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ARTICLEINFO ABSTRACT

Chronic non-communicable diseases (CNCDs), including obesity, type 2 diabetes, allergies, and autoimmune
conditions, represent a significant global health burden, exacerbated by the interplay between genetic and
environmental factors, such as diet, and the gut microbiota.

The gut microbiota is a complex and dynamic microbial community that influences host immune and meta-
bolic systems from birth through adulthood. Dysbiosis — an imbalance in gut microbial composition - has been
implicated in the development of low-grade inflammation, insulin resistance, and metabolic and immune
disorders.

This paper reviews the critical role of gut microbiota in CNCDs, emphasizing its interactions with the immune
system, including regulatory T cell induction and the Th1/Th2 balance. Furthermore, it explores the influence of
birth mode, diet, and xenobiotics on microbiota composition and function. Finally, the study highlights the
potential of mierobiota-targeted interventions — such as prebiotics, probiotics, synbiotics, and fecal microbiota
transplantation — to modulate gut ecology and mitigate disease risk.

From literature revision emerges the need for integrative approaches in disease prevention and management,
considering microbiota as a key player in health and disease.
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1. Introduction

Chronic non-communicable diseases (CNCDs) encompass a range of
conditions, including cardiovascular, chronic respiratory, neurodegen-
erative, and rheumatic diseases, as well as cancer, obesity, type 2 dia-
betes, and various renal and mental health disorders.

These diseases were officially acknowledged by the 66th United
Nations General Assembly in 2011. According to World Health Orga-
nization (WHO) estimates, CNCDs account for 41 million deaths annu-
ally, representing approximately 74 % of global mortality. Europe bears
the highest global burden of CNCDs (Fig. 1).

The alarming rise in CNCDs prevalence presents one of the most
pressing health and socioeconomic challenges of the 21st century [1,2].
For this reason, the W10 has developed strategies to reduce premature
mortality due to chronic diseases by 25 % by 2025. These measures
focus on ensuring access to medications, health technologies, and
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counselling while addressing the primary risk factors (or determinants)
of CNCDs.

A distinguishing characteristic of CNCDs is a sustained state of low-
grade inflammation caused by immune system activation [3].

In the realm of CNCDs, conditions such as obesity, type 2 diabetes,
and allergies represent significant health concerns globally, particularly
within Western nations. While genetic predisposition plays a role in
their development, accumulating evidence highlights the importance of
environmental influences, such as diet, on gut microbiota in shaping
systemic inflammation and triggering metabolic imbalances. The inter-
connectedness between diet, the immune system, and gut microbiota
significantly impacts systemic inflammation and contributes to the
emergence of issues like insulin resistance, obesity, cardiovascular risks,
and immune dysfunction [4,5]. It is important to differentiate between
microbiota and microbiome; the former refers to microbial communities
associated with organisms — like humans — while the latter encompasses

¢ (1. Vecchio).
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those microbes, their genetic material [6,7], and their associated bio-
logical milieu, including structural elements (proteins, peptides, lipids,
polysaccharides), nucleic acids (structural DNA/RNA), mobile genetic
components (viruses and phages), and microbial metabolites (signal
molecules, toxins, organic and inorganic compounds) [£]. The mam-
mals’ microbiota consists of an array of microorganisms, including
bacteria, fungi, and viruses, which reside in and on the body (Table 1).

This community significantly influences physiological processes such
as digestion, immunity, and metabolism. Most of these microorganisms
reside in the gut, with bacterial species being the most extensively
studied [9]. Historically regarded solely as a digestive organ, the human
gastrointestinal tract is now recognized as a multifunctional system
possessing profound regulatory capabilities with local and systemic re-
percussions. Indeed, it significantly influences metabolism, immunity,
inflammatory processes, behavior, and mood [10].

The multifactorial origins of CNCDs are linked to disruptions in
postnatal colonization patterns of gut microbes and reduced microbial
diversity, both of which may contribute to immune-metabolic imbal-
ances and chronic low-grade inflammation characteristic of many
CNCDs [11-13]. Although a definitive “healthy” microbiota composi-
tion remains elusive [14], observational studies consistently associate
dysbiosis—imbalances in microbial diversity and abundance—with
various CNCDs [15].

Emerging evidence further suggests that dysbiotic microbiota could
contribute to disease progression [16]; microbiota transplantation
studies have indicated that transferring dysbiotic communities from
affected individuals to healthy animals can trigger disease and that
microbiota compesition is influenced by close contact with others. In
2020, Finlay proposed that certain CNCDs might have a microbial
component and could even be communicable through microbiota
transmission [2].

The gut microbiota — a highly dynamic yet robustly self-regulating
microbial ecosystem — plays a pivotal role in the development and
functioning of immune and metabolic systems throughout life. Its in-
teractions with the host occur via metabolic, immune-related, and
structural pathways. Microbial family's dysbiosis is finally identified asa
characteristic sign of many CNCDs.

Despite substantial variation in taxonomic composition between in-
dividuals, functional redundancy ensures that distinct microbial taxa
can fulfil identical metabolic roles, thereby maintaining core physio-
logical functions across divergent microbiomes [17]. Indeed, the
composition of gut microbiota varies significantly between individuals
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as well as within the same individual across different life stages. In
healthy adults, the phyla Firmicutes (e.g., Enterococcus, Lactobacillus,
Clostridiales, Bacillus, and Ruminococcus) and Bacteroidetes (e.g., Bac-
teroides and Prevotella) dominate, while phyla like Actinobacteria (Bifi-
dobacteria), Fusobacteria, Proteobacteria (Escherichia coli), and
Verrucomicrobia are less prevélent [18].

Gut microbiota development begins in utero and undergoes rapid
colonization after birth [19]. An individual's initial microbial composi-
tion reflects that of their mother (including influences from delivery
method) but evolves during adulthood due to factors such as social in-
teractions. For example, cohabitants or spouses often exhibit microbiota
similarities that may surpass those found between genetically related
but geographically separated siblings. The microbiota is transmissible
both within family and social networks and marital relationships can be
determined based on the analysis of intestinal bacteria [20].

Throughout its long evolutionary history, man has had an insepa-
rable relationship with his “old friends” bacteria. Over time, in fact,
humans have co-evolved with microorganisms in a relationship char-
acterized by interdependence and mutual benefit. The term “homo
bacteriens”, introduced by Henderson and Wilson, aptly captures this
symbiotic relationship [21]. This long-standing association underscores
the integral role microbes play in shaping human physiology and health.

The “endosymbiosis theory”, originally proposed by American
geneticist Lynn Margulis, suggests that mitochondria evolved from
ancestral bacteria [22]. Once integrated into human cells, these bacteria
transitioned from potential threats to symbiotic partners, thanks to their
beneficial oxidative metabolism [23].

The human body is widely regarded as a “superorganism™ or hol-
obiont, composed of its own eukaryotic cells along with an extensive
population of microorganisms, predominantly bacteria, collectively
referred to as the microbiota. From birth, various bacterial species
colonize specific regions of the body — such as the skin, oral cavity,
respiratory system, urogenital tract, and especially the gastrointestinal
tract. The intestinal microbiota develops through a gradual process and
reaches full composition within the first two years of life [24].

Primarily concentrated in the colon, the intestinal microbiota rep-
resents a massive bacterial biomass, with cell numbers exceeding those
of the eukaryotic cells in the human body by tenfold [25,26].

While relatively stable over time, the microbiota's composition can
shift due to physiological or pathological factors [27]. This complex
ecosystem, along with its collective genetic material (microbiome), in-
teracts closely with the host in a relationship characterized by symbiosis.
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Fig. 1. The ten main causes of death in Europe. Data from Global Burden of Disease Collaborative Network, Global Burden of Disease Study 2019 (GBD 2019) Results

(2020, Institute for Health Metrics and Evaluation — IHME) hitips.,

/vizhub.healthdata.org/gbd-results/.
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Table 1

Taxonomy of principal mammals’ microbiota organisms.
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MICROBIOTA TAXA OF MAMMALS

PHYLUM CLASS ORDER FAMILY GENDER SPECIES
Firmicutes or Bacilli Bacillales Bacillaceae Bacillus Bacillus clausii, subtilis
Bacillota Lactobacellaceae Lactobacillus Lactobacillus fermentum, plantarum, casei,
rhamnosus, acidophilus, johnsoni, jensenii,
fornicalis, gasseri, delbruecki, brevis, bulgaricus
Listeriaceae Listeria Listeria monocytogenes
Clostridia Clostridiales Lachnospiraceae Clostridium Clostridium difficile
Roseburia Roseburia intestinalis, hominis
Lachnaclostridium
Blautia
Pseudobutyrivibrio
Coprococcus
Lachnospira
Oscillospiraceae or Ruminicoccus Ruminococcus gnavus
Ruminococcacee Faecalibacterium Faecalibacterium prausnitzii
Qscillospira
Eubacteriaceae Eubacterium Eubacterium rectale
Acidaminococcacee Megasphaera
Veillonella Veillonella dispar
Acidaminococcus
Peptostreptococcales- Peptostreptococcaceae Peptostreptococcis
Tissierellales Romboutsia
Eubacteriales Clostridiaceae Intestinibacter
Butyricoccaceae Butyricicoccus
Enterococcaceae Enterococcus Enterococcus faecium
Streptococcaceae Streptococcus Streptococcus salivarius, bradycosus
Staphylococcaceae Staphylococcus
Erysipelotrichia Erysipelotrichales Erysipelotrichaceae Holdemania
Bacteroidetes Bacteroidia Bacteroidales Bacteroidacee Bacteroides Bacteroides fragilis
Prevotella Prevotella copri
Prevotellaceae Alloprevotella
Tannerellaceae Parabacteroides
Rikenellaceae Alistipes
Parphyromonadaceae Porphyromenas Porphyromonas gingivalis
Actinobacteria or Actinobacteria or Actinomycetales Actinomycetaceae Actinonmyces Aggregatibacter actinomycetemcomitans
Actinomycetota Actinomycetia Propionibacteriales Propionibacteriaceae Propionibacterium
Bifidobacteriales Bifidobacteriaceae Bifidobacterium Bifidobacterium adolescentis, bifidum,
infantugm, animalis, longum, lattis
Gardnerella Gardnerelia vaginalis
Micrococcales Micrococcaceae Rothia
Coriobacteriia Coriobacteriales Coriobacteriaceae Collinsella
Eggerthellales Eggerthellaceae Eggerthella Eggerthella lenta
Fusobacteriota Fusobacteriia Fusobacteriales Fusobacteriaceae Fusobacteria Fusobacterium nuclearum
Proteobacteria or Gammaproteobacteria Enterobacteriales Enterobacteriaceae Enterobacteria Escherichia coli
Pseudomonadota Klebsiella Klebsiella pneumoniae
Shigella
Devosia Devosia riboflavina
Salmonella Salmonella enterica
Serratia
Morganellaceae Proteus Proteus mirabilis, vulgari, penneri
Alteromonadales Alteromonadaceae Alteromonas Candida albicans
Pseudomonadales Pseudomenadaceae Pseudomonas Pseudomonas aeruginosa
Pasteurellales Pasturellaceae Haemophylus Haempphylus influenzae
Epsilonproteobacteria Campylobacterales Helicobacteraceae Helicobacter Helicobacter pilori
Campylobacteraceae Campylobacter Campylobacter jejuni
Betaproteobacteria Burkholderiales Oxalobacteriaceae Oxalobacter Oxalicibacterium
Deltaproteobacteria Desulfovibrionales Desulfovibrionaceae Desulfovibrio
Neisseriales Neisseriaceae Neisseria
Ascomycota Saccharomycetes Saccharomycetales Saccharomycetaceae Candida Rhodotorula glutinis
Eurotiomycetes Eurotiales Trichocomaceae Aspergillus
Basidiomycota Microbotryomycetes Sporidiobolales Sporidiobolaceae Rhodotorula Akkermansia muciniphila
Mal iomycetes Mal iales Malasseziaceae Malassezia Malassezia restricta, globosa
Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Verrucomicrobialaceae Akkermansia
Spirochaetota Spirochaetia Brachyspirales Brachispiraceae Brachyspira
Brevinematales Brevinemataceae
Leptospirales Leptospiraceae Leptospira
Spirochaetales Spirachaetaceae Spirocheta Treponema pallidum
Treponema
Borreliaceae Borrelia
Thermodesulfo Desulfovibronia Desulfovibrionales Desulfovibrionaceae Bilophila Bilophila wadsworthia
bacteriota
Euryarchaeota o Methanomicrobia Methanosarcynales Methanosarcina
Methanogens Methanococcoides

Methanolobus

(continued on next page)
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Table 1 (continued)
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MICROBIOTA TAXA OF MAMMALS

PHYLUM CLASS ORDER

FAMILY

GENDER SPECIES

Methanothrix

Methanomicrobiales

Methanoculleus,

Methanogenium
Methanolinea
Methanomicrobium
Methanoregula
Methanospirillum
Methanocorpusculum

Methanobacteria Methanobacteriales

Methanobrevibacter

Methanobrevibacter
smithii

Methanobacterium
Methanothermobacter
Methanosphaera

Methanococci Methanococcales

Methanocaldococcus

Methanococcus
Methanothermococcus

Methanopyri Methanopyrales

Methanopyrus

The makeup of this bacterial community reflects a dynamic commensal
balance with the host organism.

Despite significant individual variability, researchers hypothesize
the existence of a shared “core microbiota” and associated “core
microbiome” that provide essential metabolic and trophic functions
[28]. This “microbial control room™ thus emerges as a critical mediator
of overall organismal homeostasis [29]. A healthy microbiota is defined
by its ecological stability and resilience, which refers to its capacity to
resist disruptions or recover its composition under stress. It is also
characterized by the presence of specific bacterial patterns associated
with health and beneficial functional profiles, such as trophic, meta-
bolic, immune, and protective roles that are fostered by commensal
microorganisms [30].

Recently, the idea of a universal core within human microbiota,
crucial for basic trophic and metabolic functions and described as
“functional stability”, has been reexamined. This reconsideration in-
corporates environmental influences, addressing anatomical regions,
nutrition, ethnicity, and geographical factors [31].

Advancements in meta-omics technologies have deepened our un-
derstanding of intestinal microbiota and its role in human health and
disease. These scientific methods analyze different biological compo-
nents: DNA (metagenomics), RNA (meta-transcriptomics), proteins
(meta-proteomics), metabolites (metabolomics), lipids (meta-lip-
idomics), and carbohydrate-protein interactions (meta-glycomies) [22,
33].

Given that 70-80 % of symbiotic microorganisms cannot be culti-
vated using traditional methods, these cultivation-independent tech-
niques have revolutionized the study of the human microbiota. They
have also strengthened theories regarding its involvement in the pre-
vention and pathogenesis of chronic inflammatory and immune-
mediated diseases [34].

To date, more than 1000 bacterial species belonging to various phyla
have been identified in the human gastrointestinal tract, including
Bacteroides, Firmicutes (e.g., lactobacillus, clostridium, enterococcus),
Actinobacteria (e.g., bifidobacteria), and Proteobacteria (e.g., Entero-
bacteriaceae, Escherichia coli). The intestinal microbial genome is esti-
mated to comprise around 3 million genes — approximately 150 times
the size of the human genome. This estimate also includes the virome, a
term describing the substantial presence of viruses, which often
outnumber bacteria at ratios ranging from 1:1 to 10:1 [35].

Historically viewed as solely focused on digestion, the gastrointes-
tinal tract is now understood as playing a far more comprehensive role.
Microbiota's presence facilitates numerous regulatory processes with
extensive systemic effects, influencing local and overall inflammation
[25], metabolism [36], and even behavior [37]. Consequently, in-
teractions between the intestinal microbiota and its metabolites are

crucial for maintaining host health [28-40].

The intestinal microbiota is critical to the host organism due to its
diverse protective, trophic-metabolic, detoxifying, structural, and
immunomodulatory roles [41].

Its protective function helps prevent pathogenic bacteria from
colonizing and invading the bloodstream. Mechanisms supporting this
resistance include competitive inhibition (e.g., competition for nutrients
or blocking receptor sites), physical displacement of pathogens from
intestinal epithelial receptors or mucus layers, and the production of
antimicrobial substances (amensalism) [42].

Though the human body produces only a few dozen gastrointestinal
enzymes, microbial biomass contributes hundreds more, both comple-
mentary and unique. These microbial enzymes are fundamental to
numerous metabolic processes [42]. Through this collaboration, the
intestinal microbiome enhances human biochemical flexibility by of-
fering an expansive repertoire of enzymes that complement the human
genome. This evolutionary partnership is thought to be the result of
selective pressures that shaped bacteria into symbiotic allies [44].

The trophic-metabolic role of microbiota includes synthesizing
polyphenols [45] derived by digesting polysaccharides [40] and essen-
tial vitamins such as biotin, folic acid, vitamin K, and B vitamins, as well
as facilitating ion absorption (Mg*™, Ca™*, Fe™ ™). It also plays a key role
in producing compounds necessary for enterocyte growth — such as
short-chain fatty acids (SCFAs), amino acids, polyamines, and growth
factors — and ferments indigestible dietary components like oligosac-
charides, polysaccharides, and epithelial mucus. Additionally, energy
recovery from dietary fibers via microbial fermentation compensates for
processes that humans cannot independently perform. The regulation of
this process by specific commensal bacterial groups highlights the
intricate relationship between microbiota composition and the multi-
factorial etiology of obesity [47,48].

The altered qualitative makeup of the microbiota is now understood
as a significant factor influenced by the interplay of genetic, environ-
mental, and lifestyle factors. The detoxification abilities of the micro-
biota, attributed to its enzymatic synthesis capabilities for processing
and neutralizing xenobiotics such as drugs (particularly antibiotics),
environmental toxins, and agricultural residues, provide further evi-
dence of its critical physiological functions [49].

Recent research highlights how microbial-derived metabolites (such
as short-chain fatty acids (SCFAs), secondary bile acids, and tryptophan
catabolites) serve as pivotal signaling molecules influencing host
metabolism, immune regulation, inflammation, and gene expression.
This research positions the gut microbiota not simply as a group of
passive residents but as active contributors to systemic health. When
dysbiosis occurs, it can compromise intestinal barrier integrity, provoke
endotoxemia, and elicit systemic immune responses that are often
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implicated in metabolic and inflammatory diseases [50].

Emerging evidence demonstrates a strong connection between gut
microbial alterations and immune-metabolic disorders (Table 2),
necessitating a paradigm shift in the way disease etiolegy, prevention,
and treatment are approached. Modulating the gut microbiota has
gained recognition as a potential transformative strategy to enhance
metabolic health, reduce systemic inflammation, and improve immune

Microbial Pathogenesis 212 (2026) 108213
targeted therapies (like fecal microbiota transplantation, FMT), and
personalized medical approaches stand as promising areas with signif-
icant translational and clinical implications [51].

2. Gut microbiota and immunity

The human gastrointestinal tract represents one of the planet's most

regulation. In this evolving context, dietary interventions, microbiota-

Table 2

intricate ecosystems,

characterized by an extensive microbial

Microbiota's alterations in metabolic diseases. Abbr. legenda: SCFAs (short-chain fatty acids); TLR (toll-like receptor); Treg (T regulatory) cells; GPR (G protein-coupled

receptor).

MICROBIOTA’S ALTERATIONS IN METABOLIC DISEASES

Condition Microbiota alteration Proposed action's mechanisms Studies
Obesity t Firmicutes (clostridia). Greater energy extraction from food, 58,
1 Proteobacteria, SCFAs, 59,
| Bacteroidetes, Promotion of fat storage, altered intestinal permeability, increased plasma levels of lipopolysaccharides, 129-136
| Bifidobacterium, production of proinflammatory cytokines, persistent low-grade inflammation, and dysregulation of the 139,
Lactobacillus endocannabinoid system. 140,
tBacteroides fragilis 150,
«Actinomycetes 151
Type 2 Diabetes | Faecalibacterium prausnitzii, Reduced butyrate-production and gut barrier function, 151,
| Akkermansia muciniphila. systemic inflammation, 153,
|Roseburia intestinalis insulin resistance, 154,
|L. fermentum, plantarum, casei  glucose metabolism and insulin sensitivity decrease, 156-
|Bacteroides fragilis proinflammatory cytokines increase, 159,
|Blautia gastrointestinal tolerance of metformin decrease, 163-166
| Butyricicoccus intestinal permeability and endotoxemia increase,
+«Bacteroidetes/Firmicutes TLR signalling decrease,
angiopoietin-like protein 4 dysregulation.
Diabetic L Prevotella, 167
nephropathy LRuminococcaceae,
|Roseburia,
|Faecalibacterium
1Parabacteroides,
1Enterococcus,
1Enterobacteriaceae
1Klebsiella
Diabetic | Bacteroidetes 168
retinopathy lAetinobacteria
1Acidaminococcus,
tEscherichia,
1Enterobacter
Diabetic |Bacteroidetes 169
neuropathy |Faecalibacterium
1Firmicutes,
tActinobacteria,
1Escherichia-Shigella,
tLachnoclostridium,
1Blautia,
tMegasphaera
TRumincoccus
Caesarean section  TClostridium Pro-inflammatory cytokines production, 57
tEscherichia coli Th17 lymphocytes expansion, 98
|Lactobacillus jensenii tight junctions opening,
intestinal permeability increase,
immunosuppressive effect.
Asthma Lactobacillus SCFAs synthesis that stimulate Treg cells and CD4 precursors production, activate GPR and inhibit histone 96,
deacetylase. 99,
100
Allergies Lactobacillus jensenii Immunosuppressive effect 98,
1L. fornicalis Stimulate lipopolysaccharide production. 104,
1G. vaginalis Food allergies. 105,
tClostridium Production of specific SCFAs 107,
1Bifidobacterium 11%-
tEscherichia coli 121,
124,
127
Food allergies |Holdemania Increased allergies risk. 113,
115-
118,
122,
123,
125,
126
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community spanning diverse ecological niches. This interconnected
system has coevolved with its human host over millennia under complex
yet delicate regulatory dynamics. In this symbiotic relationship, the
human bedy is no longer considered an isolated entity but rather an
integrated superorganism, a union with the microbial universe identi-
fied as “non-self’, that makes it a “metaorganism” [52].

One notable role of the intestinal microbiota, in fact, is its influence
on the development and polarization of the immune system during early
life [53,54]. The microbial community within the gut provides an
essential antigenic load that activates regulatory mechanisms pivotal for
establishing non-atopic immune profiles and fostering oral tolerance
[55].

2.1. Gut microbiota, enterocytes, and gut-associated lymphoid tissues
signalling

The single layer of intestinal epithelial cells, serving as a dynamic
boundary between luminal contents and the gut-associated lymphoid
tissues (GALT), plays a critical role in maintaining homeostasis. This
interface represents a sophisticated defense barrier, mediating antigen
trafficking and facilitating discrimination between self and non-self to
ensure mucosal integrity [56]. The perpetual exchange among the
microbiota, enterocytes, and GALT translates into an immunomodula-
tory function that strengthens the mucosal barrier while supporting
immune homeostasis [57]. Disruption of this finely tuned interaction
can initiate a cascade of pathogenetic events, including increased in-
testinal permeability, loss of oral tolerance, inflammation, and subse-
quent tissue damage [58]. These disruptions are implicated in the
development of immune-mediated conditions such as allergies and
autoimmune diseases [55].

The host organism influences its microbiota through specific factors
such as miRNAs and non-specific factors like antimicrobial peptides,
mucus, and IgA. These elements encourage the proliferation of certain
bacterial genera while suppressing others [60]. The regulation of
(microRNA) miRNA expression is particularly important for maintaining
intestinal homeostasis and preventing pathological conditions.
Although non-coding, endogenous and exogenous (food-derived) miR-
NAs play significant roles in modulating bacterial gene expression,
supporting epithelial barrier integrity, managing apoptosis, and con-
trolling enterocyte proliferation and differentiation [61,62].

The alteration of this integrated system underscores its pivotal role in
maintaining systemic immune balance. Helper T cells (CD4 Th cells)
play a central role in adaptive immunity by producing cytokines that
regulate the activity of other immune cells. Differentiation into Thl or
Th2 subtypes is influenced by environmental cues and antigen-
presenting cells (APCs). Cytokines like interferon-gamma (IFN-y) and
interleukin-12 (IL-12) favor Th1 differentiation, while interleukins such
as IL-4, IL-2, and IL-13 promote Th2 cell differentiation; in healthy in-
dividuals, Th1-oriented immune responses predominate against specific
environmental antigens, whereas individuals with an allergic phenotype
exhibit a dominant Th2 cytokine pattern [63].

2.2. A sophisticated balance between the lymphocyte populations

In utero, the maternal immune system confronts the presence of fetal
antigens derived partially from paternal genetics. This non-self-
antigenic profile places the fetus at potential risk of immunological
rejection mediated by Thl cytokine responses. However, this is cir-
cumvented due to the fetus's Th2 polarization during gestation. Post-
natally, this immune orientation becomes insufficient for combating
viral and intracellular pathogens, necessitating an immune transition
from a Th2-dominant profile to a Thl-oriented state during early
childhood. Individuals with atopic tendencies may experience incom-
plete or defective immune shifts due to insufficient levels of cytokines
like IFN-y or IL-12 required to drive this process [64].

The “hygiene hypothesis”, proposed by Strachan in 1989, posits that
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exposure to infectious agents and antigenic challenges during early life
is critical for catalyzing the Th2-to-Thl immunological conversion
process [65].

The dramatic epidemiological rise in allergic diseases in industrial-
ized nations has been partly attributed to reduced exposure to infections,
particularly those transmitted via the fecal-oral route. Improved sani-
tation practices, widespread vaccination programs, and the extensive
use of antibiotics have collectively diminished such exposures. Gerrard
provocatively describes this rise in allergic disease prevalence as the cost
society pays for liberation from childhood infections and parasitic in-
festations [66].

The biological mechanisms underlying immune responses, however,
are more complicated than the Th1,/Th2 paradigm initially prompted by
the “hygiene hypothesis”. Antigenic stimuli do not exclusively provoke
either Th1 or Th2 responses, highlighting the multifaceted nature of the
immune system. Furthermore, alongside the dramatic rise in allergic
conditions predominantly mediated by Th2 responses, there has been a
concomitant and noteworthy increase in disorders linked to Thl over-
activation, such as type 1 diabetes (T1D), celiac disease, and chronic
inflammatory bowel diseases. To address these observations, the hy-
giene hypothesis has been revised and expanded into what is now
termed the “revisited hygiene hypothesis” [67].

Within the framework of postnatal microbial colonization, the early
interaction between the intestinal microbiota and gut-associated
lymphoid tissue (GALT) dendritic cells triggers mechanisms that regu-
late tolerance versus immune activation. This dynamic involves a so-
phisticated equilibrium among various lymphocyte populations [68]. In
such homeostatic contexts, regulatory T lymphocytes (Tregs) emerge as
central players, supported by their production of key immunomodula-
tory cytokines such as IL-10 and TGF-p [69,70].

Tregs have a critical role among the T helper cell subsets; in fact, they
are defined by distinct cytokine expression profiles and can be further
categorised into natural Tregs (nTregs), which are derived from the
thymus, and inducible Tregs (iTregs) that come from peripheral tissues.
These inducible Tregs are primarily responsible for secreting TGF-f and
IL-10, cytokines essential for curbing inflammation and exerting
immunosuppressive effects [71].

The gut's colonization by an extensive and diverse population of
bacterial cells — whose collective genome exceeds the human genome by
150-fold — provides a beneficial antigenic repertoire. This microbiota
and its genetic content (termed the microbiome) activate a regulatory
network orchestrated by Tregs, which serves to prevent immune po-
larization toward either a Th2-dominant (allergic) or Thl-dominant
(autoimmune) response [72]. This regulatory function of microbiota
surpasses that of infections, historically highlighted in the original hy-
giene hypothesis as catalysts for maturation of an immune system that is
still ... in the running-in process [73,74].

2.3. Gut microbiota and birth modality

The intestinal microbiota functions as an immunologically active
“bacterial organ”, contributing to both innate and adaptive immune
programming during early development [75]. During early life,
numerous intrinsic and extrinsic factors significantly shape the compo-
sition of the microbiota. These factors include genetics, delivery method
(vaginal or cesarean), perinatal antibiotic use, gestational age, APGAR
score, delivery location (hospital or home), infant feeding practices
(breastfeeding, formula use, or mixed), duration and quality of alter-
native feeding, maternal milk oligosaccharide residues, weight gain
during pregnancy, atopy level, BMI, and finally the exposition to pets
[76].

Through the process of vaginal birth, mothers pass a “microbial in-
heritance” to their newborns, facilitating colonization by maternal and
environmental microorganisms on the skin and mucosal surfaces such as
the oral cavity, respiratory tract, urogenital tract, and alimentary canal.
Therefore, in full-term neonates born via vaginal delivery, the
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microbiota exhibits favorable species diversity dominated by genera
such as Bacteroides (Bacteroidetes), Bifidobacteria (Actinobacteria), Lac-
tobacilli (Firmicutes), and Enterobacteria (Proteobacteria), which coexist in
a balanced state of symbiosis termed eubiosis. By contrast, neonates
delivered by cesarean section experience significant microbiota
compositional disturbances (dysbiosis), characterized by qualitative and
quantitative alterations that impact functional outcomes [77,75].

This inadequate postnatal colonization - contributed to by cesarean
deliveries, extended hospital stays, and early or prolonged antibiotic use
— acts as a determinant factor in dysbiotic states implicated in the
pathogenesis of various immune-mediated and metabolic diseases [/,
801. During dysbiosis takes place a series of adverse events, including
delayed intestinal barrier maturation (“gut closure™), bacterial and food
antigens translocation, immune dysregulation and local inflammation
[81] (Fig. 2).

During eubiosis, tolerogenic dendritic cells secrete a cytokine called
TGF-p. This cytokine induces Treg populations that, in turn, stop the
overactivation of both Th2-mediated allergic pathways and the Thi-
driven autoimmune responses [82]. In contrast, dysbiosis associated
with cesarean births frequently involves an overrepresentation of Clos-
tridia and Escherichia coli, which promote the production of
pro-inflammatory cytokines such as IL-1p, IL-6, and TNF-o. These cy-
tokines further facilitate the expansion of Th17 lymphocytes, disrupt
tight junction integrity, and enhance intestinal permeability [23].
Emerging evidence implicates microbiota not only in immune regulation
but also in critical physiological processes such as body weight control,
energy homeostasis, and systemic inflammation, with profound rele-
vance for the pathophysiology of obesity [84,85].

3. Gut microbiota and allergies
The immune system (IS) itself represents an intricately integrated

network comprised of chemical mediators, cellular elements, biological
structures, and dynamic processes developed throughout evolution to
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protect the organism against external threats — be they physical,
chemical, or biological. The IS can be subdivided into subsystems
representative of the innate versus adaptive immunity or humoral versus
cell-mediated immunity. Its core function lies in distinguishing self-
molecules from non-self entities, a category encompassing a diverse
array of agents including pathogenic metabolites from viruses, bacteria,
fungi, and helminths [56].

The immune system (IS) serves as a critical regulator of host ho-
meostasis, enabling the maintenance and restoration of tissue func-
tionality when encountering microbial or environmental factors [87].
The emergence of IS subsystems associated with adaptive immunity has
paralleled the development of a complex microbiota, reinforcing the
idea that much of this system evolved to sustain symbiotic interactions
with diverse microbial communities. These communities, in turn, in-
fluence and regulate various aspects of the immune system [88].

The IS operates as a finely tuned dynamic balance, adjusting its ac-
tivity as needed. A downturn in this balance results in immunodefi-
ciency, leading to recurrent and potentially life-threatening infections.
This condition may stem from genetic factors, diseases like AIDS, or the
use of immunosuppressive therapies. Conversely, an upward shift in the
balance triggers immune hyperactivation, manifesting as autoimmunity,
where the body's own tissues become targets of immune attacks. Com-
mon autoimmune conditions include type 1 diabetes (T1D), rheumatoid
disorders, and allergies [89].

Allergies are widespread health concerns. In developed nations,
about 15-25 % of individuals experience allergic rhinitis [90], approx-
imately 6 % have at least one food allergy [91], and around 20 % suffer
from atopic dermatitis [92]. Otherwise, depending on the region, 1-18
% of the population [93] suffers from asthma, while 0.05-2 % from
anaphylaxis [94].

3.1. The role of exposome

Over recent decades, epidemiological studies have shown a growing
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prevalence of allergies, particularly in industrialized nations [95].
Beyond genetic predisposition, environmental factors collectively
referred to as the exposome play a decisive role. The exposome en-
compasses all environmental influences encountered from early intra-
uterine stages onward [96] and can be divided into three overlapping
domains: the general external environment (e.g., urbanization, social
conditions, stress, noise, artificial light); the specific external environ-
ment (e.g., chemical pollutants, diet, physical activity, tobacco expo-
sure, infections); and the internal environment (e.g., metabolic
processes, gut microbiota composition, inflammation, oxidative stress)
[97] (see flow chart). These domains are highly dynamic and continue to
evolve throughout life [98]. Among these factors, the intestinal micro-
biota appears to play a predominant role [99] due to its significant
biodiversity changes over just a few decades — a mere instant compared
to the millions of years of evolution.

Selective pressures promoting metabolic efficiency have likely sha-
ped the coevolution of hosts and their microbiota. This prolonged
integration has formed intricate physiological connections between
microbial communities — even outside the gastrointestinal tract — and
their hosts, extending beyond metabolism. These interconnections are
particularly evident in the interplay between microbiota and the im-
mune system. This interaction influences immune responses, metabolic
activity, and endocrine pathways through complex interkingdom
signaling processes and metabolic modulation. Depending on its
composition and functional dynamics in response to dietary and envi-
ronmental factors, the gut microbiota can either protect or harm the
host.

The establishment of gut microbiota from the fetal stage and through
early life is critical for equipping the host's immune system to handle
external stimuli and respond appropriately. Alterations in the fetal gut
microbiota can begin in utero due to maternal factors such as lifestyle
choices, diet, or medication use — especially antibiotics [100] - and
continue postnatally based on delivery mode (vaginal vs. cesarean)
[101] and feeding method (breastfeeding vs. bottle-feeding) [102].
Within three years of age, microbial composition undergoes a rapid
transformation; it resembles that of an adult by the first year and
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stabilizes into a mature community by the third year [103,104]. This
perinatal phase is thus essential for fostering a healthy microbiota and a
resilient immune system. Dysbiosis — or disequilibrium - of the gut
microbiome can evolve in metabolic and immunological disadvantages
in babies and children. These disruptions contribute to metabolic issues
as well as allergic and autoimmune conditions such as obesity [105],
TID [106], allergies [107], autism spectrum disorders [108],
non-specific inflammatory bowel diseases (IBD) [109], and stunted
growth [110].

A connection between gut microbiota dysbiosis and immune re-
sponses in the gut, systemic circulation, other organs, and peripheral
tissues is firmly established [56]. Notably, there is a substantial corre-
lation between intestinal dysbiosis and allergy development. For
instance, about 80 % of infants and young children diagnosed with
atopic dermatitis later develop allergic rhinitis or asthma [111]. This
progression aligns with the so-called “allergic march”, which details a
sequential development of allergic conditions during childhood, starting
with atopic dermatitis or food allergies and advancing to asthma and
allergic rhinitis [112].

3.2. Microbiota and the immunological component of asthma

Asthma is a chronic inflammatory condition of the respiratory sys-
tem, marked by recurring symptoms such as shortness of breath,
coughing, and wheezing [112]. While the immune response mechanisms
involved in asthma are not fully understood [114], it is clear that
inflammation and allergen sensitivity play key roles in its pathophysi-
ology [115]. Research has suggested that microbial metabolites — mainly
SCFAs produced by lactobacilli - may have protective and immuno-
modulatory effects. SCFAs stimulate the generation of regulatory T cells
(Treg) from CD4 precursors and dendritic T cells, activate G
protein-coupled receptors (GPR), and inhibit histone deacetylase,
thereby exerting significant influence [116]. The microbiota is central to
the inflammatory response associated with asthma [117]. Factors like
maternal smoking during pregnancy [118], a history of maternal asthma
[119], antibiotic use during gestation [120], diet [121], and prenatal

Exposome: all the environmental factors
to which we are exposed from the very
early stages of intrauterine development

Domain 1: general external environment
(e.g. urban environment, climate, social
conditions, stress, noise, artificial light)

Domain 2: specific external environment
(e.g. chemical contaminants, diet, physical
activity, tobacco, infections)

Domain 3: internal environment
(e.g. metabolic factors, gut microbiome,
inflammation, oxidative stress)

Exposome's representative flowchart.
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stress [122] are linked to an increased risk of asthma.

Additionally, research has documented an association between
reduced microbial diversity (dysbiosis) and respiratory diseases [123].
Dysbiosis in both the gastrointestinal and respiratory systems signifi-
cantly contributes to asthma's pathophysiology by altering the response
of the IS [124]. Studies have shown connections between bacteria
transferred from the mother's vaginal microbiota, newborn IgE levels,
and allergic immune modulation [125]. The presence of specific anti-
gens like Lactobacillus jensenii in meconium suggests they could suppress
certain immune functions in utero, promoting better immune tolerance
to allergens during early childhood [126]. Interestingly, the predomi-
nance of Lactobacillus species in the vaginal microbiota is associated
with susceptibility to asthma development, as it may trigger IgE pro-
duction during an infant's first year of life [127]. Furthermore, genetic
factors also seem to play a role in shaping the intestinal microbiota and
the subsequent development of asthma [128].

3.3. Microbiota and atopic dermatitis

Scientific evidence also highlights that 60 % of atopic dermatitis
cases emerge within the first year of life, often presenting as infantile
eczema [129]. Intestinal dysbiosis, along with its regulatory effects on
immune processes, plays a considerable role in the onset of atopic
dermatitis. The microbiota's beneficial properties include stimulating
the production of regulatory T cells, which protect against
inflammation-related allergic and autoimmune conditions [130]. In
allergic rhinitis and sensitization, bacterial diversity is often reduced;
however, this phenomenon does not appear to be closely linked with
atopic dermatitis.

3.4. Dysbiosis and allergies

A healthy vaginal microbiota correlated with lower allergy incidence
in children [131], while the prevalence of species like L. fornicalis or
G. vaginalis is linked to vaginal dysbiosis and inflammation, promoting
allergy development through lipopolysaccharide production [132].
Postnatal factors such as lifestyle choices significantly shape the
gastrointestinal microbial environment, contributing to dysbiosis and
increasing susceptibility to allergies over time [133]. Exposure to par-
asites and other microorganisms also affects immune system reactivity
and allergen development [134]. Studies underscore how a mother's
microbiota closely influences the baby's microbiota depending on
various factors such as mode of delivery [135]. Additionally, nutrition
[136], probiotic use [137], and antibiotic administration [138] signifi-
cantly impact microbiota development and early colonization - factors
that help shape immune responses and eventually influence health
outcomes [51].

The increasing prevalence of food allergies presents considerable
public health and economic concerns [91]. Evidence suggests that the
intestinal microbiota can act either as a protective barrier or a trigger for
food allergies by modulating immune responses [129]. As several times
mentioned, the intestinal microbiota comprises trillions of bacteria
across hundreds of species, varying widely among individuals [140]. A
healthy intestinal immune system typically maintains tolerance to
commensal microbes, but disruptions can lead to pro-inflammatory
states that contribute to food allergies, these are linked to
pro-inflammatory changes that disrupt the homeostatic balance of the
gut's immune environment [141]. Both protective and allergy-inducing
bacteria have been identified for their ability to modulate immune re-
sponses through stimulation of Th1 helper lymphocytes and suppression
of Th2-mediated pathways [142]. Mechanisms mediated by microbiota,
such as microbiota-specific regulatory T cells (Tregs), play a vital role in
suppressing allergic inflammation [143]. However, the processes by
which immune cells orchestrate the formation of dietary
antigen-specific Tregs and the microbiota's contribution to their func-
tionality remain partially understood [144].
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The gut microbiota is a principal part of the newborn intestinal im-
mune system's shape and maturation. Specific fecal microbial profiles
have been associated with allergic predispositions in infants and chil-
dren [145-147]. Observational studies have examined longitudinal
changes in bacterial abundance across different age groups among
food-allergic children, uncovering distinctions in bacterial phyla that
could inform correlations with developing allergies [148]. For instance,
analyses have associated maternal concentrations of Holdemania spp.
with reduced food allergy risks in offspring, suggesting its potential
protective role [149]. Additionally, imbalances in the microbial
composition, such as increased Clostridium spp., certain Bifidobacterium
species [150], and elevated Escherichia coli abundance [151], alongside
shifts in short-chain fatty acid production tied to diet, delivery mode,
environmental exposure, and the timing of bacterial colonization, have
been linked to allergic diseases [152]. The evidence strongly supports
the premise that a maternal microbiota characterized by balance and
diversity (eubiosis) is fundamental to ensuring proper immune devel-
opment in the fetus and neonate, thereby mitigating allergy risk [153].

4. Gut microbiota and obesity

Aberrant microbial patterns have been associated with low-grade
inflammation, a hallmark of obesity and other non-communicable dis-
eases [154]. Dysbiosis and obesity share a well-documented association,
supported by both human and animal studies {155]. For example, lab-
oratory animals on a Western-style diet exhibit significant shifts in
dominant bacterial phyla - namely, an increase in Firmicutes (e.g.,
clostridia) and a reduction in Bacteroidetes [156] — a pattern similarly
observed in obese individuals [157].

Evidence from prospective studies indicates that childhood compo-
sitional shifts in the microbiota often precede the development of
overweight and obesity [158,159]. The prevalence of specific bacterial
genera appears critical; for instance, higher levels of Bifidobacteria,
prevalent in breastfed and vaginally delivered infants, are associated
with a reduced risk of being overweight, while the dominance of Bac-
teroides fragilis correlates with heightened obesity risk [160].

High-fat diets further exacerbate dysbiosis, promoting reductions in
Bifidobacteria and Lactobacilli alongside increased proportions of Firmi-
cutes and Proteobacteria [161]. Dysbiotic patterns in obese children and
adults are characterised by diminished Bacteroidetes, elevated Firmicutes,
and altered frequencies of bacterial phyla like Actinomycetes [162,163].

4.1. Obesity's dysbiosis mechanisms

The complex mechanisms linking gut dysbiosis to obesity are grad-
ually being elucidated [164,165].

Dysbiosis induces altered intestinal permeability, elevated plasma
levels of lipopolysaccharides (LPS) - a structural component of gram-
negative bacterial cell walls - and increased systemic proinflammatory
cytokines such as interleukins (IL-1p, IL-6) and tumor necrosis factor-
alpha (TNF-). These factors contribute to persistent low-grade inflam-
mation and dysregulation of the endocannabinoid system (ECS), which
collectively influence energy homeostasis and adiposity [166,167].

LPS mediates intestinal permeability by downregulating tight junc-
tion proteins like zonulin-1 and occludin via nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) activation, proinflammatory
cytokines, such as interleukins (IL-1p, 1L-6) and tumor necrosis factor
alpha (TNF-), on the other hand, are responsible for local and systemic
inflammation [16&]. The resulting proinflammatory milieu supports the
“metabolic infection” hypothesis, which posits that dysbiosis-driven
inflammation propagates systemic consequences, including adipose
tissue inflammation [169]. Patients with metabolic syndrome (MS)
develop serious endotoxemia [170]. ECS hyperactivation, in association
with dysbiosis, stimulates adipogenesis by increasing intestinal perme-
ability and amplifying LPS-mediated inflammation [171] (Fig. 3a).
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4.2, The link between obesity and diabetes

Research using murine models has linked the intestinal microbiome
to energy management and weight regulation [172]. These processes
appear to involve the regulation of angiopoietin-like protein 4
(ANGPTL4) expression in the intestinal epithelium. ANGPTL4, also
known as the fasting-induced adipose factor (FIAF), plays various roles,
including the regulation of lipid and glucose homeostasis and supporting
angiogenesis [172]. By inhibiting lipoprotein lipase (LPL) activity,
ANGPTLA4 reduces triglyceride uptake and storage in tissues, particularly
adipose tissue, where it promotes lipolysis [174] (Fig. 3b). Lower serum
levels of ANGPTL4 have been observed in individuals with diabetes
[175] and obesity [176]. Studies on animals and in vitro experiments
suggest that gut microbiota significantly influences intestinal ANGPTL4
expression, thereby affecting lipid storage and body mass [177].

SCFAs are metabolites produced by bacterial fermentation of indi-
gestible dietary carbohydrates [178]. Metabolomic analyses reveal that
SCFAs profiles reflect the synergy among various bacterial genera within
the intestinal ecosystem. As indirect nutrients, SCFAs (including acetate,
propionate, and butyrate) play a critical role in energy metabolism and
adipose tissue expansion, functioning as metabolic modulators [179]
(Fig. 3c).

Metagenomic research has emphasized the strong correlation be-
tween specific gut bacteria, their genes, and intestinal metabolites with
type 2 diabetes (T2D). Notably, lower levels of butyrate-producing
bacteria, such as Roseburia intestinalis and Faecalibacterium prausnitzii,
have been detected in individuals with T2D, suggesting that reduced
SCFA production may contribute to obesity, diabetes, and related
metabolic disorders [179].

5. Gut microbiota and diabetes

T2D (diabetes mellitus) is responsible for 80 % of early deaths all
over the world. Projections estimate that by 2045, approximately 700
million people will suffer from T2D, despite available drug therapies
[180]. This condition is marked by elevated blood glucose levels due to
defective pancreatic insulin production or reduced insulin sensitivity
[181]. Poorly managed diabetes and its related metabolic dysfunctions,
including hypertension, impaired lipid metabolism, and oxidative stress,
can lead to a wide range of macrovascular complications (e.g., coronary
heart disease, stroke, peripheral vascular disease) and microvascular
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complications (e.g., nephropathy, neuropathy, diabetic retinopathy)
[182], alongside disruptions in interconnected metabolic pathways
[183].

Individuals with T2D exhibit altered gut microbial communities
compared to healthy counterparts [184], showing reduced diversity of
symbiotic bacteria and increased levels of opportunistic pathogens
[185]. These microbiota shifts promote diabetes onset and progression
by influencing critical mechanisms such as glucose metabolism, insulin
resistance, and chronic inflammation [186]. Certain gut bacteria also
directly impact insulin sensitivity by regulating SCFAs production
[187]. Additionally, the gut microbiota modulates the host's metabolic
response to diet through the breakdown of various dietary components
[181].

5.1. Metabolism's regulation by gut bacteria

Beyond digesting food, gut microbiota interacts with Enter-
oendocrine Cells (EECs), a small but diverse population making up about
1 % of intestinal epithelial cells. Distributed along the digestive tract,
EECs produce and release up to 20 different hormones that regulate host
metabolism, digestion, gut motility, gastric emptying, and overall in-
testinal health [188]. These cells interact closely with gut microbiota
and their metabolites — produced through the fermentation or enzymatic
degradation of proteins, carbohydrates, and bile acids - including
SCFAs, branched-chain fatty acids, secondary bile acids, and
tryptophan-derived catabolites like indole, which affects bowel motility
[189]. The interplay between gut microbiota, EECs, and metabolism is
highly intricate, as these components mutually influence one another.
This dynamic relationship governs many physiological processes such as
gastric emptying, intestinal motility, dietary habits, and energy meta-
bolism. Because of this, a breakdown in microbiota-EEC communication
can develop toward metabolic alterations like insulin resistance, an
antechamber to diabetes [190].

5.2. Dysbiosis and diabetes

Numerous investigations have identified a significant relationship
between modifications in the intestinal microbiota and the pathogenesis
of diabetes. Notably, alterations in the ratio of the phyla Bacteroidetes to
Firmicutes have been linked to increased intestinal permeability [191].
This disruption facilitates the translocation of microbial by-products
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across the compromised intestinal barrier, subsequently initiating in-
flammatory processes characteristic of diabetes. A notable decrease in
SCFAs-producing bacteria, particularly butyrate producers, has also
been correlated with T2D, as these metabolites are critical for modu-
lating insulin sensitivity [192].

Certain bacterial strains have demonstrated protective effects against
diabetes by reducing pro-inflammatory markers and preserving intesti-
nal barrier integrity. Among these good microorganisms are Lactobacilli
fermentum, plantarum, and casei, Roseburia intestinalis, Bacteroides fragilis,
and Akkermansia muciniphila. These species have shown potential in
enhancing glucose metabolism, improving insulin sensitivity, and miti-
gating the production of pro-inflammatory cytokines [182]. Addition-
ally, the gut microbiome is integral to modulating both the efficacy and
gastrointestinal tolerance of metformin, an antidiabetic medication that
functions by suppressing hepatic glucose production, improving insulin
sensitivity, and facilitating glucose uptake in muscle and liver tissues
[193]. Animal and human studies suggest that metformin supplemen-
tation is associated with an increase in several SCFAs-producing taxa,
such as Blautia, Butyricicoccus, and in A. muciniphila, that notably pro-
mote the proliferation of ileal goblet cells, reduce intestinal perme-
ability, lower endotoxemia, and enhance toll-like receptor signalling
pathways [194].

In the context of diabetic nephropathy, recent findings underscore
the impact of intestinal dysbiosis, specifically characterized by a
reduction in beneficial bacteria such as Prevotella, Ruminococcaceae,
Roseburia, and Faecalibacterium. Concurrently, an expansion of poten-
tially pathogenic taxa, including Parabacteroides, Enterococcus, Entero-
bacteriaceae, and Klebsiella, has been documented [195].

Similarly, altered gut microbiota has been observed in individuals
with diabetic retinopathy, marked by decreased abundance of Bacter-
oidetes and Actinobacteria and an increased prevalence of Acid-
aminococcus, Escherichia, and Enterobacter [196].

Diabetic neuropathy has also been associated with distinct microbial
dysbiosis, manifesting as an elevated abundance of Firmicutes, Actino-
bacteria, Escherichia-Shigella, Lachnoclostridium, Blautia, Megasphaera,
and Ruminococcus in conjunction with a decline in Bacteroidetes and
Faecalibacterium [197].

6. Gut microbiota and biomodulators

The perinatal period represents a critical window during which the
developing immune system exhibits heightened susceptibility to envi-
ronmental influences, Prevailing strategies for immune system modu-
lation during this stage have shifted from allergen exclusion (restrictive
approaches) to more proactive interventions targeting the intestinal
microbiota to shape naive immune responses (promotional approaches)
[77,78]. Advances in understanding the intricate interactions between
the gut microbiota and immune system have driven efforts to optimise
maternal immunity during pregnancy and neonatal immune develop-
ment in early infancy via nutritional interventions involving prebiotics
and probiotics [198].

The concept of ‘manipulating’ gut microbial composition traces its
scientific origins to Ilja Metchnikoff, a Ukrainian Nobel laureate who
ascribed therapeutic benefits to fermented foods containing live lactic
acid bacteria in the early 20th century. Metchnikoff's pioneering insights
underpin the modern framework for employing microbiota-targeted
therapies — collectively termed “biomodulators” — which include pre-
biotics, probiotics (including psychobiotics), synbiotics, paraprobiotics,
metabiotics, and postbiotics [199] (Table 3).

Each of these categories encompasses different strategies for main-
taining or restoring intestinal microbial balance, with the ultimate goal
of preventing or treating chronic diseases linked to dysbiosis.

Fecal microbiota transplantation (FMT), a technique involving the
transfer of microbiota from rigorously screened healthy donors to re-
cipients with dysbiotic conditions, exemplifies another promising
strategy for modifying gut microbial communities. FMT aims to restore a
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Table 3
The different types of gut microbiota biomodulators.

GUT MICROBIOTA BIOMODULATORS

Non-digestible food constituents which selectively
promote the growth and activity of one or more
bacterial species present in the intestinal tract

Live microorganisms which confer beneficial effects

Prebiotics

Probiotics (included

Psychobiotics) on the host organism

Synbiotics A combination of prebiotics and probiotics

Paraprobiotics Set of dead probiotic microbial cells and cell
constituents

Metabiotics Structural components of probiotic microorganisms
that can optimise host-specific physiological functions
and responses

Postbiotics Healthy metabolic products or secreted components of

probiotics

healthy ecosystem and, in turn, promote clinical recovery. Although the
precise mechanisms underlying its efficacy remain only partially un-
derstood, evidence increasingly supports its therapeutic potential not
only in recurrent Clostridioides difficile [200,201] infection but also
across a spectrum of chronic non-communicable diseases (CNCDs) [202,
203].

6.1. Gut microbiota and prebiotics

The International Scientific Association for Probiotics and Prebiotics
(ISAPP) defines a prebiotic as a substance that is selectively utilized by
host microorganisms to provide health benefits [204]. Prebiotics posi-
tively influence the host's health due to their resistance to digestion and
absorption in the gastrointestinal tract; instead, they are fermented by
intestinal bacteria [205]. This fermentation process produces com-
pounds that lower the pH of the intestinal environment and promote the
growth of beneficial bacteria in the small intestine, including Lactoba-
cillus, Bifidobacterium, and Bacteroides families [206]. Naturally
occurring in many plant-based foods and certain animal-based sources
like honey and cow's milk, prebiotics, along with antimicrobials pro-
duced by lactic acid bacteria (LAB), help shape gut microbiota compo-
sition and metabolic functions, supporting health and preventing
disease [207]. Common examples of prebiotics include inulin, gal-
actooligosaccharides (GOS), fructooligosaccharides (FOS), human milk
oligosaccharides (HMO), xylooligosaccharides (XOS), man-
nanoligosaccharides (MOS), lactulose, galactose derivatives, and p-glu-
cans [208]. Additionally, polyphenols such as flavonoids [209],
polyunsaturated fatty acids (PUFAs) [210], and glucooligosaccharides
[211] are considered potential prebiotics.

The clinical significance of prebiotics extends beyond gut ecology. By
supporting SCFA production and fostering eubiosis, prebiotics
contribute to immune tolerance, improved gut barrier function, and
metabolic regulation. Emerging evidence links prebiotic supplementa-
tion with reduced risk or alleviation of several chronic conditions,
including obesity, type 2 diabetes, inflammatory bowel disease, and
allergic disorders [206]. Moreover, specific prebiotics such as HMOs
appear to play a pivotal role in shaping the infant gut microbiota,
potentially influencing susceptibility to immune-mediated diseases later
in life [212].

From a preventive and therapeutic standpoint, prebiotics illustrate
how targeted dietary strategies can sustain microbiota health and reduce
disease risk. However, clinical studies show heterogeneous outcomes,
largely due to differences in prebiotic type, dosage, treatment duration,
and patient characteristics. Addressing these methodological challenges
will be essential to fully establish prebiotics as reliable tools for
microbiota-centred prevention and therapy.

6.2. Gut microbiota and probiotics

Probiotics are defined as live microorganisms that, when consumed
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in adequate amounts, provide health benefits to the host [213]. These
microorganisms can produce antimicrobial substances, enhance im-
mune responses, protect against the adhesion of harmful bacteria to the
epithelium, stimulate mucosal IgA production, and inhibit the produc-
tion of bacterial toxins [214]. Lactic acid-producing bacteria (LAB) are
particularly significant among gastrointestinal bacteria as they ferment
saccharides to produce lactic acid. Probiotics also contribute to the
production of short-chain fatty acids (SCFAs), vitamins, bactericidins,
and are involved in bile acid metabolism. Found abundantly in fer-
mented foods like kefir, yoghurt, pickles, miso, and kimchi [215].

Clinically, probiotics have been explored across a broad spectrum of
chronic non-communicable diseases. Evidence supports their role in
gastrointestinal disorders, such as antibiotic-associated diarrhoea and
irritable bowel syndrome, as well as in immune-mediated conditions,
including atopic dermatitis and allergic rhinitis. Their capacity to
modulate the gut-brain axis has also generated interest in psychiatry,
where certain strains, termed psychobiotics [216], have been shown to
alleviate anxiety [217] and depressive symptoms [218]. In preliminary
trials, moreover, probiotic supplementation has been linked to im-
provements in metabolic regulation, cardiovascular risk profiles, and
even cancer prevention strategies through immunomodulation [219]
and anti-inflammatory pathways. Despite these promising findings, the
therapeutic use of probiotics is challenged by substantial variability in
clinical outcomes. Efficacy appears to depend on strain-specific prop-
erties, dosage, duration of intervention, and host-related factors such as
baseline microbiota composition and immune status. Furthermore, in
vulnerable populations (e.g., immunocompromised patients, preterm
infants), probiotics may carry risks, highlighting the importance of
careful strain selection and safety evaluation [220].

Taken together, probiotics exemplify how targeted microbial sup-
plementation can be harnessed for disease prevention and treatment by
maintaining or restoring eubiosis. Yet, to translate their potential into
consistent clinical practice, large-scale, standardised trials are required
to clarify optimal strains, treatment regimens, and patient selection
criteria.

6.3. Gut microbiota and synbiotics

Synbiotics combine probiotics and prebiotics to create a synergistic
effect on host health [215]. In agreement with ISAPP, synbiotics
represent a combination of living microorganisms and substrates that
bring beneficial effects when ingested by host microorganisms [221].
This dual approach is designed to both supply beneficial microbes and
provide them with substrates that enhance their survival, colonization,
and metabolic activity.

Their functional roles include regulating gut microbial imbalances,
enhancing immune function, and preventing obesity [222]. While the
combination of probiotics and prebiotics represents a promising area of
research, there is still limited scientific literature supporting their effi-
cacy in dietary supplements. Common synbiotic formulations include
Lactobacillus GG and/or Bifidobacteria combined with omega-3 fatty
acids, fructooligosaccharides (FOS), or inulin [223].

Clinically, synbiotics are under investigation in diverse contexts,
including allergy prevention, metabolic disorders, and gastrointestinal
diseases. Preliminary studies suggest that they may improve glycaemic
control in type 2 diabetes, enhance immunological tolerance in allergic
conditions, and support weight management in obesity. Their potential
also extends to oncology and cardiometabolic disease, where systemic
anti-inflammatory effects are particularly relevant [224].

However, despite their theoretical appeal, scientific evidence on
synbiotics remains limited compared to that for probiotics or prebiotics
alone. Clinical outcomes vary widely depending on the specific strains,
prebiotic substrates, and patient populations studied. Standardisation of
formulations and rigorous clinical trials are therefore essential to clarify
their efficacy and to identify contexts in which synbiotics offer clear
advantages over probiotics or prebiotics administered separately.

12

Microbial Pathogenesis 212 (2026) 108213

From a translational perspective, synbiotics illustrate how tailored
combinations of microbiota-directed strategies could enhance thera-
peutic and preventive interventions. Their success, however, will
depend on overcoming methodological heterogeneity and on advancing
towards precision medicine approaches that integrate dietary, micro-
bial, and host factors.

6.4. Gut microbiota and paraprobiotics

The term paraprobiotic refers to non-viable probiotic microorgan-
isms or their cellular components, coined in 2011 [225]. Paraprobiotics
are particularly useful in scenarios where live probiotics could pose
risks, such as for premature infants, immunocompromised individuals,
or patients with sepsis or weakened intestinal barrier [226]. In such
cases, administering bacterial fragments or metabolites offers similar
therapeutic benefits without the risks associated with live bacterial cells
[227]. Paraprobiotics are non-living agents and, for this reason, are
easier to produce and store with respect to probiotics [228]. They also
pose no risk of bacterial translocation or transfer of antibiotic resistance
genes [229] and allow for more precise dosing for reproducible thera-
peutic effects [225,230].

The production process involves cultivating specific microbial strains
followed by deactivation through methods like ionising radiation, ul-
traviolet light, high-pressure drying, or pH adjustments. Paraprobiotic
species with promoting health effects include Bifidobacterium lactis
Bb12, Bifidobacterium longum, Lactobacillus gasseri OLL2716, Saccharo-
myces cerevisiae, Lactobacillus brevis SBC8803, and Lactobacillus del-
brueckii subsp. bulgaricus OLL1073R-1.

These strains exert effects such as immunomodulation [231] through
proteins, peptides, peptidoglycans, lipoteichoic acids, polysaccharides
(like glucans), or fragments of genetic material such as AT-rich DNA.
Some proteins derived from paraprobiotics can also support intestinal
mucosa regeneration and repair the intestinal barrier [230]. Compo-
nents of yeast cell walls, including p-(1,3)-D-glucan, p-(1,6)-D-glucan,
chitin, and mannoproteins, enhance digestion [232].

Although still an emerging field, para-probiotics hold promise for
applications in populations where conventional probiotics are contra-
indicated. Early studies suggest potential benefits in modulating
inflammation, reducing infections, and supporting metabolic regulation.
Nevertheless, more robust clinical trials are required to establish their
efficacy across different chronic disease contexts.

6.5. Gut microbiota and metabiotics

Metabiotics consist of structural elements of probiotics, their me-
tabolites, or specific signaling molecules that optimise host-specific
physiological functions and influence metabolic, regulatory, and/or
behavioral responses connected to the activity of native microbiota
[233]. These compounds are present in fermented foods like kefir,
kimchi, sauerkraut, tempeh, yoghurt, certain pickles, and in the human
body [234]. Metabiotics have gained attention as a biotechnological
advancement to mitigate the side effects of live probiotics and are
applied in health treatments and functional food development [235].
They include a broad range of bioactive compounds with numerous
benefits for the host. Metabiotics can reduce oxidative stress, regulate
blood pressure, provide immunomodulatory effects, and exhibit
anti-inflammatory and anticancer properties [235,236]. Key compo-
nents of metabiotics include signaling molecules, dead cells or cell
fragments post-metabolism, SCFAs, PUFAs, bacteriocins, polyamines,
surface molecules, polysaccharides, peptidoglycans, proteins, and pep-
tides [237].

Research on gut microbiota has underscored the role of bio-
modulators in maintaining overall health. They influence various sys-
tems such as the nervous system, inflammation response, oncology, the
gastrointestinal tract, the endocrine system, the urinary tract, the res-
piratory system, the cardiovascular system, and IS. Recent studies also
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highlight their potential in combating antibiotic resistance caused by
misuse. When antimicrobials are paired with probiotics, healing accel-
erates through reduced drug dosages. This combined approach improves
pathogen elimination while reducing side effects. Such synergy has
proven effective in treating oral and vaginal candidiasis, periodontitis,
and Helicobacter pylori infections [238].

Clinical studies and meta-analyses evaluating probiotic bio-
modulators for preventing allergic pathologies have yielded conflicting
results [239]. Variability in factors such as probiotic strain diversity,
treatment duration, study methodology, primary and secondary out-
comes evaluated, allergic phenotypes addressed, and patient charae-
teristics (e.g., age and atopy) complicates data interpretation.

Clinically, metabiotics are being investigated as therapeutic agents in
chronic conditions such as obesity [240,241], type 2 diabetes, cardio-
vascular disease, and neurodegenerative disorders [237]. For example,
butyrate [242] has shown promise in reducing intestinal inflammation
and enhancing gut barrier integrity, while propionate has been linked to
improved insulin sensitivity [243]. Furthermore, bioactive metabolites
derived from Lactobacillus and Bifidobacterium species demonstrated
immunomodulatory and antioxidant properties relevant to both
gastrointestinal [244] and systemic health.

Despite these advances, the translation of metabiotics into clinical
practice is still limited. Challenges include the complexity of identifying
active metabolites, inter-individual variability in microbial metabolism,
and the need for controlled trials to validate efficacy. Nevertheless,
metabiotics hold strong potential as precision therapeutics, capable of
targeting specific pathways implicated in chronic disease pathogenesis.

6.6. Gut microbiota and postbiotics

Postbiotics are a complex blend of beneficial metabolic byproducts
or secreted substances from probiotics, found in cell-free supernatants
[245]. These may include enzymes, secreted proteins, short-chain fatty
acids (SCFAs), vitamins, amino acids, peptides, and organic acids [246].
The term postbiotic, which means after life, refers to substances derived
from the metabolism of living microorganisms. Postbiotics are stable,
easily transported, and offer extended shelf life while simplifying
packaging. Their active components remain intact during delivery to the
intestine, where they exert physiological effects [247]. Studies on
postbiotics have highlighted their ability to modulate inflammation,
reduce pathogen adhesion in the gastrointestinal tract, and address
conditions such as obesity [222], hypertension, coronary artery dis-
eases, cancer, and oxidative stress [248]. In addition, postbiotics present
strong immunomodulatory and anti-tumour effects. The specific mech-
anisms at the basis of their action are still unclear. A few experimental
studies have been made. Nowadays, postbiotics are often added as
functionals to food derivatives such as dairy, vegetables, bread, meat,
fish, and other ingredients.

Moreover, postbiotics often preserve the metabolic by-products of
probiotics, such as SCFAs, which further contribute to metabolic and
immunological benefits.

Clinically, postbiotics have been investigated in the prevention of
respiratory and gastrointestinal infections, in allergy modulation, and in
the management of chronic inflammatory disorders. Their non-viable
nature makes them particularly suitable for vulnerable pop-
ulations—such as infants, the elderly, and immunocompromised
patients—where probiotics might pose safety concerns. Some studies
also suggest potential applications in metabolic syndrome, obesity, and
neuroinflammatory diseases, although larger and more standardised
trials are needed.

Despite these advantages, limitations remain. The precise bicactive
components responsible for the observed benefits are not always clearly
identified, and inter-individual variability in response persists.
Furthermore, most studies to date have been short-term and focused on
surrogate outcomes rather than long-term disease endpoints.

13

Microbial Pathogenesis 212 (2026) 108213
6.7. Fecal microbiota transplantation

FMT consists of the transplantation of processed fecal material from
a healthy donor into a receiver who has suffered from dysbiosis to
rebuild a healthy microbial equilibrium. This procedure primarily ad-
dresses conditions driven or exacerbated by disturbed microbiota [249]
(Fig. 4).

FMT has become the gold standard for treating recurrent or re-
fractory Clostridioides difficile infection (rCDI), particularly in patients
resistant to antibiotics. Beyond rCDI treatment, its experimental appli-
cations are being assessed in other dysbiosis-related conditions [201,
250].

Various protocols have been developed for FMT using different
administration methods [251]. These include upper gastrointestinal
routes like capsules or nasoenteric tubes targeting the stomach or small
intestine (duodenum or jejunum) and lower gastrointestinal routes like
enemas or procedures such as flexible sigmoidoscopy and colonoscopy.

Donor screening serves as a critical step in ensuring FMT safety. This
process involves a comprehensive review of clinical history alongside an
extensive array of laboratory tests aimed at minimizing pathogen
transmission risks [252]). Additional donor characteristics linked to a
healthy microbiome, such as vaginal delivery, breastfeeding, or adher-
ence to a Mediterranean diet, have been proposed to enhance the
effectiveness of FMT in addressing CNCDs [252].

At present, the primary clinical application of FMT lies in treating
rCDI [254,255], where its efficacy can reach up to 90 %. This treatment
not only quickly restores the recipient's intestinal microbiota but also
inhibits the germination and vegetative growth of C. difficile [256,257].
Over time, numerous studies have expanded the scope of FMT's poten-
tial, demonstrating its effectiveness in managing other chronic condi-
tions. These findings highlight the intricate role of the intestinal
microbiota in infectious, metabolic, and inflammatory diseases, with
FMT showing promise in influencing microbiota-host interactions
through pathways involving immuno-metabolic mechanisms [258].

A notable insight into the efficacy of FMT stemmed from a pilot study
that utilized a sterile fecal filtrate, created by passing an FMT suspension
through increasingly finer filters down to 0.2 mm. Administering this
filtrate to five patients with rCDI yielded outcomes comparable to con-
ventional FMT [259]. This finding suggested that the success of FMT
might not be solely dependent on viable bacteria but rather on soluble
factors present in the filtrate — viruses, fungi, metabolites, microRNAs
(miRNAs), and immune signaling molecules.

Research on bacteriophages (viruses that infect bacteria or archaea)
has revealed changes in the virome following FMT across various disease
contexts [260]. Notably, recipients’ intestinal viromes shifted to
resemble those of donors, with these changes persisting for over a year
[261].

The theory of niche competition also underpins FMT's efficacy in
rCDI treatment. Gut commensals reintroduced through FMT compete
with C. difficile for essential nutrient sources and some molecules such as
succinate, interleukins, and certain amino acids like proline. Addition-
ally, some post-FMT bacteria actively catabolize these nutrients, thereby
preventing their availability to C. difficile. FMT success has also been
linked to the restoration of SCFAs levels, particularly valerate demon-
strated dose-dependent inhibitory effects on C. difficile growth [267].
Moreover, FMT helps curtail the pathogenicity of C. difficile by restoring
bile-metabolizing bacteria, enabling processes such as the degradation
of taurocholic acid - a germination trigger for C. difficile — and increasing
production of secondary bile acids like deoxycholic acid, which inhibit
vegetative growth.

Beyond rCDI contexts, SCFAs, bile acids, and other microbial me-
tabolites have proven critical for FMT's success in conditions like ul-
cerative colitis [263]. Dietary approaches have further bolstered
outcomes, with studies showing that adhering to anti-inflammatory
diets during therapy significantly improves remission rates compared
to standard medical protocols [264].
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Fig. 4. Fecal microbiota transplant restores eubiosis (Image created with the help of artificial intelligence).

The efficacy of FMT may also hinge on other factors, such as trans-
ferring antimicrobial compounds from donor bacteria, like cathelicidins,
or inducing changes in host miRNAs, which can influence inflammatory
gene expression or reduce intestinal permeability by improving auto-
phagy and addressing intestinal barrier dysfunction. Restoration of the
gut barrier has been documented in various contexts, including nonal-
coholic fatty liver disease [265] and HIV infections [266]. Additionally,
in cases of rCDI, multidrug-resistant bacteria, and severe alcoholic
hepatitis, FMT has been associated with reduced invasive infections and
bacteremia by limiting the translocation of harmful intestinal bacteria
into systemic circulation [267].

Lastly, FMT underscores the dynamic and reciprocal relationship
between the gut microbiota and the immune system [83,268], empha-
sizing its expansive therapeutic potential across diverse health
conditions.

In subjects with rCDI receiving FMT, the targeting of secretory
immunoglobulin A aligned more closely with that of healthy donor
profiles [269,270]. Additionally, immunosenescence markers in the
innate and adaptive immune systems appeared to be reversed, and the
complexity of serum N-glycan structures, potentially linked to changes
in immune function, was reduced.

FMT's immunological effects have also been evaluated in non-CDI
contexts. For instance, colonic inflammation can be modulated via IL-
10 [270], IBD through Treg cells [144], and bacterial sepsis through
alterations in interferon regulatory factor 3 [271].

In animal studies, it has been demonstrated that gut microbiota
remodeled by prebiotics as donors for FMT can improve metabolic
syndrome. One clinical trial assessing the benefits of FMT in adolescents
with metabolic syndrome revealed enhanced insulin sensitivity and
glucose metabolism [272]. Moreover, a novel approach known as
washed microbiota transplantation (WMT) [273], a method involving
added safety measures like bacterial isolation, rinsing, and donor stool
quantification, was carried out on a cohort of 237 patients with func-
tional bowel diseases (42 with metabolic syndrome and 195 without). It
significantly improved outcomes for patients with metabolic syndrome
[274].

Evidence from several studies exploring the role of gut microbiota
and FMT in T1D shows that the progression of T1D was either halted or
meaningfully slowed [275,276]. Small intestinal levels of Prevotella also
appeared inversely correlated with residual p-cell function [275]. In a
12-week randomized study of 61 obese participants with T2D, three
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groups were investigated: FMT plus lifestyle intervention (LSI), FMT
alone, and a sham procedure with LSI. The first milestone was obtained
by 100 % of the FMT + LSI group, 88.2 % of the FMT-only group, and 22
% of the LSl-only group. Furthermore, FMT increased
butyrate-producing bacteria in all cases, while the combination of FMT
+ LSI also stimulated growth in Bifidobacterium and Lactobacillus
compared to FMT alone. Improvements in lipid profiles and liver func-
tions were also observed. Repeated FMT applications demonstrated a
sustained and enhanced impact on T2D patients’ metabolic outcomes
[277]. Another study with 17 T2D patients undergoing FMT reported
significant improvements in 11 participants. There was a notable
reduction in glycated hemoglobin, fasting glucose, postprandial glucose,
and uric acid levels, along with higher postprandial C-peptide (an in-
dicator of insulin secretion). Participants with higher abundances of
anaerobic bacteria linked to insulin resistance showed more robust
clinical responses [278]. Additionally, FMT or WMT helped diabetic
patients by improving distal symmetric polyneuropathy [279] and gly-
cemic variability [280] through modulation of gut microbiota.

In neonates delivered vaginally, maternal gut microbiota colonizes
the newborns effectively [77], unlike cesarean-delivered babies [54]
who have distinct microbiota compositions [281]. These differences
contribute to higher susceptibility to allergic diseases among
cesarean-delivered newborns, especially if they are formula-fed rather
than breastfed [282]. One study, which utilized maternal stool trans-
plantation in newborns delivered via cesarean section, found that their
gut microbiota closely resembled that of vaginally delivered infants
[282]. This suggests that FMT could potentially prevent allergies in in-
fants and offers a promising therapeutic strategy for treating pediatric
allergic conditions [284].

In spite of positive results from research and clinical practice con-
firming the efficacy of FMT, critical questions are still without answers.
Factors such as disease-specific responses to FMT, ideal dosing regimens,
treatment frequency, repeatability, and sustained effectiveness need
further exploration. Most available evidence comes from studies with
small sample sizes, necessitating larger, high-quality trials. Compre-
hensive investigations are essential to better understand mechanisms of
action, effective therapeutic concentrations, potential side effects, cost
feasibility, and long-term implications before FMT can be widely
adopted in routine clinical care.

The strategies reviewed in this chapter — ranging from various bio-
modulators to FMT — illustrate the expanding therapeutic landscape of
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microbiota modulation. Together, they reflect a paradigm shift from
symptom-centred approaches to interventions aimed at restoring
ecological balance within the gut.

As regards biomodulators, pre-, pro-, and synbiotics highlight how
diet and supplementation can shape microbial communities to promote
resilience, immune tolerance, and metabolic health. Para- and post-
biotics offer safe and standardised alternatives, extending the use of
microbiota-derived benefits to fragile populations. Metabiotics, with
their focus on defined bioactive molecules, bring microbiota science
closer to precision pharmacology.

As far as it concerns FMT, this technique represents the most
comprehensive approach, reconstituting entire microbial ecosystems
with transformative potential for both gastrointestinal and extra-
intestinal diseases.

Yet, across all these strategies, common challenges remain hetero-
geneity of clinical outcomes, lack of standardisation, and the need for
long-term, high-quality trials. Moreover, their efficacy is influenced by
diet, lifestyle, host genetics, and baseline microbiota composition —
factors that call for personalized approaches.

Ultimately, maintaining a healthy gut microbiota emerges not only
as a therapeutic target but also as a cornerstone of disease prevention.
Integrating microbiota-based interventions into broader health strate-
gies may reduce the burden of chronic non-communicable diseases and
open new avenues for precision and preventive medicine.

7. Gut microbiota and nutrition

Historically, the colon was considered primarily a storage organ for
fluids and indigestible materials [285]. However, research now high-
lights its role as a fully functioning metabolic organ containing more
bioactive cells than any other part of the body [286]. Initial break-
throughs in the 1970s revealed that stool mass comprises mostly bac-
teria rather than undigested material. A key discovery following this was
the realization that the primary energy source for colonic epithelial cells
is not glucose but SCFAs, marking a significant shift in understanding its
metabolic role [287]. A distinctive characteristic of mucosal epithelia
lies in their capability to directly derive and utilize nutrients from di-
etary intake or the digestion process, circumventing the reliance on
blood circulation. However, by the point at which chyle reaches the
colon, more than 90 % of proteins and carbohydrates have already been
absorbed, leaving behind undigested components such as fiber, starch,
and “resistant” proteins. The colon itself does not produce enzymes
capable of breaking down these residues. This is where the gut micro-
biota becomes critical, functioning as a key example of host-microbe
symbiosis. The microbiota ferments these indigestible residues to pro-
duce SCFAs and gases, including hydrogen and methane, which are
primarily absorbed or excreted through respiration [288]. SCFAs
contribute substantially to colonic health; for instance, substantial
experimental evidence demonstrates that butyrate, a specific SCFA, can
reduce tumorigenesis [289]. Moreover, the interplay between diet and
gut microbiota leads to the synthesis of various other metabolites with
beneficial effects, including vitamins [290]. Nonetheless, it is important
to note that microbial metabolism in the gut can also generate com-
pounds detrimental to the mucosa [291].

Emerging evidence from research in animal models and human
studies underscores the significant role of the gut microbiota in regu-
lating energy metabolism and influencing the propensity for obesity.
Variations in the composition of colonic microbiota between lean and
obese individuals, encompassing changes in the relative abundance of
Bacteroidetes and Firmicutes [292], have been identified as determinants
of the host's ability to harvest energy from dietary sources [292]. Beyond
its role in mucosal health, the metabolic function of the colon can serve
as a critical survival mechanism in cases of severe intestinal malab-
sorption. In such scenarios, gut microbiota-mediated fermentation can
recover up to 1000 kilocalories of energy from unabsorbed dietary res-
idues. Additionally, this metabolic activity supports survival in
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nutrient-deprived states by synthesizing essential vitamins such as folic
acid, biotin, and vitamin K [294,295].

One of the earliest studies into the protective effects of dietary pat-
terns on colonic disorders found an absence of non-infectious colonic
diseases among Africans consuming a ‘traditional’ diet rich in fiber from
home-ground grains [296]. The study proposed that increased gut
transit facilitated by high fiber intake reduces exposure to toxins and
carcinogens while increasing stool bulk, this effect decreases con-
stipation and lowers the risk of conditions such as diverticulosis [297].

Diet influences CNCDs risk via multiple mechanisms. First, it may
introduce non-absorbable pro-inflammatory molecules derived from
food processing or environmental pollutants. Besides, determinates
nutrients are important for health and cellular metabolism. The Western
diet has been implicated in promoting an aberrant mucosal immune
response to commensal bacteria and disrupting intestinal barrier
integrity, thereby initiating inflammation in the gut [298]. In contrast,
adherence to a Mediterranean diet has demonstrated beneficial out-
comes on gut physiology by fostering eubiosis, bolstering intestinal
barrier function, and supporting immune health. This restoration of gut
health through dietary intervention often creates a positive feedback
loop that improves long-term dietary compliance [298].

Unique among tissues in the body, intestinal mucosa is capable of
utilizing dietary nutrients directly to sustain structural integrity and
functionality [299]. Nutrients, furthermore, regulate metabolic pro-
cesses essential for maintaining a robust immune system capable of
warding off infections and inflammation. Evidence supporting this can
be observed in the health and longevity of populations adhering to fiber-
and antioxidant-rich diets such as the Mediterranean diet (distinguished
by its high content of polyphenols) [300] and traditional Japanese diets
[301]. These dietary models exemplify one of the most actionable
strategies for preserving overall health through their profound impact
on gut microbial composition [302]. Healthy diets are linked not only to
reductions in CNCDs but also to deceleration in aging by promoting
diverse and balanced gut microbiota populations [303]. Such diets
typically minimize ultra-processed foods, refined carbohydrates, and
animal-based foods rich in saturated fats while emphasizing plant-based
foods such as legumes, whole grains, nuts, fruits, vegetables, and herbs —
sources rich in biologically active phytochemicals [304].

7.1. Microbiota and phytochemicals

Phytochemicals constitute a diverse group of bioactive, non-nutritive
compounds synthesized by plants, responsible for plant pigmentation,
flavor profiles, and aromatic properties. Over 100,000 phytochemicals
have been identified to date, including polyphenols, carotenoids, iso-
thiocyanates, alkaloids, phytosterols, and saponins [305]. The
bioavailability of these compounds in human diets varies depending on
several factors: molecular size, lipophilicity, chemical stability, inter-
action within the food matrix, and metabolic transformation by the gut
microbiota [206]. Phytochemicals, particularly polyphenols [307], are
often poorly absorbed in the digestive system, which enables them to
reach the large intestine intact. Here, they interact with the gut micro-
biota and undergo metabolism to form new bioactive microbial me-
tabolites [308). Both dietary phytochemicals and these metabolites play
a beneficial role in maintaining intestinal health by positively impacting
intestinal tissues [209]. Once microbial metabolites enter systemic cir-
culation, they act as signaling molecules that mediate host-microbiota
interactions and influence immune, metabolic, and neurological func-
tions across various tissues and organs [310]. The balance between the
local mucosal immune system and the gut microbiota is crucial for
controlling pathogens, encouraging beneficial microbes, and preventing
bacterial overgrowth. It is known that gut persistent inflammation leads
to the destruction of local and systemic activities [211]. Foods and di-
etary supplements containing phytochemicals are essential for modu-
lating inflammation, owing to their anti-inflammatory, antioxidant, and
immunomodulatory properties. These compounds derive their
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effectiveness from enhancing the body's natural defenses and indirectly
influencing the gut microbiota composition.

7.2. Microbiota's metabolites

Among dietary components produced by bacterial metabolism,
SCFAs [312] and amino acids (AAs) [312] serve as key regulators of host
physiology.

GPR43, a receptor for SCFAs, has been shown to link bacterial
metabolic activity to energy homeostasis in the host [314]. SCFAs, such
as acetate, propionate, and butyrate (produced during the fermentation
of dietary fibers by anaerobic gut bacteria, together with gases such as
H, and COs) [315], demonstrate numerous health benefits. These
include maintaining immune balance, supporting metabolic functions,
stabilizing glucose levels, strengthening intestinal barrier integrity, and
regulating appetite [316]. SCFAs also contribute positively to the pre-
vention and management of CNCDs [186], in fact, their levels are known
to decline in dysbiotic conditions associated with disease [317].

As reported above, AAs also play an integral role in sustaining gut
microbiota growth and activity during digestion and absorption. The
microbiota contributes to modulating both the total quantity (AA pool)
and structural characteristics (AA profile) of amino acids within the
gastrointestinal tract [31£]. Furthermore, interactions between gut mi-
crobes and dietary nitrogenous components, including AAs, are critical
for host health and nutrition. These interactions influence the effec-
tiveness of dietary supplementation with AAs [319]. Gut bacteria impact
AAs metabolism in ways such as modifying glutathione metabolism
[320]. Recent studies have identified specific bacterial species active in
the human colon that are involved in protein and amino acid fermen-
tation. For instance, Clostridium species metabolize proline and lysine,
while Peptostreptococcus species process tryptophan and glutamate.
Other genera like Bacteroides, Fusobacterium, and Veillonella also play
key roles in AAs catabolism within the colon [321]. Advanced molecular
research has revealed that some interactions between gut microbiota
and AAs metabolism can have either beneficial or harmful effects on
host nutrition and overall health [322].

The composition of an individual's gut microbiota significantly in-
fluences the metabolism and pharmacokinetics of dietary phytochemi-
cals [304]. Consequently, a person's ability to produce beneficial
microbial metabolites from functional foods depends on the specific
microbial communities present in their gut [306]. Several factors - such
as intestinal permeability, age, disease conditions, drug use (e.g., anti-
biotics), genetics, and environmental influences — may further impact
this process.

Microbial metabolites represent a rapidly advancing area of research
that holds promise for discovering new compounds capable of pre-
venting or delaying the onset of CNCDs.

8. Gut microbiota and xenobiotics

Humans are frequently exposed to xenobiotics — environmentally
released substances by humans’ activities — foreign to biological sys-
tems. These include drugs (among these antibiotics), pesticides, heavy
metals, and micro- and nano-plastics (Table 4).

Environmental pollutants, aside from drugs, primarily reach humans
through food. Living organisms tend to absorb these pollutants at a
faster rate than they can eliminate or metabolize them [3 23]. Host ge-
netics only minimally influences microbiota composition (less than 2 %)
compared to environmental factors [324], underscoring the significant
role of these factors in causing dysbiosis. Changes in the gut microbiota
due to xenobiotics can influence immune system development, thereby
increasing the risk of chronic conditions such as IBD [325]. One primary
function of the gut microbiota is converting xenobiotic compounds and
dietary molecules into bioactive metabolites [326]. Exposure to these
compounds affects the interactions between microbial and human me-
tabolites, often leading to changes in microbial physiology and diversity
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Table 4

Xenobiotics induced dysbiosis. Abbr. legenda: PCBs (polychlorinated bi-
phenyls); CNCDs (chronic non communicable diseases); SCFAs (short-chain fatty
acids); Aas (amino acids); TPA (terephthalic acid, a Polyethylene terephthalate —
PET - monomer); BPA (bisphenol A, a Polycarbonate — PC — monomer).

XENOBIOTICS' EFFECTS ON MICROBIOTA

Xenobiotic Microbiota alteration ~ Action's Studies

mechanisms

Antibiotics Decrease in levels of Alter intestinal lipid 362,

bacterial diversity and plasma 365,
and changes in metabolic profiles, 370,
relative abundances affect immune

system functions

and infection

resistance.

Phytopharmaceuticals 54 % of the bacterial PCBs exposure 381,

(pesticides) species sensitive during pregnancy 384,
1Bacillalles causes a long- 386
1Propionibacteriales lasting alteration in
tPropionibacteriaceae the relative

abundance of some
fetus gut microbiota
species.

Heavy metals Gut microbiota's Inflammation and 390,
Cadmium diversity and CNCDs 395,
Nickel structure alteration development, 396,
Arsenic 1 Collinsella neurotoxicity, 397,
Lead tProteobacteria, intestinal epithelial 401,
Mercury 1Enterobacteriaceae barrier damage, 403-407

| Bifidobacterium immune and

1 Firmicutes microbial

| Bacteroides homeostasis loss,

1 Bifidobacterium oxidative stress,

bifidum and longum inflammation,

| Penicillium cytotoxic,

1Bilophila, genotoxic, and

1Collinsella, carcinogenic

tProteobacteri, effects,

tBurkholderiales cholesterol

1Malassezia restricta alteration,

and globosa glycogenesis

TActinobacteria, decrease, and

1Desulfovibrio, wriglyceride

1 Methanogens increase,
tight junction
proteins reduction,
leaky gut,
metabolic
endotoxemia,
intestinal and
metabolic
disorders,
neurodegenerative
diseases,
brain and muscle
abscesses,
structural
alterations,
increased
permeability, bile
acids synthesis,
SCFAs, and Aas
synthesis
interference.

Micro and nanc Alteration in TPA and BPA 431,

plastics bacterial diversity (plastic-derived 432,
and relative metabolites) in the 435
abundance feces - PET and PC
tProteobacteria biodegradation

derived products,
additives release
into the systemic
circulation
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[327].
8.1. Antibiotics-induced dysbiosis

Research on the impact of antibiotics on gut microbiota began
shortly after the discovery of penicillin [328]. Advances in molecular
techniques, particularly those independent of culture and based on 165
rRNA gene analysis, have greatly enhanced our understanding of the
intestinal microbiota. The 16S rRNA sequence includes conserved re-
gions (common across all bacteria), semi-conserved regions (similar
within bacteria of the same phylum), and variable regions, which are
used for identifying bacterial species [329]. 165 rDNA sequencing of
these regions has uncovered antibiotic-induced dysbiosis, revealing
qualitative and quantitative alterations in microbiota composition
[330]. Major projects like the Human Microbiome Project [331] and
Metagenomics of the Human Intestinal Tract [332] have produced
substantial datasets that enrich our understanding of the microbial
world, though much of this data remains complex to interpret. Meta-
genomic approaches have demonstrated associations between dysbiosis
and changes in both intestinal lipid profiles and plasma metabolomes
[223]. Antibiotics have a profound effect on gut microbiota, causing a
sharp decline in bacterial diversity and shifts in relative abundance.

The higher pH in the colon corresponds to its rich microbial diversity
and density [334]. In healthy individuals, the Firmicutes and Bacter-
oidetes phyla dominate (comprising over 90 %), followed by Verruco-
microbia and Actinobacteria [235]. A healthy gut microbiota performs
essential roles such as vitamin production, nutrient metabolism,
immunomodulation, and protecting against infections by preventing
pathogen colonization [326]. Comparative studies across populations
from different countries revealed variations in microbiota composition
tied to differences in diet, geography, early-life exposures, and genetics
[337]. Factors such as age, diet, antibiotics, probiotics, and prebiotics all
contribute to shaping dynamic and evolving microbiota throughout life
[335].

Antibiotics, however, can disrupt this balance by causing dysbiosis,
and growing evidence links such disruptions to altered immune function
and reduced infection resistance [338]. Dysbiosis resulting from anti-
biotic use has been linked to numerous health issues, including neuro-
degenerative diseases [339], neurological disorders [340], obesity and
diabetes [341], IBD [342], Crohn's disease [343], celiac disease [344],
and autoimmune conditions such as allergies, juvenile idiopathic
arthritis, and asthma [345]. These effects are especially pronounced
when antibiotics are taken within the first two years of life, with po-
tential cumulative consequences [346]. While the microbiota shows
some resilience (ability to return to a composition close to its original
state following antibiotic treatment) [347], this recovery process can
take months or even years and is still not fully understood [248].

8.2. Phytopharmaceuticals-induced dysbiosis

The widespread use of pesticides in agriculture has a long history,
but their application surged with industrialized farming practices. Ac-
cording to data from the Food and Agriculture Organization of the
United Nations (FAO), over four million tons of pesticides are used
annually, with China, the United States, and Brazil being the largest
consumers. Decades of intensive pesticide use have left residues in soil,
sediment, and water samples. Some endocrine-disrupting pesticides, like
dichlorodiphenyltrichloroethane (DDT), have been banned in most
countries after accumulating evidence of their harm. However, not all
nations have phased out these harmful substances entirely [349].
Numerous studies have investigated the occupational hazards associated
with pesticide exposure, yet only recently has attention shifted to the
health risks posed by regular consumption of agricultural products and
water tainted with pesticide residues. Evidence from various studies
reveals that pesticides can jeopardize consumer health, particularly
through disruptions in the gut microbiota's balance [350].
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Recent findings even suggest that gut microbiota could serve as a
biomarker for exposure to environmental chemical hazards like pesti-
cides [251]. Notably, common herbicides such as 2,4-dichlorophenoxy-
acetic acid (2,4-D) and glyphosate, often used in combination due to
resistance developed by transgenic crops, have significant effects [352].
Research has shown that glyphosate potentially impacts 54 % of the
bacterial species within the human gut microbiota [353]. Despite being
banned in 1977 due to their toxic nature, polychlorinated biphenyls
(PCBs) persist extensively in the environment and continue to pose risks.
Human exposure to PCBs, mainly through ingestion, has been linked to
gastrointestinal disruptions, dysbiosis, and heightened susceptibility to
neurodevelopmental disorders like autism spectrum disorder [354].
Exposure during pregnancy has been shown to alter the fetal intestinal
microbiota for years, increasing certain bacterial groups such as Bacil-
lalles, Propionibacteriales, and Propionibacteriaceae [355].

Despite the gut being colonized at birth, many studies in mice have
suggested that the maternal gut microbiota can influence fetal nervous
cells' development by placental passage [356]. In addition, breastfeed-
ing influences the earliest intestinal microbiota population; the breast
milk may transfer pesticide residues [357]. Recent studies have revealed
DDT metabolites and DDT itself, often at higher concentrations respect
to the recommended daily limits [358].

8.3. Heavy metals induced dysbiosis

Pollution from heavy metals (HMs), such as arsenic (As), cadmium
(Cd), lead (Pb), and mercury (Hg), represents a pervasive and enduring
threat, known to disrupt gut microbiota balance [35%9]. Human exposure
occurs through environmental pollution, contaminated food, dental
procedures, and industrial or agricultural activities [260]. Dysbiosis
caused by HMs can impair physiological and metabolic functions,
trigger inflammation, and contribute to CNCDs [361]. HMs act as potent
neurotoxins, particularly harmful during critical periods such as early
pregnancy [362]. Xenobiotics — including phthalates, bisphenol A,
particulate matter, and HMs - are known to interfere with the
microbiota-gut-brain axis [323], potentially affecting mental and
neurological health [363]. While findings sometimes vary, research
consistently shows that HMs exposure alters gut microbiota diversity
and structure [364]. Moreover, exposure to environmental pollutants
such as HMs damages the intestinal epithelial barrier, disrupting im-
mune and microbial balance [365] while impairing metabolic activity
and triggering inflammatory responses and cellular damage [366]. An-
imal studies have demonstrated that HMs exert toxic effects by altering
gut bacterial composition and function. These changes impact metabo-
lites, leading to pathological conditions [267]. Intestinal dysbiosis
linked to HMs can damage the intestinal lining, heightening oxidative
stress and inflammation while causing cytotoxic, genotoxic, and carci-
nogenic effects that contribute to CNCDs [367]. Recent studies highlight
the ability of intestinal bacteria and host signaling systems to regulate
immunity and strengthen intestinal barrier defenses through microbial
metabolites [365]. The gut microbiota plays a crucial role in mitigating
HMs toxicity and maintaining homeostasis [369]. Consequently, utiliz-
ing intestinal biomodulators offers promising potential for treating in-
testinal barrier dysfunction caused by xenobiotics [370]. Notably,
exposure to elevated HM levels (with the exception of Cd) has been
associated with an increased abundance of Collinsella, a proin-
flammatory bacterial genus from the Coriobacteriaceae family known as
pathobionts [371]. This genus influences metabolic pathways by
altering cholesterol absorption in the gut, reducing liver glycogenesis,
and increasing triglyceride synthesis [372]. Dietary fiber intake has
been shown to lower HM concentrations in the blood [373], while low
dietary fiber correlates with higher Collinsella abundance [374].
Furthermore, Collinsella contributes to leaky gut by reducing tight
junction protein expression in intestinal cells, a hallmark of metabolic
endotoxemia [375].

The prevalence of certain pathogenic bacteria

linked to
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inflammation, such as Collinsella, Proteobacteria, and Enterobacteriaceae,
has been observed to increase under As exposure. Conversely, a reduc-
tion in Bifidobacterium, some strains of which are considered probiotics,
has been noted. Notably, this negative effect on Bifidobacterium pop-
ulations can be reversed by simultaneous Zn exposure [369]. A related
study found that urinary As levels in newborns exhibited a direct cor-
relation with Firmicutes and an inverse correlation with Bacteroides.
These two dominant intestinal phyla are also closely associated with
conditions like obesity and cancer [276].

Pb exposure has similarly adverse effects, causing a decline in the
beneficial bacteria Bifidobacterium bifidum and longum, as well as in the
fungal genus Penicillium. Concurrently, it promotes the proliferation of
pathogenic groups such as Bilophila, Collinsella, Proteobacteria, and
Burkholderiales, along with pathogenic fungi like Malassezia restricta and
globosa. Some species of Malassezia are known to contribute to condi-
tions such as seborrheic dermatitis, pityriasis versicolor, folliculitis, and
may exacerbate atopic dermatitis [377]. Pb also compromises the
integrity of the intestinal barrier, facilitating the entry of microbial
metabolites, including bile acids and SCFAs, into the intrahepatic cir-
culation, which can subsequently trigger systemic damage in both ani-
mals and humans [278].

Hg exposure, particularly through dietary sources such as fish
compared to rice, has been linked to an increase in three specific bac-
terial taxa: Actinobacteria, Desulfovibrio, and Methanogens. Fish con-
sumption remains the primary route of Hg exposure in humans due to
widespread aquatic contamination [379]. Among these bacteria,
Desulfovibrio functions as a pathobiont implicated not only in
gut-related disorders but also in neurodegenerative diseases such as
Parkinson's disease [380]. Methanogens, on the other hand, have been
associated with brain and muscle abscess formation, dysbiosis, meta-
bolic abnormalities, and colorectal cancer [281].

Cd demonstrates pronounced negative effects on the gut microbiota,
including structural disruption, enhanced permeability, and interfer-
ence with the biosynthesis of bile acids, SCFAs, and Aas [382]. When
combined with other toxins, Cd exacerbates gut dysbiosis, thereby
causing dysfunction across multiple organ systems [383]. Similar im-
pacts have also been reported for Ni [384].

To counteract these detrimental effects of HMs exposure on the gut
microbiome and overall health, several dietary interventions have been
proposed. These include increased consumption of fiber (particularly
pectin from whole grains) antioxidant-rich foods, and intestinal bio-
modulators. A moderate intake of animal-derived fat and protein is also
recommended [385]. Additionally, diets enriched with essential nutri-
ents, vitamins, high-quality proteins, bioactive peptides, and phyto-
chemicals abundant in antioxidants may serve as effective strategies to
mitigate HM-induced toxicity and gut dysbiosis [386].

8.4. Micro and nano plastics induced dysbiosis

Plastics play an indispensable role in modern society due to their
versatility and application across diverse sectors — from consumer goods
like cosmetics, kitchenware, and food packaging to advanced domains
such as medical devices and construction. Despite increasing global ef-
forts to phase out single-use plastics and promote recyclable or plastic-
free alternatives, plastic waste continues to pose a significant threat to
environmental sustainability. Its accumulation in soil and marine eco-
systems has reached unprecedented levels, leading some experts to refer
to the current epoch as the “Plasticene” [357]. Projections suggest that
an additional 33 billion tons of plastic could be introduced to the
environment by 2050 [388].

In natural ecosystems, plastics undergo biodegradation via physical,
chemical, or biological mechanisms, or through a combination thereof
[289]. These degradation processes produce particles classified into four
size categories: macroplastics (>25 mm), mesoplastics (5-25 mmy),
microplastics (<5 mm), and nanoplastics (<1 pm or <100 nm) [390].
Although the distinction between microplastics and nanoplastics
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remains contentious, they are often collectively referred to as micro- and
nano-plastics (MNPs). Plastics and MNPs can absorb metals and persis-
tent organic pollutants [391]. Additionally, their hydrophobic nature,
durability, and buoyancy make MNPs potential carriers for a range of
pathogens [392]. A significant concern regarding MNPs in the envi-
ronment is their entry into the food chain and eventual impact on diet,
posing risks to both food safety and human health. While recent studies
have explored interactions between plastics, environmental microor-
ganisms, and microbiomes, limited research has addressed how MNPs
interact with the gut microbiome or how these interactions may influ-
ence human physiology and health [393]. Human exposure to MNPs
occurs primarily through ingestion, followed by inhalation and skin
absorption.

Considering ingestion as the primary route, the interaction between
MNPs and the gut microbiota warrants closer examination. Ingesting
MNPs through food chains has been shown to affect intestinal microbial
populations. While a healthy individual's microbiota exhibits resilience
by quickly restoring balance after disturbances, chronic disruptions can
lead to an imbalance, or dysbiosis, which is linked to various CNCDs
[394,395]. Animal models are commonly used to study intestinal eco-
systems; however, due to physiological differences between animals and
humans, such results are not always directly applicable. In vitro gastro-
intestinal models thus offer an alternative method to provide more
reliable insights [396]. The distribution of ingested MNPs within the
body remains poorly understood. The chemical stability of plastics
makes enzymatic or chemical degradation challenging, especially as
mammalian intestines lack specialized enzymes to break them down. As
a result, digestion does not significantly degrade plastic particles. Larger
microplastics (>150 pm) tend to adhere to the intestinal mucus layer
and come into direct contact with epithelial cells. Smaller particles
(<150 pm) are capable of penetrating the mucus layer. MNP uptake
depends on particle size and occurs through several mechanisms,
including transcytosis via microfold cells, endocytosis through enter-
ocytes, perabsorption through intestinal villus clefts (following enter-
ocyte loss), and paracellular uptake [397]. Prolonged exposure to high
quantities of MNPs may lead to systemic toxicity as these particles can
reach deep into organs due to their small size [398].

MNPs also have a high surface area relative to their volume, which
facilitates organic matter adsorption and creates new habitats for mi-
crobial species collectively termed the “Plastisphere™ [389]. Many mi-
croorganisms within this plastisphere can consume MNPs and transform
them into environmentally friendly carbon compounds [2%9]. Beyond
environmental microbiomes, gut microbiota also plays a role in poten-
tially degrading MNPs [400]. Although there is substantial evidence
about insect gut bacteria capable of breaking down MNPs, much less is
known about these mechanisms in mammals. Simulations of human
intestinal environments have shown biofilm formation that may support
biotransformation of microplastics by human fecal microbiota, hinting
at the gut microbiome's potential to biodegrade plastics [401]. These
findings suggest that dietary microplastics may be reduced into nano-
sized particles within the digestive system, where they could linger
temporarily. Certain members of the gut microbiota, particularly
pathogenic-capable bacteria like Proteobacteria and other pathobionts,
may adapt to environmental changes brought about by plastic accu-
mulation in the gut. These bacteria could not only survive but also
exploit MNPs as a novel carbon source. Moreover, such metabolic pro-
cesses might involve degrading MNPs into monomers, which other mi-
crobial groups may assimilate and further break down. However, direct
evidence of these capabilities in humans remains lacking. There is
currently no definitive understanding of enzymatic activities, microbial
functions, or plastic metabolites involved in MNP biodegradation within
the human gut. A recent study has identified terephthalic acid (TPA), a
monomer of polyethylene terephthalate (PET), and bisphenol A (BPA), a
monomer of polycarbonate (PC), in the feces of both adults and infants.
This finding indicates a potential association between plastic-derived
metabolites and the biodegradation of PET and PC polymers by gut



C. Colica and 1. Vecchio

microbiota [402].

Beyond synthetic polymers, plastics also incorporate numerous ad-
ditives designed to confer specific physical and chemical properties
required for various commercial applications. For this reason, it is
crucial to consider the diverse degradation products resulting from
plastics, as they vary based on the type of polymer, additives, and
degradation conditions. Many of these products can detrimentally
impact human health, notably formaldehyde, benzene, and furan, which
are recognized for their carcinogenic and mutagenic properties [403].
The particularly high bioavailability of degradation byproducts from
micro- and nanoplastics (MNPs) in the intestine, facilitated by gut
microbiota, raises significant concerns for human and animal health. For
instance, para-nonylphenol, one of the most extensively studied plastic
degradation compounds, has been implicated in various pathologies due
to its inhibitory effects on cell growth and physiological functions across
multiple organisms [404]. The metabolism of environmental chemical
substances by human gut microbiota plays a pivotal role in releasing
such additives into the system [405]. The microbial transformations
within the intestine can yield byproducts that are either absorbed into
systemic circulation or exert localized effects on epithelial cells of the
gastrointestinal tract. These interactions may have implications for both
host physiology and microbial ecology [406]. Although further research
is required, emerging in vitro and in vivo evidence underscores the gut
microbiota as a biological conduit linking exposure to MNPs with im-
plications for human health. This connection consequently extends to
environmental health, emphasizing its reliance on anthropogenic
activities.

9. Conclusion

The human gastrointestinal tract is home to complex and dynamic
populations of microorganisms, collectively known as the gut micro-
biota, which exist in a mutually beneficial relationship with the host
through intricate biochemical interactions. This symbiotic correlation
between host and microbiota arises from the dynamic interplay among
microorganisms and between the microbiota and the host. A balanced
and diverse microbial community, referred to as eubiosis, is vital for
maintaining immune and metabolic stability in the host. This balance
also helps counteract the growth of pathogenic organisms. Under con-
ditions of eubiosis, in fact, microbiota exerts regulatory effects on
various organ systems and physiological functions through complex and
finely tuned mechanisms. Conversely, disruptions in the microbiota's
composition, known as dysbiosis, are increasingly linked to the devel-
opment of numerous diseases. While further advancements in fields such
as ‘omics’ are necessary, the ability to influence gut microbial pop-
ulations through biomodulators, such as probiotics, psychobiotics, pre-
biotics, symbiotics, paraprobiotics, metabiotics, and postbiotics,
presents an intriguing opportunity to restore or maintain eubiosis.

There is ample scientific evidence supporting the designation of the
intestinal microbiota as a “bacterial organ” with vital local and systemic
functions. Intestinal commensal microorganisms, indeed, play a key role
in regulating immune responses, making it theoretically possible to
mitigate or even prevent related diseases by addressing microbial im-
balances. This intricate integration transforms the human body into a
holobiont, a “superorganism” composed of eukaryotic cells alongside a
multitude of microbial entities. As Henderson and Wilson aptly pro-
posed through the term “Homo bacteriens”, this concept captures the
mutualistic relationship between humans and their resident microbes
[21).

Early life represents a critical window for immunometabolic pro-
gramming, and for infants who are not breastfed, supplementing their
formulas with tailored biomodulators targeting the gut microbiota can
be a valuable step toward mirroring the benefits provided by breast
milk. Despite the exciting potential of this approach, additional scien-
tific validation is required before such strategies can be fully integrated
into clinical practice on a broad scale.
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Dietary interventions targeting the gut microbiota are rapidly gain-
ing recognition as essential tools for managing metabolic and immune-
mediated disorders. Fiber-rich foods, polyphenols, and fermented
products have been shown te promote beneficial bacterial groups like
Bifidobacteria and Lactobacilli. Prebiotics such as inulin and fructooli-
gosaccharides selectively encourage the growth of health-promoting
microbes, while probiotics introduce live strains directly into the gut
ecosystem. Postbiotics (non-living bacterial byproducts) also provide
therapeutic benefits, including anti-inflammatory effects. Synbiotics
combine prebiotics and probiotics for enhanced microbial resilience and
functionality.

FMT has shown notable success in reestablishing eubiosis in cases of
rCDIs and is being investigated as a treatment option for conditions like
metabolic syndrome and IBD. Personalized nutrition strategies,
informed by microbiome analysis, aim to customize dietary in-
terventions according to individual microbial profiles, potentially
enhancing both prevention and treatment outcomes. These advance-
ments highlight the promising role of microbiota modulation in man-
aging CNCDs.

The gut microbiota has also emerged as a critical factor in the
development and management of conditions such as allergies, obesity,
diabetes, and gastrointestinal diseases. It serves both as a reflection of
the host's overall health and as a potential mediator of physiological
processes. Recognizing microbiota as a therapeutic target emphasizes
the need for interdisciplinary collaboration across fields such as micro-
biology, nutrition science, immunology, and systems medicine.

Restoring eubiosis through strategic interventions such as diet
modification, prebiotics, probiotics, or microbiota-targeted therapies
like FMT holds significant promise for managing CNCDs. Achieving
these advancements will require collaborative efforts spanning research
initiatives, clinical applications, and public health strategies.

Considering the above, one of the primary challenges in microbiota
research lies in the substantial variability in its composition among in-
dividuals. This variability is largely shaped by an interplay of factors
encompassed within the exposome, such as diet, genetics, and lifestyle.
Such diversity complicates efforts to establish clear cause-and-effect
relationships between CNCDs and specific microbial components.
Furthermore, while correlations between intestinal microbiota compo-
sition and CNCDs are now well-documented, the underlying biological
mechanisms remain unclear, posing another significant hurdle. The
limited insights gained from cross-sectional studies further highlight this
issue, as these studies lack the depth to capture the dynamic nature of
host-microbiota interactions over time. Large-scale, longitudinal
research efforts incorporating multi-omics approaches are needed to
unravel microbiota changes, their relevance to disease progression, and
microbiota-host dynamics. To address this complexity, research must
prioritize exploring how diet, biomodulators assumption, and lifestyle
influence microbiota composition and associated disease outcomes
[407]. This includes the development of effective biomodulators tar-
geting the gut microbiome with the potential to transform therapeutic
strategies. Investigating dietary patterns, lifestyle habits, and emerging
therapies can help tailor recommendations based on individual micro-
biota profiles, fostering improved prevention and management of
various diseases [408].

Despite significant progress, challenges persist. Factors such as
interindividual variability in genetic background, environmental expo-
sure, and microbial diversity make it difficult to establish a standard
“healthy” microbiome. The absence of defined microbial reference
ranges and inconsistencies in findings across populations further impede
causal inference. Consequently, there is an urgent need for standardized
methodologies and longitudinal studies to better establish causation and
assess therapeutic efficacy. The adoption of multi-omics technologies -
spanning metagenomics, metabolomics, transcriptomics, and prote-
omics — represents a revolutionary step forward in identifying microbial
functions and their impact on host physiology.

Simultaneously, advancements in machine learning and systems
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biology provide powerful tools for modeling complex microbiota-host
networks, enabling the identification of predictive biomarkers for dis-
ease progression or therapeutic response. International collaborations
and open-access microbiome databases are also vital to facilitate
breakthroughs and accelerate clinical applications.

Human health should be approached holistically as it is intricately
connected to our environment and lifestyle. All components of the
exposome interact dynamically and influence each other in ways that
can determine overall well-being or contribute to the development of
CNCDs (Fig. 5). Achieving better health outcomes necessitates consid-
ering this broader perspective on human-environment interactions.

Personalized nutrition, precise microbiota modulation, and next-
generation probiotics hold immense promises for revolutionizing
health outcomes. Future strategies will likely integrate microbiome
profiles with individual genetic, metabolic, and immune data to create
precision-based therapies. Microbiota-driven diagnostics and compan-
ion tools will pave the way for tailored treatments ranging from dietary
interventions to engineered microbial consortia targeting specific health
challenges.

Beyond personalized care, public health initiatives focused on
population-level strategies (such as promoting breastfeeding, mini-
mizing antibiotic misuse, and encouraging diets rich in fiber and di-
versity) offer opportunities to enhance overall microbial resilience and
reduce the prevalence of CNCDs. Meanwhile, research on microbiota-
modulating molecules, live biotherapeutic agents, and developments
in synthetic biology represent a transformative potential to redesign
microbial ecosystems with accuracy.
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Capitalizing on the microbiome's potential will require collective
research efforts, technological progress, and the integration of micro-
biota science into healthcare and public health frameworks. As we
transition into an era where microbiome-informed medicine becomes a
reality, the gut microbiota is poised to play a central role in both disease
prevention and personalized treatment approaches. In this regard,
microbiota engineering techniques such as precision microbiome editing
and synthetic ecology stand out as promising avenues for intervention.
These emerging methods show great potential for manipulating micro-
biota composition and functionality to treat diseases and promote long-
term health [409]. Advanced multi-omics research will be essential for
achieving a more comprehensive understanding of microbiota-host in-
teractions. Integrative approaches combining genomics, tran-
scriptomics, proteomics, metabolomics, and microbiomics will help
uncover key microbial biomarkers, therapeutic targets, and molecular
mechanisms underlying CNCDs. Such advances will strengthen the
foundation for personalized medicine tailored to individual microbiota
characteristics, heralding a new era of preventive and therapeutic
innovation.

In conclusion, the significance of the gut microbiome for human
health is only beginning to be understood. Current knowledge represents
just the surface of an expansive field. With further exploration of
approximately 800 bacterial species and their 7000 distinct strains, our
capability to prevent and treat chronic non-communicable diseases is
expected to grow exponentially.
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