triggering gut immune regulation by shapes on AhR signaling, thereby attenuating colonic
inflammation and metabolic alterations.
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The increased abundance of A. muciniphila might be sustained by the polyphenol-
driven restoration of mucosal integrity. However, it is not possible to exclude the crosstalk
between polyphenols and the gut microbiota from the mechanisms underpinning the
stimulation of A. muciniphila. The sections below tackle the role of different polyphenol
classes as modulators of gut microbiota composition, especially A. muciniphila. Furthermore,
mechanistic insights into the effects of polyphenols in regulating immune markers linked to
the attenuation of gut inflammation and improved intestinal barrier function are discussed.

3. Interactions between Polyphenols and the Gut Microbiota and Their Impact on the
Attenuation of Chronic Diseases

Polyphenols are categorized into two main structural classes—flavonoids and non-
flavonoids—which vary in the number of phenolic rings and their type of linkages, as
well as the main dietary sources (Figure 2). The flavonoid group is subcategorized into
anthocyanins, flavonols, flavanones, isoflavones, and flavan-3-ols. The non-flavonoid
group includes phenolic acids, stilbenes, and lignans [44]. Vegetables and fruits, such as
pomegranates, berries, grapes, tea, cocoa, and coffee, are rich sources of polyphenols.
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food sources.

Owing to the poor biological availability of dietary polyphenols [72], growing evidence
highlights the gut microbiota as a critical intermediary involved in priming host cell signal-
ing in the intestinal mucosa and distal organs; these interactions are associated with diverse
biological roles in preventing and attenuating the chronicity of several diseases [31,73–79].
Approximately 90–95% of polyphenol intake accumulates in the intestinal lumen up to
the millimolar range, where, together with bile conjugates, it is subjected to the enzymatic
activities by the gut microbiota, sequentially producing metabolites with different physio-
logical significance [35]. Ottaviani et al. (2016) [36] evaluated the pharmacokinetic profile
of polyphenol metabolism in humans, outlining the distinguished absorption of different
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phenolic compounds in the proximal gastrointestinal tract and the colon. The authors
assessed the absorption, distribution, metabolism, and excretion of (−)-epicatechin (EC),
flavanol monomers, and procyanidins, with a degree of polymerization (DP) of 2–10. Based
on the timing of the appearance of the various radiolabeled phenolic compounds in plasma
and urine, it was demonstrated that most EC and procyanidin (EC polymer) absorption
occurred in the colon. For instance, EC-derived metabolites were absent from plasma after
6–8 h, indicating that the ingested EC and polymers continued down the gastrointestinal
tract and reached the colon. In the colon, gut microbiota–polyphenol interactions, which
start with the C-ring opening, yielded the formation of O-glucuronidated and sulfated
derivatives of phenyl- γ-valerolactones (γVL). Here, more than 70% of the ingested, radio-
labeled (−)epicatechin flavanols were shown to be absorbed into the circulatory system via
the colon, compared to 20% absorbed from the small intestine. The phenolic metabolites
were further submitted to phase II metabolism by enzymes in the colon mucosa and the
liver, resulting in increased levels of a mixture of γVLs and phenolic acids in the blood
circulation [36]. This provides insights into the role of the gut microbiome in generating
phenolic bioactive metabolites in the human body. Many of these metabolic outputs are
involved in various physiological processes, as reviewed by Man and colleagues (2020) [80].

For instance, the biological roles of parent phenolic compounds and the de novo gen-
erated bioactive molecules by the gut microbiota have been demonstrated in the regulation
of inflammation [74], oxidative stress, [75], thermogenesis [31], apoptosis; proliferation of
cancer cells [76]; blood pressure regulation; mitochondrial functions; and glucose and lipid
metabolism [77–79].

Polyphenols exert beneficial effects on the gut microbiota by acting as prebiotics. In
2017, the ISAPP (International Scientific Association for Probiotics and Prebiotics) updated
the prebiotic concept by considering phenolics/phytochemicals between the potential
prebiotic candidates acting similarly as prebiotics. To fit in this category, phenolics must
be selectively utilized by host microbes, conferring a health benefit [81]. The stimulation
of beneficial microbes is related to their enzymatic capacity and adaptation to degrade
and tolerate phenolics with different structural features. Increased attention is given to the
stimulation of beneficial species by polyphenol intake in humans and animals, especially
A. muciniphila, as a promising dietary strategy to counteract obesity and diabetes (table).
A. muciniphila is relatively abundant in healthy individuals, accounting for approximately
4% of the gut microbiota. However, its abundance declines significantly in certain metabolic
diseases [11,14,60].

A. muciniphila appears to be essential in boosting polyphenol-mediated effects to cope
with obesity. Specifically, this species has been correlated with higher levels of a phenolic
metabolite, urolithin A, and polyphenol-degrader species, such as Gordonibacter spp. [53].
Although a gap in the enzymatic ability of A. muciniphila to degrade polyphenols is yet
to be filled, this species is regularly implicated in immune–metabolic processes promoted
by dietary polyphenols in preclinical, in vitro, and clinical trials. Here, we compiled
major findings on the effects of polyphenol-rich foods on the modulation of A. muciniphila
abundance in the context of several chronic diseases.

4. Modulation of A. muciniphila by Polyphenol-Rich Foods In Vitro and in Animal
Models
4.1. Anthocyanin-Rich Foods

Anthocyanins are glycosides of anthocyanidins, one of the major flavonoids widely
found in berries. Plum, beans, and pomegranate are also good sources of anthocyanins.
The identified anthocyanins are cyanidin, malvidin, petunidin, pelargonidin, peonidin,
and delphinidin [82]. These compounds are mainly described as poorly available in the
small intestine and have been extensively studied due to their potent antioxidant properties
and benefits on human health [83] (Figure 3). The conversion of anthocyanins by gut
bacteria is related to their β-glucosidase enzymatic capability [84]. Bacterial species such as
Lantiplantibacillus plantarum, Lactobacillus acidophilus, Streptococcus thermophiles, Lactobacillus
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delbrueckii subsp. bulgaricus, Bacteroides thetaiotaomicron, Blautia producta, Erysipelatoclostrid-
ium ramosum, Bifidobacterium animalis, and Bifidobacterium spp. are involved in degrading
anthocyanins [84,85].
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Figure 3. Schematic illustration of the modulatory effects of polyphenols on the gut microbiota, especially
on A. muciniphila in humans and animals. A vast proportion of dietary polyphenols reach the colon,
interacting with the gut microbiota. Polyphenols reduce gut microbiota disturbances and promote
the relative abundance of A. muciniphila in humans and rodents. These changes are associated with
improved metabolic phenotypes in the host. Interindividual variability in humans influences the effects
of polyphenols on the gut microbiota and the production of bioactive metabolites, such as phenyl-γ-
valerolactones (γVL), urolithins, and phenolic acids. Mechanistic insights into animal models sustain the
role of polyphenols in signaling anti-inflammatory immune markers, increasing mucin-secreting goblet
cells, and restoring intestinal barrier function. The graph was created with BioRender.

The intake of anthocyanin-rich fruits has been shown to stimulate A. muciniphila and
attenuate host gut inflammation, liver injury, and obesity-associated metabolic alterations
(Table 1). Recently, Song and colleagues (2020) investigated whether anthocyanins play
a crucial role in the antidiabetic effect of açai fruits (Euterpe oleracea Mart.) in high-fat
diet (HFD)-induced obesity in mice [86]. The anthocyanin-rich açai extract significantly
shifted the overall structure and composition of the gut microbiota, in addition to amelio-
rating HFD-induced glucose intolerance and insulin resistance. The relative abundance
of A. muciniphila was mainly induced by the açai extract and highlighted as a key player
driving the anthocyanin-induced antiobesity effects. Increased A.muciniphila abundance
was significantly associated with lower serum triglyceride (TG) levels, glucose, and insulin
regulation. Likewise, it was negatively related to the expression of genes involved in lipid
metabolisms, such as Scd1, Srebf1, and Ppara.
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Nakano and colleagues (2020) demonstrated the role of bilberry anthocyanins (BAs)
in preventing the development of non-alcoholic fatty liver disease (NAFLD) induced by a
3-month intake of a Western diet (WD) in mice [37]. The study targeted hepatic markers
associated with lipid accumulation, inflammation, and oxidative status, as well as their link
with changes in the gut microbiota. Bilberry anthocyanins lowered the serum levels of liver
damage indices, including aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) in both the normal diet (ND) and WD-fed mice. Interestingly, observations of host
phenotypes correlated with an increased relative proportion of A. muciniphila. The WD-
induced disrupted gut microbiome was attenuated when supplemented with anthocyanin-
rich açai, increasing the relative abundance of A. muciniphila, Bacteroides acidifaciens, and
Parabacteroides. Furthermore, John et al. (2019) [87] demonstrated the potential of Davidson’s
plum, which is rich in anthocyanins, including cyanidin sambubioside, cyanidin glucoside,
peonidin sambubioside, and peonidin glucoside, to ameliorate the symptoms of metabolic
syndrome in a high-carbohydrate, high-fat diet (HFHD)-fed rat model. Supplementation
of Davidson’s plum (8 mg of anthocyanin equivalent/kg/day) for eight weeks reduced
plasma TG, visceral and abdominal fat mass, and inflammatory markers. Davidson’s plum
supplementation increased the abundance of A. muciniphila in rats fed the obesogenic and
corn starch diets but was significantly higher in the latter group. Whereas in this study, we
did not analyze the mucus layer, increased mucus secretion can be induced by the additive
action of fibers and anthocyanins, providing a better ecological niche for A. muciniphila.
Many anthocyanin compounds have been demonstrated to improve mucosa condition and
injury and to hamper inflammatory opportunistic microbes [89,90].

In another study, Pan et al. reported an increase in relative levels of Akkermansia spp.,
along with Anaerostipes and Ruminococcus spp. and a decrease in Acetivibrio spp. abundance
in F-344 rats in response to the dietary administration of anthocyanin-rich black raspberry
(BRB) powder for six weeks [88]. This work sustained the modulation of inflammatory
biomarkers by the whole BRBs, the BRB-derived anthocyanins, or the BRB-derived residue
fraction. The metabolism of phenolics by the gut microbiota was not analyzed in that study;
however, the authors indicated the potential of berry anthocyanins and fiber-bound phe-
nolics to reduce gut inflammation, which is a possible indirect mechanism concomitantly
sustaining a potential beneficial gut microbiota composition. It is worth noting that species
of Anaerostipes spp., which were also increased by BRB, have the potential to degrade pheno-
lic acids and are known producers of beneficial short-chain fatty acids such as butyrate and
propionate. Notably, this genus harbors a functional gallate decarboxylase capability re-
quired to degrade gallic acid, as detected in silico and evaluated in vitro [91]. Interestingly,
syntrophic interactions have been demonstrated between butyrate-producing species, such
as Anaerostipes caccae and A. muciniphila, in a mucin-enriched medium [92]. In this sense,
the butyrate producer benefits from the mucolytic activity of A. muciniphila, and in turn, the
produced butyrate fuels the colonocytes and the goblet cells to support mucus production.
Comparable complex cross-feeding chains might occur between polyphenol-degrader gen-
era and A. muciniphila, although this hypothesis warrants further investigation. Subsequent
in vitro mechanistic studies on the degradation of anthocyanins by A. muciniphila and iden-
tified polyphenol degraders are needed to translate the actual impact of the consumption of
anthocyanin-rich foods on the stimulation of A. muciniphila and the enhancement of human
metabolic diseases.

4.2. Flavan-3-Nol-Rich Foods

Flavanols are broadly characterized by the absence of a double bond between C-2
and C-3 and the absence of a carbonyl group on the C ring (C-4); instead, they have a
hydroxyl group(s) on C-3 or C-4, where flavan-3-ols are the most reported [93] (Figure 2).
Flavan-3-ol can contain a galloyllated and gallated group, including flavan-3-ol monomers,
(+)-catechin, and (−)-epicatechin (EC), as well as oligomers, such as procyanidins, (−)-
epigallocatechin (EGC)], (−)-epigallocatechin-3-gallate (EGCG), and (−)-epicatechin-3-
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gallate]. These compounds are widely distributed in foods such as cacao, teas, beans, red
wine, apples, pomegranates, and berries [94].

The modulation of the gut microbiome by flavan-3-ols and the derived metabolites
beneficially influences the metabolic host’s health. Dietary flavan-3-ols are widely associ-
ated with a cardioprotective and anti-inflammatory roles in coping with chronic diseases,
including T2D, obesity, NAFLD, inflammatory bowel diseases (IBDs), and colon cancer [38].
Non-gallated flavan-3-ols, such as proanthocyanidins (PACs), also known as condensed
tannins, are catabolized by the gut microbiota to phenylvaleric acid and valerolactones
as primary metabolites [32,95]. Galloyllated flavan-3-ols, such as gallotannins and ellagi-
tannins (ET), well-known as hydrolyzable tannins, are metabolized into ellagic acid and
urolithin metabolites. Among the gut bacterial species known to metabolize flavan-3-ols are
Lactobacilli, Gordonibacter spp., Eggerthella lenta (Eggerthellaceaea), and Adlercreutzia equo-
lifaciens (Coriobacteriaceae) [44]. The derived flavan-3-ols metabolites are endowed with
numerous biological properties, including antioxidant, antiatherosclerotic, antimicrobial,
and anti-inflammatory activities [29–32].

The antiobesity effect of peach, a fruit rich in flavan-3-ols, was evaluated in female ICR
mice fed an HFD [96]. The oral administration of peach peel extract (PPE), which is mainly
composed of epicatechin 3-O-glucoside (28%) and proanthocyanins (12.7%), was shown to
enhance intestinal and metabolic alterations. Unsurprisingly, the obesogenic diet resulted in
a significant reduction in the relative proportion of Akkermansia spp., together with species
of Bacteroides, Bifidobacterium, Lachnospiraceae_NK4A136_group, Prevotellaceae_UCG-001,
Alloprevotella, and Roseburia. Moreover, it increased Blautia, Bilophila, Odoribacter, and Ru-
miniclostridium spp., among others. An intake of 300 mg/kg body weight (BW) of PPE and a
lower concentration of 150 mg/kg BW significantly reversed the HFD-induced gut microbial
changes after 12 weeks of intervention. Interestingly, the relative levels of A. muciniphila
were recovered and even rose to levels higher than in the non-obese counterparts, doubling
in abundance with the highest concentration of PPE of 300 mg/kg BW. These changes
prevented obesity by reducing BW gain compared to the untreated HFD-fed mice, which is
consistent with the reduced adipose tissue accumulation, decreased oxidative damage, and
improved serum and liver lipid levels.

Accumulating studies point to proanthocyanins and ellagitannins as promising phenolic
compounds to efficiently target the relative abundance of A. muciniphila [44] (Tables 2 and 3).
This might be related to the structural features of tannins, such as the degree of polymer-
ization, the high proportion of hydroxyl and galloyllated groups, and their high affinity
with membrane proteins [97–99]. Owing to these characteristics, tannins exhibit significant
antimicrobial action against opportunistic pathogens found flourishing in metabolic and
inflammatory diseases [98]. In previous work, we demonstrated that berry polyphenolic
fractions mainly composed of anthocyanidins, as well as phenolic acids, oligomeric PACs,
and polymers of PACs, distinctly modulated the gut microbiota of mice fed an obesogenic
diet for eight weeks [100]. In this study, blueberry polyphenolic fractions were administered
in equivalent proportions to those found in the whole extract. Remarkably, A. muciniphila
was mainly stimulated by blueberry PAC-rich fractions but not by anthocyanins and phenolic
acids in HFD-fed mice.
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In agreement with the selective effect of PACs on Akkermansia, Neto et al. (2021) [101]
showed that a cranberry juice extract enriched with 57% PACs increased relative levels
of A. muciniphila and intestinal mucus accumulation in mice with a simplified human
microbiome (consisting of 25 predefined species) after 10 days of treatment. Interestingly,
this expansion coincided with an increase in the relative abundance of Bacteroides ovatus
and butyrate-producing taxa such as Clostridium hiranonis. In fact, cranberry juice supple-
mentation did not increase the relative levels of A. muciniphila when it was inoculated alone
in a gnotobiotic mouse model; in contrast, it increased the levels of A. muciniphila when it
was in a microbial community. This observation suggests that A. muciniphila could prolifer-
ate at the expense of other microbes and PAC-induced mucin secretion. Various studies
using blueberry and cranberry polyphenols, as well as fibers, were performed in obese
mice, confirming that berry polyphenols but not fibers selectively promote the relative
abundance of A. muciniphila, bearing health benefits [102]. This outcome was reproduced
by oral supplementation of cranberry flavan-3-ols-rich extract administered separately but
not with agave inulin in HFD-fed mice for eight weeks [103]. Indeed, the presence of inulin
in the diet abolished the stimulating effects of polyphenols on the A. muciniphila levels,
although this diet promoted other beneficial microbes. Interestingly, only the diet enriched
with polyphenols but not inulin significantly increased the mucin-secreting goblet cells in
obese mice [103].

Grape PACs have also been shown to increase the relative proportions of A. muciniphila,
Bacteroides spp. and S24-7 and to affect those of Clostridium spp., Lachnospiraceae, and
Ruminococcaceae [104,105]. In addition, the increase in the relative A. muciniphila propor-
tion by PACs might depend on the relative abundance of this bacterium at the baseline of
the dietary treatment [106]. Masumoto et al. (2016) [107] showed a similar shift in relative
levels of A. muciniphila by administering apple polymeric PACs (0.5%) to mice fed an HFHS
diet for 20 weeks. The PAC-rich diet increased the relative proportions of Akkermansia
spp., as well as Adlercreutzia, Roseburia, S24-7, and Bacteroides spp. taxa. In contrast, the
proportion of Clostridium, Lachnospiraceae, and Bifidobacterium spp. was reduced. Here,
the Firmicutes/Bacteroidota ratio was reduced to the level observed in the mice fed a
standard diet. The PAC polymers significantly improved lipid metabolism and decreased
the gene expression of hepatic lipopolysaccharide (LPS) receptors (Tlr4 and Cd14), concur-
rent with reduced inflammation, enhanced intestinal permeability, and the inhibition of
HFD-induced opportunistic microbes in the gut microbiota.

Camu-camu (Myrciaria dubia) is an Amazonian fruit rich in ET, galloylated PACs,
and ellagic acid. The dietary supplementation of camu-camu extract (200 mg kg−1) in
male HFHS-fed C57Bl/6J mice prevented obesity and improved glucose homeostasis. Gut
microbiota analysis showed that flavan-3-ol-rich camu-camu decreased the abundance of
Lactobacillus spp. and promoted A. muciniphila, Barnesiella spp. and Turicibacter spp. [108].
In agreement with this study, Abot and colleagues (2022) confirmed the promoting effects
of camu-camu polyphenolic extract on A. muciniphila, even when administrated at a lower
dose of 62.5 mg/kg to mice with HFD-induced obesity [109].

The stimulation of A. muciniphila by flavan-3-ols has also been shown to play a role
in the attenuation of liver-related diseases. For instance, Xia and colleagues (2021) [110]
recently evaluated the potential of catechin-rich Zhenjiang aromatic vinegar extract to mod-
ify gut microbiota composition and liver injury induced by long-term alcohol consumption
in ICR male mice. Notably, ethanol administration increased the Firmicutes/Bacteroidota
ratio, which was decreased by administering the vinegar catechin-rich extract. At the
genus level, the relative abundances of Akkermansia, Lachnospiraceae_NK4A136_group,
and Bacteroides spp. were significantly increased. These results demonstrate the role of
polyphenols in stimulating A. muciniphila and reversing ethanol-induced gut disruption.
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Polyphenol-rich teas are consumed worldwide and associated with health benefits.
Teas mainly contain gallated flavan-3-ols, such as EGCG and ECG, as well as non-gallated
flavan-3-ols, such as EC and EGC [115]. These compounds effectively prevent cardio-
vascular diseases. For instance, supplementing 2% green tea extract (GTE) containing
EGCG (48%) was shown to impact the gut microbiota significantly, mainly by promoting
Akkermansia and Bifidobacterium spp. in male C57BL/6J mice fed an HFD for eight weeks.
At the phylum level, the GTE increased the relative abundance of Actinobacteria and
Verrucomicrobia but reduced that of the Firmicutes. Species-level analysis indicated that A.
muciniphila, Bifidobacterium pseudolongum, and Bifidobacterium adolescentis were significantly
stimulated by the catechin-rich green extract compared to the HFD-fed untreated mice. It is
worth noting that Bifidobacterium spp. are reported to be involved in flavan-3-ol metabolism
and the release of valerolactones metabolites [116,117]. The derived metabolites exert
additive protective effects against intestinal inflammation, improving the mucosa microen-
vironment status. GTE enhanced adipose inflammation and TJPs in the ileum and colon of
HFD-induced obese mice, preventing metabolic disorders associated with obesity [112].

The modulation of the gut microbiota by different teas, including green, oolong, and
black tea, was evaluated by Liu and colleagues in a mouse model of HFD-induced obesity
for 13 weeks (Table 3) [113]. Although the specific proportion of phenolic classes was not de-
tailed in the tea infusions, flavan-3-ols and flavonols were the major groups among the identi-
fied compounds. The green tea contained 3332.35 ± 70.91 mg L−1 total polyphenols, oolong
tea contained 2911.52 ± 51.51 mg L−1, and black tea contained 2732.11 ± 23.64 mg L−1. All
tea infusions recovered the microbial diversity and increased relative levels of Akkermansia
spp., together with that of Alistipes spp., Lachnospiraceae, and Rikenella microfusus, and
decreased those of Allobaculum spp., Bacteroides acidifaciens, Clostridium leptum, and Parabac-
teroides goldsteinii compared to HFD. The tea infusions prevented BW gain and fat tissue
accumulation and decreased serum glucose, lipid, and lipopolysaccharide-binding protein
(LBP) to levels comparable to the group fed a low-fat diet [113]. In the study, the relative
increase in Akkermansia associated with tea-based drinks was significantly and negatively
correlated with sserum LBP levels.

In concordance with the above findings, the daily administration of 0.32% EGCG
to male HFD-fed C57BL/6N mice for eight weeks increased the abundance of the phyla
Verrucomicrobia and Actinobacteria and the genera Adlercreutzia and Akkermansia but
decreased the abundance of phyla Deferribacteres, Proteobacteria, and Firmicutes, as
well as an unclassified genus of Desulfovibrionaceae, compared to the untreated HFD
group [118]. The EGCG treatment inhibited BW gain, hepatic lesions size, and TG content
in the liver of HFD-induced obese mice. Accordingly, a recent study evaluated whether the
relative increase in Akkermansia was attributed to the EGCG compound from a green tea
extract compared to the whole flavan-3-ol-rich extract. Again, the increased Akkermansia
proportion was reproduced by an equivalent concentration of EGCG in obese and lean
mice [119].

Most of the above studies show, as a common denominator, the stimulation of the rela-
tive proportion of A. muciniphila concomitantly with that of polyphenol-degrader taxa, such
as Adlercreutzia and Bifidobacterium (Tables 2 and 3) [120–122]. This observation suggests
that A. muciniphila might benefit from flavan-3-ols degradation byproducts through the
action of other microbes and the impact these compounds exert on its mucosal ecological
niche. In another mechanistic study, it was demonstrated that polyphenols directly interact
with intestinal mucin and reinforce the mucus layer. Feng et al. (2022) [123] evaluated
the effects of EC, EGCG, and tannic acid (TA) on the intestinal mucin and barrier func-
tion through isothermal titration calorimetry and multiple-particle tracking using ex vivo
mucus and Caco-2/HT29-MTX cocultures. Strikingly, it was demonstrated that gallated
polyphenols and TA strongly bind to intestinal mucin, reinforce the mucus layer, and
counteract inflammation [123].

Because polyphenols can significantly increase the viscoelasticity properties of the mucin-
rich mucus layer, the colonization of opportunistic pathogens and LPS penetration might be
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substantially limited, thus contributing to the amelioration of the gut microbiota and intestinal
disruption. These results can explain the stimulation of A. muciniphila by ellagitannins, in
addition to providing a selective landscape for this bacterium to thrive in vivo.

Recently, Xia et al. (2021) [54] assessed the in vitro growth of A. muciniphila in a culture
medium enriched with EGCG alone as a unique carbon source and in a medium containing
EGCG and either mucin or glucose. Whereas A. muciniphila could not grow in the EGCG-
enriched medium, it was reported to grow better when both EGCG and mucin were present
in the medium than with only mucin. The growth improvement of A. muciniphila was dose-
dependent, showing a gradual increase proportional to increasing concentrations of 50, 350,
and 500 mg L−1 of EGCG. However, it should be noted that in this study, the A. muciniphila
growth curve was measured by optical density (OD600), which is not a suitable method
when high concentrations of polyphenols are added into the media because the presence of
increased polyphenol interactions with mucin and proteins in the growing media provoke
the formation of clumps, resulting in increased OD when the concentration of polyphenols
increases. In this work, phenolic products were also analyzed in the media with and
without EGCG. The presence of catechin gallate, gallocatechin, epigallocatechin, gallic
acid, esculetin, hydroxyhydroquinone, and 3,4-dihydroxybenzaldehyde was reported only
in Akkermansia-inoculated EGCG-enriched media, suggesting that A. muciniphila partly
degrades EGCG in a yet unknown pathway.

Moreover, it is unclear whether the phenolic products described in the EGCG fermen-
tation by A. muciniphila with mucin or glucose might also result from the spontaneous
hydrolysis [124] of this compound in the non-inoculated media, as the metabolic output of
the control medium is not detailed in this study. Although this is an interesting approach
to examining the prebiotic effect of polyphenols on A. muciniphila, the microbial enzymes
responsible for ellagitannin trophic utilization, such as tannases and gallate decarboxylase,
remain to be identified and tested in A. muciniphila.

In 2017, Henning and colleagues [43] reported the participation of A. muciniphila only
in the hydrolysis of pomegranate ellagitannins (ETs) (punicalagin and ellagic acid) but not
in their complete catabolism pathways to further produce the final metabolite, urolithin
A. It has been demonstrated that in the human intestine, ETs and ellagic acid follow a
lactone ring cleavage, decarboxylation, and dihydroxylation to form various metabolites,
including urolithins. The notion of ET utilization by A. muciniphila arose from evidence
for the stimulatory effects of ET (1000 mg of pomegranate extract daily) on A. muciniphila
in humans associated with a healthier metabolic status and better clinical outcomes. A
compelling finding from this study was that the relative levels of Akkermansia spp. were
significantly higher in stool samples of urolithin-A producers (so-called metabotype A) com-
pared to non-producing subjects [52,53]. Consequently, Henning and colleagues aimed to
confirm the in vitro degradation of these phenolics in monoculture with A. muciniphila [43].
The authors demonstrated that A. muciniphila growth was significantly inhibited by the
pomegranate ET (0.18 mg/mL and 0.28 mg/mL) and slightly reduced when grown only
with ellagic acid (50 µM). Notwithstanding, ellagic acid increased when A. muciniphila was
grown in a medium enriched with pomegranate ET, suggesting ellagitannin hydrolysis
by A. muciniphila. Similarly, ellagic acid levels decreased when A. muciniphila was grown
with only ellagic acid. However, phenolic metabolites other than urolithin A could be
produced, as this was not detected in the media. Collectively, these findings the premise
that A. muciniphila might prime phenolic degradation by other microbes by initiating the
hydrolysis of parent compounds. In turn, it takes advantage of the effects of the phenolic
metabolites in the mucosal microenvironment and microbial counterparts.

4.3. Flavonol-Rich Foods

Flavonols have a plane 3-hydroxyflavone base distinguished by hydroxyl groups
in benzene rings [125]. Quercetin, myricetin, and kaempferol are good representatives
of this phenolic group. Quercetin is widely found in apples, teas, berries, and onions.
The gut bacterial species of Eubacterium ramulus, Escherichia coli, Streptococcus lutetiensis,
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L. acidophilus, Weissella confusa, Enterococcus gilvus, Clostridium perfringens, Bacteroides fragilis,
and Bacillus subtilis have been reported to utilize quercetin [126,127]. The quercetinases,
including a family of cupin-type dioxygenases, flavonol 2,4-dioxygenase, and quercetin
2,3-dioxygenases, have been reported to be involved in this activity [128–130].

Quercetin is a polyphenol with anti-inflammatory and cardioprotective effects. For
instance, the role of quercetin in improving hypercholesteremia was demonstrated in
LDLR−/− (LDL receptor-deficient) C57BL/6 mice fed an HFD [131]. Quercetin supple-
mentation (100µg per day) reduced BW gain, atherosclerotic lesions, inflammation, and
oxidative stress. The gut microbiota composition was significantly changed, with an in-
crease in the relative abundances of Actinobacteria and Bacteroidota and a reduction in
Firmicutes. At the genus level, quercetin supplementation increased the relative levels of
the Akkermansia, Bacteroides, Parabacteroides, and Ruminococcus genera [132]. Similarly, Etxe-
berria et al. (2015) [133] investigated whether quercetin administration could prevent gut
microbiota disruption induced by an HFHS diet for 6 weeks. Quercetin impacted the gut
microbiota at different taxonomic levels. On the one hand, the Firmicutes/Bacteroidota ra-
tio and the growth of bacterial species associated with diet-induced obesity were decreased,
including Erysipelotrichaceae, Bacillus spp. and Eubacterium cylindroides. In contrast, rel-
ative levels of A. muciniphila were shown to be increased by quercetin compared to the
relative abundance detected in diet-induced overweight control rats.

The coadministration of quercetin with other phenolics has also been demonstrated to
reverse obesity and gut microbial dislocation, in addition to stimulating A. muciniphila (Table 4).
For instance, 30 mg kg−1 BW per day of quercetin jointly administrated with 15 mg kg−1 BW
per day of resveratrol in HFD-fed Wistar rats for ten weeks improved obesity by modulat-
ing the gut microbiota. The combination of the two phenolics significantly increased the
microbial diversity and the relative abundance of A. muciniphila, Ruminococcaceae_UCG-014,
Bacteroidales_S24-7_group_norank, Ruminococcaceae_UCG-005, and the Christensenellaceae
family in HFD-fed rats. Additionally, a reduction in Lachnoclostridium and Bilophila spp. in the
quercetin and resveratrol group was observed compared to the HFD group. The rat obesity
phenotype was enhanced by a reduction in BW, in addition to the attenuation of serum lipids
and inflammatory markers [133]. Dietary supplementation with a Smilax china extract rich in
quercetin and neochlorogenic acid to C57BL/6J mice for 12 weeks improved glucose tolerance
and reduced BW, inflammation, and lipid metabolism. Within the gut microbiota, the relative
abundance of Akkermansiaceae increased, and that of Desulfovibrionaceae, Lachnospiraceae,
and Streptococcaceae decreased compared to the HFHS-fed group [134].

Quercetin was found to promote A. muciniphila either administered alone or combined
with other phenolic compounds in rodents (Table 4). In previous work, we screened
the presence of quercetinases in the A. muciniphila ATCC BAA-835 genome, finding two
proteins with a conserved domain of quercetinases, notably a cupin domain-containing
protein encoded by Amuc_0801 and γ-carboxymuconolactone decarboxylase encoded
by Amuc_1806 [44]. However, the enzymatic activity involved in quercetin degradation
remains to be established.

Recently, it was demonstrated that a synergic effect of A. muciniphila (2 × 108 colony-
forming units (CFU)/200 µL) conjointly administrated with quercetin (37.5 mg kg−1 day−1)
could counteract obesity and NAFLD in an HFD-induced obese Wistar rat model [39]. After
six weeks of HFD-induced obesity, the three-week dietary treatment with A. muciniphila in
Wistar rats was associated with less body fat; however, coadministration of A. muciniphila
with quercetin boosted steatosis remission and improved hepatic lipogenesis modulation.
Significantly, A. muciniphila intestinal colonization was increased when coadministered
with quercetin, suggesting that the gut microenvironment created by quercetin intake de-
termined the ability of A. muciniphila to proliferate within the gut microbiota. In particular,
A. muciniphila correlated with liver lipid and bile acid metabolisms, supporting the role of
this bacterium in many comorbidities, including metabolic syndrome and hepatic damage.

Flavonols also occur in glycosylated form, bound to glucose, rhamnose, or rutinose.
The most common glycosidic form of quercetin is rutin (a glycoside combining quercetin
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and the disaccharide rutinose). The α-L-rhamnosidases intervene in rutin utilization via gut
microbial species; Bifidobacterium catenulatum and B. pseudocatenulatum were shown to de-
grade glycosylated flavanols [135]. Recently, Riva and colleagues [136] identified which gut
microbes were metabolically active after the amendment of rutin using a fluorescence-based
single-cell activity measure (biorthogonal non-canonical ammino-acid-tagging (BONCAT))
combined with fluorescence-activated cell sorting (FACS). Lachnospiraceae (Lachnoclostrid-
ium and Eisenbergiella), Enterobacteriaceae, Tannerellaceae, and Erysipelotrichaceae species
were included in the rutin-responsive fraction of the gut microbiota. Specifically, Enterobac-
teriaceae was associated with the conversion of rutin to quercetin-3-glucoside (Q-glc), and
Lachnospiraceae was associated with quercetin (Q) production [136]. Although Verrucomi-
crobiaceae was not included within the rutin-responsive group, this study uncovered the
contribution of other bacterial taxa in degrading flavonols and how they might support
A. muciniphila colonization in the gut.

Flavonol glycosides have also been shown to protect against intestinal barrier disrup-
tion, inflammatory responses, and colitis by regulating gut microbiota composition, espe-
cially by increasing A. muciniphila. Bu et al. (2021) [137] evaluated the effect of flavonol-rich
extract of Abelmoschus manihot flowers containing quercetin-3-O-robinobioside, gossypetin-
3-O-glucoside, quercetin-3′-O-glucoside, isoquercetin, hyperoside, myricetin, gossypetin,
and quercetin in DSS-induced colitis in C57BL/6J mice. The flavonol glycoside-rich extract
remarkably increased the relative proportion of A. muciniphila, along with Gordonibacter,
a well-known polyphenol-degrader genus (Table 4). These changes were reflected in the
attenuation of the colonic inflammatory response and intestinal epithelial barrier dysfunc-
tion. The role of Akkermansia in protecting against colitis was further confirmed by daily
administration of A. muciniphila cells (3 × 108) to DSS-induced mice, demonstrating that
this bacterium can reduce inflammatory markers, restore intestinal barrier function, and
relieve colitis. Overall, these studies highlight A. muciniphila as an intermediary player in
the potentialization of the protective role of flavonols in treating intestinal disruption and
gut inflammation.
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4.4. Flavanone and Flavonone-Rich Foods

Flavanones, such as hesperidin, eriodictyol, and naringin, are the most studied com-
pounds in lemons, oranges, and berries. Naringin and hesperidin reach the colon in-
tact [19], where, through the action of gut microbial α-rhamnosidase and β-glucosidase,
the aglycones hesperetin and naringenin are generated. Hesperetin and naringenin can be
subsequently metabolized into various phenolics, including dihydrocaffeic acid, isoferulic
acid, 4-hydroxyphenylacetic acid, dihydroferulic acid, ferulic acid, resorcinol, phlorogluci-
nol, phloretic acid, phloroglucinol acid, hydrocinnamic acid, 3-(3′-hydroxyphenyl), propi-
onic acid, protocatechuic acid, and hippuric acid [138]. Among gut microbial species, B.
catenulatum and B. pseudocatenultum have been reported to have the ability to hydrolyze
hesperidin [135]. These compounds have the therapeutic potential to modulate several car-
diovascular disease (CVD) risk factors. For instance, glucose-lowering, obesity-preventing,
lipid-regulating, antioxidant, and anti-inflammatory effects have been reported in dia-
betic and obese models. More information about the health benefits of flavanones and
derived metabolites can also be found in a review by Mas-Capdevila (2020) [139]. Liu et al.
(2020) [140] evaluated the effects of hesperidin (100 or 200 mg/kg BW) in HFD-fed male
C57BL/6 mice for 10 weeks. A. muciniphila was reduced in HFD-fed mice, but unexpect-
edly, it failed to be changed by hesperidin; instead, the treatment enriched Lactobacillus
salivarius and Desulfovibrio and decreased Helicobacter ganmani, Helicobacter hepaticus, B. pseu-
dolongum, and Mucispirillum schaedleri in HFD-fed mice. Whereas the relative abundance of
A. muciniphila was not significantly modulated by hesperidin, gut microbiota modulation
was correlated with reduced BW and obesity-related disturbances.

Examples of flavonones include luteolin and apigenin; apples, olives, and artichokes
are good sources of these compounds. Within the gut microbiota, Eubacterium ramulus
has been shown to metabolize apigenin, as well as quercetin, naringenin, daidzein, and
genistein. This is attributed to the action of a phloretin-hydrolase to break the phloretin
C-C bond [130,141,142]. Apigenin can enhance the production of butyrate and propionate,
which are associated with mucin production [143], protecting the gut lining and facilitating
the growth of mucin-dependent gut bacteria such as A. muciniphila. The stimulation of
A. muciniphila by apigenin supplementation in animal models supports the above notion.
It was demonstrated that apigenin administration to male C57BL/6 J mice for 16 weeks
could alleviate metabolic endotoxemia by improving intestinal disruption and restoring gut
barrier function induced by an HFD [144]. Augmentation of Akkermansia at the genus level
potentially mediated the protective effects of apigenin on metabolic syndrome. Indeed,
the metabolic phenotype, including BW loss and changes in gut microbiota composition,
could be transferred from apigenin-fed mice to HFD-feeding mice via fecal microbiota
transplantation [144].

4.5. Phenolic Acid-Rich Foods

Phenolic acids are predominantly found bound to the fiber fractions of vegetables,
fruits, and cereal. Berries, red cabbage, rice, and wheat bran are good sources of phenolic
acids [145]. Free phenolic acids are also found in coffee and cacao. Chlorogenic acid and caf-
feic acid, the predominant phenolic acid in coffee, can modify the gut microbiota structure,
reducing intestinal and systemic inflammation in colitis. Notably, in the colon, chlorogenic
acid is hydrolyzed into caffeic acid metabolite by mucosal and microbial esterase in the
intestinal tract [146,147]. Both chlorogenic and caffeic acids significantly increased the
relative abundance of A. muciniphila and the microbial richness, in addition to reducing the
ratio of Firmicutes to Bacteroidota in mice with DSS-induced colitis [148,149] (Table 5). For
instance, the effects of dietary caffeic acid (1 mM, CaA) administered for 15 days on murine
experimental colitis were shown to contribute to coping with DSS-induced intestinal in-
flammation and gut microbiota dislocations. CaA significantly suppressed inflammatory
markers, such as the secretion of IL-6, TNFα, and IFNγ and the colonic infiltration of
CD3+ T cells, CD177+ neutrophils, and F4/80+ macrophages. Furthermore, caffeic acid has
been shown to hamper the abundance of inflammatory Ruminococcaceae species [149,150].
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Released fiber-bound phenolic acids, after in vitro digestion and colonic fermentation,
also showed a significant prebiotic effect on A. muciniphila, Faecalibacterium prausnitzii,
Bifidobacterium spp. and Lactobacillus spp. in in vitro studies [151]. The bound phenolics,
including p-coumaric acid, hydroxybenzoic acid, and ferulic acid, exhibited excellent antiox-
idant and hypoglycemic activities. Interestingly, the dietary fibers removed by polyphenols
did not show the same promoting effects on the gut microbiota [151]. This observation
highlights the phenolic compounds as an important factor supporting trophic interactions
with other gut microbes, leading to A. muciniphila proliferation. The enzymes involved
in phenolic acid metabolism, such as feruloyl esterases (also called hydroxycinnamoyl
esterases) and phenolic acid reductases, have been reported in Bifidobacterium and Lacto-
bacillus genera. In contrast, owing to its polysaccharide-degrading activity, F. prausnitzii
intervenes in releasing fiber-bound phenolic acids. The ability to utilize phenolic acids has
been reported in B. longum, Lactobacillus helveticus, Lactobacillus johnsonni, Limosilactobacillus
reuteri, L. acidophilus, Limosilactobacillus fermentum, Latilactobacillus curvatus, Furfurilacto-
bacillus rossiae, and L. plantarum [152–154]. However, phenolic acid reductase and feruloyl
esterase activities remain to be assessed in A. muciniphila.
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4.6. Stilbene-Rich Foods

Stilbenes are found in grapes, cranberries, and red fruits. Resveratrol is a stilbene
compound with several therapeutic effects on health, including protective properties against
atherosclerosis and metabolic syndromes [155]. The microbial degradation of resveratrol
yields 3,4′-dihydroxy-trans-stilbene and 3,4′-dihydroxybibenzyl (lunularin) metabolites.

Recently, lunularin was reported to be further dehydroxylated by the gut microbiota,
although only at the 3 position, to yield 4-hydroxydibenzyl, a novel metabolite found in hu-
man urine after resveratrol intake in healthy individuals [156]. The microbial species Slackia
equolifaciens, Adlercreutzia equolifaciens, Eggerthella lenta (ATCC 43055), and Bacteroides uniformis
(ATCC 8492) have been identified as dihydroresveratrol producers [156,157]. Regarding the
impact of resveratrol and its relationship with the microbiota, there is evidence of it stimulatory
effects on A. muciniphila [51] (Table 6). Resveratrol attenuated trimethylamine-N-oxide (TMAO)-
induced atherosclerosis in ApoE−/−mice, decreasing TMAO concentration by modulation
of the gut microbiota. Primarily, resveratrol increased the relative abundance of Akkerman-
sia, Bacteroides, Lactobacillus, and Bifidobacterium spp.; instead, the relative levels of Prevotella,
Ruminococcaceae, Anaerotruncus, Alistipes, and Peptococcaceae were decreased [158].

Resveratrol attenuated gut microbiota and intestinal disruption and reduced metabolic
endotoxemia and colon inflammation in HFD-fed rats for six weeks [159]. This coincided
with an increase in the relative abundance of A. muciniphila and reduced bacterial inva-
sion in the distal colon. Likewise, increased tight-junction proteins (TJPs) and decreased
FAK, MyD88, and IRAK4 were observed. Furthermore, resveratrol inhibited HFD-induced
cannabinoid receptor type 1 (CB1) mRNA and suppressed CB2 mRNA levels in the colon.
These data indicate that the endocannabinoid system plays a crucial role in resveratrol-
induced protection against non-alcoholic steatohepatitis by maintaining gut barrier in-
tegrity and inhibiting gut inflammation. Resveratrol was also shown to attenuate colonic
inflammation and clinical symptoms in a murine model of 2,4,6-trinitrobenzenesulfonic
acid (TNBS)-induced colitis [160]. It restored the gut microbiota to homeostatic levels and
increased butyrate production. At the species level, the relative levels of A. muciniphila were
significantly increased in the TNBS + resveratrol group compared to the TNBS group [160].

Supplementation with resveratrol and pterostilbene in combination with a strictly calorie-
restricted diet drives a beneficial microbial profile characterized by a relative increase in the level
of the Akkermansia [161,162]. The activity of pterostilbene, a stilbene and a dimethoxy resveratrol
derivative, may differ from that of resveratrol, but both molecules have been reported to exhibit
similar cellular effects and mimic calorie restriction at the molecular level [162,163].

4.7. Lignan-Rich Foods

Lignans, such as secoisolariciresinol diglucoside (SDG), are present in berries, legumes,
cereals, and especially in flaxseed. Most of the biological activities of lignans depend upon
colonic bacterial transformations. The removal of glucose moiety from SDG, which the first
step of the change, is performed by strains producing β-glucosidases. Lignan-hydrolyzing
taxa include Lactobacillus spp., Bifidobacterium spp., Bacteroidales spp. and Clostridiales spp.
Other species, such as E. faecalis, E. lenta, B. producta, Eubacterium limosum, Clostridium scindens,
and Lactonifactor longoviformis, have been shown to utilize lignans [164,165]. Aglycones are
further transformed into the enterolignans enterodiol (ED) and enterolactone (EL), exerting
improved bioavailability and biological activity. This is the case of phytoestrogens, which
were shown to protect against a chemically induced breast cancer model [166]. Contrary to
other phenolic categories, lignans have been shown to decrease relative levels of Akkermansia
spp. (Table 6). For instance, flaxseed lignans decreased the relative levels of A. muciniphila by
30-fold, increasing those of Prevotella and Roseburia spp. by 20-fold and 10-fold, respectively, in
mice fed a basal diet for three weeks [167]. Another recent study confirmed the reduction in
Akkermansia spp. and the increase in Lactobacillus and Bifidobacterium spp. in association with
feeding with a high dose (50 mg/kg BW) of lignan syringaresinol in middle-aged mice [168].
The mechanisms underlying this coexclusion relationship between lignan derivatives and
Akkermansia require further investigation.
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5. Modulation of A. muciniphila by Polyphenol-Rich Foods in Human Intervention
Trials

A substantial body of literature has shown the modulatory effects of polyphenols
on the gut microbiome in animal models. Despite the limited number of clinical trials,
consistent data on the gut microbiota composition and the stimulation of A. muciniphila
have been observed. Accumulating studies show evidence of the effect of polyphenols on
improving metabolic alterations in the context of cardiovascular diseases [169,170]. Again,
most studies focusing on the bioavailability of phenolics and the metabolome of individuals
consuming polyphenol-rich foods point to the gut microbiota composition as an essential
dynamic to extract polyphenol benefits to counteract metabolic diseases. However, factors
such as interindividual variations on the baseline gut microbiota composition, genotypes,
race, sex, and uncontrolled dietary habits in humans make it challenging to elucidate the
selective mechanisms of polyphenols in boosting A. muciniphila health benefits in the host.

The duration of the dietary intervention, the health conditions, the presence of inhabi-
tant microbes with the ability to break down phenolics (so-called metabotypes), the dose,
and the phenolic class are essential variables to consider when translating the outcomes
from experimental animal studies to human clinical trials. For instance, different profiles of
the metabolic fate of labelled polyphenols (i.e., glucuronidation, sulfation, and methylation)
have been reported across species. EC metabolites differ between humans and rats and,
to a somewhat lesser degree, between humans and mice, as demonstrated by the kinetics
of the metabolism of the flavanol (−)-epicatechin [36]. Despite the concerns about the
species-dependent metabolic equivalence between humans and rodents, the role of the gut
microbiome in polyphenol catabolism remains the most relevant factor in both models. In
this section, we review compelling human studies that have assessed the effects of polyphe-
nols on host health, in addition to the gut microbiota composition and the identification of
A. muciniphila (Table 7).
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The effects of various polyphenols, either pure or in combination with other food
compounds, on gut microbiota and metabolic phenotypes were studied in humans with
cardiovascular diseases. For instance, the consumption of 80 g of oats rich in β-glucans
(3.0 g) and polyphenol (56.8 mg) in mildly hypercholesterolemic subjects for 45 days
significantly increased the relative abundance of A. muciniphila and Roseburia spp. [171].
Oat intake significantly reduced total cholesterol and LDL-C. In particular, A. muciniphila,
Roseburia, Bifidobacterium, and F. prausnitzii correlated with oat-induced changes in plasma
lipids and short-chain fatty acids (SCFAs). In another study, intake of a combination of
EGCG and resveratrol (RES) (282 and 80 mg day−1, respectively) or placebo was evaluated
in overweight and obese men and women for 12 weeks. EGCG capsules contained 94%
EGCG (141 mg per capsule), and RES capsules contained 20% trans-resveratrol (40 mg per
capsule). Analyses of taxon abundance by real-time qPCR assays showed that A. muciniphila
was not significantly affected by the administration of EGCG+RES in men or women,
alongside Firmicutes, Actinobacteria, Gammaproteobacteria, and sulfate-reducing and
acetogenic bacteria. In this study, the relative abundance of Bacteroidota was higher in men
than women; EGCG+RES decreased its abundance in the same group, which correlated
with improved fat oxidation [172]. These findings highlight that the effect of polyphenols
relies on the interindividual differences linked not only to sex but also to the baseline of the
microbiota composition. However, because qPCR assays target the changes of only specific
taxa, a complete analysis of the whole gut microbiota is required to better understand the
effects of polyphenol consumption on the abundance and function of other microbes.

In another study, Walker and colleagues [161] conducted a double-blind, placebo-
controlled clinical trial and further assessed whether the impact of polyphenols on the
gut microbiota was race-dependent (Table 7). The modulatory effects of polyphenols
in the gut microbiota, especially the stimulation of relative levels of A. muciniphila and
its impact on glucose metabolism and inflammation, were studied in obese men with
metabolic syndrome [161]. The authors showed that oral supplementation of 1000 mg of
resveratrol twice daily for 30 days improved glucose homeostasis in Caucasians but not
in non-Caucasian obese men. Only in Caucasians, significant increases in relative levels
of A. muciniphila were observed, coupled with improved insulin sensitivity and glucose
homeostasis. It is worth noting that at baseline, the two groups presented with variable gut
microbiota; on the one hand, Caucasian subjects had a higher concentration of Collinsella,
Clostridiaceae, and Ruminococcus spp. than non-Caucasians, whereas Streptococcus and
Lactobacillales spp. were over-represented in non-Caucasians. However, owing to the
variability in the plasma levels of dihydroresveratrol, the primary resveratrol metabolite,
the racial differences observed in the metabolic changes and relative Akkermansia abundance
were not sustained [161], indicating that additional mechanisms other than microbial
metabolism of phenolics could support the changes in A. muciniphila gut colonization and
the improvements in glucose homeostasis.

In humans, it is difficult to conduct in-depth studies of the effect of polyphenols on
the status of the mucosal colonic epithelium as an indirect outcome substantiating an
improved niche for A. muniniphila to grow. However, the analysis of inflammatory markers
in serum and fecal samples, such as C-reactive protein, IL-1, IL-6, and LBP, might support
the amelioration of microbial LPS dislocation and the function of the gut epithelium barrier.
However, these parameters were not studied in the above work. Likewise, extended dietary
intervention coupled with metabolome analysis might yield broader outcomes with respect
to the gut microbiota function associated with interindividual phenotypes beyond the gut
microbiota composition.

Supplementation of Magnolia berry Schisandra Chinensis (SCF), a fruit popular in East
Asian traditional medicine and rich in flavonoids, was studied in obese women for 12 weeks.
The women were administered 100 mL of juice containing 12 mg total phenolic compounds
and 3.34 mg total flavonoids twice a day (Table 7). At the genus level, the SCF induced
an improved relative abundance of Akkermansia, Roseburia, Prevotella, Bifidobacterium, and
Bacteroides spp. compared to placebo groups, as demonstrated by denaturing gradient
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gel electrophoresis analysis (DGGE) of the gut microbiota. Among the anthropometric
and blood parameters, the juice decreased fat mass, fasting blood glucose, TG, AST, and
ALT [173]. Fidélix and colleagues demonstrated a relative increase in Akkermansia spp.,
along with Lactobacillus spp. and Ruminococcus spp., after intervention with a flavanone-rich
orange juice (300 mL d−1) for 60 days in healthy female volunteers. In addition, an inverse
correlation was detected between these bacteria and glycemia, insulin, HOMA-IR, TG, total
cholesterol, and LDL-C [40].

In a recent trial, the effects of mango on the intestinal microbiota and inflammatory
markers were evaluated in patients with IBD. Mango is a rich source of flavonoids, such
as quercetin, kaempferol glycosides, gallic acid, and galloyl glycosides. Patients received
a daily dose of 300–400 g of mango pulp for eight weeks. Changes in the gut microbiota
composition were followed by qPCR analysis. Whereas A. muciniphila was one of the
targeted taxa, it was not reported to be modulated in the participants’ gut microbiota at the
end of the intervention (Table 7). Mango mainly increased the relative levels of Lactobacillus,
particularly L. plantarum, Lactobacillus lactis, and L. reuteri. These results are consistent with
the capacity of Lactobacillus species to metabolize gallotannins. Daily intake of mango was
shown to increase butyrate and decrease the plasma levels of proinflammatory cytokines,
such as IL-8, growth-regulated oncogene (GRO), and granulocyte-macrophage colony-
stimulating factor (GMCSF) [174].

Specific metabotypes might reflect an imprinted gut microbiota connected to the at-
tenuation and progress of metabolic disorders and intestinal disruption upon the intake
of polyphenol-rich foods. This feature has been reported with respect to the interaction
between gut microbiota, isoflavones, ellagitannins, and ellagic acid [175,176]. For instance,
previous research has underlined the role of certain gut bacteria, such as Clostridium spp.
and two genera belonging to the Coriobacteriaceae family, Gordonibacter and Ellagibacter
spp., in the conversion process of ET and ellagic acid into urolithin metabolites [177].
Metabotypes not only depend on the presence of polyphenol degraders in the gut micro-
biota but on the health status of the host. For example, the equol nonproducer metabotype
(from isoflavone metabolism) and the urolithin metabotype B (formation of urolithin B
and usourolithin A from ellagitannins metabolism) are more abundant in overweight and
obese individuals [178–180]. Likewise, intraindividual variations in metabolite production
in terms of stability over time are relevant in deciphering health benefits in the host [181].
Indeed, urolithin metabotypes were shown to be stable in humans. However, those indi-
viduals with the urolithin-nonproducing metabotype can acquire the benefits observed in
urolithin producers after regular intake of ellagitannins and urolithin A [42], which can be
transferred from breastfeeding mothers to their babies [182]. Notably, the latter observa-
tions indicate that dietary strategies rich in polyphenols may induce metabolic adaptions in
the gut microbiota and re-establish the gut polyphenol-degrading enzymatic functions. In
this context, Singh et al. (2022) showed that direct supplementation of urolithin A (500 mg)
in healthy subjects with non-urolithin-producing features could provide the biological
activities observed in urolithin A producers. Non-producers lacked the richness and diver-
sity needed to transform the polyphenolic dietary precursors into urolithin A and had a
lower Firmicutes-to-Bacteroidota ratio than high producers [42]. Furthermore, an increased
abundance of A. muciniphilia was reported in the high urolithin A producers compared to
the low and non-producers. This outcome was previously reported with a 47-fold higher
proportion of this bacterium in urolithin A producers after a 4-week dietary intervention
with pomegranate in healthy volunteers [52]. Analysis of A. muciniphila abundance was not
tackled in subjects after the direct intake of urolithin A, given the short intervention with
administering urolithin A mainly, with a focus on analyzing urolithin circulating levels
after 24 h [42]. Here, urolithin A supplementation increased by sixfold relative to urolithin
A glucuronide when compared with subjects receiving the pomegranate juice.

It is unclear whether the stimulation of this bacterium might stem from the interme-
diary byproducts generated by the initial hydrolysis of ellagitannins into ellagic acid and
further urolithin metabolites. Trophic networking with other urolithin-producer microbes
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and the triggered homeostatic gut microenvironment might prevail more than the lev-
els of urolithin A itself in the prebiotic effects of ellagitannins on A. muciniphila. Indeed,
both ellagic acid and urolithin A could not directly prompt the growth of A. muciniphila
in vitro [43]. The stimulation of this bacterium by the direct administration of urolithin A
is yet to be confirmed in humans, although it has been demonstrated in animal models. Al
Khalaf et al. (2021) [114] showed that oral supplementation of urolithin A and urolithin
B (2.5 mg/kg each) induced the growth of Akkermansia spp. in rats fed a normal diet, with
a higher proportion in urolithin-A-fed animals. In addition, only urolithin A significantly
impacted the abundance of Firmicutes and Bacteroidota phyla. These latter findings might
be associated with the antimicrobial potential of urolithin A as reported elsewhere [29]. It
is also possible that inhibiting microbial competitors by polyphenol-derived metabolites
might give A. mucinihipla an advantage in proliferating in the host gut.

The results of the above studies, including those performed in animal models, support
the use of polyphenol-rich foods as therapeutic and dietary strategies to cope with gut
inflammation, as well as liver and metabolic disturbances, boosting A. muciniphila as a
critical intermediary.

6. Indirect Mechanism Favoring A. muciniphila: Polyphenol Signaling of the Host Gut
Epithelium and Influencing the Gut Microbial Environment

The in vivo promoting effect of polyphenols on A. muciniphila embraces different
routes that can directly or indirectly can enhance the colonization of this bacterium under
steady and unsteady health conditions. It has been demonstrated that an HFD considerably
perturbs the microbial composition, diversity, and functions of the gut microbiota and
prompts mucosal inflammation and disturbed intestinal permeability. This is often associ-
ated with lower levels of A. muciniphila and a higher ratio of the major phyla Firmicutes
and Bacteroidota in obese compared with lean subjects [183]. In this section, we tackle
the impact of polyphenols on the restoration of the mucin-rich mucus layer and intestinal
barrier function, as well as the role of polyphenols, such as antimicrobials, in reducing
proinflammatory opportunistic microbes. These two factors provide A. muciniphila with a
better gut microenvironment to proliferate and orchestrate regulatory anti-inflammatory
and metabolic responses in the host.

6.1. Goblet Cells and Mucin Differentiation

Because A. muciniphila directly benefits from the increase in Muc2 secretion and im-
proved mucus barrier [60,184], mucin modulation by polyphenols represents an indirect
mechanism that prompts this bacterium. Polyphenols and microbial phenolic metabolites
can actively signal the host epithelium, regulating mucin secretion and structure. A re-
cent study mechanistically demonstrated that ellagitannins, ellagic acids, and urolithin
metabolite can remodel the O-glycans profile by regulating the activities of N-acetyl-α-
galactosaminyltransferases (ppGalNAc-T), preventing colorectal cancer cell migration and
invasion [185]. Altered expression of mucin glycosylation has been documented in a vari-
ety of inflammatory, malignant, and metabolic diseases [23]. Crohn’s disease, ulcerative
colitis, polyps, and colon cancer are associated with qualitative and quantitative changes
in secreted sialomucins and sulfomucins and a consequently disrupted gut microbiota.
Supplementation with polyphenols enhanced the mucosal barrier function by regulating
the proportion of sialomucin mucin in rodents with 1,2-dimethylhydrazine-induced colon
carcinogenesis [45]. Significantly increased sulfated mucin has been correlated with en-
hanced protection against enteritis [186]. In line with this, dietary polyphenols might be
promising targets for therapeutic strategies by interfering with the function of specific
glycosylation processes and glycosylated receptors.

Polyphenols have also been shown to modulate mucin biosynthesis without the action
of the resident gut microbiota in a germ-free mouse model. Forgie et al. (2022) [27] demon-
strated that diets rich pea seed coat proanthocyanins and hydrolyzable red-osier dogwood
(ROD) tannins increased the luminal and fecal mucin GalNAc content in both germ-free
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and conventional Swiss–Webster mice after fourteen days of intervention. In particular, in
mice harboring a conventional gut microbiota, the ROD extract increased A. muciniphila and
Bacteroides thetaiotaomicron, along with an unclassified member of the Muribaculaceae family,
and reduced Romboutsia, Ruminococcaceae, and Oscillospiraceae members.

The reduced relative abundance of A. muciniphila in obesity might correlate with a
significant increase in the ratio of sialo/sulfomucins. Intake of an HFD suppresses GC
differentiation and increases ER stress; thus, non-glycosylated Muc2 precursors accumulate
and defect the mucin glycosylation process [24]. These alterations could influence the bac-
terial composition by decreasing the A. muciniphila abundance and gut microbial diversity.
In this sense, polyphenols have been demonstrated to attenuate the disrupted glycan-rich
ecological niche by increasing the mucus-secreting GC and reducing iNOS expression on
the surface and in crypts of the colonic epithelium [26]. The mucosa restored by dietary
polyphenols counteracted gut inflammation and recovered the relative proportion of A.
muciniphila in HFD-fed mice. Likewise, Wang et al. (2020) [51] demonstrated that 16-week
dietary administration of resveratrol upregulated TJP expression and mucins in mouse
colon. Polyphenols might function as signaling molecules, contributing to GC matura-
tion, the development of the intestinal epithelium, and the foundation of a healthy gut
microbiota, especially A. muciniphila.

Recently, Lu et al. (2021) [187] showed that early-life dietary supplementation with
grape polyphenols for 2 weeks increased the amount of mucus and Muc2 and led to
a significant bloom of A. muciniphila population in post-weaning mice under specific
pathogen-free (SPF) conditions. Notably, GC number and expression of the Kruppel-like
factor 4, a marker of GC differentiation, and Cdx2, a Muc2-related promoter, was increased
by dietary polyphenols after two weeks of intervention. This period was long enough
to both promote an enrich the mucous environment for A. muciniphila and increase the
population of Lactobacillus spp. The latter was shown to be an essential player in early-life
colonization of the intestine, contributing to a boost in lactate levels and, in this case, the
generation of phenolic metabolites due to its polyphenol-degrading enzymatic abilities.

6.2. Aryl Hydrocarbon Receptor (AhR) and Gut Inflammation

The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that regu-
lates physiological processes in health and disease. Emerging studies point to the relevance
of this receptor in binding to food and microbial agonists, resulting in beneficial outcomes
in the host. The activation of this multifunctional sensor has been associated with protec-
tive roles in modulating energy and lipid metabolism, cell differentiation, and the immune
system [188–192]. AhR agonists have been found to be decreased in sera of humans and
animals suffering from alcoholic liver inflammation [193,194], multiple sclerosis [195], and
metabolic syndromes, including obesity and diabetes [196]. This altered AhR regulation consid-
erably influences the host gut microbiota, particularly A. muciniphila abundance. For instance,
A. muciniphila and the AhR are depleted in the liver and colon of mice with saccharin/sucralose-
induced NAFLD [197]. Reduced AhR agonists in mice sera were correlated with a disrupted
gut epithelium and an increase in inflammatory markers [197].

Phenolic molecules have been reported as the main source of AhR modulators found
in the human diet [48]. Isoflavones, quercetin, urolithin A, luteolin, and baicalein have
been shown to act as the AhR agonists or antagonists [198–201]. A recent study evaluated
the roles of polyphenol–microbe interplay in AhR-mediated signaling using a simulator of
the human intestinal microbial ecosystem (SHIME) coupled with HepG2 and Caco-2 cell
assays [199]. Microbiota-derived metabolites of tryptophan and flavonoids were assessed.
Koper et al. (2019) first demonstrated a structure-dependent AhR activation by flavonoids
in HepG2 and Caco-2 cells. Interestingly, a planar structure and the number of hydroxyl
groups of polyphenols were found to be essential features modulating AhR activation [199].
In this study, luteolin and baicalein were identified as compounds activating the most AhR
signaling. In addition, the luteolin-fermented metabolites derived from the ascending (AC),
transverse (TC), and descending (DC) colon of the SHIME system were shown to drive
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the AhR activation differently. Notably, AC metabolites led to AhR activation, whereas a
greater response was induced by the TC- and DC-derived metabolites, suggesting that in
addition to dietary substrates, the gut microbiota is an essential supplier of endogenous
AhR agonists, such as tryptophan derivates.

Tryptophan catabolism by the resident gut microbiota has also been shown to be influ-
enced by dietary polyphenols, yielding physiologically relevant AhR ligands in the host.
For instance, Marques and colleagues [201] showed that the administration of blackberry
anthocyanin-rich extracts (25 mg kg−1 BW per day) changes the gut microbiota composition
and tryptophan metabolism, increasing the production of the neuroprotective metabolite
kynurenic acid. Indeed, adding polyphenols, together with tryptophan derivatives, signifi-
cantly boosted the AhR response compared to the tryptophan derivatives alone in both rat
DR-H4IIE and human DR-HepG2 hepatoma cells. Isoflavones (e.g., daidzein and genistein)
and resveratrol the AhR response in DR-H4IIE cells increased by up to fourfold compared to
tryptophan-derived ligands alone, such as TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) and
FICZ (6-formylindolo [3,2-b]carbazole). Furthermore, quercetin and both flavones baicalin
and chrysin were shown to act as AhR agonists in human DR-HepG2 cells, regardless of
the presence of tryptophan derivatives in the medium.

The role of the polyphenol–AhR interactions has been further demonstrated in AhR−/−
mouse models using urolithin A, a metabolite of microbial degradation of ellagitannins.
This metabolite was implicated in protection against gut inflammation in experimental
colitis via the AhR–Nrf2 pathway [200]. The activation of AhR by polyphenols and microbial
metabolites results in the downregulation of inflammatory cytokines and the upregulation
of IL-22 and TJPs [47,199]. In this sense, the AhR/IL-22 axis has been shown to be crucial
in maintaining mucosal barrier integrity and in protecting the gastrointestinal epithelium
against pathogen colonization [49,202–205]. Mechanistic studies have also demonstrated
that reduced secretion of IL-22 was correlated with impaired glycocalyx- O-glycan in mice
suffering from obesity [206] and that such glycosylation pattern could be restored by boost-
ing the IL-22 levels [24,207]. The immunomodulatory outcomes linked to the AhR/IL-22 axis
contribute to changes in the gut microbiome composition, stimulating beneficial species
such as A. muciniphila and reducing the susceptibility to metabolic and inflammatory
gastrointestinal disorders.

Bidirectional AhR-related effects might explain the Akkermansia-driven benefits in the
host upon consumption of dietary polyphenols. On the one hand, polyphenols and derived
microbial metabolites might activate AhR-dependent pathways, which restore the ecological
niche of A. muciniphila (i.e., through IL-22, TJP regulation, and promotion of GC differentia-
tion) [188,189,203,208]. On the other hand, phenolic compounds might potentiate the gut
traits of Akkermansia, allowing this bacterium to orchestrate immunomodulatory markers
and contribute to the maintenance of intestinal homeostasis. A. muciniphila and its mem-
brane protein, Amuc_1100, can significantly increase gut indole loads and, consequently,
AhR activation [71]. It is worth mentioning that Amuc_1100 is a well-known TLR2-inducer
and substantiates the role of A. muciniphila in attenuating gut inflammation and metabolic
disorders [14,17]. The mechanisms of action by polyphenols in sustaining an enhanced gut
microecological niche promoting A. muciniphila colonization are illustrated in Figure 4.
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Figure 4. Pleiotropic polyphenol–microbiota interactions promoting an increase in Akkermansia 
muciniphila in the host gut. Metabolic diseases, such as obesity and type 2 diabetes, are associated 
with an altered intestinal ecological niche primarily associated with the onset of gut microbiota dys-
functions and a decrease in relative levels of A. muciniphila. The consumption of polyphenols, either 
pure or combined with other dietary susbstrates (e.g., fibers) shapes the gut microbiota composition, 
selectively promoting the relative abundance of A. muciniphila in association with improved meta-
bolic outcomes in the host. Three main routes underline the stimulatory effects of polyphenols on 
A. muciniphila (represented by enumerate circles): (1) Interactions between polyphenols and the gut 
microbiota result in the inhibition of opportunistic pathogens, in addition to favoring symbiotics 
and the polyphenol-degrader microbes. Polyphenols reduce the level of lipopolysaccharides (LPS) 
and suppress the Toll-like receptor (TLR)-4, attenuating metabolic endotoxemia. Polyphenol-mi-
crobe trophic interactions yield phenolic metabolites, such as phenyl-γ-valerolactones (γVL), uro-
lithins, and phenolic acids. De novo generated phenolics and the microbial metabolites trigger im-
munological pathways, restoring the gut epithelial function and homeostasis and positively affect-
ing the abundance of A. muciniphila. (2) Notably, phenolics and tryptophan metabolites signal the 
Aryl hydrocarbon receptor (AhR). This activation controls cell recruitment, Th2 and Th17/IL-22 re-
sponses, and the remodeling of mucin O-glycans and intestinal epithelial cells (IEC) in an IL-22 de-
pendent manner. AhR activation in lymphocytes also influences cells recruitment and IL-22 expres-
sion and improves intestinal inflammation. Then, the polyphenol-induced AhR/IL-22 pathway pro-
vides A. muciniphila with a restored microecological niche. Polyphenols and A. muciniphila jointly 
act as activators of AhR, playing regulatory roles in intestinal cell function. A. muciniphila coloniza-
tion contributes to a reduction in proinflammatory markers via TLR2 induction, helping to cope 
with low-grade local inflammation and promote epithelial tight-junction proteins (TJPs). In addi-
tion, SCFAs, such as butyrate, can drive the activation of the transcriptional regulator Forkhead box 

Figure 4. Pleiotropic polyphenol–microbiota interactions promoting an increase in Akkermansia
muciniphila in the host gut. Metabolic diseases, such as obesity and type 2 diabetes, are associated
with an altered intestinal ecological niche primarily associated with the onset of gut microbiota
dysfunctions and a decrease in relative levels of A. muciniphila. The consumption of polyphenols,
either pure or combined with other dietary susbstrates (e.g., fibers) shapes the gut microbiota compo-
sition, selectively promoting the relative abundance of A. muciniphila in association with improved
metabolic outcomes in the host. Three main routes underline the stimulatory effects of polyphenols
on A. muciniphila (represented by enumerate circles): (1) Interactions between polyphenols and the
gut microbiota result in the inhibition of opportunistic pathogens, in addition to favoring symbiotics
and the polyphenol-degrader microbes. Polyphenols reduce the level of lipopolysaccharides (LPS)
and suppress the Toll-like receptor (TLR)-4, attenuating metabolic endotoxemia. Polyphenol-microbe
trophic interactions yield phenolic metabolites, such as phenyl-γ-valerolactones (γVL), urolithins,
and phenolic acids. De novo generated phenolics and the microbial metabolites trigger immuno-
logical pathways, restoring the gut epithelial function and homeostasis and positively affecting the
abundance of A. muciniphila. (2) Notably, phenolics and tryptophan metabolites signal the Aryl hydro-
carbon receptor (AhR). This activation controls cell recruitment, Th2 and Th17/IL-22 responses, and
the remodeling of mucin O-glycans and intestinal epithelial cells (IEC) in an IL-22 dependent manner.
AhR activation in lymphocytes also influences cells recruitment and IL-22 expression and improves
intestinal inflammation. Then, the polyphenol-induced AhR/IL-22 pathway provides A. muciniphila
with a restored microecological niche. Polyphenols and A. muciniphila jointly act as activators of
AhR, playing regulatory roles in intestinal cell function. A. muciniphila colonization contributes to a
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reduction in proinflammatory markers via TLR2 induction, helping to cope with low-grade local
inflammation and promote epithelial tight-junction proteins (TJPs). In addition, SCFAs, such as
butyrate, can drive the activation of the transcriptional regulator Forkhead box P3 (Foxp3), which
is also linked to the upregulation of the anti-inflammatory IL-10. (3) A. muciniphila can directly be
affected by phenolics and derivatives, influencing the expression of its molecular and metabolic
attributes; it can hydrolyze phenolics and liberate smaller molecules that are substrates for other
microbial analogs to subsequently generate bioactive phenolic metabolites. Overall, polyphenols
favor anti-inframammary reactions, thus re-establishing the equilibrium between Treg/Th2- and
Th1/Th17-associated immune response. The IEC can sense and absorb phenolic metabolites with
health effects in the gut barrier’s permeability and distal organs and tissues. A hypothesis we cannot
rule out is that some phenolics cause intestinal damage, resulting in increased mucus production
and inducing A. muciniphila and improved barrier function as a kind of overshoot. A. muciniphila
creates a positive feedback loop, thus renewing the mucus layer and maintaining its thickness. F/B:
Firmicutes-to-Bacteroidota ratio; RAR: related orphan receptor gamma Rorγt; ILC3: innate lymphoid
cell type; DC; dendritic cells; IM—inner mucus layer; OM: outer mucus layer. The graph was created
with BioRender.

6.3. Inhibitory Action on Gut Microbial Competitors

Unabsorbed dietary polyphenols and their metabolites can behave as activators or in-
hibitors of bacterial growth, depending on their chemical structure and concentration [209].
Phenolic metabolites and parent compounds selectively inhibit pathogens and stimulate the
growth of commensal bacteria [44,143]. It has also been indicated that the modulatory effect
of polyphenols on gut bacteria relies on the alteration of the cell physiology [210] rather
than the reduction in the bacterial quantity per se. The expression of stress response and
protein chaperone genes is upregulated in gut bacteria exposed to polyphenols, indicating
the adverse, species-dependent effects of polyphenols on the gut microbiota [211]. The
inhibitory mechanisms of action of phenolics have been compared with those exhibited by
antibiotics [99]. For instance, based on the inhibitory effects and intracellular metabolites in-
duced by apigenin against pathogens, this phenolic was clustered together with rifampicin
and norfloxacin [212]. These antibiotics target RNA polymerase, gyrase, and topoisomerase
IV, and apigenin could affect nucleic acid processing enzymes. Polyphenols can affect cell
membrane/wall synthesis, for example, by altering the D-alanine: D-alanine ligase and
the type II fatty acid synthetic pathway [213,214]; therefore, most of the Gram-positive gut
bacteria have been shown to be more susceptible to polyphenol–antimicrobial actions; this
is the case of the Firmicutes phylum, as expounded above in the section discussing the out-
comes of animal studies. A. muciniphila has been stimulated by administering vancomycin
and other wide-spectrum antibiotics [215,216]. In analogy to the antimicrobial actions of
phenolic phenolics, reducing microbial competitors and associated inflammation allows
Akkermansia spp. to flourish in the gut. In addition, in vitro studies of A. muciniphila growth
in media enriched with polyphenols validate the resistance and adaptation of this bacteria
to be metabolically active and resilient upon polyphenol intake. The antimicrobial effects
of dietary polyphenols on food and gut microbial pathobionts associated with metabolic
and inflammatory diseases were recently reviewed by Makarewicz et al. (2021) [28].

7. Polyphenol Effects on A. muciniphila Fitness: Hints of Metabolism and Adaptation
to Polyphenol-Rich Foods

The physiological properties of A. muciniphila and the potential to adapt to polyphenols
might be closely related to its genetic composition [57]. It harbors genes not only encoding
mucin-degrading enzymes, accounting for 14% of the genome, but also genes linked to
capsular and slime polysaccharide production. These features might support the tolerance
of A. muciniphila to the cell wall/membrane disturbances provoked by polyphenols in gut
bacteria. Proteomics and transcriptomics revealed that A. muciniphila molecularly adapts
when exposed to disadvantageous conditions, such as a medium rich in bile acids, or when
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its favorite nutritional substrate, mucin, is depleted [58,217]. Notably, markers linked to
acid and oxidative stress responses, nucleotide excision repair, inorganic ion transport and
motility, ABC and RND (Resistance-Nodulation-cell division) transporters, and polysac-
charide biosynthesis systems are upregulated in A. muciniphila. Additionally, changes in
the metabolic profile of A. muciniphila are reliant on the substrate input, which determines
its versatility and resilience to adapt in a less favorable medium [58], such as that induced
by polyphenols. Intriguingly, mucin-depleted conditions have been shown to trigger at-
tributes in A. muciniphila, supporting antiobesity effects in mice [218]. Polyphenols have
been shown to modulate similar molecular functions of adaptation in bacteria with and
without polyphenol-degrading potential, such as Salmonella enterica, Escherichia coli, L. plan-
tarum, Enterococcus caccae, Ruminococcus gauvreauii, and B. catenulatum [143,211,219–224].
Under polyphenols-induced pressure, A. muciniphila might acclimatize to phenolic an-
timicrobial actions by altering its metabolic pathways and membrane phenotypes. The
expansion of the relative A. muciniphila proportion in the gut microbiota upon polyphenols
intake might be encouraged by polyphenol degradation by other microbes rather than the
direct polyphenol utilization by this bacterium. As discussed above, many studies have
shown an increase in A. muciniphila, along with other well-known polyphenol-degrader
and polysaccharide-degrader microbes. This is the case of specific species belonging to
Lactobacillus, Bifidobacterium, Slackia, Gordonibacter, Eggerthella, Adlercreutzia, and Bacteroides
genera, which have been demonstrated to possess enzymes involved in the breakdown and
utilization of different phenolic classes. Likewise, given their polysaccharide-degrading po-
tential, species such as F. prausnitzii and members of Roseburia, Prevotella, and Clostridiales
are concomitantly prompted with A. muciniphila by the intake of fiber-bound polyphenols
encountered in several polyphenol-rich fruits and vegetables. Given the inferred trophic
interactions that occur among polyphenol and polysaccharide degraders in vivo, both
polysaccharide fermentation and subsequent polyphenol-degrading activity by other mi-
crobes may support A. muciniphila in the gut. A comparable case of crossfeeding upon
polyphenol administration was reported between the polysaccharide degrader Bacteroides
thetaiotaomicron and the polyphenol degrader E. ramulus [225]. Here, the release of glucose
and maltose upon the fiber fermentation by B. thetaiotaomicrom drove the degradation of
the flavonol quercetin by E. ramulus. These polyphenol-degrading and fiber-degrading
activities reduced significantly when both species were grown separately. Similarly, in
another study, E. caccae was shown to be effectively inhibited by apigenin when cultured
alone, but this genus was enhanced when tested within a gut microbial community [143].
It still remains to be determined whether A. muciniphila utilizes the ensuing phenolic
metabolites and the SCFAs formed from polyphenol-rich extract fermentation. Cocultur-
ing A. muciniphila with polyphenol-degrader microbes would provide insights into the
notion that this bacterium is powered by intimate crossfeeding with other microbes upon
polyphenol-rich food intake.

The direct trophic utilization of phenolics by A. muciniphila has not yet been inves-
tigated, and the identification of novel enzymatic activity responsible for polyphenol
degradation remains to be mechanistically studied in vitro. Conflicting findings have been
reported in a few studies dealing with the ability of A. muciniphila to utilize polyphenols in
polyphenol-enriched media (i.e., EGCG, gallic acid, ellagitannins, and ellagic acid) [43,54].
On the one hand, A. muciniphila could not succeed in a medium enriched with EGCG as
a unique nutritional source. In addition, aside from gallic acid, the specific phenolic end
metabolites, such as phenyl-γ-valerolactones, phenylvaleric, and propionic acid derivatives,
were not identified when it was grown optimally in an EGCG-enriched medium containing
mucin [54]. On the other hand, A. muciniphila growth was shown to be hampered by
pomegranate ellagitannins and ellagic acid. However, the levels of ellagic acid were shown
to increase when this bacterium was grown with pomegranate ellagitannins [43]. The fact
that both gallic and ellagic acids derived from the initial hydrolysis of galloylated and
gallated parent flavan-3-ols were found in the growing media indicates that A. muciniphila
primes the hydrolysis of EGCG and ellagitannins but does not participate in the subsequent
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phenolic degradation. However, this initial hydrolytic step might contribute to empow-
ering the polyphenol-degrading action of other microbes, in turn furnishing the gut with
bioactive metabolites and contributing to the maintenance of intestinal homeostasis.

Because the main nutritional source of A. muciniphila is mucins, its growth is not strictly
confined to metabolizing dietary polyphenol-rich sources; however, the latter modulates
the abundance and activity of other microbes and promotes mucin-secreting GC, giving
A. muciniphila a colonizing advantage compared to its counterparts. The fermentation
of different substrates, such as galactose, fucose, glucose, Glc-NAc, and Gal-NAc, by
A. muciniphila has been shown to be enhanced when this bacterium is grown in the presence
of mucin [58]. In analogy to the above observation, we suggest that polyphenols elicit
distinctive metabolic and molecular phenotypes in A. muciniphila, in addition to increasing
the mucin supply in the host. By degrading the newly polyphenol-induced mucins, A.
muciniphila creates a positive feedback loop, renewing the mucus layer and maintaining
its thickness. Considering all these studies, A. muciniphila proliferation stems from the
synergic effects between crossfeeding networking with polyphenol degraders and the local
impacts of phenolic derivatives on the mucin-rich mucus layer in vivo.

8. Conclusions and Future Directions

In the present work, we revisited preclinical and clinical trials demonstrating the
prebiotic-like effect of polyphenolic extracts and polyphenol-rich foods on A. muciniphila.
Different phenolic classes, including phenolic acids, anthocyanins, flavan-3-ols, flavonols,
flavones, and stilbenes, distinctly stimulate A. muciniphila in the gut. For example, high
intra- and interindividual variability in the gut microbiota composition impacts the fate
of polyphenols and health benefits in the host and, consequently, the relative abundance
of A. muciniphila. We highlighted three main routes underlying the polyphenol-induced
A. muciniphila increase in the gut: (1) modulation of gut microbiota ecology while inhibiting
microbial competitors and promoting the polyphenol-degrader consortium, (2) attenuation
of gut inflammation and restoration of mucin-rich barrier function, and (3) direct trophic
utilization and crossfeeding networking between A. muciniphila and other gut microbes. A
conglomerate of bacterial taxa with polyphenol-degrading abilities often stands out concomi-
tantly with an increase in A. muciniphila resulting from the consumption of polyphenol-rich
foods in animals and humans. However, we cannot rule out that some phenolics signal the
intestine, which results in increased mucus production, inducing the growth of A. muciniphila
and improving barrier function, in addition to other metabolic benefits.

Few gut bacteria are known to degrade polyphenols and significantly correlate with
A. muciniphila abundance. This is the case of ellagitannin degraders, yielding smaller
molecules of urolithin A. Inconclusive results have been reported with respect to how
ellagitannins and ellagic acid directly promote A. muciniphila in vitro, as reduced growth
was observed when these compounds were added to the growing media. In a real-life
scenario, it is most likely that the effects would be due to the trophic utilization of other
microbes of ellagitannins and the immunomodulation that the urolithin A and parent
compounds trigger in the gut.

It is yet to be determined whether A. muciniphila can metabolize different phenolic
classes as single or combined substrates in monoculture and a community setting. Specific
questions remain to be answered, such as which intermediary enzymes and degradation
pathways are involved in polyphenol metabolism by A. muciniphila, as well as the resulting
metabolic products. Moreover, there is a need to move from relative abundancies towards
absolute abundancies and correct for the impact of transit time on the relative abundance of
A. muciniphila and other intestinal bacteria [226,227]. A potential crossfeeding phenomenon
behind polyphenol degradation might occur, as the metabolites from one bacterium could
empower substrate utilization by another. A combination of omics tools, including tran-
scriptomics, lipidomics, proteomics, and metabolomics, would provide a whole picture of
the prebiotic effect of polyphenols on A. muciniphila that is more relevant than the structure
of the gut microbiota itself. Polyphenols continue to receive a considerable amount of
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attention, owing to their selectivity to sponsor A. muciniphila, representing a cost-effective
therapeutic and preventive approach with no demonstrated adverse side effects to cope
with metabolic diseases.

Emerging coencapsulation techniques for the development of new synbiotics using
polyphenols and probiotics are promising strategies for further application in nutritional
therapies to counteract gut microbiota disturbances and metabolic syndromes [228–230].
Research has begun on the coencapsulation of A. muciniphila with polyphenols. Cells of
A. muciniphila were successfully coencapsulated in succinate-grafted alginate doped with
EGCG by spray drying [230]. Moreover, a recently marketed European product contains
tablets of freeze-dried pasteurized A. muciniphila and other components, including ECGC
(www.theakkermansiacompany.com (accessed on 31 October 2022)). In this sense, the
inclusion of recognized polyphenol-degrading probiotics in the encapsulation preparations
represents a promising avenue for the delivery of the goods of polyphenol–Akkermansia
synergy to individuals with less favorable metabotypes.
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Abstract: Changes in the gut ecosystem, including the microbiome and the metabolome, and the host
immune system after fructo-oligosaccharide (FOS) supplementation were evaluated. The supple-
mentation of FOS showed large inter-individual variability in the absolute numbers of fecal bacteria
and an increase in Bifidobacterium. The fecal metabolome analysis revealed individual variability in
fructose utilization in response to FOS supplementation. In addition, immunoglobulin A(IgA) tended
to increase upon FOS intake, and peripheral blood monocytes significantly decreased upon FOS
intake and kept decreasing in the post-FOS phase. Further analysis using a metagenomic approach
showed that the differences could be at least in part due to the differences in gene expressions of
enzymes that are involved in the fructose metabolism pathway. While the study showed individual
differences in the expected health benefits of FOS supplementation, the accumulation of “personal-
ized” knowledge of the gut ecosystem with its genetic expression may enable effective instructions
on prebiotic consumption to optimize health benefits for individuals in the future.

Keywords: fructo-oligosaccharides; microbiome; gut ecosystem; omics analysis; metabolome

1. Introduction

The commensal microbiota is a complex microbial community that consists of huge
numbers of microbes that reside in both mucosal and external surfaces of the human body
and their metabolites [1]. Commensal microbiota on the skin, mouth, digestive tract, and
vagina are known to have different compositions [2]. With a comparable number to the
eukaryotic cells constituting a host human body, gut commensal microbes construct a
symbiotic ecosystem with the host [3]. Along with other various functions, the microbiome
has been reported to affect the immune function of the host and has also been considered
to play an important role in the maintenance of our health [2,4,5].

In the gastrointestinal tract, a vast majority of approximately 1000 bacterial species
reside in the colon [6–8]. Gut microbiota has been reported to be influenced by a number
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of factors, including the diet of the host [9,10]. Among dietary components, substrates
selectively utilized by host microorganisms to confer a health benefit are defined as pre-
biotics [11]. Non-digestible oligosaccharides such as fructo-oligosaccharides (FOS) are
common prebiotics that particularly assist the growth of lactic acid-producing bacteria
species (e.g., Bifidobacterium and Lactobacillus) [12,13]. FOS are also known to have a number
of beneficial effects on the immune system, including increased production of short-chain
fatty acids (SCFAs), enhancement of immune responses to lipopolysaccharides (LPS) [14],
and also augmented secretion of Immunoglobulin A (IgA) from Peyer’s patch cells [15,16].
However, a vast majority of these findings on FOS supplementation were from animal
studies, and results from human subjects are limited. Considering a large inter-individual
variability in the human gut microbial composition [2,17] and the presence of bacterial
strains that differ in carbohydrate metabolism [18–20], it is hypothesized that the effects
of FOS supplementation on the human gut ecosystem and its health benefits may vary
between individuals. Additionally, there have been scarce studies that use comprehensive
approaches to explore the effects of FOS supplementation on the human gut ecosystem,
including metabolites and health benefits to the host. Therefore, the present study aimed to
evaluate the effects of FOS supplementation on the gut microbiome and immune cells of
the host using an integrated multi-omics analysis.

2. Results

A total of 11 Japanese males underwent a nine-week longitudinal intervention study
with a four-week FOS supplementation. The study period was divided into three distinct
phases (i.e., pre, FOS, and post phases). At each phase, samples of feces and blood were
collected twice from all participants (Supplementary Figure S1).

2.1. Increase of Bifidobacterium in Feces by FOS Supplementation

From 16S rRNA gene amplicon sequencing of extracted bacterial DNAs, fecal samples
showed large inter-individual variability in the total number of bacteria and their response
to the FOS supplementation that resulted in no significant differences in the total number
of bacteria in the feces (Figure 1a). While major bacterial genera that constituted the com-
position of the microbiome were consistent among participants, the number of bacteria in
each genus and their response to the FOS supplementation varied individually (Figure 1b).
PCoA using the Bray–Curtis distance based on the 16S rRNA gene amplicon sequencing
confirmed the significant inter-individual variabilities of microbiome in the fecal samples
(Figure 1c). Similar results were evident when the bacterial composition of fecal microbiota
was analyzed based on the relative abundance (Supplementary Figure S3a,b). Among
the major bacteria that constitute intestinal microbiota, the number of Bifidobacterium was
found to be significantly (p < 0.05) increased during the FOS supplementation period
(Figure 1d). By contrast, when the samples were analyzed based on a relative abundance
using the Wilcoxon test with the Benjamini-Hochberg adjustment, although the difference
was smaller, a significant increase in Bifidobacterium and a significant decrease in Blautia
were observed during the FOS phase (p < 0.05 or p < 0.01, Supplementary Figure S3c). A
significantly (p < 0.05) lower Shannon index at the FOS phase compared with both pre and
post phases may indicate an occurrence of decreased fecal microbial diversity as a result of
FOS intake (Supplementary Figure S3d).

2.2. Increase of Fecal Fructose during the FOS Intake in Some Individuals

Next, we evaluated the effects of FOS intake on the gut metabolome using nuclear mag-
netic resonance (NMR)-based measurement of fecal metabolites. We detected 32 metabolites
as listed in Table S3. Consistent with the results observed from PCoA on the gut microbiota,
principal component analysis (PCA) of NMR-based fecal metabolites analysis showed a
large inter-individual variability of gut metabolites and no particular clustering or distri-
bution among different phases (Figure 2a). A detailed examination of PCA on the fecal
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metabolome data revealed peaks corresponding to carbohydrates toward the PC2 negative
direction (Figure 2b, rectangle).
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Figure 1. Changes in the total number of bacteria in the fecal microbiota upon FOS supplementation.
(a) The absolute number of bacteria in each individual by real-time 16S rRNA gene qPCR. (b) The
composition of microbiota at the genus level in fecal samples using 16S rRNA gene amplicon
sequencing. These figures were constructed by the top 10 bacteria at the genus level, respectively.
(c) PCoA analysis using Bray–Curtis distance of fecal microbiome colored by individuals (Upper)
and sampling periods (Lower). (d) The total number of each bacterium in feces at the genus level.
The upper figure is illustrated for each individual and the lower figure is summarized for the sample
period. * = padj < 0.05.
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Figure 2. Differences of fecal metabolites upon intake of FOS. (a) Score plots of PCA for metabolic
profiles of feces colored by individuals (Left) and sampling periods (Right). (b) Loading plot of
PCA for fecal metabolome. Blue bars indicate PC1 direction and red bars indicate PC2 direction in
the PCA plot in a. PC2 negative direction was influenced by the sugar region (rectangle). (c) The
correlation network of feces was constructed as described in the Materials and Methods. The line
between each element was connected to the calculated correlation coefficient and elements with
p < 0.05. The size of each element reflects the relative value within each measurement. The amount of
fecal IgA was shown in magenta, bacteria in green, and metabolites in blue. (d) Relative intensity of
fructose in individual fecal samples. (e) PCoA based on Euclidean distance of the changes in fructose
concentration over time in feces from individuals shown in (b). ADONIS revealed that ID04, ID09
and ID11 were significantly different from the others (R2 = 0.52348, p = 0.009). (f) Relative intensity of
fecal SCFAs measured by NMR.
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A network analysis of the microbiome and metabolites indicated a relatively large
amount of Bifidobacterium, fructose, and glucose in the samples (Figure 2c). The net-
work analysis of individuals revealed that some participants showed distinctively in-
creased Bifidobacterium and fructose during the FOS phase compared with the pre and post
phases (Supplementary Figure S4). The analysis specifically focused on fructose through-
out the study period revealed that three participants (i.e., ID04, ID09, and ID11) clearly
showed increased fructose in their fecal samples collected in the FOS phase (Figure 2d and
Supplementary Figure S4). Results from PCA also confirmed that these three participants
had a significantly (p < 0.01) distinct amount of fructose compared to the rest of the partici-
pants (Figure 2e). In addition to carbohydrates, the presence of other metabolites in fecal
samples, including SCFAs, was analyzed throughout the study period (Figure 2f). There
were large differences in the metabolites produced throughout the study period among
individuals that resulted in no significant differences in these metabolites in fecal samples
at different phases.

2.3. Genetic Differences in Fructose Metabolism from Metagenomic Analysis

In order to gain mechanistic insights into the individual variation in the amount
of fructose in their feces, a metagenomic sequencing that focused on the genetic path-
ways categorized as carbohydrate metabolism in the Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways was conducted. A relative abundance of genes associated
with carbohydrate metabolism showed differences in response to FOS supplementa-
tion (Figure 3a). This KEGG analysis showed individual differences in gene expres-
sions were particularly eminent in those of at least 16 carbohydrate metabolic enzymes
(Figure 3b, green rectangle), including fructose-bisphosphate aldolase, ATP-dependent
phosphofructokinase/diphosphate-dependent phosphofructokinase, and fructokinase
(Figure 3b,c). The majority of these enzymes are involved in fructose metabolism (Figure 3d).
These analyses indicate that there is individual variability in the fructose metabolism that
could result in different fructose consumptions in response to FOS supplementation. The
gut microbiome of ID02, ID05, ID06, ID8, and ID10 had a relatively higher possession of
genes encoding these enzymes related to fructose metabolism (Figure 3b, red rectangle)
which likely results in no accumulation of fructose in their feces collected during the FOS
phase, while the gut microbiomes of the other participants (i.e., ID01, ID04, ID09, and ID11)
were almost devoid of genes encoding these enzymes, supposedly leading to the higher
amounts of fructose in their feces upon FOS supplementation.

2.4. Impact of FOS Intake on the Immune Compartment

FOS supplementation has been reported to affect the immune system including the
augmented secretion of IgA [15,16]. Therefore, we also examined the effect of FOS intake on
the immune compartment. There was again a large individual variation and no significant
increase in the fecal IgA concentration during FOS intake, although it tended to increase in
some individuals (Figure 4a).

Investigation of the composition of PBMCs using FACS also showed individual differ-
ences throughout the study period (Figure 4b). While most PBMC subsets did not show
significant differences in response to the FOS supplementation, the number of monocytes
during the FOS phase was significantly (p < 0.01) less than in the pre phase, and the number
in the post phase was significantly (p < 0.05) less than the FOS period. In addition to
monocytes, a number of conventional dendritic cells (pDC) showed a significant (p < 0.05)
reduction in the post phase compared to the number in the FOS phase. However, the
observed results may be partly due to a considerable increase of cDC by one participant
(i.e., ID06) during the FOS phase.
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mannose metabolism pathways in individuals obtained from the metagenome analysis of fecal sam-
ples using a heatmap calculated by multiplying individual metagenomic genes and a number of 

Figure 3. KEGG pathways in carbohydrate metabolism with the metagenomic analysis. (a) Relative
abundance of the KEGG orthologies (KOs) associated with carbohydrate metabolism in fecal samples
was inferred based on the metagenome analysis. (b) A comparison of KOs of the fructose and
mannose metabolism pathways in individuals obtained from the metagenome analysis of fecal
samples using a heatmap calculated by multiplying individual metagenomic genes and a number
of bacteria. The green rectangle indicates the gut microbial fructose and mannose metabolism KOs
with high variability, and red and blue rectangles indicate groups of individuals having relatively
higher and lower expressions of these highly variable KOs, respectively. (c) A list of 16 KOs with high
individual variability in gene expression that was identified from (b). (d) Summary of a metabolic
pathway that involves many KOs listed in (c).
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Figure 4. FOS intake and the immune system. (a) Fecal IgA at different time points. (b) The
absolute number of immune cells at each time point. Proportion of immune cells was analyzed using
FACS with antibodies listed in Table S2. CD19+ B, B cells; CD3+ T, T cells; NK, natural killer cells;
cDC, conventional dendritic cells; pDC, plasmacytoid dendritic cells; NKT, natural killer T cells.
* = padj < 0.05, ** = padj < 0.01.

3. Discussion

It is well documented that microbiota residing in the host vary among individu-
als [17,21–24]. In the present study, responses of microbiota and resultant metabolites, as
well as the host immune capacity to FOS supplementation, were investigated. While it
is common to report changes in the microbiome in relative abundance, the present study
focused on absolute numbers of bacteria, as recent studies reported the importance of
analyzing microbes using absolute numbers for understanding health risks and observing
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inter-microbial relationships [25–27]. Overall, the study confirmed a high variability of gut
microbiomes among individuals, which was consistent with previous studies [17,21,22]. Be-
cause of such variability and the small sample size, we were unable to observe the presence
of significant changes in the total number as well as the relative abundance of gut bacteria
in response to FOS intake as a group. However, when the collected fecal samples were ana-
lyzed intra-individually, FOS intake drastically impacted the gut environment and resulted
in an increase in Bifidobacterium. The observation is comparable to a previous study [13],
and, therefore, it can be considered that FOS has a positive impact on the inhabitation
of Bifidobacterium in the gut. Interestingly, although there was no significant difference
in the absolute number of Blautia throughout the study period, we observed a small but
significant reduction in its relative abundance during FOS intake. This suggests that while
Bifidobacterium increased both the actual number and the proportion relative to the total
number of bacteria, Blautia did not change its number but reduced its proportion during
the FOS supplementation period. The results also suggest that the FOS supplementation
decreases microbial diversity in fecal samples as confirmed by the Shannon index, probably
due to the large increase of Bifidobacterium.

Loss of bacterial diversity in feces has been reported to be associated with disorders
such as inflammatory bowel disease [6,28–30]. However, to the best of our knowledge, there
is no report of the influence of dietary components on gut microbial diversity. Therefore,
the observed reduction of gut microbial diversity by FOS supplementation is surprising.
Since the intervention period in the present study was relatively short (i.e., four weeks),
further investigation into the long-term effects, as well as the associated physiological
significance, is warranted.

It Is hypothesized that supplemented FOS should be easily digested by gut microbes
and utilized to produce microbial metabolites such as SCFAs. Hence, participants were
assumed to show an increase in carbohydrates, especially an amount of fructose during
the FOS supplementation period. However, the present study revealed considerable
individual variability in the amount of fructose produced during the FOS phase and only
three participants (ID04, ID09, and ID11) showed a significant increase of fructose in fecal
samples collected during the FOS phase. Further analysis using a metagenomic approach
showed that all three participants showed marginal gene expressions of the enzymes
involved in the fructose metabolism pathway, including fructose-bisphosphate aldolase,
fructokinase, and fructose-1,6-bisphosphatase III. Therefore, these three participants may be
considered individuals with poor metabolic capacity in fructose catabolism. This suggests
that FOS supplementation does not provide the same degree of health benefits to every
individual, and caution is required for FOS supplementation. In fact, fructose consumption
is linked to the rising incidence of obesity and cancer, which are two of the leading causes
of morbidity and mortality globally [31,32]. Although monosaccharides including fructose
are generally thought to be absorbed in the small intestine, fructose could be possibly
absorbed in the colon as well since a fructose transporter GLUT7 is also expressed in the
colon [33,34]. In this regard, FOS administration should be cautiously administered to
individuals whose gut microbiota is insufficient in fructose catabolism. In the present
study, ID01 also showed low gene expression of fructose metabolism-related enzymes but
did not show a significant increase in fructose during the FOS supplementation period.
Therefore, it should be considered that other metabolic pathways may also be involved in
fructose degradation.

Previous studies reported that at least 21 species in the gut can metabolize FOS [35],
including lactic acid-producing bacteria such as Bifidobacterium and Lactobacillus [12,13].
Therefore, the total number and relative abundance of these species within microbiota may
affect the efficiency of FOS degradation. In addition, it has been reported that a strain of
Bifidobacterium with specific ATP-binding cassette (ABC) carbohydrate transporters [20]
can contribute to the efficiency of the clearance of fructose.

In the present study, no clear changes in metabolites were observed. This is likely
due to large inter-individual variability in the gut microbiome and the efficiency of FOS

156



Int. J. Mol. Sci. 2022, 23, 11728

degradation. Fermentation of FOS by Bifidobacterium is known to produce acetate and
lactate and is further utilized by other gut microbes such as Eubacterium and Roseburia
to produce butyrate [36,37]. In addition, Bacteroides, Faecalibacterium, Clostridium, and
Ruminococcus, may increase the production of lactate, propionate, and butylate [21,37,38].
Although FOS supplementation increased the total number and a relative abundance of
Bifidbacterium, we were unable to observe a clear pattern of increase in Bifidobacterium-
related metabolites (e.g., acetate and lactate) and the reduction of other metabolites upon
FOS intake. Considering the presence of individuals with efficient fructose metabolism, it
may be possible to investigate the effects of FOS intake by a careful selection of participants
with influencing factors (e.g., an absolute and relative abundance of Bifidobacterium, a
presence of Bifidobacterium strains with ABC fructose transporters, and a low expression of
enzymes involved in the fructose metabolism pathway).

Consumption of FOS has been reported to have beneficial effects on the immune
functions of the host [14–16]. Due to the large inter-individual variability of the gut
microbiome and small sample size, the present study was unable to indicate statistical
significance for changes in immune functions from FOS supplementation. Nevertheless,
the fecal samples showed a tendency for increasing IgA in response to FOS intake. Previous
studies have reported the increase in fecal IgA upon FOS intake in experimental animals
such as mice and rats [39]. By contrast, fecal IgA tended to increase, but there was no
statistical significance from FOS intake in human studies [17,39], consistent with the present
study. This discrepancy could at least partly be because human studies reflect large inter-
individual differences in factors such as genetic backgrounds and diets, whereas these
factors are much more uniform in experimental animals. In addition to IgA, FACS analysis
of PMBC showed a significant decrease in monocytes and an increase in cDC during FOS
supplementation. This may suggest that short-term supplementation of FOS could cause
an acute change in the systemic immune status of these cells regardless of differences in the
gut microbiome.

4. Materials and Methods
4.1. Participants

Eleven Japanese males aged between 30 and 50 years were recruited. Participants
were excluded if they were diagnosed or susceptible to immune dysfunctions including
human immunodeficiency virus (HIV) infection; had undergone any operations on the
gastrointestinal tract excluding the gallbladder and appendix in the last five years; had
any prescription of medications, or were under treatment on the gastrointestinal tract; had
chronic constipation; or were under treatment or susceptible to toxic shock syndrome. In
order to remove the influence of gender on the composition of the gut microbiome and
its response to FOS supplementation, females were also excluded from the study. All
participants were given information documents and a verbal explanation about the study
and written informed consent was obtained prior to their participation in the study. Ethical
approval was obtained from the human research ethics committee of relevant institutions
prior to the commencement of the study, and all methods were performed in accordance
with the relevant guidelines and regulations. Participants’ self-reported age, height, weight,
and body mass index (BMI) were 37.4 ± 4.6 years (range: 30.0–44.0 years), 172.7 ± 6.0 cm
(range: 159.0–180.0 cm), 75.4 ± 15.4 kg (range: 58.0–110.0 kg), and 25.2 ± 4.5 kg/m2 (range:
20.1–33.9 kg/m2), respectively (Supplementary Table S1).

4.2. Study Design

The study was conducted as a nine-week longitudinal study. After two weeks of
the baseline period (the “Pre” phase), participants were instructed to consume FOS sup-
plements as described below for four weeks (the “FOS” phase). After this intervention
period, changes in the participants’ gut microbiome and its metabolites were monitored for
three weeks (the “Post” phase) (Supplementary Figure S1). Participants were instructed to
maintain an ordinary lifestyle during the entire period of the study.
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4.3. FOS Supplementation

Participants were instructed to consume 12 g of a FOS syrup (MeioligoP®, Meiji Food
Materia Co., Ltd., Tokyo, Japan) for 28 consecutive days. The syrup consists of more than
95% FOS with less than 5% glucose, fructose, and sucrose. The syrup was prepared into
two packages each containing 6 g of FOS. It was recommended to participants to consume
each package at different times of the day in order to prevent the possibility of having a
loose stool.

4.4. Sample Collection

Samples of blood and feces were collected at the Pre-, FOS, and Post-phases of the
study. Two samples were collected at each phase, and, therefore, a total of six samples
were collected (Supplementary Figure S1). Blood samples were collected from the median
cubital vein by medical personnel. A total of 5 mL of peripheral blood was collected into
a blood collection tube containing EDTA-2Na (Venoject II VP-NA050K, Terumo Corp.,
Tokyo, Japan). Fecal samples were also collected using a stool collection kit consisting
of collection sheets, plastic spoons, and plastic containers. Participants were instructed
to wear sterile gloves and collect about 3 g of feces without any contamination of toilet
water or urine within 24 h prior to blood sampling, and the samples were stored in a fridge.
Samples submitted to the research group were immediately stored in a freezer at −80 ◦C
until analysis.

4.5. Measurement of Fecal IgA

Fecal samples were lyophilized using a VD-800R lyophilizer (TAITEC Co., Ltd.,
Saitama, Japan) for 24 h. Freeze-dried feces were then ground with 3.0 mm Zirconia
Beads (BioSpec Products, OK, USA) using a Shake Master (Biomedical Science Corp.,
Tokyo, Japan) for 10 min. Approximately 10 mg of each fecal sample was suspended in
300 µL of phosphate-buffered saline (PBS) containing proteinase inhibitor cocktail tablets
(Complete EDTA-free, Roche Diagnostics GmbH, Mannheim, Germany) and homogenized
for 1 min. After being centrifuged at 17,800× g for 15 min at 4 ◦C, the supernatant was
collected from the homogenate sample and frozen at−20 ◦C. The measurement of fecal IgA
was performed according to the instruction of the ELISA kit (E80-102, Bethyl Laboratories
Inc., Montgomery, TX, USA).

4.6. Bacterial DNA Extraction

DNA extraction from feces was performed according to the literature with minor
modifications [40,41]. Bacterial pellets from feces were suspended with a 10 mM Tris-
HCl/10 mM EDTA solution. The sample suspension was incubated with 15 mg/mL
lysozyme (FUJIFILM Wako Pure Chemical Corp., Osaka, Japan) at 37 ◦C for 1 h. A final
concentration of 2000 units/mL of purified achromopeptidase (FUJIFILM Wako Pure
Chemical Corp., Osaka, Japan) was added and then incubated at 37 ◦C for 30 min. The
suspension was added at 1% (w/v) sodium dodecyl sulfate and 1 mg/mL proteinase K
(Merck KGaA) and incubated at 55 ◦C for 1 h. After centrifugation, the bacterial DNA was
purified using a phenol/chloroform/isoamyl alcohol (25:24:1) solution. The DNA was
precipitated by adding ethanol and sodium acetate, and RNase treatment and polyethylene
glycol (PEG) precipitation were performed.

4.7. Bacterial 16S rRNA Gene Amplicon Sequencing and Processing

The 16S rRNA gene V1-V2 regions were amplified by PCR with barcoded bacterial
universal primers (27Fmod and 338R) [40]. Amplification of V1-V2 regions and prepa-
ration of the sequencing library were performed according to the literature with minor
modifications [42,43]. Equal amounts of multiplexed PCR amplicon were mixed and then
sequenced using either 454 GS FLX Titanium or 454 GS JUNIOR (Roche Diagnostics GmbH,
Mannheim, Germany).
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Analysis of the 16S rRNA gene sequencing data was conducted using an analysis
pipeline established by the research group. Each sample was demultiplexed based on
sample-specific barcodes followed by the removal of reads lacking both forward and
reverse primer sequences. The sequence data were denoised by removing sequences
with an average quality of <25 and possible chimeric sequences. We performed chimera
checking and taxonomy assignment using the database constructed from public databases
(Ribosomal Database Project (RDP) v. 10.27, CORE (http://microbiome.osu.edu/, accessed
on 1 April 2020) and a reference genome sequence database obtained from the NCBI FTP
site (ftp://ftp.ncbi.nih.gov/genbank/, accessed on 1 December 2011)). Reads removed in
these processes accounted for about 64.6% of all reads, most of which represented reads
lacking PCR primer sequences (63.4% of raw reads). Three thousand reads per sample
were randomly selected from each filter-passed read and were used for further analysis
since this read number represents more than 90% of the total reads according to Good’s
coverage estimator [44]. These high-quality reads were clustered into operational taxonomic
units (OTUs) using a 96% pairwise-identity using UCLUST (http://www.drive5.com/,
accessed on 29 August 2022). Taxonomic assignments of OTUs were performed against
the database using the GLsearch program accessed on 29 August 2022. The weighted
UniFrac distance [45] was calculated to assess the distance between each sample. Shannon’s
diversity index (Shannon Index) was calculated to evaluate the diversity of microbial
communities in a sample using the vegan package of R software (version 3.6.1). All of
the 16S rRNA sequence data used in this study were deposited in DDBJ/GenBank/EMBL
under accession numbers: DRA014786.

4.8. Metagenomic Sequencing

Metagenome shotgun libraries (insert size of ~500 bp) were prepared using the TruSeq
Nano DNA kit (Illumina) and sequenced by the Illumina NovaSeq platform. After quality
filtering, reads mapped to the human genome (HG19) and the phiX bacteriophage genome
were removed.

4.9. Assembly of Metagenomic Sequences and Gene Prediction

For each individual, the filter-passed NovaSeq reads were assembled using MEGAHIT
(v1.2.4). Prodigal (v2.6.3) was used to predict protein-coding genes (≥100 bp) in the contigs
(≥500 bp) and singletons (≥300 bp). Finally, 2,234,201 non-redundant genes were identified
in the 290 samples by clustering the predicted genes using CD-HIT with a 95% nucleotide
identity and 90% length coverage cut-off.

4.10. Functional Assignment of Non-Redundant Genes in Human Gut Microbiomes

Functional assignment of the non-redundant genes was performed using DIAMOND
(e-value ≤ 1.0 × 10−5) against the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (release 7 October 2019) to obtain the KEGG orthologies (KOs). The genes with
the best hit correlating to eukaryotic genes were excluded from further analysis.

4.11. Quantification of the Annotated Genes in Human Gut Microbiomes

A million metagenomic reads per individual were mapped to the JPGM [7] and
IGC [46] merged reference gene set using Bowtie2 with a 95% identity cut-off. The number
of reads that mapped equally to more than one gene was normalized by the proportion
of the number of reads uniquely mapped to the genes as was conducted for the mapping
analysis to the reference genomes. The proportion of KOs was calculated from the number
of reads mapped to them.

4.12. Metabolic Profiling of Human Fecal Samples

Lyophilized fecal samples were extracted in a 100 mmol/L potassium phosphate
buffer (in deuterium oxide containing 1 mmol/L sodium 2,2-dimethyl-2-silapentane-5-
sulfonate, pH = 7.0) as previously described [47]. In total, 0.8 mL of the above samples was
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inserted into a 5 mmφ-Nuclear Magnetic Resonance (NMR) tube, then NMR experiments
were conducted using a 700 MHz- NMR spectrometer (Bruker AVANCE II 700, Bruker
Biospin GmbH, Rheinstetten, Germany). All 1H NMR spectra were acquired using a Bruker
standard pulse program “p3919gp” with 32 K data points, 32 scans, 16 dummy scans,
14 ppm spectral width, and 3 s relaxation delay [48]. For the annotation of the signals
detected in the 1H NMR spectra, two-dimensional J-resolved NMR measurements were
performed using a Bruker standard pulse program “jresgpprqf” with 32 data points for F1
and 16 K data points for F2, 8 scans, 16 dummy scans, a 50 Hz spectral width for F1 and
16 ppm spectral width for F2, and 1.5 s relaxation delay, as described previously [49]. The
detected signals were annotated using the SpinCouple program (http://dmar.riken.jp/
spincouple/, accessed on 29 August 2022) [50] with reference to the Human Metabolome
Database (http://www.hmdb.ca/, accessed on 29 August 2022) [51].

4.13. Quantification of Bacterial Number and Gene Expression Using Quantitative Polymerase
Chain Reaction (qPCR)

The universal 16S rRNA primers (27Fmod: 5′-AGRGTTTGATYMTGGCTCAG-3′ and
338R: 5′-TGCTGCCTCCCGTAGGAGT-3′) were used to estimate the microbial cell number
by real-time qPCR. DNA of Escherichia coli that had been counted by the Colony Forming
Unit (CFU) assay was used as a standard. Fecal DNA was assayed in 20 µL PCR reactions
according to the protocol for TB Green Premix Ex Taq II (Tli RNaseH Plus) (TaKaRa Bio,
Tokyo, Japan). Each reaction mixture contained 10 pmol of each primer, 10 µL of TB
Green Premix Ex Taq II (Tli RNase H Plus) (Takara Bio, Tokyo, Japan), extracted DNA, and
UltraPure DNase/RNase-Free Distilled Water (Thermo Fisher Scientific, Waltham, MA,
USA) to reach a final volume of 20 µL. PCR conditions were as follows: 95 ◦C for 30 s and
then 40 cycles of 95 ◦C for 5 s and 60 ◦C for 30 s. The threshold cycle (Ct) value of qPCR was
calculated by the 2nd Derivative Maximum (SDM) method using the Thermal Cycler Dice
Real Time System TP800 (Takara Bio, Tokyo, Japan). To estimate the absolute abundance of
bacteria in the fecal sample, the log10-fold standard curves ranging from 104 to 109 copies
were produced using the DNA of E. coli. The threshold cycle values were converted into
the estimates of the absolute abundance of bacteria in the fecal samples (copy numbers/g
of dry feces).

4.14. Correlation Network Construction

A correlation network was built from the relative intensities of metabolites assigned
by metabolome data measured by NMR, and the relative abundance of the microbiome at
the genus level by 16S rRNA amplicon sequencing. Edges of the network show significant
pairwise interactions between measurements using Spearman’s rank correlation coefficient.
Nodes’ sizes represent the proportion to relative scores computed for each measurement.
The two-dimensional correlation network was drawn by the Cytoscape software v3.9.1 [52].

4.15. Peripheral Blood Mononuclear Cell (PBMC) Isolation and Analysis

PBMCs were isolated by Ficoll-Paque (GE Healthcare Life Sciences, Tokyo, Japan)
density gradient centrifugation and suspended in 2% FCS/D-PBS. Specific volumes of
antibodies that are listed in Supplementary Table S3 were added to 50 µL of the cell
suspensions for 30 min at 4 ◦C. In total, 1 mL of 2% FCS/D-PBS was added to the stained
cell suspensions, centrifuged at 1200 rpm for 5 min at 4 ◦C, washed with 2% FCS/D-PBS
twice, resuspended in 300 µL of 2% FCS/D-PBS, and analyzed using a FACS Canto II
(BD Bioscience, Franklin Lakes, NJ, USA). The gating strategy is shown in Supplementary
Figure S2. A fraction of cells within each gating scheme was used for subsequent analysis.

4.16. Multivariate Statistical Analysis

Statistical analyses were conducted with R (version 3.6.1). Depending on the normality
of the data, Mann–Whitney’s U-test or Kruskal–Wallis test was used to perform statistical
analysis among a comparison of the 3 groups. Adonis was performed for the principal
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coordinates analysis (PCoA) of microbiomes and the changes in fructose concentration
over time in feces from the individuals. For time-course analysis of SCFAs, repeated one-
way ANOVA was applied. The p-values were corrected for multiple testing using the
Benjamini-Hochberg (BH) method.

5. Conclusions

The present study confirmed large inter-individual variability in the gut ecosystem and
its response to FOS supplementation. This study also suggests that differences in the gene
expression of enzymes that are involved in the fructose metabolism pathway contribute
to individual differences in fructose catabolism upon their FOS intake. Furthermore, the
study shows an acute response in the immune system regardless of individual variability
in the composition of the gut microbiome. Since the study was conducted with only
11 male participants, the results cannot be generalized, and further studies are necessary
with a larger sample size, and the inclusion of females in future research, to obtain more
comprehensive conclusions. Nevertheless, the present study provided insight into the
potential factors that influence the effects of FOS supplementation and emphasizes the
importance of understanding individual variability. The accumulation of “personalized”
knowledge on gut ecosystems may enable effective instructions on prebiotic consumption
to optimize health benefits for individuals in the future.
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Abstract: Egg-derived peptides play important roles in insulin secretion and sensitivity, oxidative
stress, and inflammation, suggesting their possible involvement in obesity management. Hence,
the aim of this study is to explore the alleviating effects of IRW (lle-Arg-Trp) and IQW (lle-Gln-Trp)
on obesity via the mouse model induced by a high-fat diet. The entire experimental period lasted
eight weeks. The results demonstrated that IQW prevented weight gain (6.52%), decreased the
glucose, low-density lipoprotein (LDL), malonaldehyde, triglycerides, total cholesterol (TC), and
leptin levels, and increased the concentration of adiponectin (p < 0.05, n = 8). Although IRW failed to
prevent weight gain, it reduced the concentration of glucose, high-density lipoprotein (HDL), LDL,
and leptin, and increased the concentration of adiponectin (p < 0.05, n = 8). Moreover, IRW and
IQW increased glucose tolerance and insulin resistance based on the results of the intraperitoneal
glucose test and insulin tolerance test (p < 0.05, n = 8). The quantitative polymerase chain reaction
results revealed that IRW and IQW downregulated the mRNA expression of DGAT1 (Diacylglycerol
O-Acyltransferase 1), DGAT2 (Diacylglycerol O-Acyltransferase 2), TNF-α, IL-6, and IL-1β of liver
tissue (p < 0.05, n = 8). The results of the 16S ribosomal RNA amplicon sequencing showed that IQW
and IRW tended to reduce the relative abundance of Firmicutes and Parabacteroides, and that IRW
enhanced the abundance of Bacteroides (p < 0.05, n = 8). Collectively, IRW and IQW supplementation
could alleviate the progression of obesity due to the fact that the supplementation reduced lipid
deposition, maintained energy balance, and reprogrammed gut microbiota.

Keywords: peptides; obesity; lipid determination; gut microbiota; short chain fatty acids

1. Introduction

Obesity, as a major health hazard, has attracted widespread attention due to its
association with an elevated risk of death and a substantially increased risk of costly
chronic diseases. A study calculated the weight and height data of 128.9 million children,
adolescents, and adults from 1975 to 2018 and provided the body mass index trends for all
countries in the world [1]. It warns of the rise in the prevalence of obesity in each country.
Obesity is accompanied by health-threatening complications such as diabetes, hypertension,
cardiovascular diseases, and stroke, thereby leading to a diminished quality of life and
a shorter life expectancy [2]. The underlying cause of obesity is the energy imbalance
between long-term excessive calorie intake and low calorie expenditure [3]. Enlarged
adipose tissue is one of the characteristics of obesity, as it stores excess energy intake during
the development of obesity, while adipocyte hypertrophy may damage adipose tissue
function by inducing metabolic changes, mechanical stress, and local inflammation [4–6].
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Although the liver is the main organ of lipid distribution, when it reaches the upper limit
of lipid storage capacity, it leads to fatty liver [7]. Lipid deposition in the liver is a complex
process, and the lipid secreted by the liver is essential for preventing it. Studies in rat
models have shown that the main mechanism of dietary-induced hepatic steatosis is the
inhibition of lipoprotein secretion [8].

Gut microbiota is a complex microbial ecosystem in the gut that plays a vital role in
metabolism, immune response, and other key physiological pathways of the host [9–11].
The influence of gut microbiota on the host is multifaceted, including the provision of
nutrients, the regulation of metabolism, and the regulation of immunity [12]. Environmental
disruption of gut microbiota composition and function may cause mild inflammation,
leading to obesity-related diseases [13–15]. Another contribution of gut microbes is the
decomposition of non-digestible nutrients, including pectin, fiber, and resistant starches,
which are produced by the fermentation of short-chain fatty acids (SCFAs), such as acetate,
propionate, and butyrate, in the distal intestine [16]. SCFAs are an important energy
source for the intestinal epithelium and liver, and they affect many important metabolic
processes, including intestinal barrier function [17,18], intestinal immunity [19,20], hepatic
gluconeogenesis, and adipogenesis [21,22].

Bioactive peptides play a vital role in metabolic regulation. Substantial evidence
suggests that the small peptides released from the hydrolysis of animal, plant, and mi-
crobial proteins have many beneficial health properties, such as anti-hypertension [23],
anti-oxidation [24], anti-obesity [25], hypocholesterolemic, and immune regulation [26,27].
IRW and IQW are identified as novel ACE inhibitory peptides that can alleviate the in-
flammatory response and oxidative stress of endothelial cells induced by tumor necrosis
factor (TNF) [28]. These two egg protein transferrin-derived peptides were characterized
from an integrated in silico digestion and comprehensive quantitative structure–activity
relationship (QSAR) prediction and bioinformatics methods [29]. A study on a spon-
taneous hypertensive rodent model showed that IRW reduced blood pressure through
the angiotensin-converting enzyme (ACE)2/Ang (1–7)/MasR axis, suggesting that IRW
was the activator of ACE2 in vivo and that the activation of ACE2 was beneficial in en-
hancing endothelium-dependent vasodilation and reducing vascular inflammation [23].
Majumder et al. also demonstrated that IQW could not only reduce blood pressure by
suppressing the generation of plasma Angiontein II, but also exert protective effects against
inflammation in spontaneously hypertensive rats [30]. The purpose of the current study is
to investigate whether IRW and IQW have preventive effects on the development of obesity
by establishing a rodent obesity model on a high-fat (HF) diet. We explored the effects of
IRW and IQW on lipid deposition, energy homeostasis, gut microbiota, and the metabolites
of SCFAs, as well as the potential effect of gut microbiota on the development of obesity.
The results showed that IRW and IQW could prevent obesity induced by an HF diet by
reducing lipid deposition and regulating intestinal microbial composition.

2. Results
2.1. Body Weight and Organ Indexes of the Mice

The body weight and organ indexes of the mice are shown in Figure 1A–D. The results
demonstrated that the body weight of the HF group remarkably increased compared to the
CON group from the second week and the HF-IQW group from the fourth week (p < 0.05).
No significant difference was observed in the HF-IRW group (p > 0.05). The HF diet caused
a greater increase in body weight of the HF and HF-IRW groups from the second week in
comparison with CON and HF-IQW groups (p < 0.05). IQW reduced the weight of the liver
compared to the HF group (p < 0.05). IRW tended to decrease the weight of the liver, but no
significant difference was found (p > 0.05). Moreover, the weight of perirenal adipose tissue
showed no significant difference (p > 0.05). Collectively, IRW and IQW supplementation
retarded weight gain.
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Figure 1. Egg protein transferrin-derived peptides IRW (lle-Arg-Trp) and IQW (lle-Gln-Trp) slowed
weight gain, and IQW decreased the liver index of mice fed an HF (high-fat) diet. (A) Body weight
of mice from week 0 to week 8; (B) body gain of mice from week 1 to week 8; (C) liver index of the
mice; (D) perirenal adipose index of the mice. CON: the mice were fed the control diet; HF: the mice
were fed an HF diet; HF-IRW: the mice were fed an HF diet and drank water supplemented with
0.03 g/L IRW starting from the fifth week; HF-IQW: the mice were fed an HF diet and drank water
supplemented with 0.03 g/L IQW starting from the fifth week. * indicates p < 0.05 between the HF
group and other groups.

2.2. Biochemical Assays, Glucose Tolerance and Insulin Aensitivity of the Mice

The lipid and GLU levels in the serum were analyzed (Figure 2C–F). The results
revealed that the HF diet increased the GLU, HDL, and LDL levels (p < 0.05), but it did
not significantly affect the serum TG (p > 0.05). The GLU, HDL, and LDL levels decreased
with IRW, and IQW decreased the concentrations of GLU and LDL. The serum ALT and
AST levels were also measured in this study, but no significant difference was found after
administration of IRW and IQW (p > 0.05). The IGTT and ITT results showed that the HF
diet increased the GLU level (p < 0.05). The administration of IRW and IQW reduced the
GLU level after intraperitoneal GLU and insulin. In summary, IRW and IQW improved
lipid accumulation and metabolic disorders induced by an HF diet.

2.3. Pathological Observation and Lipid Deposition of Hepatic Tissue

In order to investigate the molecular mechanism of IRW and IQW in triglyceride
synthesis and β-oxidation, we determined the expression of several genes in the liver
tissue, such as DGAT1, DGAT2, Acadm, and Cpt1a (Figure 3A–D). The results showed
that IRW and IQW decreased the mRNA expression of DGAT1 and DGAT2 (p < 0.05) but
had no effect on the expression of Acadm and Cpt1a (p > 0.05). In order to analyze the
hepatic inflammation response induced by an HF diet, inflammation-related genes (TNF-α,
interleukin (IL)-6, and IL-1β) were measured (Figure 3E–G). The results revealed that IRW
and IQW reduced the mRNA expression of TNF-α, IL-6, and IL-1β induced by an HF
diet (p < 0.05). Moreover, we determined the oxidation products and hepatic lipid level
(Figure 3H–J). The results showed that IRW and IQW reduced the hepatic MDA level
(p < 0.05) and that IQW supplementation decreased the concentration of TG and TC
(p < 0.05). Likewise, the results of hepatic lipid deposition measured by oil red O staining
showed that IRW and IQW alleviated the lipid deposition of hepatic tissue (Figure 3K–N).
These results indicate that IRW and IQW prevent the liver from undergoing an inflamma-
tion response or oxidative stress, and alleviate hepatic lipid deposition.
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Figure 2. Effects of egg protein transferrin-derived peptides IRW (lle-Arg-Trp) and IQW (lle-Gln-Trp)
on the biochemical serum biochemistry, GLU tolerance, and insulin sensitivity of mice fed an HF diet.
(A–F) The biochemical analyses included alanine aminotransferase (ALT), aspartate aminotransferase
(AST), glucose (GLU), triglyceride (TG), high-density lipoprotein (HDL), and low-density lipoprotein
(LDL). GLU tolerance was indicated by the changing tendency of GLU after intraperitoneal glucose
(G), and insulin sensitivity was indicated by the changing tendency of GLU after intraperitoneal
insulin (H). * indicates p < 0.05 between the HF group and other groups.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 5 of 16 
 

 

 

 
Figure 3. Effects of egg protein transferrin-derived peptides IRW (lle-Arg-Trp) and IQW (lle-Gln-
Trp) on lipid deposition and inflammation of the liver of mice fed an HF diet. (A–G) mRNA expres-
sion of DGAT1 (Diacylglycerol O-Acyltransferase (1), DGAT2 (Diacylglycerol O-Acyltransferase (2), 
Cpt1a (carnitine palmitoyltransferase 1A), Acadm (acyl-CoA dehydrogenase medium chain), TNF-
α, IL-6, and IL-1β. (H–J) MDA, triglyceride, and total cholesterol levels. (K–N) Oil red O staining 
(microscope’s magnification= 100 times) of the CON, HF, HF-IRW, and HF-IQW groups. MDA: 
malondialdehyde. * indicates p < 0.05 between the HF group and other groups. 

2.4. Pathological Observation and Lipid Deposition of Adipose Tissue 
In order to explore the energy status of adipose tissue induced by an HF diet, the 

weight of adipose tissue was analyzed, and the concentrations of leptin and adiponectin 
were measured (Figure 4A–D). The results revealed that, compared to the CON group, 
the HF diet increased the weight of eWAT and ingWAT as well as the leptin level, and 
decreased the adiponectin level (p < 0.05). IRW and IQW supplementation mitigated the 
weight of eWAT and ingWAT, decreased the concentration of leptin, and increased adi-
ponectin induced by the HF diet (p < 0.05). Moreover, the HE staining results of adipose 
tissue demonstrated that the HF diet increased eWAT and ingWAT hypertrophy relative 
to the tissue in the CON group, and that IRW and IQW supplementation could retard this 
trend (Figure 4E). Thus, IRW and IQW could protect adipose tissue from energy disorders 
and tissue hypertrophy induced by an HF diet. 

Figure 3. Effects of egg protein transferrin-derived peptides IRW (lle-Arg-Trp) and IQW (lle-Gln-Trp)
on lipid deposition and inflammation of the liver of mice fed an HF diet. (A–G) mRNA expres-
sion of DGAT1 (Diacylglycerol O-Acyltransferase (1), DGAT2 (Diacylglycerol O-Acyltransferase
(2), Cpt1a (carnitine palmitoyltransferase 1A), Acadm (acyl-CoA dehydrogenase medium chain),
TNF-α, IL-6, and IL-1β. (H–J) MDA, triglyceride, and total cholesterol levels. (K–N) Oil red O
staining (microscope’s magnification= 100 times) of the CON, HF, HF-IRW, and HF-IQW groups.
MDA: malondialdehyde. * indicates p < 0.05 between the HF group and other groups.
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2.4. Pathological Observation and Lipid Deposition of Adipose Tissue

In order to explore the energy status of adipose tissue induced by an HF diet, the
weight of adipose tissue was analyzed, and the concentrations of leptin and adiponectin
were measured (Figure 4A–D). The results revealed that, compared to the CON group,
the HF diet increased the weight of eWAT and ingWAT as well as the leptin level, and
decreased the adiponectin level (p < 0.05). IRW and IQW supplementation mitigated
the weight of eWAT and ingWAT, decreased the concentration of leptin, and increased
adiponectin induced by the HF diet (p < 0.05). Moreover, the HE staining results of adipose
tissue demonstrated that the HF diet increased eWAT and ingWAT hypertrophy relative to
the tissue in the CON group, and that IRW and IQW supplementation could retard this
trend (Figure 4E). Thus, IRW and IQW could protect adipose tissue from energy disorders
and tissue hypertrophy induced by an HF diet.

Figure 4. Effects of egg protein transferrin-derived peptides IRW (lle-Arg-Trp) and IQW (lle-Gln-Trp)
on the lipid deposition of adipose tissue of mice fed an HF diet. (A,B) Index of ingWAT and eWAT,
respectively. (C,D) Leptin and adiponectin levels. (E) ingWAT: inguinal white adipose tissue; eWAT:
epididymal white adipose tissue (microscope’s magnification= 200 times). * indicates p < 0.05 between
the HF group and other groups. # indicates p < 0.05 between the CON group and other groups.

2.5. Egg Protein Transferrin-Derived Peptides IRW and IQW Can Reprogram Gut Microbiota

Gut microbiota is closely related to obesity. Thus, the colonic microbiota was examined
using 16S ribosomal RNA amplicon sequencing. The results showed that IRW and IQW
increased the ACE and Shannon indexes compared to the CON group, but decreased the
Simpson index (Figure 5A–D, p < 0.05). We further analyzed the composition of micro-
biota at the phylum level (Figure 5E–K) and found that IQW supplementation inhibited
the growth of Bacteroidetes compared to the HF group and reduced the growth of Ver-
rucomicrobia compared to the CON group. Moreover, compared to the CON group, an
increased relative abundance of Firmicutes was observed in the HF diet. IRW and IQW
tended to decrease the relative abundance of Firmicutes (p > 0.05). Moreover, IRW and IQW
administration had no effect on the relative abundance of Actinobacteria, Proteobacteria,
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and Deferribacteres (p > 0.05). At the genus level, the top 10 microbiota are illustrated
in Figure 5L. The results showed that Bacteroides, Akkermansia, Parabacteroides, and Ru-
minococcus are the main bacteria at the genus level. The HF diet decreased the relative
abundance of Bacteroidales, Akkermansia, and Parabacteroides compared to the CON group
(p < 0.05). IRW supplementation decreased the abundance of Bacteroidales and increased
that of Parabacteroides compared to the HF group (p < 0.05). IQW supplementation tended
to increase Parabacteroides, but no significant difference (p > 0.05) was observed. Thus, IRW
and IQW supplementation could reprogram gut microbiota to maintain gut health.

Figure 5. Effects of egg protein transferrin-derived peptides IRW (lle-Arg-Trp) and IQW (lle-Gln-Trp)
on the gut microbiota of mice fed an HF diet. (A–D) The diverse indexes include chao index, ACE,
Shannon index, and Simpson index. (E) Heat map of the top 10 microbiota at the phylum level.
(F–K) Relative abundance of Bacteroidetes, Verrucomicrobia, Firmicutes, Actinobacteria, Proteobacteria,
and Deferribacteres, respectively. (L) Microbiota composition at the order level. (M–U) Relative abun-
dance of Bacteroidales, Verrucomicrobiales, Erysipelotrichales, Bacteroides, Akkermansia, Parabacteroides,
Ruminococcus, Ruminiclostridium, and Faecalibaculum, respectively. * indicates p < 0.05. (V) Microbiota
composition at the genus level.
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The LEfSe analysis of colonic microorganisms among CON, HFD, and HFD-IRW
groups is shown in Figure 6A. The result revealed that four bacterial biomarkers were
detected in the CON group, including Porphyromonadaceae, Lactobacillaceae, Lactobacil-
lales and Bacilli; two bacterial biomarkers were detected in the HFD group, including
Mollicutes and Tenericutes; and two bacterial biomarkers were detected in the HFD-IRW
group, including Prevotellaceae and Ruminococcaceae. The LEfSe analysis of colonic
microorganisms among CON, HFD, and HFD-IQW groups is shown in Figure 6B. The
result revealed that one bacterial biomarker was detected in the CON group (Porphy-
romonadaceae); six bacterial biomarkers were detected in the HFD group, including Bac-
teroidales, Bacteroidia, Bacteroidetes, Peptostreptococcaceae, Mollicutes and Tenericutes;
and nine bacterial biomarkers were detected in the HFD-IQW group, including Bacillales,
Carnobacteriaceae, Clostridiaceae, Erysipelotrichaceae, Erysipelotrichales, Erysipelotrichia,
Moraxellaceae, Pseudomonadales, Gammaproteobacteria.

Figure 6. LEfSe analysis of microbiota in colon content. Linear discriminant analysis among (A) and
(C) CON, HFD, and HFD-IRW, (B) and (D) among CON, HFD, and HFD-IQW. The red, green, and
blue nodes in the phylogenetic tree signify the microbial species which perform a vital role in the
groups. The yellow nodes signify the species with no significant difference.
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2.6. SCFA Concentration in Feces

SCFAs have many beneficial effects on the mammalian energy metabolism. To examine
the change in SCFAs in feces, we measured their concentrations (Figure 7A–F). The HF
diet was found to decrease the level of propionic acid and increase the level of valeric
acid compared to the CON group (p < 0.05). IRW and IQW supplementation decreased
the concentration of valeric acid and isobutyric acid relative to the HF group (p < 0.05).
Moreover, IQW supplementation decreased the acetic acid level compared to the HF group,
and IRW supplementation increased the propionic acid level compared to the HF group
(p < 0.05).

Figure 7. Effects of egg protein transferrin-derived peptides IRW (lle-Arg-Trp) and IQW (lle-Gln-Trp)
on SCFAs (short-chain fatty acid) in the feces of mice fed an HF diet. (A) Concentration of acetic acid;
(B) concentration of propionic acid; (C) concentration of butyrate; (D) concentration of Valeric acid;
(E) concentration of Isobutyric acid; (F) concentration of Isovaleric acid. * indicates p < 0.05 between
the HF (high-fat diet) group and other groups.

2.7. Correlation Analysis between Differential Gut Microbe with SCFA or Lipid Deposition-Related
Factors in Serum

Gut microbiota affects host nutrition and energy regulation, as well as the develop-
ment of obesity. In order to explore the relationship between gut microbiota and other
chemical substances in the development of obesity, we investigated the correlation be-
tween gut microbiota with SCFA and lipid deposition-related factors (Figure 8A–P). The
results showed a positive correlation between acetic acid and Bacteroides; a positive cor-
relation between propionic acid and Parabacteroides; a negative correlation between GLU
and Parabacteroides/Akkermansia/Verrucomicrobia; a negative correlation between LDL and
Parabacteroides, but a positive correlation with Firmicutes; a negative correlation between
HLD and Parabacteroides/Akkermansia/Verrucomicrobia, but a positive correlation with Firmi-
cutes; a negative correlation between leptin and Parabacteroides; and a positive correlation
between adiponectin and Akkermansia/Verrucomicrobia, but a negative correlation with
Firmicutes and Erysipelotrichales.
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Figure 8. Correlation analysis between the gut microbe with SCFAs (short-chain fatty acids) and the
lipid deposition-related factor. (A) Bacteroides vs. acetic acid; (B) Parabacteroides vs. propionic acid;
(C) Parabacteroides vs. GLU; (D) Parabacteroides vs. LDL; (E) Parabacteroides vs. HLD; (F) Parabacteroides
vs. leptin; (G) Akkermansia vs. GLU; (H) Akkermansia vs. HLD; (I) Akkermansia vs. adiponectin;
(J) Firmicutes vs. LDL; (K) Firmicutes vs. HLD; (L) Firmicutes vs. adiponectin; (M) Verrucomicrobia
vs. HLD; (N) Verrucomicrobia vs. adiponectin; (O) Verrucomicrobia vs. GLU; (P) Erysipelotrichales
vs. adiponectin.

3. Discussion

As multifunctional compounds derived from proteins, bioactive peptides have a posi-
tive effect on body functions and may ultimately affect health [31]. Most natural processes
in the body are signaled or regulated by the interaction of specific amino acid sequences,
which can be peptide or protein segments [32]. The amino acid sequence of bioactive
peptides may affect major body systems, such as hypertension, diabetes, cardiovascu-
lar, antimicrobial, and immune, and therefore have broad therapeutic applications in the
future [23,33]. The milk-derived peptide Val-Pro-Pro was found to prevent a fatty inflamma-
tion response between fat cells and macrophages and to act as an ACE inhibitor to improve
obesity-related insulin resistance, thereby improving the development of obesity [34]. In
addition, studies have shown that IRW reduces blood pressure in spontaneously hyperten-
sive rats, acts as an ACE2 activator to enhance endothelium-dependent vasodilation, and
reduces vascular inflammation [23]. Our study demonstrated that IRW and IQW could
reduce lipid deposition, increase GLU tolerance and insulin resistance, and reprogram
gut microbiota.
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WAT is a loose connective tissue with a highly organized vascular system. In addition
to the functions of structural buffering, passive insulation, and GLU and lipid home-
ostasis, WAT also has other functions, such as regulating the metabolism and immune
function of endocrine signaling organs [35,36]. Lipid homeostasis and immune function
in the body may be out of order after excess adiposity caused by adipocyte hypertro-
phy and hyperplasia. Excess lipids and impaired lipid storage are partly responsible for
obesity; thus, fatty acids affect insulin signaling pathways [37]. Adipose tissue is the
main source of energy for the human body, along with adipocytokine adiponectin and
leptin [38]. Leptin is an anti-obesity hormone secreted by adipocytes discovered through
positional cloning, and it has pleiotropic effects on energy homeostasis as well as en-
docrine and metabolic physiology and pathology [39]. Leptin levels in human plasma
are usually associated with fat mass and changes in energy [40]. Adiponectin, the pro-
tein most abundant in WAT, has been implicated in the regulation of insulin resistance,
type 2 diabetes, atherosclerosis, and other diseases induced by obesity [41]. Our results
showed that IRW and IQW supplementation inhibited the hypertrophy of eWAT and ing-
WAT and reduced the leptin and adiponectin levels induced by the HF diet (Figure 4A–D).

Hepatic lipid accumulation may lead to fatty liver and contribute to systemic metabolic
dysfunction. The severity of fatty liver disease is directly relevant to the characteristics of
metabolic syndrome, including hyperglycemia, insulin resistance, hypertriglyceridemia,
and hyperinsulinemia [42,43]. An HF diet has been found to induce hepatomegaly and
lipid deposition and to increase triglyceride levels in rodent models [44]. The liver plays
an important role in maintaining GLU homeostasis. In insulin resistance, an increase in
gluconeogenesis leads to an increase in hepatic glucose production [45,46]. Moreover, the
disorder of glucose metabolism regulation is one of the characteristics of obesity, and is
often accompanied by elevated levels of chronic inflammatory markers in the liver and
obese tissues, such as TNF-α, IL-6, and IL-1 β [47]. An uncontrolled proinflammatory
response may contribute to a chronic inflammatory state, promote a favorable tumor
microenvironment, or promote immune transition activation and cancer growth [48]. Our
results suggest that IRW and IQW reduced the levels of glucose, HDL, and LDL, improved
GLU tolerance and insulin resistance induced by the HF diet, and decreased the mRNA
expression of TNF-α, IL-6, and IL-1β (Figure 3E–G). Moreover, we examined the expression
of Cpt1a and Acadm, which participated in β-oxidation, as well as the expression of
DGAT1 and DGAT2, which participate in triglyceride synthesis. IRW and IQW promoted
the expression of DGAT1 and DGAT2 in liver tissue and reduced the concentration of
serum MDA, but they had no significant effect on Cpt1a and Acadm (Figure 3A–G).

Unhealthy eating habits have an adverse effect on gut microbiota homeostasis, which
can lead to low levels of inflammation, thereby inducing diseases associated with obe-
sity [12]. The variation in gut microbiota controls metabolic endotoxemia, inflammation,
and related diseases by increasing intestinal permeability. The level of LPS in the cecum
was reduced in ob/ob mice, and the mice were fed an HF diet after administering antibiotics.
This effect has also been found to be associated with reduced GLU intolerance, weight
gain, and inflammation. In addition, better intestinal permeability was shown in the HF
diet, but the expression of genes related to the tight junction protein in intestinal tissue
was inhibited [49]. Generally, obese individuals had decreased Bacteroidetes and increased
Firmicutes levels (Figure 5F–K) [50]. However, changes at the smaller microbial commu-
nity level, rather than at the phylum level, have been found to be associated with the
development of obesity [51,52]. Parabacteroides distasonis (PD) is a probiotic in the human
body that treats diarrhea and constipation. Its content is negatively correlated with obesity,
non-alcoholic fatty liver disease, and diabetes. One study revealed that PD improved the
symptoms of obesity, insulin resistance, lipid metabolism disorder, and non-alcoholic fatty
liver in HF diet-fed mice and ob/ob model mice, which could be related to the extensive bile
acid conversion and intestinal gluconeogenesis function of PD [53]. In addition, Bacteroides,
as the main microorganism in the intestine, has anti-obesity effects in animal models [54].
Our results show that IQW and IRW tended to decrease the relative abundance of Firmicutes
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and Parabacteroides, and that IRW increased the abundance of Bacteroides. The mechanism of
egg protein transferrin-derived peptides regulating fat deposition based on microorganisms
needs further exploration.

4. Methods and Materials
4.1. Animal and Experimental Design

An animal experiment was conducted in accordance with Hunan Agricultural Univer-
sity’s rules for the care and use of laboratory animals, with approval from the animal care
committee of Hunan Agricultural University. A total of 32 nine-week-old C57BL/6J male
mice were obtained from SLAC Laboratory Animal Central (Changsha, China).

Egg protein transferrin-derived peptides were synthesized by ChinaPeptides (Suzhou,
Jiangsu, China). Purity detection of freeze-dried peptides was conducted by high perfor-
mance liquid chromatography. The purity of IRW (Molecular Weight: 473.58) and IQW
(Molecular Weight: 445.52) was 87.91% and 93.04%, respectively, and impurity includes
moisture and water-soluble salt.

All animals were bred in a sterile environment at a room temperature of 22 ± 2 ◦C,
relative humidity of 50 ± 5%, light cycle of 12 h/d (i.e., 6:30 a.m. to 6:30 p.m.), and with
ad libitum food and water. After seven days of acclimation, all animals were randomly
divided into four groups (Table 1, n = 8). The HF diet consisted of 54.9% corn, 5.6% casein,
18% soybean, 6.5% brewer’s yeast, 11.3% lard, 0.8% soybean oil, 0.5% salt, 1.4% fish meal,
and 1% premix. In accordance with Research Diets, the lard content in the control diet
was 0.7%. The entire experimental period lasted eight weeks. During the last week of the
experiment, after collecting blood from the retroorbital sinus, each mouse was sacrificed
through cervical dislocation. Afterward, the liver and white adipose tissue (WAT), including
epididymal white adipose tissue (eWAT), inguinal white adipose tissue (ingWAT), and
perirenal adipose tissue, were separated and collected. The liver and adipose tissue were
fixed in a 4% formaldehyde solution. The colon contents were kept in sterile tubes. The
sample was snap-frozen in liquid nitrogen and then stored at −80 ◦C until analysis.

Table 1. Group name and treatment.

Group Name Treatment

Group 1, control group: CON mice were fed the control diet
Group 2, high-fat diet: HF mice were fed a high-fat diet

Group 3, HF-IRW (lle-Arg-Trp)
mice were fed a high-fat diet and drank water

supplemented with 0.03 g/L IRW starting from
the fifth week

Group 4, HF-IQW (lle-Gln-Trp)
mice were fed a high-fat diet and drank water

supplemented with 0.03 g/L IQW starting from
the fifth week

The intraperitoneal glucose test (IGTT) and insulin tolerance test (ITT) were carried
out nine days and seven days before the end of the experiment, respectively. After 6 h of
fasting, the mice were injected intraperitoneally with 1 g/kg body weight of glucose, and
blood glucose concentrations was detected through the tail vein at 0, 15, 60, 90, and 120 min.
The mice were injected intraperitoneally with 0.65 U/kg body weight of insulin, and blood
glucose concentrations were measured at 0, 15, 30, 60, 90, and 120 min.

4.2. Biochemical Assays

The biochemical indicators measured in serum included alanine aminotransferase
(ALT), aspartate aminotransferase (AST), glucose (GLU), triglyceride (TG), high-density
lipoprotein (HDL), and low-density lipoprotein (LDL), following the manufacturer’s in-
structions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The levels of leptin
and adiponectin were detected according to the manufacturer’s instructions (CUSABIO,
Wuhan, China).
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4.3. Detection of Triglyceride (TG), Total Cholesterol (TC) and Malondialdehyde (MDA) in Mice of
Liver Tissue

The liver tissues were homogenized at 1:9 (m:v) and centrifuged at 6000 rpm for 10 min
at 4 ◦C before transferring the supernatant for further detection. TG, TC, and MDA levels
were measured following the instructions mentioned previously (Jiancheng Bioengineering
Institute). The concentration of protein was determined according to the BCA Protein
Assay Kit (Beyotime, Shanghai, China).

4.4. Pathological Observation of Liver and Adipose Tissue

The liver was immobilized in 4% formaldehyde for 48 h. It was cut into 8-µm thick
slices, which were roasted, dewaxed, and stained with hematoxylin and eosin (HE) for
1 min. The slices were dehydrated using a gradient concentration of alcohol and sealed
with neutral gum. Liver tissues of pathological status were observed using an optical
microscope (Motic, Beijing, China).

4.5. Oil Red O Stain and Hepatic Lipid Determination

The frozen embedded liver tissues were cut into 6-µm thick slices, and 100 µL oil red
O was added. The slices were placed in a wet box, incubated at room temperature for
20 min, and observed under a microscope (Motic, Beijing, China) after hematoxylin staining
and buffered glycerin sectioning.

4.6. Quantitative Polymerase Chain Reaction (PCR) Analysis

Total RNA from the liver was extracted using TRIZOL reagent (Invitrogen, Carlsbad,
CA, USA) and then treated with DNase I (Invitrogen). The reverse transcriptional program
was performed at 37 ◦C for 15 min and at 95 ◦C for 5 s. The primers used in this study are
shown in Table S1. β-actin served as the housekeeper gene for gene normalization. The
PCR cycling program was conducted at 94 ◦C for 5 s and at 5 ◦C and 72 ◦C for 30 s. The
target gene of the relative expression in the comparison with β-actin was calculated using
the method of comparing the Ct value.

4.7. 16S rRNA Amplicon Sequencing for Colon Microbe

The process of 16S rRNA sequencing for the colon microbe was performed following
a previous study [55]: genomic DNA quality control, design, and synthesis of the primer
splice, PCR amplification and purification of PCR products, quantification and homoge-
nization of PCR products, and MiSeq high-throughput sequencing (Illumina, San Diego,
CA, USA).

4.8. Determination of Faecal Short-Chain Fatty Acid

The concentration of SCFAs and other related organic acids (acetic acid, butyrate,
valeric acid, isovaleric acid, etc.) was analyzed using a gas chromatography (GC) system
(Agilent 7890A, Agilent, Palo Alto, CA, USA). The GC detection program parameters
are shown in the supplementary materials. A freeze-dried colon digesta of 100 mg was
mixed with 1 mL of ultrapure water and centrifuged at 10,000 rpm for 10 min at 4 ◦C.
The supernatant was adjusted to 1 mL. Then, 25% metaphosphoric acid was added at a
9:1 ratio: a 900 µL sample and 100 µL of 25% metaphosphoric acid (Sinopharm, Shanghai,
China) were mixed and added into a 2 mL tube. After mixing, the mixture was left to
sit at a standing reaction time of 3–4 h at an ambient temperature. The mixture was
then centrifuged at 12,000 rpm for 15 min. The supernatant was filtered using a 45-µm
microporous filter membrane (nylon series) and then added to the sample bottle for on-
board detection.
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4.9. Data Analysis

Data analysis was conducted using a one-way analysis of variance to check the ho-
mogeneity of variance, using Levene’s test and Student’s test through SPSS 21 (Chicago,
IL, USA) for Windows. GraphPad Prism 7.00 (San Diego, CA, USA) software was used
to conduct a Pearson correlation between the colonic microbe with SCFA and the lipid
deposition-related factors in the serum. A significant difference was determined at p < 0.05.

5. Conclusions

This study proved that IQW and IRW exhibited a mitigative effect on HF diet-induced
obesity in a rodent model. The results showed that IQW and IRW ameliorated the nega-
tive effect of the HF diet on GLU tolerance and insulin resistance, reduced hepatic lipid
deposition and inflammation, improved the hypertrophy of adipose tissue, and repro-
grammed gut microbiota. Moreover, IQW prevented weight gain, but IRW did not. A
Pearson correlation analysis found that Parabacteroides was negatively correlated with GLU,
LDL, and leptin, but positively correlated with propionic acid. This finding is consistent
with previous studies in that the abundance of Parabacteroides is negatively correlated
with obesity. Conversely, Firmicutes was positively correlated with LDL and HDL, but
negatively correlated with adiponectin. This suggests that Firmicutes may be related to
lipid deposition and energy regulation. However, more research is needed to confirm the
potential role of these bacteria in obesity regulation, and to provide more evidence for
egg protein transferrin-derived peptides IRW and IQW in alleviating the adverse effects
of obesity.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms231911227/s1.
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Abstract: The gastrointestinal tract of humans is a complex microbial ecosystem known as gut mi-
crobiota. The microbiota is involved in several critical physiological processes such as digestion,
absorption, and related physiological functions and plays a crucial role in determining the host’s
health. The habitual consumption of specific dietary components can impact beyond their nutritional
benefits, altering gut microbiota diversity and function and could manipulate health. Phytochemicals
are non-nutrient biologically active plant components that can modify the composition of gut mi-
croflora through selective stimulation of proliferation or inhibition of certain microbial communities
in the intestine. Plants secrete these components, and they accumulate in the cell wall and cell sap
compartments (body) for their development and survival. These compounds have low bioavailability
and long time-retention in the intestine due to their poor absorption, resulting in beneficial impacts
on gut microbiota population. Feeding diets containing phytochemicals to humans and animals
may offer a path to improve the gut microbiome resulting in improved performance and/or health
and wellbeing. This review discusses the effects of phytochemicals on the modulation of the gut
microbiota environment and the resultant benefits to humans; however, the effect of phytochemicals
on the gut microbiota of animals is also covered, in brief.

Keywords: plant foods; phytochemicals; gut microbiota; digestive process; metabolic diseases; health
and wellness

1. Introduction

Around 400 B.C., Hippocrates said, “death sits in the bowels” and “bad digestion
is the root of all evil”, indicating the significant contribution of the human intestine to
improved health [1]. Taking humans as an example, gut microbiota (GM), also called gut
flora, is the name given to the microbial loads inhabiting our gastrointestinal (GI) tract, and
around 100 trillion micro-organisms comprising, primarily bacteria, inhabit the human
colon [2]. The human intestine is also inhabited by a lesser number of eukaryotic organisms,
such as fungi, protozoa, and viruses. Anaerobic bacteria are the predominant group of the
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microbial community present in the human colon, which creates one of the most densely
populated and diversified bacterial ecosystems in nature [3].

Although several hundred micro-organism species reside in the human colon, many
relevant studies and current findings collected from the Human Microbiome Project explain
that among individuals, the microbial population is greatly varied in composition [4,5].
The colonization of bacteria begins in utero, and lifelong changes take place in the com-
position of the GM, of which the significant alterations in number and diversity occur
during the breastfeeding period and at the commencement of solid food consumption.
Micro-organisms differ in number, type, and function throughout the GI tract. Still, the
GM is densely populated in the large intestine where the microbiota is involved in the
fermentation of undigested food components, especially fibers, some carbohydrates, and
oxidized proteins, together with more associated metabolic functions [1].

In the context of herbivores, ruminants (cattle, sheep, goats, alpacas, deer, etc.) cannot
directly digest plant material due to the lack of enzymes capable of breaking down high-
fibrous cell wall contents, such as cellulose and hemicellulose. Rather, the GI tract of
ruminants is inhabited by a large population of bacteria, protozoans, and fungi in their
four-chambered stomach (rumen, reticulum, omasum, and abomasum) capable of digesting
the high-fibrous plant materials. Partially or fully digested food passes through the last
compartment of the stomach to the small intestine and large intestine, and further digestion
and absorption of nutrients takes place by the host animal. The anatomical and functional
attributes of the small intestine of ruminants is similar to humans and other animals, and
ranges in length by approximately 12–30 times the animal’s body length [6].

Gut microbiota have been identified as capable sources of modern curative medicines [7].
Various details of the GM and its impacts on human health, including during childhood [8]
and certain diseases, such as inflammatory bowel diseases, cardiometabolic disorders,
cancer, and neuropsychiatric diseases, are considered in a large number of recent studies
and reviews [9,10]. Signals that stimulate the generation of cytokines are provided by the
GM, resulting in the alteration in the general development of the host immune system
functions, facilitated by maturation of the immune cells [11]. The relationship between
the microbiota and the host has a reciprocal nature, and it has been said that “feed your
microbiota and get fed by it” [12,13].

Dysbiosis is the impairment of GM and/or their functions due to several factors,
such as poor diet, insufficient exercise, stress, age, drugs, and xenobiotics [1,14]. The
inter-relationship among dysbiosis and diseases, namely those related to the GI tract, such
as ulcerative colitis, inflammatory bowel disease, colorectal cancer, and Crohn’s disease
as well as some disorders associated with extra-intestinal metabolism, such as obesity,
diabetes, cardiovascular disease, and related micro- and macrovascular complications are
supported by considerable evidence [15,16]. Correspondingly, an imbalance in the microbial
community can be caused by a pathological state. For example, metabolic disorders may
be promoted by dysfunction of the innate immune system through the modulation of the
GM [17,18].

The diet normally provides nutrients and energy for growth, development, and main-
tenance of life. At the same time, some food components of varying chemical structures
and functionalities offer health benefits that extend beyond their nutritional value when
consumed regularly, leading to improved health. These components are known as “nu-
traceuticals”, and foods containing these bioactive molecules are coined as “functional
foods” [19,20]. Functional foods are categorized as non-nutrient (probiotics and phyto-
chemicals) and macro- and micro-nutrients (fatty acids and vitamins) [21]. In humans,
herbivores, and mice, the composition of the GM can be modified by diet [22]. Long-term
dietary habits considerably influence human gut microbiota. Diet and changes in gut
pH can affect several physiological aspects of the intestinal environment, particularly the
absorption of nutraceuticals, micronutrients, and vitamins, consequently changing the
equilibrium of the intestinal ecology [23]. Many investigators examined the effects of

181



Int. J. Mol. Sci. 2022, 23, 8124

nutraceuticals on GM and their potential to remove pathogenic bacteria (or pathobionts)
without harming the favorable bacteria (symbionts).

Phytochemicals are non-nutrient plant compounds that are biologically active and
produced by the primary and secondary metabolism of plants. Phytochemicals are natural
functional ingredients widely present in fruits, vegetables, seeds and nuts, whole grain
products, legumes, dark chocolate, and tea, whose regular dietary intake was suggested
to reduce the occurrence of many chronic illnesses [24,25]. Relatively few types of phyto-
chemicals have been identified and isolated from plants but there are tens of thousands
of phytochemicals [26]. Phytochemicals benefit the human and animal body by altering
the intestinal microflora by selectively inducing the growth of some bacterial populations
in the gut, referred to as “probiotics” [27]. These consist of endosymbionts, including
yeast, bifidobacterium, lactic acid bacteria, and bacilli involved in human and animal GI
metabolism [28].

Phytochemicals may be categorized as polyphenols, alkaloids, terpenoids (carotenoid ter-
penoids and non-carotenoid terpenoid), organosulfur compounds, and nitrogen-containing
compounds based on their biosynthetic origins [29–31]. Classification of dietary phyto-
chemicals is shown in Figure 1. Polyphenols constitute the largest group among these
phytochemicals. There is increasing evidence demonstrating the ability of phytochemicals
to decrease inflammation, slow the growth rate of cancer cells, reduce the formation of
carcinogenic compounds, regulate gene expression and hormones’ intracellular signaling,
enhance the immune system, alleviate DNA damage, decrease oxidative destruction of
cells, and activate insulin receptors [32–34].

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW  3  of  41 
 

 

librium of the intestinal ecology [23]. Many investigators examined the effects of nutraceu‐

ticals on GM and their potential to remove pathogenic bacteria (or pathobionts) without 

harming the favorable bacteria (symbionts). 

Phytochemicals are non‐nutrient plant compounds that are biologically active and 

produced by the primary and secondary metabolism of plants. Phytochemicals are natural 

functional ingredients widely present in fruits, vegetables, seeds and nuts, whole grain 

products, legumes, dark chocolate, and tea, whose regular dietary intake was suggested 

to reduce the occurrence of many chronic illnesses [24,25]. Relatively few types of phyto‐

chemicals have been identified and isolated from plants but there are tens of thousands of 

phytochemicals [26]. Phytochemicals benefit the human and animal body by altering the 

intestinal microflora by selectively inducing the growth of some bacterial populations in 

the gut, referred to as “probiotics” [27]. These consist of endosymbionts, including yeast, 

bifidobacterium, lactic acid bacteria, and bacilli involved in human and animal GI metab‐

olism [28]. 

Phytochemicals may be  categorized as polyphenols, alkaloids,  terpenoids  (carote‐

noid terpenoids and non‐carotenoid terpenoid), organosulfur compounds, and nitrogen‐

containing compounds based on their biosynthetic origins [29–31]. Classification of die‐

tary phytochemicals is shown in Figure 1. Polyphenols constitute the largest group among 

these phytochemicals. There  is  increasing evidence demonstrating  the ability of phyto‐

chemicals to decrease inflammation, slow the growth rate of cancer cells, reduce the for‐

mation of carcinogenic compounds, regulate gene expression and hormones’ intracellular 

signaling, enhance  the  immune system, alleviate DNA damage, decrease oxidative de‐

struction of cells, and activate insulin receptors [32–34]. 

 

Figure 1. Classification of Dietary Phytochemicals (self‐generated) [EC: epicatechin; EGC: epigallo‐

catechin; ECG: epicatechin gallate; EGCG: epigallocatechin 3‐gallate]. 

Compared to the micro‐ and macro‐nutrients, the bioavailability of phytochemicals 

is very low within the human body due to their complex chemical structure and to their 

being metabolized as a xenobiotic [35]. The poor absorption of phytochemicals leads to 

extended retention times in the intestine where they may play a beneficial role by influ‐

encing the  intestinal ecology [36]. During the last two decades, the influence of dietary 

phytochemicals on GI microbial population and the fundamental mechanisms assumed 

for their favorable effects on extra‐intestinal and GI disorders have been illustrated [37–

Figure 1. Classification of Dietary Phytochemicals (self-generated) [EC: epicatechin; EGC: epigallo-
catechin; ECG: epicatechin gallate; EGCG: epigallocatechin 3-gallate].

Compared to the micro- and macro-nutrients, the bioavailability of phytochemicals is
very low within the human body due to their complex chemical structure and to their being
metabolized as a xenobiotic [35]. The poor absorption of phytochemicals leads to extended
retention times in the intestine where they may play a beneficial role by influencing the
intestinal ecology [36]. During the last two decades, the influence of dietary phytochemicals
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on GI microbial population and the fundamental mechanisms assumed for their favorable
effects on extra-intestinal and GI disorders have been illustrated [37–39]. However, there is
a need to comprehensively review recent studies related to the impact of phytochemicals
on gut microbiota of humans and their mechanism of action, including their relationship
with metabolic diseases. This review mainly covers the effects of phytochemicals on the
modulation of the gut microbiota environment and the resultant benefits to human health
to establish clear directions for their potential use in human diets; however, the effect of
phytochemicals on gut microbiota modulation of animals is also covered, in brief.

2. Human Gut Morphology and Composition of Healthy Microbiota

The surface area of the GI tract of humans is about 260–300 m2, which represents
major interactions among many parts of the human body, interior antigens, and exterior
environmental agents [40]. The intestinal microflora is a complex community consisting
of 10–100 trillion microbes represented by about 1000 species. A large number of external
micro-organisms and approximately sixty tonnes of food that pass through the GI tract
during the average lifetime threaten the intestine’s integrity [41]. A few decades ago, the
human GM was deemed to be the ‘forgotten organ’ and was simply considered to be a part
of an excretion system [42]; now it is recognized as an individual organ for metabolism in
the human body [43].

Humans and animals show a complex and mutual relationship with their symbiotic
collective community of intestinal micro-organisms, namely bacteria, eukaryotes (mainly
yeasts), viruses (mainly phages), archaea, and other microbial species, which have evolved
through thousands of years of joint development [39]. Even though many microbial
species exist, the human GI tract harbors approximately 1014 cells, chiefly anaerobes, such
as Bacteroidetes, Firmicutes, Proteobacteria, and Actinobacteria [9,44]. Nearly 90% of the
microbes present in the GI tract of adults are under the phyla Firmicutes (Gram-positive)
(for example, Lactobacillales, Clostridiales, and Ruminococcus species) and Bacteroidetes (Gram-
negative) (including Bacteroides and Prevotella species). Other phyla, such as Proteobacteria
(Gram-negative), Actinobacteria (Gram-positive, including Bifidobacterium), Fusobacteria,
and Verrucomicrobia (Gram-negative, including Akkermansia muciniphila) as well as some
facultative anaerobic bacteria represent a very low proportion [2,45–48].

The gut microbial population is profoundly influenced by the dietary habits associated
with the consumption of different types and amounts of phytochemicals [38,49,50]. Figure 2
depicts some of the known effects of phytochemicals on intestinal microflora. The gut’s
microbial composition changes along the entire length of the GI tract, depending on the
structure and function of the regions of the digestive system. From the proximal part of
the intestine to the distal portion, a significant increase in the microbial population density
and enhanced population of anaerobes occurs [44,51]. Because of the acidic environment
imparted by the gastric juices (chyme) secreted by the stomach, pancreas, and biliary, the
composition of the GM in the initial part of the proximal gut, mainly in the duodenum, is
similar to that of the stomach [52,53].

From the duodenum to the ileum, the bacterial population increases in number and
diversity toward the distal part of the gut as a result of the gradual increase in pH. This distal
portion is dominated by the phyla Bacteroidetes, Proteobacteria (mainly Escherichia coli),
Firmicutes (mainly Lactobacillus and Clostridium species), and Gram-negative facultative
anaerobes [41,47]. A more favorable nutritional environment with pH in the range of
5.7–6.8 exists in the large intestine, mainly in the colon, and this induces the proliferation
of the microbial population. This helps produce a more concentrated, complex, and diverse
community of intestinal microflora, containing obligate anaerobes that can live at very low
oxygen concentrations. The lumen of the intestine and the mucus layer of the inner lining
of the intestinal tract also have different compositions and physiology of microflora. In
addition, the distribution of aerobic and anaerobic microbial species also varies between
them [54,55].
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The colonization of microbes in the GI tract varies in humans and animal species. For
humans, the colonization starts in the first two years of life. During gestation, the gut of
infants is considered sterile, and it is not until after birth that the micro-organisms appear
in the gut of infants. The first colonization of the microbes and subsequent proliferation
throughout the intestine is crucial in achieving favorable outcomes by influencing the host’s
immune system [56]. As the human grows and the digestive tract develops, at around
2–3 years of age, the phylogenetic diversity of intestinal microflora is established, and a
stable and complex microbial ecosystem is generated [57].

The healthy intestinal ecology influences several vital functions (Figure 2) in the
host body, including the production of bile acid, satiety, lipogenesis, digestion process,
absorption of dietary nutrients, and innate immunity [58–60]. The GM contributes several
key metabolic functions (co-metabolism) to the host body, including its ability to protect
against harmful bacteria. This is carried out by maintaining and regulating the integrity
and permeability of the intestinal barrier, thereby influencing the homeostasis of the host.
In addition, their capacity to carry out bile biotransformation while establishing immunity
of the host and fermenting carbohydrates, proteins, and lipids and synthesizing a large
number of vitamins, essential and non-essential amino acids, and short-chain fatty acids
(SCFAs) [61,62]. Furthermore, some dietary components such as complex oligosaccharides
that are not easily digested, including a few indigestible polysaccharides (e.g., cellulose,
hemicellulose, pectins, unabsorbed sugars, resistant starches, alcohols, and gums) can be
metabolized by GM. This supports the bacteria in obtaining energy and nutrients for their
growth and proliferation, resulting in the host regaining absorbable components from the
digesta [62,63].

3. Gut Microbial Metabolism of Phytochemicals

The metabolic pathway of dietary phytochemicals in the human body is shown in
Figure 3. Several reactions, including hydration, oxidation, hydroxylation, decarboxylation,
methylation, dehydrogenation, glycosylation, and isomerization are involved and cause var-
ious modifications to the parent phytochemicals. The interaction of high molecular-weight
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phytochemicals to intestinal tissues is influenced by the metabolism of phytochemicals in
food and their degradation/modification by intestinal microflora [64].

1 
 

 

  Figure 3. Simple illustration of the metabolic pathway of dietary phytochemicals in human body
(self-generated).

Considering polyphenols as an example, following absorption by the small intestine,
a sequence of conjugated metabolites (water-soluble derivatives of sulfate, glucuronide,
and methyl compounds) is produced in the hepatocytes and enterocytes, called Phase I.
Phase I is a complex process that involves hydrolysis, oxidation, and reduction reactions.
Phase II is the biological conversion of polyphenol compounds to hydrophilic metabolites
through conjugation by either membrane bound or soluble cytosolic enzymes, which is
less complex [65].

Intestinal bacteria produce metabolites, which can play several crucial functions in the
body, from the unabsorbed polyphenols (around 90–95% of the total ingestion of polyphe-
nol) by enzymatically acting on the backbone of those polyphenols remaining in the large
intestine [1]. The polyphenols are metabolized by intestinal micro-organisms through
glycosidic bond-splitting and heterocyclic backbone breakdown [66]. Upon absorption,
the resulting metabolites of polyphenols will enter the liver via the portal vein, producing
active metabolites (sulfation, methylation, and glucuronidation) by undergoing consider-
able degradation reactions. Further, the target tissues and cells will be exposed to these
active metabolites after they are released into systematic circulation, where they can play
significant physiological roles. Finally, the remaining unutilized metabolites that are in
excess for the body will be excreted in urine [53].
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4. Effect of Different Phytochemical Compounds on the Modulation of
Gut Microbiota
4.1. Effect of Polyphenols

Polyphenols are chemical compounds widely distributed in plants such as vegetables,
fruits, cereals, coffee, tea, and wine [67]. Dietary polyphenols are a broad group of natural
heterogeneous components consisting of phenyl moieties, that are hydroxylated. Com-
monly polyphenols are categorized as flavonoids and non-flavonoids according to their
complexity and chemical structure, including the type and number of substituting groups
and the amounts of phenolic rings [68]. Examples of non-flavonoids include phenolic acids,
stilbenes, curcumin, tannins, lignans, and coumarin [34,69].

Even though the most commonly found modifications are polymerization or ester-
ification, many polyphenols are present in plants in the glycosylated form. Generally,
polyphenols are received as xenobiotics in the host body after ingestion. Therefore, their
bioavailability is relatively lower than macro- and micro-nutrients. Moreover, the small
intestine may absorb low molecular weight compounds such as monomers and dimers due
to their low complexity [70]. The compounds with a complex structure, such as oligomeric
and polymeric structures, may enter the large intestine almost without any modification,
degraded by microflora and absorbed by the host animal [39].

The actual reason behind the health benefits obtained from the intake of foods rich in
polyphenols is the metabolites of polyphenol produced by GM, rather than the original
components present in foods [64]. Recent studies indicated that the prebiotic properties and
antimicrobial effects of dietary phenolic compounds and the antagonistic effect produced
by aromatic metabolites against harmful gut microbiota, may alter the intestinal microbial
ecosystem [1,39,71,72]. The evidence regarding the effect of each type of polyphenol,
including flavonoids, phenolic acid, curcumin, stilbenes, lignans, and tannins, on GM is
discussed below.

4.1.1. Flavonoids

Flavonoids are the largest subgroup of polyphenols having more than 6000 identified
compounds that have been isolated from plants [73], with the most notable being those
containing pigments of flowers and plants, and play a crucial role by acting as free radical
scavengers. Flavonoids can be classified into seven subgroups: flavones, flavanones,
flavanols, flavonols, flavononols, isoflavones, and anthocyanins [34]. Each subgroup
constitutes unique compounds that exhibit various biological activities.

Flavones

Many human and animal studies investigated the effects of specific flavones, including
chrysin, apigenin, baicalein, and luteolin (Figure 4), on the intestinal microflora. Apigenin
is particularly present at high levels in parsley (215 mg per 100 g) and celery (19 mg per
100 g). It is also found in rutabagas, tea, oranges, wheat sprouts, onions, cilantro, and
chamomile [74]. The influence of apigenin on the alteration to the intestinal ecosystem is
not well understood yet [75,76]. Wang et al. (2017) examined the effects of pure apigenin on
the levels of both the single strain and community of human intestinal bacteria [74]. Growth
profiles of the anaerobic bacteria were measured to study the influence of apigenin on the
single strains of intestinal bacteria, including Enterococcus caccae, Lactobacillus rhamnosus GG,
Bifidobacterium catenulatum, and Bacteroides galacturonicus as well as a fecal inoculum, were
cultured by reproducing the human large intestine in vitro. The findings from that study
highlighted that the growth of E. caccae and the microbial community cultured in vitro
were effectively suppressed by apigenin compared to other examined species. It was noted
that apigenin lowered the ratio between Firmicutes and Bacteroidetes.

Chrysin is widely distributed in honey and propolis [77]. Andrade et al. (2019) have
examined the effect of fructose on gut microbiota and the capacity of the chrysin to influence
the observed putative variations in an in vivo study [78]. They found that chrysin did
not modify the composition of the intestinal ecology, but the abundance of E. coli and
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Lactobacillus were considerably enhanced by fructose, while the ratio between Firmicutes
and Bacteroidetes was increased in rats treated with fructose and chrysin. This study was
the first to report that chrysin can interfere with the impacts of fructose on the intestinal
ecosystem, which may be responsible for the features of metabolic syndrome induced
by fructose.
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Baicalein has several pharmacological effects, including anti-inflammatory, antioxi-
dant, and antitumor properties. Gao et al. (2018) reported that treatment with baicalein sig-
nificantly modified the population density of six bacterial genera in senescence-accelerated
mouse prone 8 (SAMP8) mice by analyzing their intestinal microflora [79]. In another study,
Zhang et al. (2018) treated male Wistar rats with baicalein for four weeks and examined
the ability of baicalein to manipulate the intestinal microflora. It was observed that the
ratio of Bacteroidetes to Firmicutes was significantly decreased, the relative abundance of
Bacteroidales, Bacteroidaceae, Porphyromonadaceae, and Verrucomicrobiaceae was signifi-
cantly increased, while that of Streptococcaceae, Desulfarculaceae Deferribacteraceae, and
Ruminococcaceae was reduced in baicalein-treated rats [80].

Flavanones

Citrus fruits are the richest source of dietary flavanones for humans, while aromatic
herbs (mint) and tomatoes contain flavanones, but in lower percentages [81]. Although
flavanones are found in limited amounts in the diet, they are also one of the main dietary
flavonoids since citrus fruits and juices are frequently consumed worldwide. Naringenin
and hesperetin (Figure 5) are the most abundant flavanones present in grapefruit and sweet
oranges, respectively, and are the primary reason for their specific bitter taste [82].
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Figure 5. Chemical structures of flavanones (hesperetin, naringenin, hesperidin, and naringin)
(self-generated).

Previous studies have demonstrated that through suppressing the growth of the
harmful microbes and activating certain beneficial microbes, flavanones of citrus could alter
the function and composition of the intestinal ecosystem [83]. Homeostasis of the intestine
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could be maintained by ingesting citrus flavanones, which might explain the mechanism of
their beneficial health effects [84].

The primary target of the studies examining the influence of citrus flavanones or citrus
fruit-based food products on the modulation of gut microflora is their capacity to promote
the growth of beneficial microbes (such as the species of Lactobacillus and Bifidobacterium), to
decrease the population of harmful bacteria, and to trigger generation of short-chain fatty
acids (SCFAs). The findings of an in vitro study [85] stated that, even though the parent
compounds failed to influence microbial species, the incubation of both naringenin and
hesperetin (aglycones of citrus flavanone) decreased the population of several bacterial
species after 24 h of incubation, which included the abundance of Enterococcus caccae,
Bifidobacterium catenulatum, Ruminococcus gauvreauii, Bacteroides galacturonicus, and E. coli.
Only naringenin suppressed the growth of Lactobacillus spp., and it showed the inhibitory
action at a minimum level of 250 µg/mL [85]. These findings are in agreement with the
results reported by Parkar et al. (2008) who also reported that naringenin can suppress the
proliferation of Salmonella typhimurium, E. coli, Lactobacillus rhamnosus, and Staphylococcus
aureus at a minimum inhibition concentration (MIC) of 62.5 µg/mL for Staphylococcus aureus
and at 125 µg/mL for the other three bacteria [86].

Hesperidin (Figure 5), which is formed by the conjugation of hesperetin with rutinose,
is the principal flavonoid widely distributed in citrus fruits [87]. Once the hesperidin enters
the colon, the connected rutinose groups are split by GM, producing hesperetin for further
absorption in the large intestine [88]. A recent study reported that oral supplementation of
hesperidin at two dose levels of 100 and 200 mg/kg for four weeks (three times per week)
significantly altered the intestinal microbiota composition in rats [89]. The population of
Staphylococcus was increased and the proportion of Clostridium coccoides and Eubacterium
rectale was decreased by both hesperidin dosages, while the abundance of Lactobacillus was
enhanced by the high dose treatment of hesperidin.

Previous studies conducted in humans examined the influence of hesperidin ad-
ministration on the composition of the intestinal ecosystem and the production of SC-
FAs [84,90,91]. The ratio between butyrate and total SCFA was increased by the daily oral
administration of 500 mg of a citrus extract (containing hesperidin of >80% and naringin of
>4%) for 12 weeks in a randomized, placebo-controlled study of healthy individuals show-
ing features of metabolic disorders, while there was no change observed in the absolute
concentrations of SCFAs in the fecal samples [84,92].

Lima et al. (2019) showed that continuous consumption of orange juice for two months
could notably enhance the proportion of total fecal anaerobes and Lactobacillus spp. in
healthy volunteers [90]. However, the study did not state the amount of flavanone. Addi-
tionally, a considerable decline in the concentration of ammonium and a rise in the ratio
of acetate to total SCFA were observed compared to the control treatment. In healthy
volunteers, modulation of the composition of the microbial community was observed with
the daily ingestion of two orange juices that had different flavanone concentrations for
seven days [91]. The findings showed that the most significant increase was observed in
the population belonging to the functional taxonomic unit of clostridia from the families
of Veillonellaceae, Ruminococcaceae, Odoribacteraceae, Tissierellaceae, and Mogibacteri-
aceae [91].

Briefly, the findings from several human, animal, and in vitro experiments indicate
that supplementation of citrus flavanone can shift the intestinal ecology composition or
proliferation of a particular taxon. Even though many studies have repeatedly depicted
the suppression of the growth of Enterobacteriaceae by citrus flavanone, the results of
some other research vary. Unfortunately, there are no studies involving the analysis of
fecal metabolites of humans to investigate the influence of flavanones on the intestinal
microflora [84].
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Flavanols

The flavanol subgroup is primarily composed of catechins, which are present in higher
concentrations in the fruit’s skin as opposed to the pulp of the fruit. Catechins are found at
high concentrations in green tea and are responsible for several health benefits of green
tea. Although there are several compounds included in this group, only epicatechin,
epigallocatechin, epicatechin gallate, and epigallocatechin gallate (Figure 6) are reported to
affect the intestinal community [31].
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Cueva et al. (2013) examined in vitro fermentation of bacterial loads by flavan-3-ol
using two purified fractions from grape seed extract (GSE): GSE-M (70% monomers and
28% procyanidins) and GSE-O (21% monomers and 78% procyanidins) and observed, using
a fluorescent in situ hybridization technique, the appearance of the metabolites of phenols.
During the fermentation, both grape seed flavanol fractions increased the proportion of
Enterococcus and Lactobacillus and reduced the proportion of C. histolyticum. Overall, the
results revealed that flavan-3-ol can stimulate changes that could influence their potential
bioactivity and bioavailability by modifying the composition of colonic microflora and
intrinsic catabolic activity [93].

Tzosunis et al. (2008) used a batch-culture fermentation system where pH is con-
trolled modeling the distal portion of the large intestine colon to evaluate the bidirectional
metabolic relationship among intestinal microflora and (+)-catechin and (−)-epicatechin.
Remarkably, the proliferation of certain bacterial loads was affected by (+)-catechin, where
the growth of Bifidobacterium spp., E. coli, and a group of C. coccoides and E. rectale was
considerably enhanced, at the same time, the proportion of the C. histolyticum bacteria
was decreased, leading to the beneficial effects in the body. Despite this, (−)-epicatechin
significantly promoted only the proliferation of the group of C. coccoides and E. rectale, prov-
ing their poor activity. Both (+)-catechin and (−)-epicatechin showed noticeable potential
prebiotic properties at a minimum concentration of 150 mg/L. The considerable change in
the specific populations of gut microbiota resulted from the incubation of (+)-catechin could
be related to the transformation of (+)-catechin to (−)-epicatechin by bacteria since the
same metabolites of 5-(3′, 4′-dihydroxyphenyl)-γ-valerolactone, 5-phenyl-γ-valerolactone
and phenyl-propionic acid are produced by the transformation of both (−)-epicatechin and
(+)-catechin. In conclusion, these results suggest that the intake of diets rich in flavanol
may contribute to intestinal health by acting as prebiotics [94].

The ability of (−)-epigallocatechin gallate (EGCG) to influence the modification of
intestinal microflora and the output of fermentation in the large intestine was investi-
gated by Unno et al. (2014) who found that the growth of specific microbial species such
as Clostridium spp., Bacteroides, Bifidobacterium, and Prevotella in the colon was affected
by dietary EGCG in rats [95]. Further, Cheng et al. (2017) investigated the influence of
(−)-epigallocatechin 3-O-(3-O-methyl) gallate (EGCG3′′Me) in a human flora-associated
mice model with obesity induced by a high-fat diet. After 8 weeks of supplementation of
EGCG3′′Me, the proportion of Bacteroidetes was dramatically increased, while the popu-
lation of Firmicutes had declined. In this study, it was found that EGCG3′′Me can act as
a prebiotic and potentially have therapeutic effects in modulating the colonic ecosystem,
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which assists in gut dysbiosis inhibition [96]. In a study by Lee et al. (2006), the growth
of the E. coli, C. coccoides, and E. rectale was promoted, while the growth C. histolyticum
was suppressed by (+)-catechin. Moreover, (+)-catechin did not affect the population of
beneficial microflora, namely Lactobacillus spp. and Bifidobacterium spp. [97]. Preclinical
data of an in vitro study in a bacterial medium revealed that epicatechin gallate sensi-
tizes methicillin-resistant β-lactam antibiotics S. aureus to become sensitive to β-lactam
antibiotics [98].

Flavonols

The flavonols subgroup constitutes different compounds, including quercetin, kaempf-
erol, myricetin, rutin, and isorhamnetin (Figure 7). Generally, only quercetin and kaempferol
appear to have been the focus of many studies investigating their ability to manipulate the
GM. Fruits and vegetables contain quercetin in high amounts, and the approximate daily
intake of quercetin in a typical Western diet was estimated to range from 0 to 30 mg/day,
depending on the intake of fruits and vegetables [99]. Foods such as berries, apples, onions,
and kale are considered the richest sources of quercetin [100]. Recent studies reported
that the abundance of beneficial Lactobacillus, Bacteroides, Clostridia, and Bifidobacterium
was significantly increased, and the proportion of Enterococcus and Fusobacterium was
decreased by the administration of quercetin, which modified the composition of the in-
testinal ecosystem [101,102]. In an earlier study, single-molecule RNA sequencing was used
along with Helicos technology to investigate the influence of quercetin supplementation
on the commensal colonic bacteria, including Enterococcus caccae, Ruminococcus gauvreauii,
and Bifidobacterium catenulatum, by analyzing the gene expression profiles and examin-
ing the cell morphology and growth patterns between groups treated with and without
quercetin [103]. It was found that phenotypically, quercetin moderately suppressed the
growth of E. caccae; mildly inhibited the growth of B. catenulatum; and did not affect the
growth of R. gauvreauii [103].
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Etxeberria et al. (2015) examined the consequences of the supplementation of quercetin
and trans-resveratrol on a high-fat sucrose diet (HFS)-induced dysbiosis of gut microbiota.
In this study, Wistar rats were randomly divided into four groups, namely those receiving
an HFS diet enriched with or without quercetin (30 mg/kg BW/day), trans-resveratrol
(15 mg/kg BW/day), or a mixture of the two components (quercetin and trans-resveratrol)
at the same dosages used in the other treatments. This study revealed that the adminis-
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tration of quercetin resulted in a significant effect on the composition of GM at various
levels of taxonomy, reducing the ratio between Firmicutes and Bacteroidetes and suppressing
the multiplication of gut microbes linked to diet-induced obesity, including E. cylindroides,
Erysipelotrichaceae, and Bacillus. In summary, dysbiosis of gut microbiota induced by
the HFS diet was effectively attenuated by the supplementation of quercetin. However,
there was no significant influence on the GM composition by the supplementation of
trans-resveratrol alone or in combination with quercetin. Moreover, the individual effect of
quercetin was reduced when combined with trans-resveratrol [104].

Numerous medicinal and edible plants and herbs contain kaempferol, which is re-
garded as an important compound in the flavonol subgroup. Kaempferol has several
pharmacological effects, including its ability to act as an antioxidant and anti-inflammatory
agent [105]. A study observed that the colonic ecosystem and its metabolism were regulated
by a high concentration of kaempferol in the large intestine [106]. Moreover, Kawabata et al.
(2013) conducted an in vitro study to investigate the growth of B. adolescentis treated with
flavonols by incubating the B. adolescentis obtained from the human colon with various
flavonols, including quercetin, kaempferol, fisetin, myricetin, and galangin under anaerobic
conditions. Quercetin and fisetin did not affect or mildly affected the growth rate (inhib-
ited by 20% after 6 h of treatment). In comparison, galangin showed about 30% to 70%
suppression in the growth rate of B. adolescentis when incubated for 1 to 6 h. This study sug-
gested that, except for galangin, other tested flavonols exhibited no or mild anti-bacterial
properties against B. adolescentis, which is considered beneficial for gut health [107].

An in vitro experiment was carried out by Duda Chodak (2012) to evaluate the effects
of rutin and quercetin on certain colonic microbial species. Rutin was used at rates of 20, 100,
and 250 µg/mL, and quercetin was examined at 4, 20, and 50 µg/mL against six inoculate
bacteria species (B. galacturonicus, B. catenulatum, Ruminococcus gauvreauii, Lactobacillus sp.,
E. coli, and E. caccae). The obtained results revealed that, although the inhibitory action of
rutin against bacterial proliferation was weak, quercetin had a significant inhibitory activity,
which depended on the concentration used against the examined bacterial species [85].

Flavanonols

The flavanonols subgroup constitutes astilbin, engeletin, and taxifolin (Figure 8).
Generally, intestinal microflora metabolizes these compounds and the flavanonols have
anti-inflammatory properties [108,109]. There are no studies related to the effects of these
compounds on the intestinal microbiota.
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Isoflavones

Isoflavones, one of the flavonoids subgroups, contain different compounds, including
daidzin, daidzein, formononetin, glycitein, and genistein (Figure 9). The chemical struc-
tures of isoflavones resemble the structure of 17-β-estradiol, an estrogen steroid hormone.
Isoflavones exhibit estrogenic activity and are naturally present in many plants, among
which soy is considered one of the most abundant sources [110]. Generally, isoflavones
present as conjugates of isoflavone glycoside (such as genistin, daidzin, and glycitin) in
unfermented soy foods and soy milk, which have low estrogenic effects and bioavailabil-
ity. Isoflavone aglycones (genistein, daidzein, and glycitein) should be liberated from
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the corresponding glycosides to be absorbed and attain a complete activity [111]. The
cellular β-glucosidases and β-glucosidases from the components of intestinal microflora
are responsible for the release of isoflavone aglycones [112]. Cellular enzymes and other
constituents of the colonic microflora can further hydrolyze and metabolize isoflavone agly-
cones producing more active compounds (for example, equol from daidzein) or inactive
metabolites [113].

 

3 

 

Figure 9. Chemical structures of isoflavones (daidzein, genistein, glycitein, formononetin, and
daidzin) (self-generated).

Soy and soy products are the major sources of dietary isoflavones. Factors that affect
the total quantities of genistein and daidzein (including glycosides) present in soy products
are the type of cultivar, preparation method, and extent of ripeness [114]. Frequent con-
sumption of soy and soy products in Asian populations resulted in the greater prevalence
of equol-producing microbes within the colon [115]. Another study revealed that the intake
of dietary daidzein significantly increased the population of two equol-generating bacteria,
Slackia isoflavoniconvertens and Asaccharobacter celatus [116]. Moreover, numerous studies
conducted in humans and rodents showed that consumption of soy or soy food products
affects intestinal ecology [114,117–120]. It was also stated that the total amount and/or
relative percentage of the particular microbial ecosystem in the intestine might be altered
by genistein in food or supplemental forms [121].

A study showed that after one week of soy isoflavone supplementation, colonic mi-
croflora composition was significantly modified in 17 postmenopausal women receiving a
soy bar that contained 1 g of saponin and 160 mg of soy isoflavones (including daidzein,
genistein, and glycitein) [122]. It was found that after the administration of soy isoflavones,
all subjects showed a significant increase in the population of bifidobacteria in the colonic
microflora while reducing that of lactobacilli, and in equol-generating subjects, the growth
of bifidobacteria and eubacteria were greatly promoted than in non-producers [122]. An-
other study showed similar results where soy isoflavones (100 mg per day) were given to
39 postmenopausal women for 2 months. In this study, isoflavone supplementation en-
hanced the proportion of Faecalibacterecterium, Eubacterium, Clostridium, Lactobacillus, Entero-
coccus, and Bifidobacterium. At the same time, the levels of Clostridium and Eubacterium were
significantly increased in equol producers (n = 12) [123]. When cows were used as a model,
supplementation with soy isoflavones also increased the population of Firmicutes [124].
However, no modification in the composition of gut microbiota was observed in an ex-
periment involving 16 menopausal women receiving soy isoflavone (80 mg per day) [125]
suggesting that soy isoflavones may have a subject-dependent and/or dose-dependent
influence on the intestinal ecology.

Although different studies revealed varying results, animal and human studies suggest
that the ingestion of soy-based foods promoted lactobacilli and bifidobacteria growth,
and the ratio of Firmicutes to Bacteroidetes can be changed [126]. That said, a reciprocal
relationship between the soy isoflavones and colonic microflora in studies in healthy
volunteers is difficult to establish. Therefore, further research is required to explain the
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effect of soy isoflavones on the colonic microflora structure involving gnotobiotic animal
models transplanted with microflora obtained from various donors [127].

Anthocyanins

Anthocyanins belong to the flavonoids group of polyphenols. They are plant pigments
imparting deep red/purple/blue colors in plant-derived food products [128]. Although
anthocyanins are naturally present in the form of aglycones and glycosides of flavylium
(2-phenyl benzopyrylium) salts, they are different from the structure of the salts [129]. It is
reported that approximately 700 anthocyanin compounds have been identified and isolated
from plants, but only 6 anthocyanidins are widely studied, namely delphinidin, cyanidin,
pelargonidin, malvidin, petunidin, and peonidin (Figure 10) [130].
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Figure 10. Chemical structures of anthocyanins (delphinidin, cyanidin, pelargonidin, malvidin,
petunidin, and peonidin) (self-generated).

The majority of ingested anthocyanins are biologically converted to their metabolites
by the gut microbiota and are absorbed in the large intestine since they are not utilized
in the upper part of the GI tract. Intestinal microbiota can metabolize anthocyanins,
and in turn, anthocyanins and/or their metabolites can alter the composition of the gut
ecosystem by altering the abundance of particular bacteria [131]. Under in vitro conditions
and in humans, anthocyanins can increase the prevalence of favorable bacteria, including
Lactobacillus-Enterococcus spp. and Bifidobaterium spp. [132,133]. Similarly, Sun et al. (2018)
revealed that the growth of Bifidobacterium infantis, Bifidobacterium bifidum, Lactobacillus
acidophilus, and Bifidobacterium adolescentis could be stimulated and the proliferation of
harmful S. typhimurium and S. aureus were suppressed by purple sweet potato anthocyanins
and monomers of peonidin-derived anthocyanin in in vitro microbial cultivations [134].
In a study by Chen et al. (2018) [135], it was observed that the prevalence of beneficial
Faecalibacterium prausnitzii, Eubacterium rectale, and Lactobacillus was increased and the
abundance of Desulfovibrio spp. and Enterococcus spp. was decreased by the supplement
of black raspberry anthocyanins. Similar findings were reported by Zhu et al. (2018),
who reported that anthocyanin of black rice and cyanidine-3-O-glucoside considerably
stimulated the growth of lactobacilli and bifidobacteria genus [136].

In an earlier study, malvidin-3-O-glucoside was incubated with fecal slurry under
in vitro conditions. The results indicated that malvidin-3-O-glucoside increased the popula-
tion of total bacteria, such as Lactobacillus spp. and Bifidobaterium spp., while the abundance
of Bacteroides spp. was unaffected [132]. This stimulating effect of malvidin-3-O-glucoside
on the proliferation of beneficial microbes can be improved by mixing malvidin-3-O-
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glucoside with other anthocyanins. In an in vivo study that analyzed the fresh fecal
samples of eight healthy volunteers (25–30 years), Zhang et al. (2016) reported that antho-
cyanins of purple sweet potato increased the population of Lactobacillus-Enterococcus spp.
and Bifidobacterium, while Clostridium histolyticum and Bacteroides-Prevotella were decreased,
although total bacteria count was not affected by the treatment [137].

Red wine extract was incubated with bacteria isolated from human feces, and the
results indicated that the abundance of C. histolyticum was decreased with no other observed
changes [138]. While this does not reflect the pathway expected during digestion, another
randomized, crossover-controlled intervention study has also shown a similar observation
concerning the abundance of C. histolyticum after consuming red wine in humans [139].
It is likely that anthocyanins were not the only compounds responsible for the above
effect found with red wine consumption since red wine contains a complex mixture of
polyphenols such as flavanols, flavonols, anthocyanins, phenolic acids, etc. [138]. Further,
Vendrame et al. (2011) showed that the population of Bifidobaterium spp. was significantly
enhanced in human volunteers after consuming a blueberry drink for 6 weeks [140].

A study conducted on polygenic obese mouse models fed with diets supplemented by
six types of berries containing different profiles of anthocyanin for 12 weeks showed that the
proportions of Actinobacteria and obligate anaerobic bacteria were significantly increased
in the intestine by the treatment [141]. Later, the influence of a mixture of prebiotics and
anthocyanin on the colonic ecosystem and colonic inflammation was determined using
uncomplicated obese male and female volunteers in an open-label study for 8 weeks.
The frequent intake of the mixture of prebiotics and anthocyanins resulted in a favorable
alteration in the intestinal community of microflora [142].

Overall, in vitro animal and human intervention studies suggest that anthocyanins
can promote the proliferation of beneficial bacteria, including Bifidobacterium spp. and Lacto-
bacillus spp. These species contribute beneficial roles in the colon, such as the antimicrobial
action against harmful bacteria via competing for adhesion sites and growth substrate,
and the production of SCFAs. Furthermore, a decrease in the abundance of pathogenic
bacteria, such as C. histolyticum, has been observed, which is responsible for inflamma-
tory bowel disease and tumor-inducing actions [132,143]. Further studies are required to
understand the overall impact of these compounds and define the mechanism of action
that anthocyanins exert on the community of intestinal microbiota. This can be attained by
performing well-designed clinical trials in humans and animals with a balanced experiment
design of the subjects’ age and genetic backgrounds. This should cover different forms and
dosages of anthocyanins and establish a consistent approach to control diets [128,144].

4.1.2. Curcumin

Curcumin (Figure 11) belongs to the subgroup of polyphenols and the rhizome part of
the Curcuma longa is considered the richest source of curcumin, which is used for cooking
and conventional medicine [31]. Typically, it is extracted from the turmeric rhizome by
solvent extraction and refinement of the extract is by crystallization. Numerous animal
studies have reported that the intestinal microbial community may be influenced by cur-
cumin. For instance, a deficiency of estrogen causes detrimental changes in the colonic
microbiota, and administration of curcumin can partly re-establish the composition of the
typical GM in ovariectomized rats [145]. Ohno et al. (2017) revealed that the prevalence
of bacteria-generating butyrate and level of fecal butyrate can be increased by curcumin
nanoparticles at a dosage of 0.2% (w/w). Further, curcumin nanoparticles stimulate the
NF-κB in epithelial cells of the intestine and the inhibition of mucosal mRNA expression of
inflammatory mediators [146].

In a colitis mouse model, curcumin enhanced the relative proportion of Lactobacillales,
while reducing that of Coriobacterales [147]. Curcumin may alter intestinal barrier function
by remaining in the colonic mucosa in higher concentrations, thereby minimizing inflam-
mation caused by circulating lipopolysaccharide producing bacteria. Feng et al. (2017)
reported that the administration of curcumin restores the gut barrier function in high-fat-

194



Int. J. Mol. Sci. 2022, 23, 8124

diet-fed rats and alters the intestinal microflora composition and diversity [148]. Higher
proportions of anti-inflammatory lactobacilli and bifidobacteria and fewer loads of pro-
inflammatory enterococci and enterobacteria were observed in animals supplemented with
curcumin [149].

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW  16  of  41 
 

 

 

Figure 11. Chemical structure of curcumin (self‐generated). 

In a colitis mouse model, curcumin enhanced the relative proportion of Lactobacillales, 

while reducing that of Coriobacterales [147]. Curcumin may alter intestinal barrier function 

by remaining in the colonic mucosa in higher concentrations, thereby minimizing inflam‐

mation caused by circulating lipopolysaccharide producing bacteria. Feng et al. (2017) re‐

ported that the administration of curcumin restores the gut barrier function in high‐fat‐

diet‐fed rats and alters the intestinal microflora composition and diversity [148]. Higher 

proportions of anti‐inflammatory lactobacilli and bifidobacteria and fewer loads of pro‐

inflammatory enterococci and enterobacteria were observed in animals supplemented with 

curcumin [149]. 

In a double‐blind, randomized, placebo‐controlled pilot study, the influence of sup‐

plementation of dietary curcumin and turmeric on the human intestinal ecosystem was 

evaluated [150]. It was found that, with time, colonic microflora showed a notable and 

individualized modification. The relative prevalence of 71 and 56 taxa were significantly 

reduced by the supplementation of turmeric and curcumin, respectively. These studies 

reveal that proliferation, growth, or the existence of beneficial microbes in the intestinal 

community might be promoted by curcumin. 

4.1.3. Phenolic Acids 

Phenolic acids (aromatic acids) are the second major subgroup of polyphenols, con‐

sisting of a phenyl ring and a carboxylic group [31], and are produced by the shikimate 

pathway. Although  phenolic  acids  are  present  in  numerous  food  products,  they  are 

widely distributed in berries, wine, and whole grains. Phenolic acids are divided into two 

main groups, namely hydroxybenzoic acids and hydroxycinnamic acids [151]. Phenolic 

acids have enormous health benefits. 

Hydroxybenzoic Acid 

Hydroxybenzoic acid is a phenolic derivative of benzoic acid, which can be obtained 

both naturally and synthetically. It contributes to several derivatives such as gallic acid, 

protocatechuic acid, syringic acid, vanillic acid, and p‐hydroxy‐benzoic acid (Figure 12) 

[151].  Protocatechuic  acid  (3,  4‐dihydroxybenzoic  acid)  is  abundant  in  human  diets 

through  foods  such  as white grapes, bran, brown  rice, gooseberries, olive oil, onions, 

plums, and almonds  [152].  It has been reported using a  rodent model  that altered gut 

microbial communities can be repaired by an n‐butanol fraction of Trianthema portulac‐

astrum rich in protocatechuic acid that lowered the relative abundance of inflammatory 

microbes such as Helicobacter, Mucispirillum, and Lachnospiraceae [153]. Wang et al. (2019) 

examined the influence of protocatechuic acid on the gut health of Chinese yellow‐feath‐

ered broilers. The results revealed that microflora diversity was altered by dietary proto‐

catechuic acid. In comparison to control group broilers, protocatechuic acid‐treated broil‐

ers had more Firmicutes and Actinobacteria  that are beneficial  to gut health and  fewer 

Proteobacteria and Bacteroidetes that have pro‐inflammatory effects [154]. 

Figure 11. Chemical structure of curcumin (self-generated).

In a double-blind, randomized, placebo-controlled pilot study, the influence of sup-
plementation of dietary curcumin and turmeric on the human intestinal ecosystem was
evaluated [150]. It was found that, with time, colonic microflora showed a notable and
individualized modification. The relative prevalence of 71 and 56 taxa were significantly
reduced by the supplementation of turmeric and curcumin, respectively. These studies
reveal that proliferation, growth, or the existence of beneficial microbes in the intestinal
community might be promoted by curcumin.

4.1.3. Phenolic Acids

Phenolic acids (aromatic acids) are the second major subgroup of polyphenols, con-
sisting of a phenyl ring and a carboxylic group [31], and are produced by the shikimate
pathway. Although phenolic acids are present in numerous food products, they are widely
distributed in berries, wine, and whole grains. Phenolic acids are divided into two main
groups, namely hydroxybenzoic acids and hydroxycinnamic acids [151]. Phenolic acids
have enormous health benefits.

Hydroxybenzoic Acid

Hydroxybenzoic acid is a phenolic derivative of benzoic acid, which can be obtained
both naturally and synthetically. It contributes to several derivatives such as gallic acid, pro-
tocatechuic acid, syringic acid, vanillic acid, and p-hydroxy-benzoic acid (Figure 12) [151].
Protocatechuic acid (3, 4-dihydroxybenzoic acid) is abundant in human diets through
foods such as white grapes, bran, brown rice, gooseberries, olive oil, onions, plums, and
almonds [152]. It has been reported using a rodent model that altered gut microbial com-
munities can be repaired by an n-butanol fraction of Trianthema portulacastrum rich in
protocatechuic acid that lowered the relative abundance of inflammatory microbes such
as Helicobacter, Mucispirillum, and Lachnospiraceae [153]. Wang et al. (2019) examined the
influence of protocatechuic acid on the gut health of Chinese yellow-feathered broilers.
The results revealed that microflora diversity was altered by dietary protocatechuic acid.
In comparison to control group broilers, protocatechuic acid-treated broilers had more
Firmicutes and Actinobacteria that are beneficial to gut health and fewer Proteobacteria and
Bacteroidetes that have pro-inflammatory effects [154].

Hydroxycinnamic Acid

Hydroxycinnamic acids (HCAs) are the most abundant phenolic acids in plants [155].
The major factor contributing to this is that HCAs are attached to the cell walls of plants [156].
Many enzymes needed for the hydrolysis and metabolism of the complex structure of this
polyphenolic compound are not present in the human genome [157]. However, these
glycans can be fermented by the anaerobic intestinal microflora, where different micro-
organisms liberate HCAs in the human intestine, thus considerably impacting human
health [59,158]. Hydroxycinnamic acids contain a wide range of compounds, such as caffeic
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acid, p-coumaric acid, sinapic acid, chlorogenic acid, and ferulic acid (Figure 13) which are
all recognized to manipulate the intestinal ecosystem [159].
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Oral administration of 1 mmol/L of caffeic acid for 15 days enhanced the abundance
of mucin-deteriorating Akkermansia and could restore the abundance of gut microbiota
and suppress the rise in the ratio between Firmicutes and Bacteroidetes in female C57BL/6
mice model with colitis induced by dextran sulfate sodium (DSS) [160]. In an in vitro
study analyzing the fecal microbiota of humans, Mills et al. (2015) showed that after 10 h
of exposure to chlorogenic acid at a concentration of 80.8 mg, colonic microbiota was
selectively modulated via increasing the abundance of Bifidobacterium spp., E. rectale, and
C. coccoides [161]. Oral administration of 150 mg of chlorogenic acid for 6 weeks in ICR male
mice with dysbiosis induced by a high-fat diet enhanced the proliferation of Bacteroidaceae
and Lactobacillaceae, while suppressing that of Erysipelotrichaceae, Lachnospiraceae,
Ruminococcaceae, and Desulfovibrionaceae, indicating restoration of normal intestinal
microbiota [162].

Ma et al. (2019) used male apolipoprotein E (ApoE−/−) mice with non-alcoholic fatty
liver disease induced by a high-fat diet to investigate the influence of oral administration of
ferulic acid (30 mg/kg). This study suggested that the colonic microflora composition was
modified by decreasing the indole-3-acetic acid secretion and changing the ratio between
Firmicutes and Bacteroidetes [163]. Yang et al. (2019) investigated the influence of oral
administration of 200 mg/kg sinapic acid for 8 weeks in 30-week-old male Wistar rats fed
a high-fat diet (45% fat) [164]. Gut microbiota diversity was improved by enhancing the
population of Dorea and Blautia of the Lachaospiraceae family while decreasing that of
Desulfovibrionaceae and Bacteroides, which generally contribute to human diseases and
inflammation [165,166].
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4.1.4. Stilbenes

Stilbenes are widely distributed in red grapes, certain berries, peanuts, and many
other plants. Stilbenes are generally produced by the phenylpropanoid pathway, and
one of their important features is the presence of aromatic rings connected to an ethane
bridge [167]. Stilbenes comprise different compounds such as resveratrol, piceatannol
(Figure 14), pinostilbene, batatasin III, oxyresveratrol, and thunalbene. Jaimes et al. (2019)
investigated the influence of six stilbenoids on the composition of the intestinal microflora,
and the results revealed that the analyzed stilbenoids modify the GM as observed in a
human gut model of fecal fermentation at physiological levels of 10 µg/mL. The ratio
between Firmicutes and Bacteroidetes was significantly lowered, and the responses from
different strains from the Lachnospiraceae family and the relative proportion of strains
from the Clostridium genus showed a consistent reduction. Among the stilbenoids groups
studied, resveratrol and piceatannol highly contributed to the observed responses, followed
by thunalbene and batatasin III [168].
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Resveratrol

Resveratrol, also known as 3, 5, 4′-trihydroxystilbene, is a widely distributed polyphe-
nol subgroup present in different plants. Although grapes, red wine, and peanuts contain
considerable amounts of resveratrol, Polygonum cuspidatum is the richest natural plant
source of the compound [169]. Resveratrol is also available commercially as tablets and
is used as a nutritional supplement [170]. In recent years, studies on resveratrol have
significantly increased due to its wide range of biological activities such as antioxidant,
anti-diabetes, anti-obesity, and improvement in colonic micro-organisms [171,172]. Numer-
ous studies revealed that resveratrol can reduce body fat and body weight while improving
obesity and glucose homeostasis parameters by stimulating alterations in the colonic mi-
croflora. Other studies have shown that treatment with 0.4% resveratrol could enhance
the population of Parabacteroides and Bacteroides while reducing those of Akkermansia,
Lachnospiraceae, Moryella, and Turicibacteraceae in C57Bl/6N mice [173,174].

It has been suggested that resveratrol could improve atherosclerosis by suppressing
the generation of trimethylamine in the gut, which is a trimethylamine-N-oxide (TMAO)
precursor, by simulating intestinal microflora in mice. Fecal excretion and de-conjugation
of bile acid are also increased by resveratrol via enhancement of the abundance of colonic
bacteria with bile salt hydrolase activity, such as Bifidobacterium and Lactobacillus [175].
Moreover, the ratio of Firmicutes to Proteobacteria was increased by resveratrol (50 mg/L)
examined in Sprague Dawley rats [176]. Most et al. (2017) conducted a study supplement-
ing a combination of resveratrol and epigallocatechin-3-gallate in humans for 12 weeks. It
was observed that the prevalence of Bacteroidetes was significantly decreased and the pro-
portion of Faecalibacterium prausnitzii tended to reduce in overweight men [177]. Moreover,
resveratrol promoted the multiplication of Lactobacillus and Bifidobacterium and prevented
the virulence factors of Proteus mirabilis [178].

Piceatannol

Several groups of plants, particularly white tea and grapes, contain piceatannol, which
is a hydroxylated analog of resveratrol [31]. Setoguchi et al. (2014) indicated that metabolic
stability of piceatannol is greater in comparison to resveratrol [179]. Piceatannol is dis-
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tributed at nearly equal concentrations as resveratrol in edible plants, fruits, and red
wines [180]. Using C57BL/6 mice fed with a high-fat diet, the influence of piceatannol on
gut microbiota was evaluated. It was observed that gut microbiota composition was signifi-
cantly altered in piceatannol-treated animals and the modulation of intestinal microflora
stimulated by the high-fat diet was restored by piceatannol, via significantly reducing the
abundance of Firmicutes that are unfavorable and increasing those of Bacteroidetes that are
favorable to enhanced gut health [181].

4.1.5. Lignans

Dietary lignans are a group of phytoestrogens found as aglycones or glycosides in
plants [182]. Different parts of about 70 diverse species of plants, such as roots, stems,
rhizomes, leaves, fruits, and seeds contain a significant amount of lignans. Specifically,
oilseeds, mainly flaxseeds and grains with bran, are the richest sources [183]. Although
estrogen-like activities are not found in the dietary lignans themselves, the colonic microbial
ecosystem metabolizes them to produce enterolignans (or mammalian lignans), including
enterolactone (EL) and enterodiol (ED). The prevalence of Ruminococcus species, such as
R. lactaris and R. bromii [184], and the abundance of Methanobrevibacter [185] and Lactobacillus-
Enterococcus [186] are associated with the production of EL.

Recently, Corona et al. (2020) evaluated how the composition of the colonic microbiota
of both younger and premenopausal females is affected by lignans present in oilseed
mix and it was observed that oilseeds rich in lignans have a strong impact on the fecal
microbiota, generating a varying profile of enterolignan. Further research is required to
investigate the long-term impacts of diets rich in lignan on the intestinal microflora and
to discover ways to increase the abundance of bacterial species producing enterolactone.
Plants and plant products containing lignans consumed by animals and humans have many
advantages, not only improving the GM population and gut health but also providing a
range of health benefits. Lignans can improve the antioxidant status of both tissue systems
and the whole body, prevent cancer by limiting the proliferation of cells via anticarcinogenic
effects, improve the immune status of individuals by providing defense against infectious
diseases, and act as pro-inflammatory compounds in reducing arthritis and obesity [187].

4.1.6. Tannins

Tannins are a subgroup of polyphenols which comprise several components of dif-
ferent molecular weights that are widely distributed in nature [188]. Proteins can be
precipitated by tannins. Depending on the molecular structure, tannins are divided into
hydrolyzable tannins (HTs) and condensed tannins (CTs). An example of hydrolyzable
tannins is ellagitannins which can release ellagic acid by hydrolyzing in vivo and can
produce urolithin through gut microbial metabolism. In general, the antimicrobial action of
tannins has been determined in vitro, and the impact of these tannins on the abundance of
the colonic ecosystem in vivo has not been sufficiently illustrated.

Bialonska et al. (2009) used a liquid culturing method to investigate the influence of a
0.01% extract of commercial pomegranate and its major components at the level of 0.05% on
the proliferation of different species of bacteria present in the human intestinal ecosystem in
an in vitro study. The findings of this study demonstrated that byproducts of pomegranate
and punicalagins suppressed the growth of pathogenic S. aureus and Clostridia, while
ellagitannins normally did not affect the abundance of probiotic bifidobacteria and lac-
tobacilli [189]. In another study, Bialonska et al. (2010) used a healthy individual’s fecal
samples inoculated in a batch-culture fermentation system simulating the environment
of the intestinal ecosystem to confirm the maintenance of the above trend. At the end of
this study, pomegranate extract resulted in an accelerated increase in the total number of
bacteria, promoting the growth of Enterococcus, Bifidobacterium spp., and Lactobacillus. At
the same time, the abundance of the C. histolyticum group was not affected [190]. It was
observed that pomegranate ellagitanins and urolithin A, which is their major metabolite
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produced by the microbiota, modified the composition of the colonic ecosystem in rats by
increasing the prevalence of Bifidobacterium and Lactobacillus [191].

Moreover, Li et al. (2015) monitored alterations in the composition of GM in 20 healthy
individuals consuming a pomegranate extract (POM) of 1 g for four weeks in an in vivo
study. Individuals were classified into three separate groups depending on the amount of
urolithin A in the feces and urine. In this experiment, it was observed that the abundance of
beneficial Actinobacteria was significantly increased while those of Firmicutes in individuals
producing urolithin A were reduced. Furthermore, in the fecal samples of individuals
who produce urolithin A, the proportion of Akkermansia muciniphila of phyla Verrucomi-
crobia was greater than non-producers. After four weeks, the prevalence of Lactobacillus,
Escherichia, Butyrivibrio, Prevotella, Veillonella, Enterobacter, and Serratia genera was enhanced
while those of Collinsella in urolithin A producers was reduced. In some participants, POM
extract ingestion led to the production of metabolites, which may stimulate beneficial health
effects next to modification of the intestinal microflora [192].

Samanta et al. (2004) pioneered research conducted using an in vivo model to inves-
tigate the influence of tannic acid on the communities of culturable organisms. It was
observed that tannic acid could alter the ecological balance of the intestinal microbiota of
the rat. This study proved the toxic and anti-nutrient properties of tannic acid from the
observations of enormous microbial growth and the reduction in the bodyweight of the
experimental animal after tannic acid supplementation for 21 days [193]. Smith and Mackie
(2004) stated that the tannin diet could reduce the abundance of low G + C Gram-positive
bacteria. In contrast, the proportion of Enterobacteriaceae and Prevotella, Bacteroides, and
Porphyromonas increased in the samples of rats [194].

Condensed Tannins (Proanthocyanidins)

Condensed tannins or proanthocyanidins are flavonoid oligomers that comprise one
of two large groups of tannins. They are widely abundant in plants, including ferns, gym-
nosperm, and angiosperms and contribute to the purple, red, or blue colors of flowers,
fruits, and sometimes leaves. In general, condensed tannins show antioxidant activity in
their monomeric, oligomeric, or polymeric forms. Smith and Mackie (2004) investigated the
effect of condensed tannins on the fecal microbial population of rats and found that dietary
supplementation with condensed tannins extracted from Acacia angustissima modified the
gut microbial population, resulting in a shift in the predominant bacteria towards tannin-
resistant Gram-negative Enterobacteriaceae and Bacteroides species and a decrease in the
abundance of the Gram-positive C. leptum group [194]. In another study, rats were fed
proanthocyanidin-rich cocoa preparation, and there was a significant reduction in the abun-
dance of Clostridium, Bacteroides, and Staphylococcus genera in the feces [195]. Further, apple
proanthocyanidins showed a significant increase in the population of Actinobacteria when
incubated with colonic microbiota in a batch culture model [196]. However, Tao et al. (2019)
stated that the differences in the animal model and types and sources of proanthocyanidins
affect the mutual relationship between proanthocyanidins and gut microbiota [197].

In terms of ruminant animal productivity and health, condensed tannins have many
advantages and disadvantages, and these aspects will not be extensively addressed in this
paper. In brief, condensed tannins can increase animal growth performance by increasing
nitrogen retention in the diet, improve animal health via reducing the worm load in the
intestine, and reduce enteric methane emission through their ability to lower the activity of
methanogenic microbes in the rumen.

4.2. Effect of Organosulfur Compounds

The organosulfur group comprises several compounds, including indoles, isoth-
iocyanates, and allylic sulfur compounds. Generally, many cultures have used garlic
(Allium sativum L.) in cooking and traditional medicine since ancient times. Garlic is the
richest source of organosulfur compounds, containing about 1.1–3.5%. During the storage
of intact garlic, S-allyl-l-cysteine sulfoxides (alliin) are produced by the hydrolyzation
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and oxidation of γ-glutamyl-S-allyl-l-cysteines (G-SAC), which is the chief organosulfur
compound (OSC) in garlic [198]. Alliinase is released from garlic during chopping or slicing
or crushing or chewing, by which alliin is activated to allicin and other thiosulfates [199].
Bioactive OSCs are responsible for several beneficial health impacts, mainly producing
defense compounds, which have wide-ranging antimicrobial properties [200].

According to Zhai et al. (2018), the abundance of the family Lachnospiraceae was
decreased by the alliin derived from garlic [201]. Chen et al. (2019) studied intact garlic’s
impact and mode of action on the intestinal microflora using C57BL/6N male mice fed
with or without whole garlic in a normal diet or a high-fat diet. It was found that ingestion
of whole garlic, which constituted fructan, alliin, and other organosulfur derivatives,
including allicin, S-allylcysteines and G-SAC could increase the α-diversity of the GM. This
particularly enhanced the relative abundance of the Lachnospiraceae family and decreasing
the population of Prevotella genus resulting in the attenuation of high-fat diet-induced
dyslipidemia and disturbances of GM [202].

4.3. Effect of Carotenoids

Carotenoids are pigments that contribute to the red, orange, and yellow colors of
several vegetables, fruits, and food products derived from them. Generally, carotenoids are
classified into two groups: 1. carotenes (such as lycopene, α-carotene, and β-carotene) and 2.
xanthophylls (such as zeaxanthin, lutein, and meso-zeaxanthin isomer) [203]. Humans must
obtain carotenoids from the diet since they cannot synthesize carotenoids from endogenous
precursors. The carotenoids in the blood have poor bioavailability (10–40%) as they are
fat-soluble bioactive molecules and gut microbiota ferment the carotenoids once the enter
the colon [204]. However, the biological roles of carotenoids in the intestinal ecosystem
and their gut microbial utilization are yet to be fully understood [205]. Carotenoids act as
antioxidants at low concentrations, while at high dosages, they have been shown in clinical
trials to cause toxic effects based [206].

4.3.1. Astaxanthin

Astaxanthin (Figure 15) is an oxycarotenoid pigment, and is widely distributed in cer-
tain marine animals, including shrimp and salmon as well as in particular microalgae [207].
In Helicobacter pylori-infected mice, the abundance of total bacteria was notably decreased,
and gastrointestinal inflammation was reduced by the supplementation of astaxanthin [208].
In another study, astaxanthin-treated stressed rats showed a notable reduction in the abun-
dance of microbial community and inflammation scores [209]. Later, Yonei et al. (2013)
used a real-time PCR assay to evaluate the influence of astaxanthin on the alterations of the
colonic microbiota expression in mice fed a high-fat diet (fat 35%). This study identified that
the abundance of the Bacteroides genus, C. leptum, and C. coccoides species were increased.
In contrast, the prevalence of the Streptococcus genus (lactobacilli) was reduced due to
high-fat diet consumption compared with a control diet containing 3.9% of fat. However,
the above modifications were inhibited in the mice receiving astaxanthin-supplemented
diets [210].
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Liu et al. (2018) used C57BL/6J mice as a biomedical model for humans to evaluate
the intervention of astaxanthin on the gut microflora and to examine its ability to protect
against liver injury induced by alcohol. The results showed that astaxanthin treatment no-
tably increased the species from Akkermansia and Verrucomicrobia and reduced species from
the genera Parabacteroides, Bilophila, and Butyricimonas and the phyla Proteobacteria and
Bacteroidetes in comparison to the mice group fed with ethanol. Furthermore, astaxanthin
supplementation considerably relieves inflammation and reduces the excessive accumu-
lation of lipid and serum markers of liver injury [211]. The findings of an in vivo pilot
study stated that intestinal microbiota could be altered by 0.04% (w/w) dietary astaxanthin
at the phylum level by both genotype and gender [204]. Supplementation of astaxanthin
selectively decreased the prevalence of colonic Bacteroides and Proteobacteria in female
wild-type and BCO2 knockout C57BL/6J mice. Moreover, the population of Bifidobacterium
and Actinobacteria significantly increased by astaxanthin only in male wild-type mice,
which would result in a favorable effect on gut health.

4.3.2. Lutein

Lutein (Figure 15) belongs to the xanthophyll group, and it is an oxygenated carotenoid
pigment. Humans and mammals obtain lutein from their diet [212]. In a human phy-
totherapy study, two products which contained blackcurrant extract powder, lutein, and
lactoferrin were identified to have potential prebiotic actions by remarkably enhancing
the abundance of lactobacilli and bifidobacteria, while decreasing other bacterial loads,
including Clostridium spp. and Bacteroides spp. [213]. Animals maintained under grazing or
rangeland consume a larger amount of lutein over the lifespan than those grown indoors
on formulated rations or feedlot diets. This lutein can be stored in adipose tissue and fat
droplets within the muscle tissue of farm animals. It may act as a scavenger of free radical
molecules or substances that reduce oxidative damage in the body [212].

4.3.3. Lycopene

Lycopene (Figure 15), one of the primary carotenoids, is a red pigment widely dis-
tributed in watermelon, tomatoes, and some other fruits. Wiese et al. (2019) investigated the
influence of dark chocolate and lycopene on intestinal microflora, skin, liver metabolism,
blood, and oxygenation of skeletal muscle tissue. It was found that lycopene compounds
showed alterations in the composition of colonic microflora by promoting the abundance
of beneficial B. longum and B. adolescentis, and was dependent on the dosage level [214].

5. Mechanism of Action of Phytochemical
5.1. Effect on the Gut Microbiome

In general, dietary phytochemicals (polyphenols) are received as xenobiotics in hu-
mans once consumed. Their absorption in the small intestine and their biological availability
is relatively low due to their structural complexity and polymerization [215]. Numerous
studies revealed that dietary phytochemicals entering the intestinal ecosystem and their
metabolites can alter the composition of microbial ecology beneficially by acting as pre-
biotics as well as antimicrobial agents against harmful gut microbiota [49,72,216]. The
potential benefits of phytochemicals associated with GM are summarized in Figure 16.

The structure of phytochemicals, the type of microbial strain, and the dosage level
determine the effect of phytochemicals on bacterial growth, multiplication, and metabo-
lism [217]. To exemplify, Gram-negative bacteria show greater resistance than Gram-
positive bacteria to phytochemicals which may be due to the variations in the composition
of their cell wall [218]. Numerous studies demonstrated several mechanisms of the effect
of phytochemicals on bacteria cells, their growth, and propagation. Phytochemicals may
alter the functions of the bacterial cell membranes and, thus, suppress the cell growth by
binding to the membranes in a dose-dependent manner [219]. Through the production
of hydrogen peroxide and via changing the permeability of the bacterial cell membranes,
phytochemicals, including catechins, affect several species of bacteria such as Klebsiella
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pneumonie, E. coli, Salmonella choleraesis, Bordetella bronchiseptica, Bacillus subtilis, Serratia
marcescens, Pseudomonas aeruginosa, and S. aureus [1,220].
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Sirk et al. (2009) and Sirk et al. (2011) also stated that hydrogen bond formation
between the hydroxyl groups and lipid bilayers of bacterial cell membranes may govern
the anticancer, antimicrobial, and some other health benefits of theaflavins and catechins.
The absorption of catechins and its ability to form a hydrogen bond with the groups of
lipid heads are notably influenced by their molecular structure and collective conditions.
The configuration of the theaflavins and catechins is affected by the molecular structure
when binding to the surface of the lipid bilayer [221,222].

Stapleton et al. (2007) revealed that (−)-epicatechin gallate (ECg), which is a compo-
nent of green tea, enhances the aggregation of staphylococcal cells, sensitizes methicillin-
resistant S. aureus strains to β-lactam antibiotics, and increases the thickness of cell-walls.
Variations in the physical properties of the bilayer, which is associated with ECg, can cause
alterations in the structure of teichoic acid in the cell wall that leads to the modification
of the features of the cell-surface required to support the phenotype, which is resistant to
β-lactam [98].

Bacterial quorum sensing can also be influenced by phytochemicals via synthesiz-
ing, liberating, and detecting autoinducers, which are the small signaling molecules (for
example, oligopeptides in Gram-positive bacteria and acylated homoserine lactones in
Gram-negative bacteria) [223,224]. For instance, Hubert et al. (2003) stated that polyphenols
influence the synthesis of small signaling molecules by bacteria such as Burkholderia cepacia,
Pseudomonas putida, and E. coli, that stimulate an exponential increase in the abundance of
bacteria [225]. In another study, Monagas et al. (2003) revealed that isolated or synthesized
flavan-3-ols metabolites by Phase II-conjugation reactions have influence, rather than their
antioxidant actions, by interfering with the signaling pathways involved in the process of
disease development [226].

Additionally, the production of toxin VacA (Vacuolating toxin A), which is a primary
virulence factor of Helicobacter pylori, was greatly suppressed by the polyphenols of green
tea and red wine [227]. The destruction of bacteria cell membranes, suppression of urease
activity, and disturbance of bacteria multiplication are some of the modes of inhibitory
action of dietary phytochemicals on H. pylori. Through these mechanisms, cells become
more sensitive to foreign substances such as antibiotics, resulting in the disturbance of
the proton motive force via functions related to the cell membrane and the loss of H+-
ATPase [228].
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Furthermore, the suppressive action on the synthesis of DNA and RNA is possibly
due to the influence of the flavonoids’ B-ring on the hydrogen bonding of the flavonoids
with nucleic acid bases [229]. Plaper et al. (2003) stated that quercetin impedes the ATPase
activity of the enzyme by binding to the GyrB subunit of E. coli DNA gyrase [230]. To
confirm previous conclusions, Gradisar et al. (2007) revealed that catechins can attach
to the ATP binding site of the gyrase B subunit and thus suppress the DNA gyrase of
bacteria [231].

In vitro and animal experiments have shown that polyphenol compounds might
suppress the generation of water-insoluble glucans, and this might be the reason for the
anticaries action of cocoa powder [232,233]. Moreover, onion extract, a rich source of
flavonoids, has been revealed to affect important bacteria which cause adult periodontitis,
such as Prevotella intermedia and Porphyromonas gingivalis, and also on Streptococcus sobrinus
and Streptococcus mutans, which also contribute to harmful effects on gut health [234].

A further study suggested that sensitive gut bacterial populations, mostly aerobic
microbes, might be affected by iron deficiency in the gut due to the formation of polyphenol-
metal ion complexes [235]. Iron is necessary for aerobic micro-organisms for different
functions, such as forming heme groups and decreasing DNA ribonucleotide precursors.
However, Freestone et al. (2007) suggested that the abundance of enteropathogenic bacteria
may be increased by dietary catechols, which supply iron under conditions when the iron
is limited and allow the growth of intestinal bacteria [236]. Further research in animals
and humans is necessary to understand different mechanisms and mode of actions of
phytochemicals on particular gut microflora proliferation and functions since most of them
are not fully clarified at this time.

5.2. Studies Performed on the Gut Microbiome of Animals

Health and medical studies aimed at human intervention trials are normally conducted
in phases, with animal studies a first step prior to human trials. Biological effects and mech-
anisms of action that occur in the human body could be better understood by working with
animals as a biomedical model for humans. The main focus of animal studies has been the
evaluation of the safety of the compound and understanding the metabolism of phytochem-
icals, particularly their influence on microbial action, digestibility and metabolic diseases in
humans, and animals that are used for human purposes such as food, companion, clothing,
travel, recreation, etc. The interaction between the composition and diversity of the gut
microflora and the metabolites of phytochemicals that are derived from the host has been
investigated in only a small number of animal studies. Culture-independent comparison
studies have revealed that even though the distal portion of the intestinal ecosystem of
humans and mice inhabits similar phyla of bacteria, many species and genera of bacteria
present in mice are not found in humans. Therefore, when generalizing the findings of
the animal studies to humans, caution should be taken [237,238]. Studies carried out in
animals to evaluate the impacts of phytochemicals on the alteration in the composition of
the gut microbiome are summarized in Table 1.

Table 1. Studies carried out in animals to evaluate the impacts of phytochemicals on the alteration in
the gut microbiome.

Phytochemical Animal Effect on Microbiome and Related Mechanism Reference

Tea polyphenols Pigs Enhanced the prevalence of lactobacilli, while reducing that
of Bacteroidaceae, C. perfringens, and total bacteria [239]

Coffee and caffeic acid Rats with colon cancer

Supplementation specifically suppressed neoplastic cell
transformation and colon cancer metastasis in mice via

inhibition of TOPK (T-LAK cell-originated protein kinase)
and MEK1

[240]

Green tea extracts Calves Decreased the abundance of C. perfringens, Bifidobacterium
spp., and Lactobacillus spp. [241]
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Table 1. Cont.

Phytochemical Animal Effect on Microbiome and Related Mechanism Reference

Grape pomace extracts Lamb
Suppressed the growth of pathogenic bacteria E. coli and
Enterobacteriacae while inducing the growth of facultative

probiotic bacteria
[242]

Seaweed extract White sheep ewes Lactic acid bacteria count in ewes and lambs was decreased
and the growth of Enterococcus sp. was inhibited [243]

Red wine extract rich in
proanthocyanidin Rats with colon cancer

Supplemented rats showed a significantly greater
abundance of Bifidobacterium spp., Bacteroides, and

Lactobacillus and a reduced prevalence of Clostridium spp.
[244]

Quercetin High-fat-diet fed rats

Down-regulated Eubacterium cylindroides,
Erysipelotrichaceae, and Bacillus. Decreased body weight.
Reduced the abundance of Bacillus genus, Firmicutes, and

Erysipelotrichi class.

[104]

Proanthocyanidins
extracted from

Acacia
angustissima

Rats

Increased the prevalence of Porphyromonas group, Bacteroides
fragilis group, Enterobacteriaceae, and

Bacteroides Prevotella and reduced the abundance of C.
leptum group

[194]

Resveratrol Rats with DSS-
induced colitis

Promoted the cell counts of Bifidobacterium spp. and
Lactobacillus in feces [245]

Polyphenols present in
Chinese propolis,
Brazilian propolis

Rats with DSS-
induced colitis

Altered the composition of intestinal microflora, including a
decrease in Bacteroides spp. [246]

Lowbush wild blueberries Rats
Increased the population of Slackia spp., Thermonospora spp.,
and Corynebacteria spp., while reducing that of Enterococcus

spp. and Lactobacillus spp.
[247]

Resveratrol Rats with colon cancer
Decreased functions of host intestinal mucosal and fecal

enzymes, including β-galactosidase, α-glucoronidase,
α-glucosidase, nitroreductase, and mucinase

[248]

Polyphenols from fungi Rats with DSS-
induced colitis

Modified the composition of colonic microflora by
decreasing the ratio of

Bacteroidetes to Firmicutes and restoring the abundance of
Lactobacillus spp.

[249]

Grape pomace
concentrate

(GPC), grape
seed extract

(GSE)

Broiler
chicks

Increased the population of Lactobacillus spp., E. coli, and
Enterococcus spp. [250]

Polyphenols present in
Prunella

vulgaris honey

Rats with DSS
induced colitis

Modified the composition of colonic microflora, by
increasing the ratio of

Bacteroidetes to Firmicutes and restoring the abundance of
Lactobacillus spp.

[251]

Although studies have been widely carried out in rats, some experiments used larger
animals, including pigs, cattle, chickens, or sheep. Animal experiments conducted on
calves [241] and pigs [239] demonstrated that the gut microbial composition was improved
by the supplementation of tea polyphenols. In a study using pigs, the supplementation
of tea polyphenols notably enhanced the growth of lactobacilli while decreasing the abun-
dance of Bacteroidaceae and total bacteria. Furthermore, there was a tendency to reduce
clostridia that was lecithinase-positive such as C. perfringens [239], though, Lactobacillus spp.
and Bifidobacterium spp. showed a slow rate of the decrease, and C. perfringens showed a
faster reduction rate in calves administrated with the extract of green tea [241].

Kafantaris et al. (2017) investigated the effect of grape pomace, a by-product of the
wine-making process rich in polyphenols, on the gut microbiota of lamb. Twenty-four
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lambs were divided into two experimental groups, one receiving control feed and the other
receiving a diet supplemented with grape pomace for 55 days. The effect was examined by
analyzing the population of fecal microflora of the lambs. It was found that the experimen-
tal feed suppressed the growth of pathogenic bacteria E. coli and Enterobacteriacae while
inducing the growth of facultative probiotic bacteria [242]. In another study, the influence
of commercial seaweed extract, collected in northern Norway, on the intestinal microflora
of Norwegian white sheep ewes was evaluated in vivo and in vitro. The lactic acid bacteria
count in the ewes was decreased and the growth of Enterococcus sp. was inhibited by the
bioactive compounds present in the extracts of red and brown seaweeds [243].

Ruminants (cattle, sheep, goats, alpacas, deer, etc.) cannot directly digest plant material
due to the lack of enzymes capable of breaking down cell walls (cellulose and hemicellulose).
Rather, the GI of ruminants is inhabited by a large population of bacteria, protozoans, and
fungi in their four-chambered stomach (rumen, reticulum, omasum, and abomasum)
capable of digesting a diet with a large proportion (80–85%) of high-fibrous plant materials
(roughage diets), whereas monogastric animals consume smaller proportion (15–20%)
of roughage diets. The micro-organisms present play a major role in the degradation
of undigestible fibrous materials enabling the use of nutrients by themselves as well
as providing a medium for digestion and absorption in the small (duodenum, jejunum,
and ileum) and large (cecum, colon, and rectum) intestines of the host animals. The
rumen and reticulum are home to the micro-organisms involved in the fermentation and
breakdown of plant materials, producing volatile fatty acids and releasing other nutrients
that both microbes and host animals use for energy and stimulating several metabolic
reactions. Partially or fully digested food passes through the last compartment of the
stomach (abomasum) to the small intestine and large intestine, and further digestion and
absorption of nutrients take place by the host animal. The anatomical and functional
attributes of the small intestine of ruminants is similar to non-ruminants and ranges in
length by approximately 12–30 times the animal’s body length [6].

The microbial community (bacteria, protozoa, archaea, fungi, and bacteriophage) in
the rumen is responsible for the fermentation of complex plant materials consumed by ru-
minants [252,253]. However, methane gas, a greenhouse gas with global warming potential,
is generated as a metabolic by-product of enteric fermentation by rumen methanogens [254].
Studies conducted in ruminants show that dietary supplementation with phytochemicals
could reduce methane gas emission by modulating the rumen microbiota. For instance,
over 21 seaweeds have been proven to decrease methane emission in vitro [255] which is
believed to be, at least partially, due to the bio-actives and/or phytochemicals present in
seaweed. The production of methane gas by ruminants accounts for nearly 81% of green-
house gas emissions from the livestock sector, 90% of which comes from rumen microbial
methanogenesis [256–258].

A complex community of ciliate protozoan, anaerobic fungi, and bacteria produce
H2 and CO2 in the rumen. These gases are converted to methane by a population of
methanogenic archaea [259,260]. Feeding ruminants with diets containing phytochemicals
could reduce the population of methanogenic archaea, ciliate protozoan, anaerobic fungi,
and bacteria in the rumen, thereby reducing methane gas emissions. For example, saponin
compounds, which are defaunation agents for protozoa, could reduce methane production
by decreasing the abundance of protozoa and their associated methanogens in rumen
fluid [261]. In the future, climate variability and the sustainability of animal production are
challenging areas in managing the ecosystems in relation to methane mitigation. Selecting
multispecies pastures and fodders containing different types and levels of phytonutrients,
or by supplementing agricultural by-products consisting of bioactives/phytochemicals
to ruminants could potentially improve milk and meat productivity while reducing the
enteric methane emission [262]. It is feasible to manipulate the activity of methanogenic
bacteria and protozoa in the rumen (gut microbiota) resulting in lower enteric methane
emission and improved productivity. Some examples are, the inclusion of seaweeds, oilseed
by-products, oils, and by-products of the wine industry into ruminant diets has merits
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in reducing the activity and/or proliferation of methanogenic archaea in the rumen and
diverting this dietary energy loss as methane emission into body gain [263–265].

The findings of studies using rats demonstrated that a significant modification in
the intestinal microflora was observed in carcinogen-treated F344 rats supplemented with
wine polyphenols in comparison to rats fed control diets [244]. Even though the feces of
polyphenol-supplemented rats and control rats had the equivalent total number of bacteria
and ratio between aerobic and anaerobic micro-organisms, the abundance of bifidobacteria
and lactobacilli was enhanced and those of Clostridia, Propionibacterium, and Bacteroides
was reduced. The authors suggested that the influence of wine phytochemicals on the
function of the gut and carcinogenesis may be associated with alterations to the intestinal
ecosystem, decreases in oxidative damage, and changes in gene expression.

In another study, fresh stool samples of rats that were administrated with apple juice
as a replacement for drinking water, exhibited a higher abundance of bifidobacteria and
lactobacilli, which varied from the rats fed a control diet by one-log10 colony-forming
units [266]. Molan et al. (2010) further proved the prebiotic properties of extracts of
wild blackcurrant in rats following the findings of previous in vitro experiments. After
regular supplementation of those extracts to rats, a notable growth in bifidobacteria and
lactobacilli was recorded [267]. In an earlier study, the influence of the supplementation
of extracts of grape pomace on the modification of the gut microbiome of broiler chicks
was investigated [250]. The results demonstrated that the prevalence of Enterococcus, E. coli,
and Lactobacillus species was higher in the gut of birds fed with grape extracts than in other
birds. In conclusion, it was stated that the intestinal morphology and gut microflora were
altered by the compounds rich in polyphenols from grapes, which improved the extent of
the biodiversity of gut microbiota in broiler chicks.

Overall, numerous studies suggested that the application of the appropriate animal
model provides a robust technique to explore the gut microbial diversity and associated
metabolic functions, even though the intestinal microflora of animals and humans is not
entirely the same. In general, the presence/absence and abundance of a gene, profiles of
the gut microbial ecosystem, and the range of functions of microbes can be determined by
metagenomic studies. However, they can influence only an observed phenotype because
the presence of a gene does not indicate its functionality or that expression is there [268].

6. Gut Microbiota and Metabolic Diseases (MD)
6.1. Influence of Gut Microbiota on some Metabolic Diseases

Socio-demographic and environmental factors significantly contribute to the status
of people with metabolic disorders, including diabetes mellitus, whereas human genetics
show a lower influence [269]. Colonic microflora also shows a constructive interaction with
metabolic diseases. In addition to its digestive functions, the intestinal ecosystem maintains
the optimum condition of human health via contributing non-human genome encoded
enzymes. This includes the generation of vitamins and the breakdown of polyphenols
and polysaccharides [59]. The intestinal microflora is also responsible for the etiologies
of metabolic disorders, such as obesity, hypertension, cardiovascular disease, diabetes
mellitus, and inflammation.

It is reported that intestinal microflora controls most of the features of human physi-
ology, including regulation of colonic function, immune system modification, exogenous
toxins removal from the body, and defense mechanism against several pathogens. Several
epidemiological and experimental data revealed that energy homeostasis and maladapta-
tion are significantly influenced by intestinal microbiota, which is interrelated with insulin
resistance and obesity [270,271].

Furthermore, Clarke et al. (2010) stated that metabolic disorders may be regulated
by intestinal microbiota via affecting the immune system of the host and modifying the
inflammatory signaling pathway [272]. It was found that the incidence of various features
of metabolic disorders can be induced and suppressed by the lack of Toll-like receptors
functions, namely TLR4 and TLR5 [273,274]. These toll-like receptors can recognize the
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pattern of the cell membrane, and they significantly contribute to the non-specific defense
mechanisms of the host [274]. In an earlier study, Clarke et al. (2010) indicated that intesti-
nal microflora also can produce other pro-inflammatory compounds, including flagellin,
peptidoglycan, and lipoproteins, etc., which can bind to toll-like receptors [272]. Overall,
the colonic microbiota plays a major role in the incidence of metabolic disorders via altering
the signaling pathways associated with the initiation and progression of inflammations.

6.2. Impact of Phytochemicals on Metabolic Syndrome by Modulating Gut Microbiota

It was observed that chronic low-grade inflammation is generated due to the complex
interaction between a person’s diet and the intestinal microbiota [275,276]. The key reason
for indicating that metabolic syndrome is inter-related with chronic diseases is the reciprocal
association between the diet and the gut microbiota.

Several researchers focused on phytochemicals because of their significant influence
on human health. Even though the presence of dietary fibers, vitamins, minerals, etc. are
responsible for the beneficial health effects of fruits, many studies revealed that the phyto-
chemical content of the fruits also favorably influences human health by decreasing the
complications related to obesity and other disorders [171,277,278]. Numerous experimental
and epidemiological data demonstrate that phytochemicals can protect against diabetes
and its related complications by modifying intestinal microbiota [279,280]. Figure 17 shows
a simple illustration of the impact of phytochemicals and a diet rich in phytochemicals on
metabolic diseases by modifying the intestinal microflora.
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Figure 17. Impact of phytochemicals and diet rich in phytochemicals on metabolic diseases by
modifying intestinal microflora (self-generated).

Gut dysbiosis can be inhibited with the supplementation of phytochemicals, which
enhances the prevalence of several species of beneficial bacteria and β-diversity of mi-
croflora while reducing the abundance of opportunistic harmful bacteria. Alterations in
colonic microflora can lead to enhanced intestinal barrier function, increased breakdown of
glycan, and expenditure of energy. It can alleviate the incidence of adiposity, inflammation,
dyslipidemia, weight gain, and insulin resistance. Abovementioned beneficial alterations
in the host body consequently resulted in decreased metabolic diseases and its related
complications [53].
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7. Conclusions and Future Perspectives

In recent years, the interaction of dietary phytochemicals with the intestinal microflora
has garnered a greater interest because of their impact on gastroenterology, fermentation,
digestion, disease prevention, and human health. Several preclinical and clinical studies re-
vealed that phytochemicals could act as antimicrobial agents and exhibit prebiotic effects on
harmful intestinal microbiota. Despite numerous studies on this topic, the clarification and
understanding of the specific mechanism of each phytochemical are not well understood.
Complexities during the implementation, complications in interpreting the in vitro findings
into in vivo applications, and ethical and economic issues are some constraints for in vivo
experiments. The review indicates that phytochemicals play a crucial role in improving hu-
man (and animal) health, particularly gut health, via promoting the abundance of favorable
bacteria and protozoa and suppressing harmful bacteria, exhibiting prebiotic activities. The
bioactivity and metabolic function of some phytochemicals in the body are examined so far.
Therefore, further studies should focus on examining the therapeutic potential of remaining
phytochemicals and explaining the complex mechanisms and identifying which phyto-
chemical will specifically influence which micro-organism in modulating gut microbiota
and maintaining good health. Furthermore, the interaction of dietary phytochemicals with
other nutrients, such as minerals, vitamins and essential fatty acids, in the microbiome and
their effects in terms of fermentation, digestion, bio-accessibility of nutrients in the gut, and
the maintenance of health in humans and animals using in vivo studies warrants further
research. Due to inadequate human trials and animal model studies, another challenge is
to utilize these natural phytochemicals in the pharmaceutical industry to develop drugs
targeting improved gut health. In future, more animal model studies and human trials
should be conducted to pave the path for drug development using phytochemicals alone
or diets containing phytochemicals and other nutrients such as vitamins, essential fatty
acids, etc.
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Abstract: Diabetes and obesity are metabolic diseases that have become alarming conditions in
recent decades. Their rate of increase is becoming a growing concern worldwide. Recent studies
have established that the composition and dysfunction of the gut microbiota are associated with
the development of diabetes. For this reason, strategies such as the use of prebiotics to improve
intestinal microbial structure and function have become popular. Consumption of prebiotics for
modulating the gut microbiota results in the production of microbial metabolites such as short-chain
fatty acids that play essential roles in reducing blood glucose levels, mitigating insulin resistance,
reducing inflammation, and promoting the secretion of glucagon-like peptide 1 in the host, and this
accounts for the observed remission of metabolic diseases. Prebiotics can be either naturally extracted
from non-digestible carbohydrate materials or synthetically produced. In this review, we discussed
current findings on how the gut microbiota and microbial metabolites may influence host metabolism
to promote health. We provided evidence from various studies that show the ability of prebiotic
consumption to alter gut microbial profile, improve gut microbial metabolism and functions, and
improve host physiology to alleviate diabetes and obesity. We conclude among other things that
the application of systems biology coupled with bioinformatics could be essential in ascertaining
the exact mechanisms behind the prebiotic–gut microbe–host interactions required for diabetes and
obesity improvement.

Keywords: prebiotics; obesity; diabetes; gut microbiota; biotherapeutics; dietary fiber

1. Introduction

The condition of obesity and diabetes has risen drastically in the last decade, leading
to a public health emergency. In a recent study, 463 million people were estimated to suffer
from diabetes worldwide and the number is expected to increase in the coming years [1].
Diabetes is typically preceded by insulin resistance, where insulin action in peripheral
tissues including the liver, skeletal muscles, and adipose tissues are impaired. This results
in reduced insulin-stimulated glucose disposal, reduced lipolysis rates, and decreased
insulin-induced suppression of hepatic glucose production [2]. There is increasing evidence
that disruption of the gut microbiota function and composition could contribute to the
pathogenesis of metabolic diseases such as diabetes [3] and obesity [4–6]. Consequently, it
is crucial to evaluate the cross talk between the gut microbial composition in the gut, the
development of metabolic disorders, and the potential therapeutic strategies to prevent
these metabolic syndromes.

The mammalian gastrointestinal tract (GIT) is home to trillions of microorganisms,
collectively known as the gut microbiota (GM) [7]. The GM is defined as an ecological
community of commensal microorganisms that live symbiotically and pathogenically
in the gut [8]. Colonization of neonatal gut may start during birth [9]. GM represents
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a complex ecosystem, consisting of numerous diverse sets of microorganisms such as
viruses, fungi, bacteria, archaea, and phages, deeply implicated in different functions of
host metabolism [10]. The most abundant phyla consists of Firmicutes (64%), Bacteroidetes
(23%), Proteobacteria (8%), and Actinobacteria (3%) [11]. GM makes a crucial contribution to
the production of enzymes that are not encoded by the human genome, for example, the
breakdown of polysaccharides, polyphenols, and the synthesis of vitamins [12]; is pivotal
for human development and physiology [13]; and plays a vital role in regulatory functions
in health and disease [14].

The composition of the GM differs between person-to-person and can fluctuate signifi-
cantly within an individual [15]. Variation in GM composition could be caused not only by
differences in the host’s genome, but also by environmental factors, such as antibiotic use,
lifestyle, hygiene, and diet administration [16,17]. Significant alterations in gut microbial
composition (dysbiosis) can be unfavorable and can predispose an individual to disease.
For instance, acute and chronic disorders such as obesity, inflammatory bowel disease,
irritable bowel syndrome, diabetes, colon cancer, and antibiotic-associated diarrhea have
all been associated with dysbiosis [12,18,19].

Food is considered as a substrate that greatly contributes to the growth of GM and
has a significant influence on its composition [20]. In 1980, it was proposed that definite
components of the diet could promote the proliferation of specific bacterial strains inhabit-
ing in the GIT, which are associated with the benefit of the host’s health [21]. The dietary
intervention with prebiotics can be classified as dietary fibers; however, not all fibers can be
considered as prebiotics [22]. Dietary modulation of GM with prebiotics has shown great
potential as an agent to ameliorate and perpetuate a balanced microbial composition to
improve health and well-being [23–26].

In this review, we discussed prebiotics, their classification, and the modulatory capacity
of GM for health promotion in the host. We also discussed in vivo and in vitro studies
and human clinical trials to provide better insight into the benefits of prebiotics on health.
Finally, we focused on the therapeutic uses of prebiotics in the treatment/prevention of
obesity and type 2 diabetes mellitus (T2DM).

2. Prebiotics

Prebiotics are a class of nutritional compounds categorized together, not necessarily
by structural affinity, but by the potential to promote the growth and/or activity of specific
beneficial bacteria (probiotics) in the GM. The concept of prebiotics came into recognition
due to Glenn Gibson and Marcel Roberfroid in 1995 [23]. A prebiotic is known as “a non-
digestible food constituent that beneficially influences the host by selectively promoting
the growth and/or activity of one or a restricted number of bacteria in the colon, and thus
improving the host health” [27]. In 2004, prebiotics were upgraded to include four criteria:
(1) resistance to hydrolysis by mammalian enzymes, gastric acidity, and gastrointestinal
absorption; (2) they should only be fermented by GM; (3) induce systemic or luminal effects
that are beneficial to host health; and (4) selectively stimulate the growth and activity of
GM associated with health and well-being [28]. The health benefits of prebiotics are diverse
and include immune modulation through increased immune-regulatory interleukins and
intestinal-specific immunoglobulins; reduction of pro-inflammatory interleukins [29,30];
and production of short-chain fatty acids (SCFAs) such as acetate, propionate, and bu-
tyrate [31] (Figure 1). SCFAs are carboxylic acids with aliphatic tails of one to six carbons
that are produced by anaerobic fermentation of dietary fibers in the intestine by the GM [32].
SCFAs are an important indicator of bacterial fermentation in the colon and are known to im-
prove the gut health by maintaining intestinal barrier integrity [33], mucus production [34],
protection against inflammation, and reduction in colorectal cancer and obesity [35].
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and nine [40], and (ii) the endogenous enzymes produced in the small intestine should 
not hydrolyze them [41]. It should be taken into account that fermentation and fiber solu-
bility are generally not curtailed [22]. 

Figure 1. Mechanism of action of prebiotic supplementation. Prebiotic administration in a regular
diet increases bacterial growth and functionality of specific species or genera, leading to modulation
of the GM and showing a strong bifidogenic effect. The goblet cells play a key role in the production of
mucus, which helps to protect the mucous membrane and form a layer in the colon that helps to reduce
the inflammation caused by the bacterial interaction with intestinal epithelial cells. The modulated
GM ferments prebiotics to form SCFAs (acetate, propionate, and butyrate), from which health benefits
can be accrued. The production of antimicrobial agents and the reduction in the pH levels of the
intestine due to prebiotic supplementation can suppress and restrict the growth of pathogenic bacteria,
which can lead to positive health effects.

Among the abundant food ingredients available, some peptides and proteins, particu-
lar lipids, and non-digestible carbohydrates are components of prebiotics [36]. The chemical
structures of these components are not absorbed in the upper part of the GIT or hydrolyzed
by the digestive enzymes of humans. Hence, these ingredients are called colonic foods [37].
In colonic food, non-digestible carbohydrates are naturally occurring and meet all the
criteria of prebiotics. These carbohydrates include non-starch polysaccharides, resistant
starch, and non-digestible oligosaccharides [38]. However, not all of them are prebi-
otics [39]. In order to be classified as prebiotics, carbohydrates must fulfil the following
criteria: (i) they are dietary fibers with a degree of polymerization (DP) between three and
nine [40], and (ii) the endogenous enzymes produced in the small intestine should not
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hydrolyze them [41]. It should be taken into account that fermentation and fiber solubility
are generally not curtailed [22].

Bacterial genera that promote health such as Lactobacillus and Bifidobacterium is prolif-
erated by the administration of prebiotics, so that the fermented metabolites can be easily
absorbed by the mammalian gut and have an influence on host physiology [42] (Figure 1).
The prebiotics share several characteristics with dietary fiber, which includes partial or
total resistance to digestion and fermentation by the GM. Due to its selectivity, prebiotics
highlight the key condition to be demonstrated in an in-vivo experiment (including com-
plex human or animal GM) using validated and relevant methodologies to quantify a wide
variety of species that make up the GM [43].

Through characteristic and selective assimilation of prebiotics by subsequent fermen-
tation, there is a production of SCFAs at high levels, having immunomodulation and
metabolic effects on the host [44]. In this case, a reduction in the intestinal pH is also
observed, creating an environment that competitively hinders the growth of pathogenic
bacteria [45]. Some prebiotics prevent the adhesion of pathogenic microbiota to the GIT by
mimicking an intestinal binding site [46] (Figure 1).

The application of prebiotics is well known in pharmaceuticals, and products for
people with diabetes (as a natural sweetener) [47]. The large number of scientific data
on prebiotics has focused on compounds associated with two major chemical groups:
fructo-oligosaccharides and galacto-oligosaccharides [48]. They can be derived and/or
extracted from food sources such as seeds, whole grains, legumes, chicory roots, Jerusalem
artichokes, onions, garlic, and some vegetables [49], but in a recent study it was found that
some aquatic plants (seaweeds and microalgae) contain prebiotics [50]. Prebiotics include
a variety of forms such as fructo-oligosaccharides (FOS), galacto-oligosaccharides (GOS),
human milk oligosaccharides (HMO), lactulose, lactosucrose, inulin, resistant starches (RS),
arabinoxylans (AX), xylooligosaccharides (XOS), and pectin [24]. More attention has been
given by researchers towards FOS as a prebiotic in improving human health [51].

3. Classification of Prebiotics

As mentioned above, there are many types of prebiotics that can be classified into
different groups [52]. They differ in structure and can have a health benefit to the host
through numerous different mechanisms [44]. Prebiotics also have the potential to modulate
GM by selectively stimulating the growth of Bifidobacteria and Lactobacilli, by assimilation
via beneficial GM and subsequent fermentation. In the fermentation process, these GM
produce high levels of butyrate, isobutyrate, valerate, propionate, and acetate, which has
various physiological functions in an organism [53]. The majority of prebiotics are mostly
the subset of carbohydrate groups, more specifically, oligosaccharide carbohydrates. There
are many relevant articles on oligosaccharide carbohydrates [54,55], but there are also few
pieces of evidence showing that prebiotics are not only carbohydrates [56].

3.1. Inulin (Fructan)

Inulin-type prebiotics are members of an immense group called “fructans”. Fructans
constitute a group of compounds that confine all naturally occurring plant oligosaccharides
and polysaccharides in which one or more fructosyl–fructose linkages form the majority of
glycosidic bonds [57]. Hence, they are the primarily polymers of fructose units. Fructans
can also be characterized by the DP, which refers to the number of repeated units in a
polymer or oligomer chain [58]. The category of fructans consists of inulin and oligofructose
(FOS) [59] (Table 1).
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Inulin is a collective term that comprises all linear fructans with β (2→1) fructosyl–
fructose glycosidic bonds [60]; this specific type of glycosidic bond gives inulin its distinc-
tive physiological and structural properties. Inulin-type fructans resist enzymatic hydroly-
sis by small intestine digestive enzymes and human salivary enzymes because of the beta
configuration bonds between fructose monomers [61]. Chemically, the linear chain of inulin
is either an α-D-glucopyranosyl-[β-D-fructofuranosyl](n-1)-β-D-fructofuranoside (GpyFn)
or αβ-D-fructopyranosyl-[β-D-fructofuranosyl](n-1)-β-D-fructofuranoside (FpyFn) [62].

3.2. Fructo-Oligosaccharides (Fructan)

Another type of fructans i.e., FOS, is a natural component that can be found in
plants [63]. FOS are commercially prepared from chicory in a hydrolysis reaction us-
ing inulinase and may also be derived in an enzymatic synthetic reaction via the transfer
of fructosyl units from sucrose molecules [64]. When presented structurally, FOS consist
of a sucrose molecule linked by a chain of 3–30 fructosyl units. FOS are oligomeric linear
fructans with β-(2–1) or β-(2–6) fructosyl-fructose linkages with the first monomer of the
chain either being α-D- glucopyranosyl or β- D -fructopyranosyl residue [60]. The DP of
inulin is up to 60 and the DP of FOS is less than 10 [65] (Table 1).

3.3. Galactooligosaccharides

GOS are the product of lactose extension and are included among non-digestible
oligosaccharides. They are arranged in two subgroups: (i) with excess galactose at C3, C4
and C6; and (ii) manufactured from lactose through enzymatic trans-glycosylation [66].
The mixture of the product depends on the reaction conditions and the enzymes used.
β-galactosidase of various origins, such as Aspergillus oryzae, Bacillus circulans, and Crypto-
coccus laurentii, is used for the industrial production of GOS [67]. The general constituents
of this oligosaccharide are from tri- to penta-saccharide with β (1→6), β (1→3), and β

(1→4) linkages. This category of GOS is known as trans-galacto-oligosaccharide [68].
Culture studies of Bifidobacteria and most of Lactobacilli and enterobacteria, including
some streptococci-metabolized trans-oligosaccharide, with Bifidobacteria showed robust
growth [69]. There are some GOS derived from the isomers of lactose, due to influential
factors such as the source of the enzyme, temperature, pH, and substrate concentration.
They are also considered as prebiotics [70] (Table 1).

3.4. Human Milk Oligosaccharides

HMO are complex and non-digestible carbohydrates, recently classified as prebiotic sub-
stances. They are present in high abundance in maternal breast milk (10–15 g/L) [57,71,72].
The length of the HMO chain can vary from 3 to 15 carbohydrate units and is synthe-
sized in the mammary gland [73]. The HMO concentration in the lactating mother is
higher during the early stages and gradually decreases over time [74–76]. Structurally,
HMO are composed of five monosaccharides: glucose, galactose, N-acetylglucosamine,
fucose, and N-acetylneuraminic acid or sialic acid [77–79]. They are synthesized from a
lactose core (galactose-β (1→4) glucose) by glycosyl transferases in the lactocyte. Some
HMO are branched with a fucose or sialic acid monosaccharide residue attached to the
lactose core via α1–2/3/4 and α2–3/6 linkages, due to the action of fucosyltransferases
and sialyltransferases, respectively [80,81]. Among its several types, less than 50 HMO
have a representative abundance in human breast milk. HMO 2′-fucosyllactose has been
identified as the most abundant HMO in breast milk [82]. Breast milk due to its high
levels of 2′-fucosyllactose has shown advantages for the infant because of its efficiency to
promote an early high Bifidobacteria-dominated GM [83]. Several experiments conducted
on the supplementation of HMO documented beneficial effects on the overall health of an
individual, which includes modification of the GM [78,81,84], effects on immune devel-
opment [78,85,86], anti-adhesive antimicrobial effects [87], and brain development [88,89]
(Table 1).
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3.5. Glucose-Derived Oligosaccharides

An example of glucose-derived oligosaccharide is polydextrose (PDX), which is non-
digestible and widely used in the food industry [90]. PDX is a randomly bonded glucose
polymer with an average DP of 12, but ranging from 2 to 120. This molecule contains
the combination of α- and β-linked 1→2, 1→3, 1→4, and 1→6 glycosidic linkages [91].
PDX has been acknowledged as a soluble fiber that has beneficial effects on gut health,
satiety, and postprandial glycemia [92]. Daily intake of 4–12 g of PDX has been found
to have a large improvement in physiological functions without showing any adverse
effect [93].

3.6. Resistant Starches

The starch that is resistant to the upper gut digestion is termed as RS [94]. RS cannot be
digested by human pancreatic amylase in the small intestine, reaching the colon, promoting
health benefits by producing a high level of butyrate, suggesting it to be classified as a
prebiotic [39,95]. RS consumption has been related to improving the diabetes condition
by reducing postprandial glycemic and insulinemic responses, and is also associated with
decreased levels of cholesterol and triglycerides [96].

3.7. Pectic Oligosaccharides

Pectic oligosaccharides (POS) originate from a polysaccharide, known as pectin, which
is a structural element of intracellular regions and cell walls of the plants and is vastly
present in fruits and vegetable waste materials [97]. Chemically, POS are based on the
extension of rhamnose or galacturonic acid, and different types of sugars (galactose, xylose,
and arabinose) or ferulic acid are linked to the side chains [98]. In humans, gastric juice
and saliva are not capable of degrading pectin. Furthermore, digestive enzymes like
trypsin, pepsin, and rennet cannot breakdown pectin in the small intestine [99]. It has
been reported that pectin undergoes slow fermentation and exhibits prebiotic effects by
producing SCFAs [100]. It has been shown that pectic oligosaccharide has the potential to
show bifidogenic effects [101]. Experiments conducted on pectic oligosaccharides revealed
health benefits that include antiobesity, anticancer, and antioxidant properties [102].

Table 1. Summary of the structure and formula of prebiotics.

Abbreviation Chemical Composition DP Chemical Formula References

Inulin linear chain of fructose with
β(2→1) linkages 3–60
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glucose, galactose, N-acetylglu-

cosamine, fucose, and N-acetylneu-
raminic acid or sialic acid  

<7 

 
2′fucosyllactose 

[104,105] 

n = 1–4

[60,103]
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Table 1. Cont.

Abbreviation Chemical Composition DP Chemical Formula References

HMO

composed of five
monosaccharides: glucose,

galactose, N-acetylglucosamine,
fucose, and N-acetylneuraminic

acid or sialic acid

<7
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Table 1. Cont.

Abbreviation Chemical Composition DP Chemical Formula References

AX

β-1,4-linked D-xylopyranoside
units substituted with arabinose

residues on the c(o)-2 or
c(o)-3 position

1–60
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3.8. Lactulose

Lactulose is a synthetically produced non-digestible ketose disaccharide that consists
of galactose and fructose linked by a bond resistant to lactase [113]. Lactulose is extracted
from lactose (milk sugar), chemically known as 4-O-β-d-galactopyranosyl-d-fructose, and
the enzyme used for the biocatalytic production is β-galactosidase [114]. It is used medically
for the treatment of constipation [115]. The human small intestinal mucosa does not have
the enzymes to breakdown lactulose, and hence it reaches the large bowel unchanged [116].
Lactulose is metabolized by colonic bacteria to monosaccharides and then to methane,
volatile fatty acids, and hydrogen [117]. In human studies, the lactulose have a significantly
modified GM by increasing Bifidobacterium, Lactobacillus, and Streptococcus, and having
favorable health benefits [81,118] (Table 1).

3.9. Lactosucrose

Lactosucrose is also known as galactosylsucrose, lactosylfructoside, and galactosu-
crose, and is synthetically produced trisaccharide, which is composed of galactose, fructose,
and glucose monomers [119]. Raffinose, an isomer of lactulose, has a potential bifido-
genic effect [120]. Lactosucrose is used as a commercial food supplement in many healthy
foods and beverages with the intention of altering gastrointestinal functions and improv-
ing health [121]. Lactosucrose has shown promising effects as a bifidogenic compound
modulating immune functions [122,123] (Table 1).

3.10. Arabinoxylans

Arabinoxylans (AX) are predominant non-cellulosic polysaccharides of cell walls
in plants. AX were first identified by Hoffman and Gortner in 1927, as viscous gum in
wheat flour [124]. Their structural properties, heterogeneity, and recovery depend on their
location, which is strongly influenced by the other components of the cell wall [125]. AX are
called as “pentosans” as they consist of pentoses xylose and arabinose. Chemically, it is
heteroxylan consisting of a backbone of β-1,4-linked D-xylopyranoside units substituted
with arabinose residues on the c(o)-2 or c(o)-3 position [126]. The DP of AX is between
1 and 60 [109]. AX have the potential to show high technological importance. There are
several biological studies that have been reported on the behalf of AX, including antioxidant
activity [127], cholesterol-lowering agents [128], blood sugar modifiers [129], and immunity
enhancers [130] (Table 1).

3.11. Xylooligosaccharides

Xylooligosaccharides (XOS) or xylan are to be considered as the second most abundant
biopolymer in the plant kingdom. These are the sugar oligomers of β-1,4-linked xylose
(a pentose sugar) found naturally in food sources such as honey, bamboo shoots, fruits,
vegetables, and milk [131]. On the basis of substituted groups, xylan can be categorized
into three classes: (i) glucuronoxylan, (ii) neutral arabinoxylan, and (iii) glucuronoara-
binoxylan [132].The DP of the XOS used in commercial food products ranges from 2 to
10 [133]. The complete utilization of XOS is based on the activities of a number of enzymes,
including β-xylosidase, α-glucuronides, and acetyl esterases released by different strains
of GM, and produces SCFAs [134]. XOS have shown a bifidogenic effect [135], with the
support of in-vivo animal studies, and offers modification in the composition and activity
of the GM [136] (Table 1).

Excess consumption of prebiotics can promote severe discomfort in an individual,
therefore, optimal intake is necessary [137] (Table 2).
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Table 2. Recommended intake of prebiotics.

Prebiotic Doses Suggested Reference

Inulin 2–12 g/day [138]

FOS 12.5–20 g/day [139]

GOS 2–20 g/day [140]

HMO 10–20 g/day [141]

PDX 4–12 g/day [93]

RS 10–15 g/day [142]

POS 10–20 g/day [143]

Lactulose 10–30 g/day [144]

Lactosucrose Not estimated -

AX Not estimated -

XOS 1–5 g/day [145]

4. Efficacy of Prebiotics on Gut Microbiota Composition: In Vivo and In Vitro Studies

The experiments conducted on the administration of prebiotics have shown selective
changes in the GM composition. Different categories of prebiotics can stimulate the growth
of various indigenous bacterial communities in the GM. Collective evidence from animal
model trials, human studies, and in-vitro modeling systems has concluded that they affect
the composition of GM, leading to proliferation in health-promoting organisms such as
Bifidobacteria and Lactobacilli [146–148]. Prebiotics have ameliorative properties such as
maintaining intestinal integrity and homeostasis, production of SCFAs, and regulation
of gastrointestinal transit [115]. Indeed, it has been suggested that the use of prebiotics
should have ameliorative properties on gastrointestinal diseases like irritable bowel disease,
Chron’s disease, and ulcerative colitis [149]. Selective stimulation of GM growth and/or
activity is potentially associated with health protection and well-being [24,150].

4.1. Inulin

Inulin is a non-digestible oligosaccharide that is fermented by the GM and has resis-
tance to the degradation by the human digestive enzymes. It reaches the colon almost as
an intact molecule and acts as a fermentable substrate for GM [62]. In vivo and in vitro
studies on inulin concluded that it has selective stimulation of bacterial growth; this has
been observed in numerous studies carried out either in defined pure culture fermenta-
tion or by using human feces [151–153]. Inulin supplementation for 19 days to a group
of 10 elderly women with a dose beginning at 20 g/day from days 1 to 8 and gradually
increasing to 40 g/day during days 9 to 19, showed a significant increase in Bifidobacteria
that can be utilized during fermentation, and a decrease in the number of Enterococci and
Enterobacteriaceae, while no statistically significant changes were observed in Bacteroides,
Clostridia, or Faecalibacterium prausnitzii [154]. In another study conducted on 10 healthy
volunteers with inulin supplementation of 8 g per day for 14 days, a significant increase
in Bifidobacteria was shown. In this case, a number of Clostridia increased also, but the
magnitude of Clostridia was one tenth of Bifidobacteria. These data supported a bifidogenic
effect of inulin [155]. Importantly, inulin fermentation leads to the production of SCFAs. In
an experiment conducted on rats cecum (colonic part of the GIT), it was demonstrated that
inulin has significantly higher efficiency in producing SCFAs compared with other dietary
fibers [156] (Table 3).

4.2. FOS

FOS have great potential as ingredients due to their prebiotic activity and low caloric
value. Gibson and Roberfroid [23] showed the bifidogenic characteristics of FOS using 15 g
per day as dietary supplementation. The GM was modulated and there was a significant
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decrease in the number of Bacteroides, Fusobacterium, and Clostridium. Therefore, it was
concluded that FOS is better utilized by Bifidobacteria, and, on the other hand, they can
cause unfavorable changes for harmful bacteria in the GIT [23].

It was verified that the addition of NeosugarR (a trade name for fructooligosaccharide)
to the human diet, i.e., 15 g per day, can cause a 10-fold increase in the population of
Bifidobacteria in the large intestine [138]. In addition to its bifidogenic property, the regular
and adequate intake of FOS has beneficial effects in the case of disorders associated with
obesity, diarrhea, osteoporosis, atherosclerotic, gastrointestinal disorders, cardiovascular,
and T2DM diseases [157]. The fermentation of FOS by GM generates SCFAs and organic
acids that decrease luminal pH, thereby enhancing the bioavailability of nutritionally
important minerals [158]. It was also found that a diet supplemented with FOS promotes
the production of butyrate, which influences lipid metabolism in humans [159] (Table 3).

4.3. GOS

GOS are a type of non-digestible fiber with prebiotic activity [133], which has also
been demonstrated by a dynamic in-vitro colon model and the 13C labeling technique with
GOS consumption. The results showed an increase in Bifidobacterium longum, B. bifidum,
B. catenulatum, Lactobacillus gasseri, and L. salivarius, but changes in numbers of Enterobacteriaceae
(a family of Gram-negative bacteria that includes some harmless symbionts) and several
familiar pathogens, such as Salmonella, Yersinia pestis, Klebsiella, Escherichia coli, and Shigella,
were rather negligible [160]. In another study, the prebiotic activity of GOS was analyzed
by pyrosequencing of fecal samples from healthy human volunteers with GOS adminis-
tration. The data obtained showed a statistically significant increase in Bifidobacteria and
Faecalibacterium prausnitzii, and a decrease in Bacteroides [161]. It was also concluded that
90% of GOS resist digestion in the upper GIT and then enter the colon, which then get intact
to the tract and act as fermentation substrates for the resident microbiota [162] (Table 3).
An in-vitro study showed that the fermentation of GOS by GM generates SCFAs and or-
ganic acids that decrease luminal pH, thereby enhancing the bioavailability of nutritionally
important minerals [163]. Interestingly, GOS administration showed anxiolytic effects in
both animals [164] and humans [165] (Table 3).

4.4. HMO

One of the multifarious functions of HMO is that they act as prebiotics and stimulate
the colonization of beneficial GM [166]. In vitro studies provided strong evidence that HMO
promotes the growth of selective Bifidobacteria [78]. Bifidobacterium longum subsp. infantis
proliferates well on 2′-FL, as the sole source of carbohydrates [81,84,167,168]. These
Bifidobacterium longum subsp. infantis produce SCFAs, which create an environment that
favors the growth of commensal bacteria and prevents the adhesion of pathogenic bac-
teria [169]. Some structures of HMO are similar to the intestinal epithelial cell surface
glycan receptors, which serve as decoy receptors to prevent pathogen binding and increase
pathogen removal [78]. A study on HMO supplementation suggested that breast-fed in-
fants have a higher number of Bifidobacteria compared to the formula-fed infants [170]. In a
human study, investigation into the interaction between Bifidobacteria and Eubacterium hallii
demonstrated that E. hallii consume acetate, lactate, and 1,2-propanediol (which are the
products formed by the fermentation of HMOs by Bifidobacteria) and eventually lead to
the production of butyrate and propionate [171] (Table 3). On the other hand, the study
conducted on bioengineered 2′-FL showed inhibition of the adhesion of Campylobacter jejuni,
Salmonella enterica, E.coli, and Pseudomonas aeruginosa to an intestinal human cell line [172].
Research on HMO, specifically 2′-FL, has shown that it is even more potent than standard
commercial prebiotics, such as FOS, and has many different functions, including immune,
GM, and cognition benefits [173] (Table 3).
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4.5. PDX

In vitro studies have indicated that PDX has all the characteristics to be a prebiotic [174,175].
It has been shown that daily intake can beneficially modify the composition and activity of
GM. In a study in humans, PDX favored intestinal function and improved the ease of bowel
movement. Furthermore, it inhibited the absorption of glucose in the small intestine and
the fermentation for the production of SCFAs in the large intestine favoring the reduction
of gut pH [176]. Supplementation with PDX in healthy humans with a dose of 8 g per day
for 3 weeks showed a significant increase in the number of Ruminococcus intestinalis, the
main producer of butyrate, and slow fermentation of PDX in the colon was observed [177].
Another study carried out in healthy adult males with 21 g of PDX supplementation per day
significantly suppressed the number of phylum Firmicutes and significantly increased the
number of bacteroidetes when compared to the control group [174]. These data concluded
that PDX supplementation had a positive impact on the bacterial composition of GM
(Table 3).

4.6. RS

A number of studies demonstrated that RS is capable of modifying the GM com-
position towards the heath benefit of the host. An experiment carried out in mice for
8 weeks showed that mice fed with diets containing high amylose RS2 (one of the types of
RS) were colonized by higher levels of Bifidobacterium, Akkermansia, and Allobactum [178].
The nutritional intervention study revealed that RS, when supplemented in the diet, can in-
duce a 10-fold increase of gut Bifidobacteria [179]. On the other hand, one of the byproducts
of RS is SCFAs. A study carried out on rats for 12 weeks treated with two concentrations of
RS (0 and 27% weight of diet) showed an increase in propionate, butyrate, and acetate [180]
(Table 3).

4.7. POS

POS is a new class of prebiotics that derives SCFAs from the GM fermentation [181].
In an in vitro study, the POS from the citrus peel and sugar beet pulp were fermented by
the human fecal samples, leading to an increase in the bacterial population of eight different
groups. POS from sugar beet showed the highest bifidogenic effect and utmost SCFAs
concentration. On the other hand, the POS from citrus peel showed an increase in the
population of Lactobacillus [182]. In a recent study, it was concluded that the concentration
of SCFAs was higher in the POS supplementation, when compared to FOS [183] (Table 3).

4.8. Lactulose

An investigation conducted on lactulose degradation determined that human and calf
β-galactosidases do not degrade it [184]. An in-vitro study performed using fecal samples
on agars, and an analysis of enzymes produced and putrefactive compounds of lactulose
fermentation, concluded a selective and significant increase in Bifidobacteria, decreasing the
abundance of streptococci, bacteroides, C. perfringens, and Lactobacilli [185]. Studies carried
out on humans demonstrated that lactulose selectively and significantly modifies GM by
increasing Lactobacillus, Bifidobacterium, and Streptococcus [186] (Table 3).

4.9. Lactosucrose

Strong evidence has been observed in the administration of lactosucrose, selectively
promoting the number of Bifidobacteria in in-vitro and in-vivo studies on animals and hu-
mans [187–189]. Lactosucrose fermentation was evaluated using Bifidobacterium, Lactobacillus,
and Streptococcus probiotic strains in the in-vitro study, and the results led to the growth of
four bacterial strains: Lactobacillus casei, Lactobacillus reuteri, Lactobacillus acidophilus, and
Streptococcus salivarius [187]. Animal studies have shown a significant increase in Lactobacilli
and Bifidobacteria, while restraining the levels of pathogens, such as Clostridium perfringens,
Staphylococci, and Bacteroidaceae, after the consumption of lactosucrose [122,185]. Lactosu-
crose fermentation by the GM produces SCFAs and shows a consequent reduction in the pH
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of fecal contents [190,191]. An in-vitro study on different fish species such as Pagrus major,
Cyprinus carpio L., and Oncorhynchus mykiss showed that the lactosucrose fermentation
results in the production of SCFAs and gases, concluding that the lactosucrose can also be
fermented in herbivorous, omnivorous, and carnivorous fishes [192–194] (Table 3).

4.10. AX

AX are not digested by the enzymes produced by the GIT, thus these provide the
carbon source for the GM that inhibits the large bowel [195]. Many experiments have
been performed on the regular supplementation of AX, resulting in an enhancement
in the proliferation of the growth of health-promoting bacteria. In-vitro studies of AX,
implemented in anaerobic batch cultures inoculated with human feces, demonstrated that
fermentation of wheat endosperm AX resulted in the production of acetate, propionate,
and butyrate [196]. In the in-vitro digestibility test carried out on pigs, it was established
that only 15% of the ingested AX is recovered in the feces, while the major fraction of AX is
fermented in the cecum, which represents the high fermentability of AX [197] (Table 3).
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4.11. XOS

Animal studies have furnished evidence that oral administration of XOS remark-
ably increases fecal weight, bone properties, fecal moisture, and number of Bifidobacteria,
with a parallel increase in SCFAs production in mice [201], rats [202], and humans (el-
derly) [200]. A recent study on a healthy human adult demonstrated that XOS intake in-
creases Bifidobacterium counts without affecting the number of Lactobacillus [199]. The potential
of Bifidobacteria to metabolize XOS is based on the activity of their xylan-degrading enzyme
systems. Human study on the prebiotic XOS and their effects on modulating the GM
in vivo is limited, particularly regarding the efficiency (Table 3).

Prebiotics are also able to remodulate the composition of the GM. Compared to a
different category of prebiotics, only the fructans (inulin and FOS), GOS, and lactulose
had highly selective effects on human GM modification [203]. As mentioned before,
fermentation products of prebiotics such as SCFAs also have modulatory effects on the
gut pH [204]. The pH alteration can have an influence on the population of acid-sensitive
species, such as Bacteroides, and promote butyrate formation by Firmicutes [205].

5. Prebiotics for the Treatment of Obesity and Diabetes

Globally, the population of diabetes patient is increasing, imposing a great social and
economic burden on public health [206,207]. T2DM is a chronic metabolic syndrome of
abnormal lipid and glucose metabolism that leads to neuropathy, retinopathy, leg ulcers,
and gangrene [208]. The factors that could have an impact on T2DM development are
obesity, genetics, smoking, age, hypertension, and sedentary lifestyle [207]. In recent
studies, it has been proposed that the remolding of the GM composition from obesity could
lead to the pathogenesis of T2DM [209–213].

As mentioned above, the two dominant bacteria groups in human GIT are Bacteroidetes
and Firmicutes [209]. A link between obesity and GM composition has been reported in
humans, showing an increase in the number of Firmicutes and a decrease in the diversity of
Bacteroidetes [213] (Figure 2).

Prebiotics have gained a considerable place in the management of obesity and diabetes
due to their ability to modulate GM composition, thereby affecting the status of GIT
and exerting anti-diabetic effects [214,215]. As prebiotics consist of different forms, their
supplementation can be considered as a dietary therapy for the prevention and treatment
of T2DM [216], and also in the fight against obesity by affecting food intake and appetite
and metabolic activities [10] (Figure 2).

FOS have numerous desirable characteristics such as low calories, safety for diabetics,
no carcinogenicity, and bifidus-stimulating functionality [65]. Due to these properties, FOS
are considered a functional food ingredient that improves health status [217]. Increasing
studies demonstrated the functional properties of FOS including the reduction of blood
glucose levels, cholesterol levels, and lowering of blood pressure [218–220] (Table 4).

Meanwhile, inulin as a prebiotic has shown mixed results on the glycemic scale [221,222].
A study carried out on 54 middle-aged (between 35 and 65 years) healthy adults (men
and women) as a double-blind, randomized, placebo-controlled parallel groups with
10 g of inulin supplementation for 8 weeks did not show any significant changes in the
body weight [223]. A decrease in plasma insulin level was observed after 4 weeks of
treatment and remained lower up to the 8th week, along with lower plasma triglyceride
concentrations. Total cholesterol (TC) was lower in the inulin-supplemented group when
compared to the placebo group. The study concluded that inulin supplementation may
influence the degradation of triglyceride-rich lipoprotein particles [223]. In human trials
conducted on obese women treated with inulin, greater proportions of Bifidobacterium and
Faecalibacterium were observed, an effect that coincided with reduced fat mass and serum
lipopolysaccharide [224]. The important role of Bifidobacterium in the fight against obesity
has recently been demonstrated by Bifidobacterium longum both in preclinical obesity models
and in humans [225].
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Recent studies have proven that increased inflammatory state (as seen in obesity and 

diabetes) has a paramount influence on glucose metabolism, and eubiosis ensures appro-
priate immune responses. This implies that the implementation of appropriate GM mod-
ulatory strategies could be a new and promising therapy against metabolic diseases. 

Figure 2. An overview of the improvement in the health of obese/T2DM patients treated by modu-
lating their GM using prebiotics supplementation in a regular diet. Administration of prebiotics has
the potential to modulate GM composition in patients suffering from T2DM and obesity and can be
used as a therapeutic approach to cure the adverse effects of metabolic diseases. The daily intake of
prebiotics in a designed diet has a major influence on GM by decreasing gut permeability, bacterial
translocation, and reducing LPS-induced inflammation. However, this diet increases SCFAs and
bifidogenecity in the gut, leading to lower TC levels, lipogenesis, LDL triglycerides, and adiposity,
eventually resulting in lower risk of cardiovascular diseases.

XOS studies indicated that they have the potential to reduce serum cholesterol and
triglycerides levels, which are the main risk factors for diabetes. The administration of XOS
to wild-type rats for 28 days showed a reduction in LDL levels, TC in serum, triglycerides,
and body weight [236] (Table 4).

The consumption of RS improved insulin sensitivity in subjects with metabolic syn-
drome and appears to have a favorable effect on insulin sensitivity [231] (Table 4).

In summary, prebiotics show efficiency not only in modulating or restructuring and
stabilizing the host microbiome, but also in the regulation of many mechanisms associated
with the development and metabolic consequences of obesity. Furthermore, prebiotics
should be enriched in popular foods, increasing the chances of consistent consumption
and improving overall health. At least, dietary prebiotic supplementation represents a
safe, well-tolerated, and inexpensive therapeutic approach and should be considered as a
potential therapy for the treatment and prevention of T2DM and obesity (Figure 2).

6. Conclusions and Future Perspectives

Recent studies have proven that increased inflammatory state (as seen in obesity
and diabetes) has a paramount influence on glucose metabolism, and eubiosis ensures
appropriate immune responses. This implies that the implementation of appropriate GM
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modulatory strategies could be a new and promising therapy against metabolic diseases.
Meanwhile, the appropriate dosage, duration of treatment, and long-term effects of the
intervention of different prebiotics remain unknown. For this reason, more clinical trials are
needed before prebiotics can be rationally suggested for the prevention and/or treatment
of obesity and diabetes.

Although in-vivo and in-vitro studies conducted on animals and humans revealed that
many prebiotics increase the growth of Bifidobacterium spp., and Lactobacillus spp. and cause
a diverse change in the Bacteroidetes and Firmicutes phyla, it is still not fully understood how
these carbohydrates interact with the GM with their widely diversified structures. Further
research is required to reveal the mechanisms of these carbohydrates’ structures on the GM
and the host. In addition, it is well established that GM ferments the prebiotics, leading to
the formation of SCFAs and acidification of the colonic contents. These by-products formed
by the fermentation process play an extensive role in maintaining the host’s health and
ameliorate diseases. Despite advances in our understanding of prebiotics, there remain
numerous knowledge gaps concerning the SCFAs molecular signaling mechanisms and
their association with prebiotic chemical composition and structural conformations, along
with their modulatory effects at the genetic, cellular, organelle, and systemic levels.

Meanwhile, the application of systems biology coupled with bioinformatics could
be a powerful strategy to unveil mechanistic insights into the action of prebiotics on the
gut microorganisms and lead to an understanding of how these compounds (and their
metabolites) alter both microbial and host metabolic functions at the molecular level. These
insights and population-based studies could uncover new strategies to improve dietary
relevance and clinical efficacy.
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Abstract: Anthocyanin is a type of flavonoid pigment widely present in fruits and vegetables. It can
not only be used as natural pigment, but also has a variety of health functions, for instance, anti-
oxidant, anti-inflammatory, anti-tumor, and neuroprotective activities. Persistent proinflammatory
status is a major factor in the development, progression, and complications of chronic diseases. Not
surprisingly, there are thus many food ingredients that can potentially affect inflammation related
diseases and many studies have shown that anthocyanins play an important role in inflammatory
pathways. In this paper, the inflammation related diseases (such as, obesity, diabetes, cardiovascular
disease, and cancer) of anthocyanins are introduced, and the anti-inflammatory effect of anthocyanins
is emphatically introduced. Moreover, the anti-inflammatory mechanism of anthocyanins is elabo-
rated from the aspects of NF-κB, toll like receptor, MAPKs, NO, and ROS and the main efficacy of
anthocyanins in inflammation and related diseases is determined. In conclusion, this review aims to
get a clear insight into the role of anthocyanins in inflammation related diseases.

Keywords: anthocyanins; inflammation; NF-κB; MAPKs; inflammation related diseases; in vitro;
in vivo

1. Introduction

Inflammation is a normal physiological response, which is the protective response
of the innate immune system to pathogens and injuries, usually temporary, and is one of
the body′s oldest defense mechanisms [1]. While acute, localized inflammation is a life-
saving mechanism to protect the body from pathogens, repeated stimulation or ineffective
regulation can lead to chronic inflammation, damage the body, and induce a variety of
diseases [2]. Inflammation is controlled by many factors, and NF-κB signaling pathway is
one of the main influencing factors of inflammation. The activation of NF-κB can stimulate
the expression of many genes and produce various cytokines, such as TNF-α, IL-6, IL-1β,
MCP-1, adipokines, cell adhesion molecules, sVCAM-1 and sICAM-1, and acute phase
protein (CRP) [3]. Other important inflammatory factors include PRRS, such as TLRs, and
kinases such as MAPK and JNK. When these kinase cascades and nuclear transcription
factors are stimulated by external stimuli such as endotoxin, viruses, ROS, cellular redox
status, fatty acids, cytokines, growth factors, and carcinogens, inflammation is induced [4].

Chronic, low-grade, systemic proinflammatory state is the risk factor of insulin resis-
tance, metabolic syndrome, atherosclerosis, type II diabetes, cardiovascular disease, and
other diseases [5]. Studies have shown that a chronic inflammatory environment is a risk
factor for cancer. Chronic inflammation is closely related to tumorigenesis, including cell
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transformation, promotion, survival, proliferation, invasion, angiogenesis, and metasta-
sis [6]. Atherosclerotic thrombosis is often accompanied by inflammation [7]. Inflammation
also regulates the production of acute phase proteins, such as CRP, a subclinical inflamma-
tory marker associated with atherosclerosis. The role of many proinflammatory cytokines
in the progression of atherosclerosis has been verified in many studies [8]. Activation of
NF-κB signaling pathway produces a large number of pro-inflammatory factors, such as
pcam-1, which is involved in the increase of monocyte adhesion and vascular inflammation.
TNF-α is related to the pathogenesis of endothelial dysfunction [9]. Many previous studies
have shown that inhibition of TNF-α expression can effectively reduce endothelial dysfunc-
tion [10,11]. In addition, obesity is closely related to inflammation, which is a manifestation
of chronic and low-grade inflammation. Hotamisligil et al. first reported that the fat
mass increases with the increase of TNF-α expression [12]. In obesity, the morphological
changes of adipocytes lead to the change of secretory response, which is conducive to the
inflammatory state. The expanded adipose tissue aggregates macrophages to produce
pro-inflammatory proteins such as TNF-α, IL-6, and MCP-1, which further promote the
inflammatory state [1]. In conclusion, many diseases are prevented and treated by reducing
the inflammatory cascade.

Anthocyanins widely exist in plant cell fluid and are secondary metabolites of plants,
such as berries, soybean seed, purple potato, purple cabbage, and black carrot [13]. They
have different colors in different environments. Research showed that anthocyanins
showed different colors at different pH values, being blue in alkaline environments and
purplish red in acid environments. The characteristics of anthocyanins make plants show
different colors in different environments. Therefore, anthocyanins of various colors can
be produced in the fruits, flowers, and leaves of plants [14]. The change of temperature
also has a significant effect on their color [15]. Anthocyanins are widely used as natural
pigments because of their brilliant colors. Anthocyanins are a type of polyphenol pigment
which belongs to flavonoids, and has many health functions, such as anti-cancer [16],
anti-inflammatory [17], neuroprotective [18], eye protection, and so on [19].

Anthocyanins are flavonoid compounds formed by glycosidic bonds between an-
thocyans and sugars. They are polyhydroxy and methoxy derivatives of 2-benzopyrene
or xanthate ions. Their basic structure is C6-C3-C6, namely two aromatic rings and one
oxygen-containing heterocycle [20]. Due to the different substituents on the C6-C3-C6
nucleus, the ability to form resonance structure and the environmental factors, various an-
thocyanins are formed, showing a variety of different colors. At present, there are 22 types
of anthocyanins in nature, and 6 types of common anthocyanins in food [21]. The chemical
structure of anthocyanins is shown in Figure 1. The types of R1 and R2 substituents are
shown in Table 1.

Figure 1. Basic structure of anthocyanins.
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Table 1. R1 and R2 Substituents of Six Basic Anthocyanins.

Anthocyanins R1 R2

Pelargonidin H H
Cyanidin OH H

Delphinidin OH OH
Peonodin OCH3 H
Petunidin OCH3 OH
Malvidin OCH3 OCH3

Because of its strong polarity, it was initially thought that anthocyanins could not be
directly absorbed by cells into the animal or human circulatory system. However, in vivo
bioavailability tests have fully confirmed that anthocyanins can be absorbed through the
gastrointestinal tract in prototype form, enter the circulatory system for transfer, transfor-
mation, and then excreted through urine [22]. Among them, stomach and small intestine
are the main sites of anthocyanin absorption. Under the action of gastric acid, antho-
cyanins in food can be fully released and dissolved, and most of them can combine with
bilirubin translocation enzyme to promote it to pass through the gastric wall mucosa, thus
the absorption speed is relatively fast [23]. Studies have shown that the concentration
of anthocyanins reached its peak at 2 h after ingestion and disappeared at 4–6 h after
ingestion [22]. Anthocyanins in human intake are mainly from berries, vegetables, and
other foods. Zamora et al. [24] found that anthocyanin intake was 26.2–90.9 mg/d, through
a survey of residents in ten Western European countries. It has been reported that when
the anthocyanin intake level reaches 22.3–25.1 mg/d, it can reduce the risk of myocardial
infarction and diabetes [25].

In view of the important role of inflammation in various diseases, this paper reviews
the therapeutic effect of anthocyanins on inflammatory related diseases, and discusses
the potential anti-inflammatory mechanism of anthocyanins from three aspects: Toll like
receptor, MAPKs, and NF-κB and oxidative stress. In addition, the antioxidant activity of
anthocyanins can effectively eliminate free radicals, reduce the stimulation of inflammation,
reduce the secretion of inflammatory factors, inhibit the activation of inflammation related
signal pathways, stimulate the production of anti-inflammatory factors, and effectively
reduce the inflammatory reaction. Anthocyanins, as a natural pigment, are non-toxic and
harmless, and play an anti-inflammatory role in various inflammatory diseases.

2. Therapeutic Effect of Anthocyanins on Inflammation Related Diseases

The properties of anthocyans are very unstable, and there are few free anthocyans [26].
Anthocyans generally react with one or more monosaccharides, disaccharides, and trisac-
charides through the condensation reaction of 3, 5, 7 carbon hydroxyl groups to form
glycosidic bonds in the form of anthocyanins [27]. There are three types of monosaccha-
rides, such as rhamnose, rhamnose and so on. In addition to condensation with sugars,
the hydroxyl groups on the core of anthocyanins and the hydroxyl groups connected to
glycosides can combine with one or more acylation groups to form acyl anthocyanins [28].

Anthocyanins are widely distributed in higher plants, especially in dark petals, berries,
vegetables, potatoes, and cereal seed coats, which make them red, purple, and even black.
The amount of anthocyanins in fruits varies greatly, usually in proportion to color, and is
affected by light intensity, temperature during growth, altitude, plant hormones, genes,
and other factors. The increase of growth temperature will reduce the synthesis of antho-
cyanins [29]. With the development of anthocyanins extraction technology, a large number
of studies have determined the content of anthocyanins in different plants, such as berries
(25–495 mg/100 g (fresh weight)) [1], grapes (181.2–716.4 mg/100 g) [30], and pomegranate
(>300 mg/100 g) [31], and vegetables, such as red cabbage (113 mg/100 g) [32], black beans
(23.1 mg/100 g) [33], eggplant (85.7 mg/100 g), and red onion (23.8–38.8 mg/100 g) [34].
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2.1. Therapeutic Effect of Anthocyanins on Obesity
2.1.1. In Vivo Study

Anthocyanins extracted from berries are beneficial to weight loss. Research by Diego
Luna Vital et al. found that maize rich in ferulic acid and anthocyanins can prevent
obesity by regulating TLRs and MAPK signaling pathways, reducing fat production and
inflammation, and promoting energy consumption [35]. Some studies have also shown
that berry juice and berry powder have no obvious anti-obesity effect, while anthocyanins
extracted from berries have obvious anti-obesity effect [36,37]. The reason may be the
instability of anthocyanins, and the denaturation in the processing of fruit juice and fruit
powder, which affects the function of anthocyanins.

2.1.2. In Vitro Study

Khan Mi et al. found that anthocyanins in Cornus officinalis inhibit lipid accumulation
by regulating adipogenesis and lipogenesis related genes and signaling proteins [38].

2.2. Therapeutic Effect of Anthocyanins on Diabetes and Cardiovascular Disease
2.2.1. In Vivo Study

Many studies have shown that anthocyanins have an hypoglycemic effect; thus, it
has been widely confirmed that anthocyanins can reduce blood glucose concentration.
Anthocyanins can regulate the relaxation and contraction of blood vessels by controlling
the activity of nitric oxide synthase and potassium channel [39]. Anthocyanins inhibit
collagen, hyaluronic acid, and elastin and other important components of the inner wall
of blood vessels, thereby protecting collagen, hyaluronic acid, and elastin from being
degraded [40]. Anthocyanins can rapidly increase the oxidative function of mitochondria
in muscle cells and brown adipose tissue after supplementing energy to increase the body’s
energy metabolism rate [41]. They can also inhibit the activity of hydrolytic enzymes that
play a key role in the process of carbohydrate digestion, slow down the hydrolysis process
of food, and avoid a sharp increase in blood glucose after a meal [42]. Anthocyanins can
promote the expression of glucose vector and accelerate glucose consumption. They can be
used to prepare diabetes drugs [43]. The Anahita aboonabi study found that anthocyanins
supplementation has a positive effect on cardiovascular metabolic risk factors and the
inflammatory cascade reaction in a metabolic syndrome population, which may play a
role in the prevention or treatment of atherosclerosis [44]. This has been proved by clinical
trials. Four weeks of anthocyanin supplementation significantly decreased cardiometabolic
risk factors including the average serum fasting blood glucose (FBG) (by 13.3%) and lipid
profiles by significant reductions in triglyceride (by 24.9%) and LDL-C (by 33.1%). These
results support the hypothesis that anthocyanin supplementation exerts anti-atherogenicity
effects by improving cardiometabolic risk factors and reducing thrombogenicity in the
MetS population [9]. Reducing the level of alterable atherosclerotic risk factors is an
important goal to prevent cardiovascular disease in the metabolic syndrome population.
There are established relationships among metabolic syndrome, oxidative stress, chronic
inflammation, and cardiovascular disease [45].

2.2.2. In Vitro Study

Daily intake of anthocyanins also significantly improved cardiovascular disease and
coronary heart disease [46]. In another study, the authors induced an obese mouse model
with a high-fat diet and fed berries containing methylanthocyanins. The results showed
that the metabolic damage of the mouse model was significantly improved. Blueberries
and Concord grapes (57% and 33% anthocyanins as malvidin, petunidin, or peonidin,
respectively) improved the body composition through individual significant effects on
energy expenditure and increased activity. Methylated anthocyanins counteract mitochon-
drial dysfunction associated with metabolic stress by enhancing mitochondrial respiration
and eliminating mitochondrial proton gradients (proton leakage) in the adipose tissue. It is
proven that methyl anthocyanins can significantly improve the metabolic damage caused
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by a long-term high calorie diet [47]. Therefore, anthocyanins have good antioxidant and
anti-inflammatory effects, which can improve these diseases.

2.3. Therapeutic Effect of Anthocyanins on Cancer
2.3.1. In Vivo Study

Anthocyanins in blackberry, raspberry, and other berries can promote the apoptosis of
cervical cancer, rectal cancer, hepatocellular carcinoma, prostate cancer, and esophageal
cancer in mice [7]. Liu et al. investigated the anticancer activity of the bilberry anthocyanin
combo containing macromolecules by modulating the gut microbiome and inhibiting PD-
L1. The results showed that bilberry anthocyanins combo improved the proportion of
butyrate in feces and increased intratumoral CD8+ T cell infiltrations. The application of
the bilberry anthocyanin combo changed the species diversity of gut microbiome decreased
by LCP–chitosan and attained the best control of tumor growth in colon cancer [47].

2.3.2. In Vitro Study

In addition, the anticancer and anti-inflammatory effects of anthocyanins have been
widely concerned, and scholars at home and abroad have carried out a large number of
studies. Feng et al. studied the effect and mechanism of anthocyanin-3-rutin in black
raspberry varieties [46]. The results showed that anthocyanin-3-rutin can induce HL-
60 cell apoptosis. Anthocyanin-3-rutin treatment also activated p38, MAPK, and JNK
reactive oxygen species (ROS) dependence. It activates Bim through the mitochondrial
pathway, and the up-regulation of Bim can promote cell apoptosis. Anthocyanins have
no cytotoxicity and have potential application prospects in the treatment of leukemia [46].
The anticancer properties and mechanism of anthocyanins are a hot topic.

In conclusion, anthocyanins have a variety of health effects, as shown in Table 2. They
can improve metabolic syndrome and obesity, and have anti-cancer, anti-inflammatory,
and vision protection effects. They constitute a good natural health care substance.

Table 2. Health Effects of Anthocyanins.

Scheme
Dose and

Duration of
the Intervention

Participants Study Design Health Effects References

Wild Norwegian
bilberries and
blackcurrant

Two capsules twice
a day

4 weeks

35 male and female
subjects (MetS +

healthy) age = 25–75

Randomized, control
design

Intervention group
(n = 20)-two capsule

twice a day
Control group

(n = 15)-two capsule
twice a day

Lowering
inflammation and
improving glucose

and lipid
metabolism

[42]

Fruit juice (Apples,
strawberries,
blueberries,

grapes)

750 mL fruit juice
taken in three
equal portions

55 days

62 healthy male
volunteers
age = 20–50

Randomized, control
design

Intervention group
(n = 30)-750 mL fruit
juice is taken in three

equal portions
Control group

(n = 27)–750 mL
placebo is taken in

three equal portions

Improve DNA
integrity and

might influence
lipid metabolism

in humans

[46]
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Table 2. Cont.

Scheme
Dose and

Duration of
the Intervention

Participants Study Design Health Effects References

Blueberries
150 g or 75 g fresh
blueberries per day

21 days

115 male and female
subjects (MetS)

age = 50–75

A double-blind,
placebo-controlled,

parallel study

Improved
endothelial
Function,

Improving
metabolic
syndrome

[47]

Tart cherry juice

240 mL of tart
cherry juice twice

a day
2 weeks

11 healthy male or
female subjects with

chronic insomnia
age ≥ 50

A randomized,
double-blind, placebo
controlled clinical trial

improving
insomnia [48]

Fresh ripe berries
of cornelian cherry

total anthocyanin
320 mg/d
12 weeks

80 patients with
NAFLD age = 25–65

A double-blind
randomized clinical

trial
Improving NAFLD [49]

Blood orange juice

50 mg
anthocyanins/d

and 500 mL blonde
orange juice

4 weeks

41 participants (aged
25–84) with a waist

circumference >
94 cm (men) and >

80 cm (women)

A randomized
controlled trial

Lowering
cholesterol [50]

Black currant

Black currant
anthocyanins

50 mg/d
2 years

38 patients with
OAG

A randomized,
placebo-controlled,

double-masked trial

Increase eye blood
flow and improve

glaucoma
[51]

Black currant Black currant
capsules 300 mg

11 male patients
with Parkinson’s

disease

Plasma and
cerebrospinal fluid

were collected from 11
male patients before

and after 28 day
supplementation of

black currant capsules.

Treat neurological
conditions with
IGF-1 deficiency.

[52]

Bilberry and black
currant

Purified
anthocyanin

320 mg/d
12 weeks

21 patients with
NAFLD

A randomized,
double-blind,

placebo-controlled
pilot trial

Improving NAFLD [53]

Black soybeans

anthocyanin-rich
black soybean testa

extracts 2.5 g/d
8 weeks

63 participants
defined as

overweight or obese
by their body mass
index (BMI > 23) or
waist circumference

(WC > 90 cm for
males, >85 cm for

females)

A randomized,
double-blinded, and
placebo-controlled

clinical trial

Improve blood
lipid status,

Prevention of
abdominal obesity

caused by high
fiber and low

cholesterol diet

[54]

3. Anti-Inflammatory Mechanism of Anthocyanins
3.1. Nuclear Factor-κB Pathway (NF-κB)

NF-κB is an important protein complex, which mainly controls DNA transcription
and cytokine production. It is a central orchestrator of the inflammatory response [55].
It exists in the cytoplasm of various types of cells in an inactive form. Under normal
condition, the binding of p65/p50 heterodimer and its inhibitor protein IκB is inactive.
When it is stimulated by external factors, such as ROS, ultraviolet rays, hyperglycemia,
and other factors, NF-κB will degrade. The p65/p50 heterodimer is separated from IκB
and is in a free state. The free p65/p50 heterodimer transfers to the nucleus and binds
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to the common DNA sequence to activate the expression of proinflammatory genes, as
shown in Figure 2 [56]. Activation of the NF-κB pathway upregulates the expression of
proinflammatory cytokines (such as TNF-α, IL-1α, IL-1β and IL-10), chemokines (IL-8),
adhesion molecules (ICAMs and VCAM-1), iNOS, COX-2, and cytosolic phospholipase
2 [42].
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Duarte et al. found that in LPS induced macrophage model, strawberry anthocyanins
significantly inhibited the translocation of p65 subunit from cytoplasm to nucleus, thus
inhibiting the activation of NF-κB signaling pathway [57]. Lee et al. (2017) found that the
p-Coumaroyl anthocyanins mixture (contains petanin, peonanin, malvanin, and pelanin)
extracted from a dark purple-fleshed potato cultivar Jayoung displayed an inhibitory effect
on the transcriptional activity and translocation of NF-κB in RAW264.7 macrophages [58].
Another in vitro study reported that a pure sour cherry anthocyanins extract addition to
human Caco-2 cells receded the translocation of a p65 subunit from the cytosol to nuclei [59].
Roth et al. treated colon patients with blueberry anthocyanins revealed decreased serum
levels of TNF-α, IFN-γ, and activated NF-κB subunit p65 and increased serum levels of
IL-10 and IL-22 [60]. IL-10 and IL-22 are anti-inflammatory cytokines involved in wound
healing and production of defensins and mucins against bacterial invasion, which can
effectively reduce inflammation [61]. Aboonabi et al. found that anthocyanin supplements
inhibited NF-κB transactivation and decreased plasma concentrations of pro-inflammatory
chemokines, cytokines, and inflammatory mediators and also increased PPAR-γ gene
expression. Many studies have shown that anthocyanins inhibit inflammation by inhibiting
the activation of NF-κB [62].

3.2. TLRs and MAPKs

Toll like receptors (TLRs) are innate immune receptors, which are widely distributed
and can recognize the specific structures shared by some pathogens or their products,
namely pathogen related molecular patterns (PAMPs) [63]. TLR4 is a receptor that mainly
mediates endotoxin reactions, such as LPS, and TLR4/CD14 is an important signaling
pathway related to inflammatory response. When the TLR4 receptor binds to a ligand
lipopolysaccharide, the protein adapter MyD88 activates the NF-κB signaling pathway,
thus promoting the expression of a large number of inflammatory factors, such as TNF-α,
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IL-6, IL-1β, and COX-2, leading to a persistent inflammatory state [64]. Activator protein 1
(AP-1) is a transcription regulator, which is closely related to the activation of TLR4. AP-1
is assembled through the dimerization of a characteristic bZIP domain (basic region leucine
zipper) in the Fos and Jun subunits. Moreover, AP-1 functions are heavily dependent on
the specific Fos and Jun subunits, contributing to AP-1 dimers. It is mainly responsible
for the control of cell differentiation, proliferation, and apoptosis in the inflammatory
state [57]. Both in vivo and in vitro evidence show that anthocyanins can suppress the
expression level of COX-2 as well as the transactivation of AP-1, which is a transcription
factor that regulates COX-2 gene expression [65,66]. Cui et al. found that in the model
of cerebral ischemia–reperfusion injury in mice, feeding Myrica rubra anthocyanins can
significantly reduce the expression of TLR4 and TNF-α [67]. Anthocyanin pretreatment
can also directly regulate ROS level, and the activity of inflammation related downstream
pathways, including NO production and SOD activity [68]. In the study of Karunarathne
et al., an immunohistochemistry assay revealed that anthocyanins inhibited LPS-induced
TLR4 dimerization or expression on the cell surface, which consequently decreased MyD88
recruitment and IRAK4 phosphorylation, resulting in the inhibition of NF-κB activity [69].

MAPKS is also a signal pathway related to inflammation. MAPKs are a family of
enzymes that respond to inflammatory stimuli by regulating cell differentiation, mitosis,
and apoptosis. MAPK has no catalytic activity in its base form and needs phosphorylation
to become active. Three important MAPKs are ERK, which mainly controls cell division,
c-JNKs which control transcription, and p38 MAPKs which respond to inflammatory
factors. When these MAPKs are activated by inflammatory factors and external environ-
mental factors, they are associated with inflammatory related diseases. The activation of
MAPKs directly regulates the activation of AP-1 and synergizes with the NFκB pathway,
resulting in gene expression by simulating the promoter gene of many mediators, such
as the cytokines IL-6 and TNF-α [70]. Studies have shown that anthocyanins inhibited
MLK3 activation and its downstream JNK and p38 MAPK signaling cascades [71]. The
protective effect of anthocyanins can be explained by the regulation of oxidative-stress and
the suppression of cell apoptosis through the activation of Nrf-2 by interaction with the
MAPK and NF-κB signaling pathways [72]. Wongwichai et al. found that anthocyanins and
metabolites from purple rice significantly inhibited IκBα degradation, the level of p-p65,
and the ERK/MAPK pathway [73]. Many studies have shown that anthocyanins rich plant
foods play a protective role through different cell transduction pathways, including inflam-
matory transcription factors, SAPK/JNK and p38MAPK cascades, JAK/STAT signaling,
NF-κB/perk/MAPK, Wnt signaling pathway, and the Nrf2 cell protection pathway [74].

In conclusion, as shown in Figure 3, anthocyanins play an anti-inflammatory role by
inhibiting TLR4 protein expression and activating MAPKs signaling pathway.
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Figure 3. Anthocyanins inhibit TLR4 protein expression and MAPKs signaling pathway. The struc-
ture of TLR4 is divided into three domains: extracellular domain, transmembrane domain, and
intracellular domain. Extracellular LPS binds to CD14, and since CD14 does not have a transmem-
brane domain, it binds to the extracellular domain of TLR4 to a transmembrane-mediated endotoxin.
When the signal was transferred into the cell, the MyD88 adaptor protein and toll–irak complex
began to be recruited. The intracellular TIR region of TLR4 binds to the carboxyl end of MyD88,
and the amino terminal of MyD88 binds to IRAK again to activate IRAK (IRAK-M, as a negative
regulator, can inhibit the phosphorylation of IRAK and interrupt signal transduction). Activated
IRAK reactivates TRAF-6 and further activates the NF-κB, MAPKs, and PI3K-Akt signaling pathways,
promoting the secretion of NO and inflammatory factors (Ding et al., 2018; Monica et al., 2016).

3.3. Nitric Oxide (NO)

Nitric oxide (NO) is an important messenger molecule. In pro-oxidative conditions,
nitric oxide reacts with O2− to form the peroxynitrite anion ONOO−, a highly reactive
molecule that damages DNA and lipids and promotes inflammation [75]. NO is mainly
produced by nitric oxide synthase (NOS) through a series of oxidation reactions, and its
three subtypes are neuronal NOS (nNOS), endothelial NOS (eNOS), and inducible NOS
(iNOS) [76]. In activated macrophages, iNOS induces and kills bacteria or tumor cells
by producing peroxynitrite. However, iNOS can also be induced in endothelial cells and
smooth muscle cells, leading to pathological release of nitric oxide, which is the feature
of endothelial dysfunction. A large amount of peroxynitrite production maintains the
proinflammatory state, excessive vasoconstriction, and thrombosis. Endothelial nitric oxide
synthase (eNOS), conversely, is constitutive and mainly activated by shear stress [77].
Larissa et al. found that strawberry anthocyanins (Pelargonidin-3-O-glucoside) could
reduce the concentration of pleural effusion, inhibit the expression of iNOS, and reduce the
level of NO in a dose-dependent manner in the mouse model of pleurisy [57].

Moreover, the stimulus–secretion coupling of high glucose-induced the synthesis
and the release of NO could interact with VEGF [78]. VEGF robustly activated the PI3K-
Akt pathway. Akt, the serine/threonine kinase, can activate eNOS to produce NO, thus
promoting inflammation [79]. Huang et al. found that blueberry anthocyanins inhibited
eNOS activity and changed NO level by inhibiting Akt expression [80]. Nizamutdinova
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et al. found that anthocyanins (ANT) extracted from Oryza sativa L stimulate wound
healing while suppressing superfluous inflammation by inducing vascular endothelial
growth factor (VEGF) production in fibroblasts and keratinocytes [81]. Winter et al. found
that in LPS induced BV2 microglial inflammation model, pretreatment with protocatechuic
acid can significantly reduce the production of NO [82].

In conclusion, a number of studies have shown that anthocyanins can inhibit the
expression and activity of iNOS, thereby reducing the harmful pro-inflammatory effect of
excessive production of nitric oxide under oxidative stress.

3.4. Reactive Oxygen (ROS)

Oxidative stress has been implicated in the damage of various cellular portions in-
volving lipids, proteins, and nucleic acids through oxidation by ROS such as H2O2, OH−,
and superoxide anion radical (O2−) [83]. The oxidative process involves the pathogenesis
of many diseases. In particular, ROS produced by cell redox disorder is involved in the
pathogenesis of various inflammatory diseases including skin injury [84]. In the process of
inflammation, the cells involved in the inflammatory process are recruited to the injured
site, absorb oxygen, and release ROS. In addition, cytokines and chemokines secreted by
inflammatory cells can further stimulate inflammatory cells and produce more ROS. As
a result, NF-κB and AP-1 are activated, leading to an increased secretion of cytokines.
The vicious cycle will aggravate the inflammatory transition and lead to various chronic
diseases [1].

As we all know, anthocyanins have good antioxidant activity, which can remove the
excess oxidation free radicals in human body. Huang et al. (2018) found that blueberry
anthocyanins can significantly inhibit the increase of ROS in endothelial cells induced
by high glucose [80]. At the same time, they can inhibit the decrease of antioxidant
enzymes activity. Mallow anthocyanins (Mv), the main component of blueberry extracts,
can down regulate the expression of Nox4, which is the main catalytic component of
NADPH oxidase and an important source of ROS. Mv inhibited the expression of the
NOX4 protein by 45.96%. It is proved that blueberry anthocyanins have a good antioxidant
effect. Palungwachira et al. found that the intracellular levels of ROS control the level
of phosphor-IκBα by activating a kinase or inactivating a phosphatase that is specific to
this protein [84]. Therefore, anthocyanins mediated low levels of ROS, by suppressing
IκBα phosphorylation, may abolish the specific proteolysis of phosphorylated IκBα that
induces NF-κB activation. González-Reyes et al. have found that anthocyanins have a
good antioxidation effect in AD models and can significantly reduce the production of
ROS [85]. This was also confirmed in studies by Ma et al. [86], anthocyanin-rich berry
extracts reduced H2O2-induced ROS production and LPS induced No production in BV-2
microglia. Ryo Furuuchi et al., through the study of the diet induced obesity mice model,
found that taking borsenberry polyphenols and anthocyanins can inhibit the production of
ROS in the aorta [87]. In conclusion, the antioxidant activity of anthocyanins can effectively
reduce the inflammatory reaction.

3.5. Prostaglandin E2 (PGE2)

Prostaglandin E2 (PGE2) is an important physiologically active lipid, mainly derived
from membrane phospholipids. Arachidonic acid (AA) is released by phospholipase A2
(PLA2) from membrane phospholipids, and PGE is synthesized from AA via cyclooxyge-
nase (COX-1 and COX-2) and PGE synthase [88]. PGE2 is the most abundant prostaglandin
detected in various tissues. It plays a variety of physiological and pathological roles through
the expression of 4 PGE receptor subtypes (EP1-4) on the cell surface. Prostaglandin E2
is produced in large quantities in inflammatory areas. PGE2 induces mast cell activation
through EP3 receptor signaling pathway, thus enhancing vascular permeability and leading
to acute inflammation. PGE2 also promotes Th1 cell differentiation, Th17 cell proliferation,
and Th22 cell production of IL-22 through EP2 and EP4 receptors in vitro. In most cases,
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PGE2 aggravates chronic inflammation and various autoimmune diseases mainly through
EP4 receptor.

PGE2 is mainly synthesized by COX with AA as substrate. Therefore, non-steroidal
anti-inflammatory drugs, such as aspirin, play a strong anti-inflammatory effect mainly
by inhibiting COX activity [89]. As mentioned above, the activation of NF-κB signaling
pathway leads to the increase of COX-2 expression, while anthocyanins can inhibit the
activation of NF-κB signaling pathway and COX activity, reduce the production of PGE2
and play an anti-inflammatory effect. He et al. found that anthocyanins can reduce the
inflammation induced by UVB radiation by scavenging ROS and inhibiting the expres-
sion of COX-2 [90]. Park et al. fed asthmatic mice with anthocyanins, and found that
anthocyanins can reduce the development of asthma by down regulating Th2 cytokines,
proinflammatory cytokines, and COX-2 [91]. Van de Velde et al. extracted anthocyanins
from strawberry and blackberry, and found that the extract had 20% inhibitory effect on
COX-2 gene expression by LPS stimulated raw 264.7 macrophage model, and the results
showed that the anti-inflammatory effect of anthocyanins was particularly significant [92].
In addition, studies have shown that PGE2-EP3 can also activate PI3K signal, and the
inhibition of PI3K can significantly inhibit the production of IL-6 induced by PGE2. Ali
et al. demonstrated that anthocyanins can regulate PI3K Akt signaling pathway in AD
mice [93]. Zhao et al. found that anthocyanins could down regulate the expression of
PI3K protein and inhibit the expression and phosphorylation of Akt [94]. In conclusion,
a number of studies have shown that anthocyanins inhibit COX activity, reduce PGE2
production, and reduce inflammation by inhibiting NF-κB and PI3K Akt signaling path-
ways. The mechanisms of action of anthocyanins are as shown. The underlying molecular
mechanisms of action of anthocyanins are listed in Table 3.

Table 3. The Mechanisms of Action of Anthocyanins.

Source of
Anthocyanins

Major Anthocyanins and
Dose Model Biological Effects References

Strawberry Pelargonidin-3-O-glucoside
Dose: 100–400 mg/kg Mouse model of pleurisy

Decreased: ADA and
MPO

Inhibited: IkB-α,
JNKMAPK

[57]

Sour cherry

cyanidin-3-rutinoside,
cyanidin-3-O-glucoside, and

cyanidin-3-O-glucosyl-rutinoside
Dose: 50 µg/mL

HUVECs were treated
with 100 ng/mL LPS

Decreased: ROS, TNF-α,
IL-6, tPA, PGI2, COX-2 [95]

Mahaleb Cherry

Cyanidin 3-(6-(rhamnosyl)glucoside),
Cyanidin 3-glucoside, Cyanidin 3-(6-
(rhamnosyl)-2-(xylosyl)glucoside),
Cyanidin 3-(2-(xylosyl)glucoside)

Dose: 60 µg/mL, 50 µg/mL

TEAC, ORAC and model
of vascular inflammation

Decreased: ROS, VCAM-1
and ICAM-1

[17]

Black currant

Delphinidin
3-(6-(rhamnosyl)glucoside),

Cyanidin 3-(6-(rhamnosyl)glucoside)
Dose: 60 µg/mL, 50 µg/mL

TEAC, ORAC and model
of vascular inflammation

Decreased: ROS, VCAM-1
and ICAM-1

Black Carrot

Cyanidin 3-(6-(6-(feruloyl)glucosyl)-
2-(xylosyl)galactoside), Cyanidin

3-(6-(6-(sinapoyl)glucosyl)-2-
(xylosyl)galactoside)

TEAC, ORAC and model
of vascular inflammation

Decreased: ROS, VCAM-1
and ICAM-1

“Sun Black” T omato

Petunidin 3-(6-(4-(E-p-
coumaroyl)rhamnosyl)glucoside)-5-

glucoside (petanin), Malvidin
3-(6-(4-(E-p-

coumaroyl)rhamnosyl)glucoside)-5-
glucoside

Dose: 60 µg/mL, 50 µg/mL

TEAC, ORAC and model
of vascular inflammation

Decreased: ROS, VCAM-1
and ICAM-1

261



Int. J. Mol. Sci. 2021, 22, 11076

Table 3. Cont.

Source of
Anthocyanins

Major Anthocyanins and
Dose Model Biological Effects References

Blueberries
malvidin, malvidin-3-glucoside,

malvidin-3-galactoside
Dose: 10 µg/mL

HRCECs

Decreased: ROS, VEGF,
ICAM-1

Inhibited: Akt, NF-κB
Increased: CAT, SOD

[80]

Portuguese blueberries
malvidin-3-galactoside,
petunidin-3-arabinoside

Dose: 100 mg/kg

TNBS induced colitis in
rats

Decreased: iNOS, COX2,
MPO, GPX [96]

Black currant

delphinidin-3-rutinoside,
cyanidin-3-rutinoside,

delphinidin-3-glucoside
Dose: 50 µg/mL

RAW 264.7 macrophages
and human THP-1

monocytes

Decreased: IL-1β, iNOS,
CXCL9, TNFα

Increased: ARG1, CHIL3
[97]

Raspberries

Cyanidin-3-O-sophoroside,
Cyanidin-3-O-glucosylrutinoside,

Cyanidin-3-O-glucoside,
Cyanidin-3-O-rutinoside

Dose: 125 µg/mL

HL-60-Human Caucasian
promyelocytic leukemia,

J45.01-Human acute T cell
leukemia

Decreased: LOX, COX-2 [98]

Black rice
cyanidin-3-O-glucoside,
peonidin-3-O-glucoside

Dose: 25 µg/mL

Rat primary dermal
fibroblasts

Decreased: NF-κB p50 and
p65 mRNA

Increased: Induce
Collagen, Type I Alpha 2

mRNA

[84]

Purple rice
Cyanidin-3-O-glucoside,
peonidin-3-O-glucoside

Dose: 50 µg/mL
Porcine cartilage explant

Decreased: s-GAG, HA,
MMP-1, 3 and 13,

Inhibited: NF-κB, ERK
[73]

Purple maize
Cyanidin-3-O-glucoside,

pelargonidin-3-O-glucoside,
peonidin-3-O-glucoside

RAW264.7 macrophages,
3T3-L1 adipocytes

Decreased: PGE2, NO,
MCP, iNOS, COX-2, ROS

Inhibited: PPARγ, DPP-IV
[99]

4. Conclusions

Anthocyanins are naturally harmless and play a role in many diseases. Anthocyanins
can regulate the vasodilation and contraction of blood vessels by controlling the activity
of nitric oxide synthase and potassium channels, inhibit the degradation of important
components of the inner wall of blood vessels, and improve cardiovascular diseases.
Anthocyanins rapidly increase the oxidative function of mitochondria in muscle cells and
brown adipose tissue after supplementing energy to increase the body’s energy metabolism
rate, which can prevent obesity. Anthocyanins can also inhibit the activity of carbon
hydrolase and exert the effect of reducing blood glucose. In addition, anthocyanins can
also activate Bim through the mitochondrial pathway, promote cell apoptosis, and exert
certain anti-cancer effects. As a body’s self-defense mechanism, inflammation plays a
very complicated role in various diseases. This article reviews the role of anthocyanins in
inflammation. Anthocyanins exert anti-inflammatory effects by inhibiting the release of pro-
inflammatory factors, reducing the expression of TLR4, and inhibiting the activation of the
NF-κB pathway and MAPKs signaling pathway. Meanwhile, they reduce the production of
NO, ROS, and PGE2 and avoid repeated stimulation. However, the stability and utilization
of anthocyanins are poor, which limits the application of these compounds. Therefore,
future research should focus on improving the stability and bioavailability of anthocyanins,
so as to better use the anti-inflammatory effect of anthocyanins.
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Abbreviations

Nuclear factor-kappa B NF-κB
Tumor necrosis factor-α TNF-α
Interleukin-6 IL-6
Interleukin-1β IL-1β
Monocyte chemoattractant protein-1 MCP-1
soluble vascular cell adhesion molecule-1 sICAM-1
C-reactive protein CRP
Pattern recognition receptors PRRS
Toll like receptors TLRs
Mitogen activated protein kinases MAPK
c-Jun N-terminal kinases JNK
Reactive oxygen species ROS
Cyclooxygenase-2 COX-2
Vascular endothelial growth factor VEGF
Inducible nitric oxide synthase iNOS
Hydrogen peroxide H2O2
Hydroxyl radical OH−

Nicotinamide adenine dinucleotide phosphate NADPH
Alzheimer’s disease AD
Lipopolysaccharide binding protein LBP
Lipopolysaccharide LPS
Myeloid differentiation factor 88 MyD88
IL-1 receptor associated Kinase IRAK
TNF-receptor association factor 6 TRAF-6
TGF-activated kinase 1 TAK1
Toll-interacting protein TOLLIP
TIR Toll/IL-1 receptor
RNA-activated protein kinase PKR
Tissue-type plasminogen activator tP A
Prostacyclin PGI2
Human retinal capillary endothelial cells HRCECs
Catalase CAT
Superoxide dismutase SOD
Glutathione peroxidase GPX
C-X-C motif ligand 9 CXCL9
Arginase ARG1
Chitinase-like 3 CHIL3
Lipoxygenase LOX
Sulfated glycosaminoglycan s-GAG
Hyaluronic acid HA
Matrix metalloproteinases MMP
Dipeptidyl peptidase-4 DPP-IV
Proliferator-activated receptor γ PPARγ
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