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Abstract

The gut microbiota (GM) is a central regulator of host homeostasis, influencing metabolic, immune,
and neuroendocrine signaling. Dysbiosis has been implicated in the onset and progression of
neurodegenerative and oncological diseases. This doctoral research examined microbiota—host
interactions across three complementary clinical and experimental models.

In the first study, GM composition was characterized in 109 patients with Parkinson’s disease (PD),
clinically stratified by disease severity and presence of motor fluctuations. Disease progression was
associated with a depletion of butyrate-producing taxa (e.g., Faecalibacterium, Roseburia) and an
enrichment of mucolytic and pro-inflammatory genera (e.g., Alistipes, Collinsella, Desulfovibrio).
Patients experiencing motor fluctuations exhibited a distinct dysbiotic profile, suggesting that
microbial metabolic imbalance may contribute to impaired intestinal barrier function, systemic
inflammation, and dopaminergic instability along the gut—brain axis.

The second project investigated a 12-week home-based Mediterranean diet and aerobic exercise
intervention in breast cancer survivors (n = 20). In addition to improvements in cardiometabolic
biomarkers, GM analysis demonstrated a reduction in Proteobacteria—often linked to
inflammation—and positive associations between Mediterranean diet adherence and butyrate-
producing genera. These findings indicate that lifestyle modification can promote a microbiota
configuration associated with improved metabolic and inflammatory status during survivorship.
The third study explored microbiota-derived metabolites as modulators of tumor cell plasticity in
non-small cell lung cancer (NSCLC). Propionate-rich supernatants from Acidopropionibacterium
microaerophilum decreased ZEB1 and Vimentin expression while increasing E-cadherin in A549 cells,
indicating inhibition of epithelial-to-mesenchymal transition (EMT). This supports a role for
microbial metabolites in modulating tumor behavior through metabolic—epigenetic pathways.
Across neurological and oncological contexts, the GM emerges as both a biomarker of disease state
and a tractable therapeutic target. Diet, exercise, and therapeutic strategies that reshape microbial
composition or exploit microbial metabolite production may provide innovative avenues to mitigate

neuroinflammation, enhance metabolic recovery after cancer therapy, and limit tumor progression.
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1. Introduction

The human gut harbors one of the most densely populated microbial ecosystems on Earth,
comprising over 100 trillion microorganisms and an estimated quadrillion viral particles [1-3].
Throughout evolution, humans have co-adapted with this vast microbial consortium, resulting in
highly individualized ecosystems that continuously respond to host physiology, diet, and
environment. This dynamic crosstalk sustains a finely balanced symbiosis, enabling both host and
microbes to thrive within a constantly shifting biological landscape [4].

Beyond ecological coexistence, the gut microbiota (GM) performs essential functions, including
nutrient metabolism and fermentation, as well as immune regulation and pathogen defense.
Perturbations of this balance—commonly referred to as dysbiosis—have been implicated in the
initiation and progression of a wide spectrum of diseases [5].

Functionally, the gut microbiome operates as a highly dynamic yet resilient network, in which the
collective repertoire of microbial activities exerts a profound influence on host immunity and
systemic physiology [6]. Within this framework, the notion of a “functional core” has emerged: a
conserved set of metabolic and molecular pathways that remain stable across individuals, even
when taxonomic composition diverges. Thus, two individuals may harbor distinct microbial species,
yet their communities may converge functionally through analogous biochemical processes such as
short-chain fatty acid (SCFA) production, bile acid biotransformation, and modulation of host
immune signaling. This functional redundancy underlines the ecological resilience of the
microbiome, ensuring preservation of host-supportive functions despite taxonomic variability [3].
A growing body of evidence highlights how dysbiosis contributes to disease pathogenesis not only
within the gastrointestinal tract (GIT), but also in extraintestinal tissues and organ systems|[7].
Central to these effects is the complex bidirectional crosstalk between microbial communities and
host eukaryotic cells, which influences immune responses, metabolic pathways, and susceptibility
to inflammatory or metabolic disorders. Disruptions in this communication have been associated,
for example, with inflammatory bowel disease (IBD), obesity, insulin resistance, and cardiovascular
dysfunction. Understanding these mechanisms may provide a promising avenue for developing
innovative microbiota-based strategies for prevention and therapy [8].

The central objective of the investigation is to analyze the composition of GM across different health
conditions, comparing microbial signatures among groups and identifying distinct bacterial

community clusters. Additionally, this study aims to investigate the functional implications of
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microbe—host interactions, with the goal of elucidating how variations in microbial community

structure may contribute to differential disease susceptibility and physiological outcomes.



2.Gut microbiota

The human GM is a complex and dynamic ecosystem inhabited by a wide variety of microorganisms,
including bacteria, fungi, archaea, and viruses. These microorganisms interact both with each other
and with the human host, beginning to colonize the gut at birth and continuing to evolve alongside
the host throughout their lifespan [8,9]. The gut microbiome contributes the majority of the genetic
information in our metagenome, influencing our resistance and susceptibility to diseases, prevalent
inflammatory conditions such as type 1 diabetes, ulcerative colitis, and Crohn's disease [10].

The human body, when exposed to the external environment, becomes colonized by microbes.
Among the different body sites colonized by microorganisms, such as mouth, vagina, skin, and lungs,
the gastrointestinal tract represents the most densely populated niche, with the large intestine
harboring the most significant microbial diversity. Most human microbiome research focuses on the
microbial community of the large intestine, which harbors the greatest microbial diversity and is
commonly studied through the analysis of stool samples [11]. Consequently, this has made the gut
microbiome the central focus of most human microbiome research, which increasingly highlights its
pivotal role in host metabolism, nutrition, immune regulation, and disease susceptibility [3].
Large-scale projects such as Human Microbiome Project [12,13] and MetaHIT [14] have
characterized the GM, revealing substantial variability among individuals. This was made possible
by advancements in next-generation sequencing technologies.

GM are composed of several species of microorganisms, including bacteria, yeast, and viruses. From
a taxonomic perspective, bacterial taxa are classified according to phyla, classes, orders, families,
genera, species, and strains. Despite this diversity, only a limited number of bacterial phyla
predominates, encompassing more than 160 identified species [15].

Studies have shown that approximately 90% of the bacterial phyla found in the human gut belong
to Bacteroidetes and Firmicutes, while Actinobacteria, Proteobacteria, Fusobacteria, and

Verrucomicrobia represent the remaining minority (Figure 1).
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Figure 1. Examples of taxonomic gut microbiota composition
In the box are cited examples of bacteria belonging to Phyla Firmicutes and Bacteroidetes,

representing 90% of gut microbiota [16].

The phylum Firmicutes consists largely of gram-positive bacteria, obligately anaerobic species,
including Clostridium (95%), Lactobacillus, Bacillus, Enterococcus, and Ruminococcus, while
Bacteroidetes are gram-negative bacteria predominantly composed of Bacteroides and Prevotella.
Actinobacteria are represented primarily by Bifidobacterium, while Proteobacteria include gram-
negative facultative anaerobes such as Escherichia and Klebsiella [9].

A summary of the main phyla and representative genera is provided in Table 1.
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In addition to shifts in the relative abundances of key bacterial taxa, species diversity is a critical
indicator of GM health and homeostasis. Healthy individuals harbor thousands of bacterial species,
reflecting the high richness of a stable microbial ecosystem. Diversity is commonly quantified using

indices such as Shannon Index [17]. Reductions in species richness or marked shifts in dominant

phyla are frequently associated with pathological state, including obesity and IBD [18].

Phylum (20221 revised

nomenclature)

Brief description

Genus examples

Bacteroidetes (Bacteroidota)

Firmicutes (Bacillota)

Actinobacteria

(Actinomycetota)

Proteobacteria

Gram-negative; typically
obligately anaerobic; often
abundant

Gram-positive; typically
obligately anaerobic; often

abundant; highly diverse phyla

Gram-positive; typically
obligately anaerobic/requires
low oxygen levels

Gram-negative; mostly

Bacteroides, Prevotella

Clostridium, Enterococcus,
Eubacterium,
Faecalibacterium,
Lactobacillus, Roseburia,
Ruminococcus, Streptococcus
Bifidobacterium,

Corynebacterium, Eggerthella

Enterobacter, Escherichia,

(Pseudomonadota) facultatively anaerobic; Klebsiella, Serratia
includes many pathogenic

species

Table 1. Summary of the four predominant bacterial phyla in the gut microbiome, presented in

order of their typical relative abundance in healthy individuals.

In addition to diversity-based measures of microbial complexity, another relevant framework for
describing gut community structure is the concept of enterotypes, which classify individuals into
three predominant clusters characterized by the dominance of Bacteroides, Prevotella, or
Ruminococcus [19]. Subsequent analyses, however, have suggested that the Ruminococcus group
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may not represent an independent cluster but rather overlap with Bacteroides-enriched
communities [20]. Enterotypes are thought to be strongly influenced by long-term dietary habits,
and although their precise functional significance is still under discussion, they provide a valuable
tool for interpreting interindividual differences in GM composition [3].

Beyond bacteria, increasing attention has been directed toward other components of the GM,
including eukaryotic microorganisms and viruses. Emerging evidence indicates that even healthy
individuals host a complex viral community, collectively referred to as the human virome [21-24].
Current estimates likely underestimate virome diversity, as widely used extraction techniques
preferentially detect encapsulated viral particles. Similar to bacterial communities, the virome
displays high interindividual variability and may exert significant influence on host physiology and

microbe—microbe interactions [25,26].

2.1 Structure and Function of the Intestinal Tract

The GIT is a continuous tubular system extending from the oral cavity to the anus, measuring
approximately ten meters in length. While its primary role is the digestion and absorption of
nutrients, the GIT also performs critical regulatory and immune functions, maintaining homeostasis
with the resident microbiota (Figure 2).

The small intestine, comprising the duodenum, jejunum, and ileum, is specialized for nutrient
uptake. The duodenojejunal flexure, supported by the ligament of Treitz, marks the transition from
duodenum to jejunum, whereas the shift to the ileum is more gradual. Morphologically, the jejunum
has a thicker wall, narrower lumen, and more prominent circular folds, while the distal ileum
contains more mesenteric adipose tissue and Peyer’s patches.

The large intestine, in contrast, lacks villi and consists primarily of deep crypts designed for water
and electrolyte absorption rather than nutrient uptake. It can be divided into right and left
segments, reflecting embryological origin, vascular supply, and innervation: the right colon derives
from the midgut and includes the caecum, appendix, ascending, and proximal transverse colon,
whereas the left colon originates from the hindgut and comprises the distal transverse colon,

descending colon, sigmoid colon, and rectum.
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Figure 2. Human gastrointestinal tract [27]

Histologically, the intestinal wall consists of mucosa, submucosa, muscularis propria, and serosa or

adventitia (Figure 3). The mucosa is composed of the epithelial layer, lamina propria, and muscularis

mucosa—the latter serving as an important landmark in tumor staging.

The epithelial surface of the small intestine is arranged into villi projecting into the lumen and crypts
of Lieberkiihn extending downward into the lamina propria. Villi increase the absorptive surface
area, whereas crypts contain the proliferative niche that continually renews the epithelium. This
renewal is driven by Leucine-rich repeat-containing G protein-coupled receptor 5 (LGR5)-positive
stem cells, regulated by Wnt/B-catenin and Notch signaling pathways, and supported by

surrounding telocytes, immune factors, and microbial metabolites such as SCFAs.
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In contrast, the large intestine lacks villi and is characterized by deep crypts with a higher proportion
of goblet cells and progenitor cells, reflecting its primary roles in mucus production and water and

electrolyte absorption [28].

Mucosa

§ } Submucosa

_Muscularis
propria

J

Serosaor
Adventitia

Figure 3. Histological and schematic representation of the intestinal wall

The image illustrates the four main layers of the intestinal wall: mucosa, submucosa, muscularis
propria, and serosa/adventitia. A) Submucosa containing loose connective tissue and vascular
structures. B) Gut-associated lymphoid tissue (GALT), consistent with a Peyer’s patch. C) Muscularis
propria composed of inner circular and outer longitudinal smooth muscle layers involved in

peristalsis [29].

The intestinal epithelium consists of several specialized cell types [28]:

e Enterocytes, responsible for nutrient absorption and ion transport,

Goblet cells, which secrete gel-forming mucins,

Paneth cells, which release antimicrobial peptides within the crypt base,

Enteroendocrine cells (EECs), which coordinate local and systemic signaling,

Tuft cells, involved in chemosensing and type 2 immune signaling,
14




e Microfold (M) cells, which transport luminal antigens to Peyer’s patches to initiate mucosal
immune responses.

Overlaying the epithelium is the mucus layer, composed mainly of water and gel-forming mucins,
most notably Mucin-2 (MUC2) in the intestine and Mucin-5AC (MUC5AC) in the stomach. These
mucins are secreted by goblet cells, forming a single, loosely organized mucus layer in the small
intestine and a dense two-layered system in the colon. The mucus acts as a physical and chemical
barrier, protecting epithelial cells from toxins and pathogens while allowing nutrient absorption.
The integrity of this barrier is modulated by the GM, immune signals, and diet [30].
Germ-free animals exhibit a reduced mucus layers and a decreased number of goblet cells,
highlighting the importance of microbial signaling molecules such as lipopolysaccharide (LPS) and
peptidoglycan in mucus regulation. Certain commensal bacteria, including Akkermansia muciniphila
and Bacteroides thetaiotaomicron, can metabolize mucin glycans, contributing to mucus turnover
and microbial homeostasis. Additionally, cytokines modulate mucus dynamics: interleukin-4 (IL-4)
promotes goblet cell expansion and increases mucus thickness, whereas interleukin-18 (IL-18)
reduces goblet cell numbers, demonstrating the role of immune regulation in shaping the mucus
barrier.
Together, the epithelial cells, the mucus layer, and the intercellular junctional complexes constitute
the intestinal barrier, a dynamic interface that separates the host from the external environment
while allowing controlled nutrient exchange. Beneath the mucus layer, the epithelium forms a
selective permeability barrier maintained by tight junctions, adherens junctions, desmosomes, and
gap junctions. Tight junctions, composed of claudins, occludin, and tricellulin, regulate paracellular
permeability, ensuring spatial segregation between luminal contents and the lamina propria while
allowing selective transport of ions and small solutes [31].
The GM plays a central role in nutrient metabolism, barrier reinforcement, and immune regulation.
Microbial fermentation of undigested carbohydrates produces SCFAs such as butyrate, acetate, and
propionate, which serve as energy substrates for epithelial cells, promote tight junction assembly
via AMP-activated protein kinase (AMPK) activation, and stimulate mucus production. Microbial
signals, recognized as microbe-associated molecular patterns (MAMPs) by Toll-like receptors (TLRs)
on epithelial and immune cells, activate Nuclear Factor kappa-light-chain-enhancer of activated B
cells (NF-kB)-mediated pathways, inducing immune responses while maintaining tolerance to

commensals.
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Certain species, including Bacteroides fragilis, promote regulatory T-cell expansion and IL-10
secretion, contributing to anti-inflammatory homeostasis. Underlying the epithelium, the lamina
propria contains innate and adaptive immune cells, including lymphocytes, macrophages, dendritic
cells, and plasma cells producing immunoglobulin A (IgA). Peyer’s patches serve as inductive sites
for mucosal immunity, facilitating antigen sampling and IgA secretion. Interleukin-22 (IL-22),
produced by both epithelial and immune cells, supports epithelial regeneration, mucus
homeostasis, and antimicrobial peptide release (Figure 4). Dysregulation of these mechanisms is
implicated in diseases such as Crohn’s disease, ulcerative colitis, and increased susceptibility to

infection [31].

Intestinal lumen ,
Microbiota ’ sl

- / Bacteroides
Dietary fibers J . fragilis
*aey - -
- X 4 ’\ .
- (4 PSA
' SCFAs oo

Mucus layer

Goblet .
: ‘ceII Q .

CD4+Foxp3+
S 4 M-celll L
J‘. . 'w __,';'
Paneth « "o / R
.
cell . . .. .O IL-10
o0 - s ez
o \ - R
IL-22 (L D\ ® I /(WT ( k Stem cells

Figure 4. Intestinal barrier composition
SCFAs: Short chain fatty acids; M-Cells: Microfold cells; PSA: Polysaccharide A; AMPs: antimicrobial
peptides; slgA: secretory IgA [31].
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2.2 Evolution of gut microbiota

In recent years, numerous studies have focused on human microbiota, which is now recognized as
the collection of microorganisms residing in the gastrointestinal tract.

The human body is a symbiotic organism composed of both eukaryotic and prokaryotic cells,
including the microbiota. The composition of the gut microbiome is specific to each host and evolves
throughout an individual's life. It is influenced by exogenous and endogenous factors, such as
pregnancy, childbirth, lactation, stress, diet, and physical activity [32].

Every newborn is born with a nearly germ-free environment, as the uterus provides a sterile
atmosphere. However, recent studies have shown that bacteria can be present in amniotic fluid.
This initial germ-free state lasts only for a short time after birth. When the baby passes through the
vagina, they are exposed to maternal bacteria that begin to colonize the mucosal surfaces of the
digestive, respiratory, and urogenital tracts, as well as the skin [33].

Children born vaginally have gastrointestinal microbiota dominated by Actinobacteria
(Bifidobacterium, Atobium), Firmicutes (Lactobacillus, Megamonas), Bacteroidetes
(Prevotella, Bacteroides, Parabacteroides), Fusobacteria (Sneathia), and Proteobacteria (Shigella,
Escherichia), in contrast to those delivered via caesarean section (C-section). These bacteria produce
SCFAs, which lower luminal pH and inhibit pathogen growth. Vaginally delivered children also tend
to have higher microbial diversity and lower levels of Clostridium difficile in their microbiota [34—
43].

In contrast, the intestinal microbiota following a cesarean section (C-section) is marked by delayed
bacterial colonization and reduced diversity, along with an increased presence of opportunistic
pathogens associated with the hospital environment. After a cesarean delivery, the gastrointestinal
microbiome is primarily dominated by Firmicutes, including genera such as Enterococcus,
Staphylococcus, Streptococcus, Clostridium, and Veillonella, as well as Proteobacteria, which
includes Klebsiella, Enterobacter, and Haemophilus [37,39,42,44-49].

These differences occur because bacteria from the mother's vagina and gut are transferred during
vaginal delivery, whereas during a cesarean birth, bacteria from the mother's skin are transmitted
[50].

The type of nutrition a baby receives during the first few months of life influences the composition
of their microbiota. Studies suggest that individuals who were not breastfed may have a higher

likelihood of developing food intolerances later in life. Studies show that the intestinal microbiota
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of formula-fed infants contains more potential pathogens compared to breastfed children. This
microbiota is primarily dominated by Firmicutes (such as Staphylococcus, Streptococcus,
Enterococcus, Lactobacillus, and Clostridium), Bacteroidetes (primarily Bacteroides), Proteobacteria
(particularly Enterobacteria), and Actinobacteria (like Atopobium) [51-54].

Research indicates that children born vaginally at term without instrumental assistance and fed
maternal breast milk have the highest likelihood of developing a healthy gastrointestinal microbiota,
which helps prevent dysbiosis [55,56].

Throughout gestational age and continuing afterward, the gut microbiome undergoes colonization
through contact with the external environment.

Despite significant individual variations, the development of the microbiota generally follows
predictable patterns, as illustrated in Figure 5. Immediately after birth, healthy term infants possess
an aerobic GIT that encourages the growth of facultative anaerobic bacteria, such as Firmicutes
(Enterococcus, Staphylococcus, Streptococcus) and Proteobacteria (Enterobacter, Escherichia coli).
These bacteria lower oxygen levels, which allows obligate anaerobes, including Actinobacteria
(Bifidobacterium), Bacteroidetes (Bacteroides), and certain Firmicutes (Clostridium, Lactobacillus,
Ruminococcus), to thrive [57-62].

By three months of age, the intestinal tract is predominantly occupied by Actinobacteria
(Bifidobacterium), Bacteroidetes (Bacteroides), and Proteobacteria (Escherichia). At 12 months, the
GIT primarily consists of Actinobacteria (Bifidobacterium, Collinsella) and Firmicutes (Lactobacillus,
Megasphaera, Veillonella). Between the ages of 2 and 3, children exhibit greater diversity in their
microbiota with reduced individual differences. After approximately 3 years, the microbiota
stabilizes and begins to resemble adult microbiota in terms of diversity and complexity, with

Firmicutes and Bacteroidetes being the dominant groups [19,45,53,63,64].
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Factors affecting the microbial colonization of the developing human

» Mode of delivery » Gestational age + Nutrition « Antibiotics
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Normal development of the intenstinal microbiome

Healthy term infant After 3 months of life After 12 months of life After about 3 years of age
Firmicutes Actinobacteria Actinobacteria Bacteroidetes
Enterococcus Bifidobacterium Bifidobacterium
Staphylococcus Collinsella Firmicutes
Streptococcus Bacteroidetes

Bacteroides Firmicutes
Proteobacteria Lactobacillus
Enterobacter Proteobacteria Megasphaera
E. coli Escherichia Veillonella

Figure 5. The normal development of a child's GM during gestation and early growth stages and

the principal factors affecting the microbial colonization [50]

By the end of this process and throughout life, each individual becomes host to approximately one
hundred trillion microbes, outnumbering the total number of cells in the body. There are over a
thousand different microbial species present, and their collective metagenome contains around one
hundred times more genes than the human genome [33]. In adulthood, the composition of gut
bacteria generally remains stable until old age. However, in elderly individuals, the diversity of
microbiota tends to increase. This change may be related to the broader range of health issues

associated with aging and the various treatments that arise from those conditions [3].
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2.3 How is a healthy microbiome defined?

The composition and structure of the human microbiome have been extensively studied through
various microbiome projects linked to a global network. These include the International Human
Microbiome Consortium, the European Commission’s Metagenomics of the Human Intestinal Tract
project, the US National Institutes of Health’s Human Microbiome Project, and the Canadian
Microbiome Initiative, among others. The objective is to define a healthy microbiota and identify
the primary factors that influence it, affecting human health [65].

A healthy microbiome is generally characterized by high microbial diversity, functional redundancy,
metabolic balance, and the prevalence of beneficial taxa involved in nutrient processing, immune
modulation, pathogen exclusion, anti-inflammatory signaling, and SCFA production [65]. Although
there is no single universal “healthy” microbial profile due to substantial interindividual variability,
these core functional attributes are consistently observed.

The diverse composition of microbes, along with their various metabolic activities, plays a significant
role in shaping the host's immune response. Genetic predisposition and environmental factors—
particularly diet—further modulate how the host interacts with the microbiota, creating a dynamic
and individualized host—microbe relationship that influences both health status and therapeutic
outcomes [65].

The human microbiome also exhibits marked spatial specialization. Samples from different body
sites (skin, oral cavity, gut, and vagina) reveal that while no single microbial taxon is present across
all niches, metabolic pathways show remarkable conservation, underscoring the concept of
functional redundancy (Figure 6) [66].

An additional hallmark of a healthy microbiota is its ecological stability, described in terms of
resistance and resilience. Resistance denotes the ability of the microbial community to endure
ecological stress, while resilience reflects its capacity to recover and return to equilibrium once the
stress has subsided. A lack of diversity or an overly uniform community structure may weaken these
properties, making the microbiota more vulnerable to disturbances and, ultimately, less stable

[10,65].
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Figure 6. Carriage of microbial taxa varies, while metabolic pathways remain stable within a

healthy population [66]

2.4 Role of a balanced gut microbiota

A healthy gut microbiome contributes to multiple aspects of host physiology, including digestion,
nutrient absorption, and energy metabolism. It supports immune system development and
regulation, protects against pathogenic microbes, reinforces the integrity of the intestinal barrier,
and modulates the production of microbial metabolites that influence both local and systemic
processes (Figure 7). The following sections detail key functional roles of the GM and their relevance

to host physiology.
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Figure 7. The key functional roles of a healthy GM [18]
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2.4.1 Colonization resistance

One of the key protective functions of a diverse and balanced GM is colonization resistance. This

process helps prevent the establishment and overgrowth of potentially harmful bacteria.

Colonization resistance involves several strategies that maintain stable populations of resident

microbes.

For example, gut bacteria compete for nutrients and ecological niches, limiting the growth of

invading or opportunistic organisms. Additionally, many beneficial microbes produce antimicrobial

compounds that help control the surrounding bacterial populations. Bacteriocins, which are

diffusible proteins secreted by certain species, can have strong toxic effects on other bacteria,

including closely related strains. They achieve this by disrupting cell membranes, degrading nucleic

acids, or interfering with cell wall synthesis.

Members of the Bacteroidetes and Proteobacteria phyla also have specialized antibacterial

secretion systems that can target genetically different neighboring cells. Although the specific

mechanisms can vary among different bacterial groups, the overall aim of colonization resistance is

to maintain a stable and healthy gut microbial ecosystem [18].
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2.4.2 Immune modulation

The GM contributes to both innate and adaptive immune regulation through multiple complex and
only partially elucidated mechanisms. Broadly, the interaction between commensal microorganisms
and the host immune system modulates the balance between pro- and anti-inflammatory responses
within the intestinal environment. In a state of equilibrium, resident microbes assist the immune
system in distinguishing between harmless commensals and potentially harmful pathogens,
ensuring that inflammation is appropriately activated or suppressed. Pattern recognition receptors,
such as TLRs on intestinal epithelial cells, play a pivotal role in this process by recognizing MAMPs
and helping the host discriminate between familiar and foreign microbes. Commensal bacteria also
promote the production of IgA, which serves as a key line of defense at mucosal surfaces, and
influence the differentiation of T lymphocytes, maintaining a balance between effector T helper cells
and immunoregulatory T cells (Tregs). Certain bacterial taxa, including Clostridia (Firmicutes),
Bacteroides fragilis (Bacteroidetes), and Bifidobacterium infantis, have been shown to stimulate
Treg recruitment and expansion, supporting immune tolerance. Additionally, species such as
Faecalibacterium prausnitzii are associated with a reduction in pro-inflammatory cytokines,
including interleukin-12 (IL-12), alongside an increase in anti-inflammatory cytokines like IL-10.
Collectively, these interactions highlight how the GM not only facilitates effective immune activation
during infection but also suppresses excessive or inappropriate inflammation, thereby preserving

intestinal epithelial integrity and overall immune homeostasis [18].

2.4.3 Bile acid homeostasis

Bile acids, synthesized in the liver and secreted into the small intestine, play a crucial role in lipid
digestion and the absorption of fat-soluble vitamins. Primary bile acids are initially released in
conjugated form; however, several commensal bacteria—including members of the Firmicutes (e.g.,
Clostridium, Lactobacillus, Enterococcus), Bacteroidetes (e.g., Bacteroides), and Actinobacteria (e.g.,
Bifidobacterium) phyla—express bile salt hydrolase (BSH) enzymes capable of deconjugating these
molecules back into their unconjugated state. This enzymatic process facilitates the enterohepatic
recirculation of the majority of the bile acid pool. A small fraction of primary bile acids that reach
the colon are subsequently converted into secondary bile acids through microbial 7a-
dehydroxylation, a transformation carried out by a limited subset of gut microbes (<0.025% of the

total community), among which Clostridium scindens is the best characterized. Both primary and
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secondary bile acids contribute to glucose metabolism and possess antimicrobial detergent
properties that reinforce colonization resistance. Notably, secondary bile acids are particularly
effective in suppressing Clostridioides difficile growth. Because of the microbiota’s central role in
bile acid transformation, the ratio of secondary to primary bile acids in the colon is increasingly
recognized as a potential biomarker for distinguishing a balanced, healthy microbiome from a

dysbiotic one [18].

2.4.4 Short-chain fatty acid production

GM ferment unabsorbed starches and soluble dietary fiber from the host's diet, which results in
generation of SCFA. Diets that are rich in fiber (e.g., plant-based) and fermented foods are therefore
considered “gut healthy” because they are sources of SCFA. The most predominant SCFA are
butyrate, propionate, and acetate. SCFA production is widespread among microbiota, with
generation of specific SCFA varying among specific bacterial groups. Butyrate generation is
particularly important as it is the preferred energy source of colonic epithelial cells. Several
members of the Firmicutes phylum (e.g., Roseburia and Ruminococcus strains) are key butyrate
producers. Butyrate produced by GM is estimated to provide 5-10% of caloric requirements for the
host by supplying energy to colon cells [67,68].

SCFA are also believed to be involved in other functions, including appetite and glucose tolerance
[67]. Furthermore, SCFA have been shown to have various immune-modulating
properties, including antagonizing the proinflammatory effects of certain cytokines on the gut
epithelium and the ability to interact with neutrophils to either stimulate or suppress local
activity. SCFA are therefore important contributors to gut barrier health by both providing energy
to epithelial cells and tempering local inflammation. These functions support the purported health
benefits of a high-fiber diet and, conversely, the potential loss of benefits associated with a

traditional Western diet [18].

2.4.5 Vitamin synthesis

The intestinal microbiota plays a crucial role in the endogenous synthesis of several vitamins
essential for host metabolism. Certain B vitamins, including cyanocobalamin (vitamin B12), are

produced exclusively by specific gut bacterial taxa such as members of the Firmicutes,
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Actinobacteria, and Proteobacteria phyla. These vitamins are vital for numerous cellular functions,
including DNA synthesis, repair, and overall metabolic regulation. In addition, several commensal
species—such as Bacteroides fragilis, Eubacterium lentum, Enterobacter agglomerans, Serratia
marcescens, and Enterococcus faecium—are known to synthesize vitamin K, which is required for
normal coagulation processes and bone health. Consequently, alterations in the abundance or
activity of these bacterial populations may influence the bioavailability of endogenously produced

vitamins, thereby impacting host metabolic homeostasis [18].

2.5 Dysbiosis

The human gastrointestinal tract harbors a highly complex microbial ecosystem that plays a pivotal
role in host physiology (Figure 8). In addition to supporting digestion and energy extraction, the GM
is fundamental for maintaining immune balance. Commensal microbes contribute to the
differentiation of Tregs and Th17 cells, modulate the production of both pro- and anti-inflammatory
cytokines, and support intestinal barrier integrity by enhancing tight junctions, stimulating mucus
and antimicrobial peptide secretion, and regulating epithelial signaling. These functions create a
tightly controlled network that protects the host against pathogens while preventing excessive

inflammation [69,70].

Healthy gut microbiome Altered gut microbiome (i.e. dysbiosis)

e

9

\ |

Figure 8. Schematic representation of a healthy and an altered gut microbiome [18]
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Dysbiosis refers to the disruption of this balance and is typically characterized by a loss of beneficial
microbes, an overgrowth of potentially pathogenic taxa such as Proteobacteria (including
Escherichia coli and Klebsiella spp.), and a reduction in overall microbial diversity. In healthy
individuals, Proteobacteria usually account for less than 10% of the GM, whereas in dysbiotic states
their relative abundance may rise to 20-30%[18] .

Such alterations compromise the production of key microbial metabolites, including SCFAs,
secondary bile acids, and tryptophan-derived compounds, all of which exert immunomodulatory
functions. SCFAs, for instance, promote Treg differentiation, suppress pro-inflammatory cytokine
secretion, and strengthen epithelial barrier function. Conversely, reduced SCFA levels, along with
disturbances in bile acid metabolism and tryptophan catabolites, negatively affect both innate and
adaptive immune responses. Dysbiosis also increases host exposure to LPS and other PAMPs, which
activate TLRs and NOD-like receptors (NLRs), initiating inflammatory cascades that can propagate
locally and systemically [71,72].

The onset of dysbiosis is driven by a multifactorial interplay of host genetics, diet, antibiotic
exposure, infections, stress, and chemical insults. Although the GM shows remarkable resilience and
adaptability, the cumulative impact of several perturbations can push the system beyond a tipping
point, resulting in persistent microbial imbalance. Additional factors, including bacteriophages,
bacteriocins, and oxidative stress, may exacerbate these changes and further disrupt host immune
regulation [71].

Clinically, dysbiosis has been implicated in a broad spectrum of conditions, including inflammatory
bowel diseases, metabolic syndrome, obesity, type 2 diabetes, and systemic immune dysfunction.
These associations likely reflect the downstream effects of altered microbial metabolites on
cytokine signaling, intestinal barrier integrity, and systemic inflammation, highlighting the functional
relevance of the microbiota—immune axis for human health [69-72].

Despite its clinical importance, no universally accepted gold standard exists for the identification of
dysbiosis. Several indices have been proposed, most of which were first developed in the context of
recurrent Clostridioides difficile infection (CDI), a condition strongly linked to microbiome disruption.
One such index is based on the ratio of Proteobacteria strains to the overall bacterial strains, with
higher values suggesting a dysbiotic state. Another, the Microbiome Health Index (MHI), evaluates
microbial balance across the Firmicutes, Bacteroidetes, and Proteobacteria phyla. Specifically, the
MHI considers the relative abundance of taxa associated with intestinal homeostasis, such as

Clostridia (phylum Firmicutes) and Bacteroidia (phylum Bacteroidetes), and compares them with
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taxa more commonly linked to pathogenesis, including Bacilli (phylum Firmicutes) and
Gammaproteobacteria (phylum Proteobacteria) [18].

In addition to its well-established role in CDI, dysbiosis has been implicated in a wide range of
pathological conditions across different organ systems. Importantly, whether dysbiosis acts as a
cause or a consequence of these conditions is often difficult to discern, highlighting the bidirectional
nature of the relationship between microbiome alterations and disease. This dynamic has been
particularly discussed in the context of inflammatory bowel diseases, but also in neurological and
psychiatric disorders, where dysbiosis may contribute to disruptions of the gut—brain axis. In several
cases, proposed mechanisms involve compromised intestinal barrier integrity, or so-called “leaky
gut”, whereby localized inflammation increases host exposure to luminal antigens, triggering both
local and systemic immune responses.

The mechanistic links between dysbiosis and disease are likely multifactorial and remain
incompletely understood. Beyond its role in disease susceptibility, dysbiosis also appears to
influence the pharmacokinetics and pharmacodynamics of several drugs. For instance, the
immunosuppressant tacrolimus can be metabolized by gut microbes into less active derivatives,
potentially explaining the variability in patient responses to oral therapy. Similarly, the
antihyperglycemic efficacy of metformin is significantly reduced when commensal bacteria are
depleted by concomitant oral vancomycin administration. Other well-documented examples
include the inactivation of digoxin by Eggerthella lenta and the altered activity of vitamin K
antagonists such as warfarin in patients receiving antibiotics that suppress vitamin K—producing
bacteria. More recently, evidence has also suggested that the clinical response to immune
checkpoint inhibitors in oncology may be enhanced by supplementation with selected commensal
species.

Altogether, these findings underscore the emerging role of the GM in drug metabolism and
therapeutic efficacy. Although the precise mechanisms remain to be clarified, it has been postulated
that bacterial classes such as Clostridia and Bacilli may influence the expression of host transporters,
including P-glycoprotein, as well as receptors regulating key metabolic systems such as cytochrome
P450. This raises the possibility that dysbiosis not only predisposes to disease but also modifies

host—drug interactions, with significant implications for personalized medicine [18].
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2.6 Gut microbiota and disease

Alterations in the composition and function of the GM can disrupt its ability to support host health,
potentially favoring the expansion of opportunistic microbes and leading to an imbalance in
microbial metabolites. Such perturbations have been implicated in a wide spectrum of local,
systemic, and distant-organ pathologies (Table 2), some of which may be amenable to microbiome-

targeted therapeutic interventions [73].

Disease Specific diseases Associated dysbiotic features
categories

Immune- Inflammatory Bowel - Increase in virulent gut microbes
mediated/autoim Disease (IBD) (Enterobacteriaceae species, Bacteroides
mune diseases fragilis) and mucolytic Ruminococcus sp.

- Decrease in butyrate-producing Firmicutes

(Faecalibacterium prausnitzii, Roseburia

hominis)
Irritable Bowel Syndrome - Increase in Escherichia coli
(1BS) - Decrease in Clostridium leptum group of

bacteria and Bifidobacterium

- Decrease in bile acid biotransformation
Celiac Disease - Increase in Bacteroides-Prevotella group

- Decrease in Bifidobacterium

- Varying observation (decrease or no change)

in Clostridium Histolyticum, C. lituseburense,

and Faecalibacterium prausnitzii

- Alteration in SCFAs composition, but overall

increase in total SCFA
Systemic Lupus - Increase in Blautia sp. And Gram-negative
Erythematosus (SLE) bacteria such as Proteobacteria

- Decrease in GM diversity, Odoribacter sp.,

Alistipes sp.
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Type-1 Diabetes

Reumatoid Arthritis (RA)

Atopic Disease (E.g.,

childhood allergic asthma)

Metabolic Obesity

disorders/cardiov

ascular disorders

Type-2 Diabetes

Hypertension

Atherosclerosis

Cancer Colorectal Cancer (CRC)

29

- Increase in serum endotoxin

- Increase in Bacteroidetes

- Decrease in Actinobacteria, Firmicutes, and
Firmicutes/Bacteroidetes ratio

- Increase in Prevotella copri and decrease in
Bacteroides sp. In new-onset RA

- Increase in microbiota diversity of
Lactobacillus genus in early RA

- Increase in fecal burden of Clostridium

difficile, and C. difficile/Bifidobacteria ratio

- Increase in Firmicutes, Actinobacter

- Fluctuating trends observed in Bacteroidetes
(decrease, stable, or increase)

- Increase in glycoside hydrolase and SCFAs
(butyrate and acetate)

- Increase in Lactobacillus

- Decrease in Clostridium coccoides, Atopobium
cluster, and Prevotella

- Decrease in butyrate biosynthesis

- Increase in the Firmicutes/Bacteroidetes ratio,
lactate-producer

- Decrease in microbiota diversity, acetate- and
butyrate-producers

- Increase in metabolites TMAOQO, endotoxin level

(risk factor for early atherosclerosis)

- Increase in enterotoxigenic Bacteroides
fragilis, and pathobionts Fusobacterium and
Campylobacter sp.

- Decrease in butyrate-producer

(Faecalibacterium and Roseburia)



Neuropsychiatric ~ Autism Spectrum Disorder - Increase in Clostridium sp., Bacteroidetes,

(ASD) Lactobacillus, Desulfovibrio
- Decrease in Bifidobacteria

Alzheimer’s Disease - Link between microbial amyloids, LPS, GABA,
and age-related gut/brain barrier permeability

Depression - Increase in genus Eggerthella, Holdemania,
Gelria, Turicibacter, Paraprevotella,
Anaerofilum
- Decrease in GM diversity, Prevotella and
Dialister

Parkinson’s Disease (PD) - Decrease in butyrate-producing genera
(Blautia, Coprococcus, Roseburia) with rise in
mucosal Proteobacteria
- Increased gene expression in LPS biosynthesis

and microbial type Il secretion system

Infectious disease Clostridium difficile - Increase in Clostridium difficile
infection (CDI) - Decrease in GM diversity and secondary bile

acids-producing Clostridium scindens

Table 2. Overview of representative diseases linked to gut microbiota dysbiosis, indicating typical
increases or decreases in specific microbial taxa and associated alterations in metabolic or

inflammatory functions.

2.7 Gut microbiota and nutrition

Diet is a key determinant of microbial diversity, as dietary patterns exert a profound influence on
the composition and functionality of the GM. Diets rich in fiber, polyphenols, and fermented foods
promote microbial diversity and the proliferation of beneficial taxa such as Bifidobacterium and
Lactobacillus. Conversely, Western-style diets high in saturated fats, refined sugars, and low in

fiber are associated with dysbiosis—an imbalance in microbial communities linked to
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inflammation, metabolic disorders and disruptions in estrogen metabolism—key factors
implicated in the pathogenesis of breast cancer (BC). Gut microbes ferment dietary fibers into
SCFAs like acetate, propionate, and butyrate. These metabolites regulate intestinal barrier
integrity, modulate immune responses, and influence energy homeostasis. Butyrate, in particular,
serves as a primary energy source for colonocytes and exhibits anti-inflammatory properties [74].
Emerging evidence supports the concept of personalized nutrition based on individual microbiome
profiles. Interindividual variability in microbial composition can influence glycemic responses, lipid
metabolism, and nutrient absorption, suggesting that tailored dietary interventions may optimize
health outcomes and exert protective effects against carcinogenesis. In a study of Wastyk et al., a
randomized longitudinal intervention in healthy adults showed that dietary modulation of the gut
microbiome elicits distinct effects on host immunity, with different diet patterns differentially
shaping microbial composition and diversity and influencing inflammatory and immune-related
outcomes|[75].

Advancements in metagenomics and metabolomics are enhancing our understanding of diet—
microbiota—host interactions. These tools enable high-resolution profiling of microbial
communities and their functional capacities, paving the way for microbiome-informed dietary

guidelines and therapeutic strategies [76].

2.8 Gut microbiota and physical activity

Physical activity plays a significant role in shaping the composition and functionality of the GM,
contributing to overall health and well-being. Regular exercise has been shown to increase microbial
diversity and promote the growth of beneficial bacteria, such as Akkermansia muciniphila and
Faecalibacterium prausnitzii, which are associated with anti-inflammatory effects and improved
intestinal barrier integrity. These changes in microbial populations are not merely local; they
influence systemic processes, including immune modulation and metabolic regulation.

One of the key mechanisms through which physical activity exerts its effects is the enhancement of
SCFA production. SCFAs, such as butyrate, propionate, and acetate, are microbial metabolites that
support colonocyte health, regulate immune responses, and contribute to energy homeostasis. The
increased availability of these compounds following regular exercise may help reduce systemic

inflammation and improve insulin sensitivity, offering protection against metabolic disorders.
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Importantly, the impact of physical activity on the GM appears to be dose-dependent. The effects
of physical activity on the gut microbiome are influenced by both the type and intensity of exercise
performed. Moderate, consistent exercise tends to foster a favorable microbial environment and
support immune function whereas excessive or high-intensity training—especially without
adequate recovery—may lead to gastrointestinal disturbances and systemic inflammation,
potentially leading to microbial imbalance [77]. This underscores the importance of tailoring
physical activity to individual needs and capacities.

Notably, combining aerobic and resistance training has been shown to significantly enhance
microbial diversity, a factor associated with reduced incidence of chronic metabolic diseases.
Exercise also contributes to increased production of SCFAs, improved nutrient absorption, and
modulation of neuroendocrine pathways, all of which help strengthen gut barrier function.
Emerging research also suggests that the GM may influence athletic performance and recovery.
Certain microbial profiles have been linked to enhanced endurance, reduced oxidative stress, and
improved nutrient absorption, indicating a bidirectional relationship in which not only does exercise
shape the microbiota, but the microbiota may also modulate physical performance [78]. Recent
studies also suggest that physical activity can beneficially modulate the GM , which in turn may
influence cancer risk and outcomes. This relationship is particularly relevant in the context of

systemic inflammation, immune regulation, and treatment tolerance [79].
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3. Decoding the microbial signatures of Parkinson’s Disease:
from motor symptoms to gut microorganisms

3.1 Background

The GM plays a fundamental role in maintaining host homeostasis, and its imbalance, or dysbiosis,
has been associated with a wide spectrum of chronic diseases. Growing evidence indicates that the
GM communicates with the central nervous system through the gut—brain axis, influencing neural,
endocrine, and immune pathways. This bidirectional interaction has become a focus of interest in
the context of neurodegenerative disorders, particularly PD and Alzheimer’s disease (AD), where
alterations of the GM are increasingly recognized as potential contributors to disease onset and
progression [80].

Although the notion of gut—brain communication has historical roots dating back to the eighteenth
century, only in recent decades has the microbiome been identified as a central component of this
axis. Advances in neurogastroenterology and microbiome research have since revealed that
disruptions in this system are implicated in a range of neurodevelopmental, psychiatric, and
neurological conditions. Among these, PD has emerged as the most extensively studied, positioning
it as a paradigmatic example of how microbiota—brain interactions may shape neurodegenerative

disease processes [81].

3.1.1 Parkinson’s disease

PD is a progressive neurodegenerative disorder and one of the most prevalent neurological
conditions worldwide [82].

The pathophysiology of PD is primarily characterized by the progressive loss of dopaminergic (DA)
neurons in the substantia nigra pars compacta, a region in the midbrain. This neuronal loss is often
accompanied by the abnormal accumulation of misfolded a-synuclein proteins, which form
inclusions known as Lewy bodies (LBs) [83].

Although the exact cause of idiopathic PD remains unclear, several risk factors have been
consistently identified. These include aging, genetic predisposition, exposure to pesticides, and

environmental toxins [84].
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Clinically, PD manifests through a wide range of motor and non-motor symptoms. The key motor
features are resting tremor, muscular rigidity, bradykinesia (slowness of movement), and postural
instability. Together, these symptoms lead to progressive difficulties in motor control and mobility.
Additionally, patients with PD often experience various non-motor complications, such as
neuropsychiatric disturbances (including depression and anxiety), cognitive decline that can lead to
dementia, and autonomic dysfunctions, such as orthostatic hypotension and abnormal sweating.

These combined motor and non-motor symptoms significantly impact patients' quality of life,

emphasizing the complex and multifaceted nature of the disease [83].

3.1.2 The gut-brain axis theory in Parkinson’s disease

The concept of communication between the gastrointestinal tract and the central nervous system
(CNS) has a long intellectual history. As early as the eighteenth century, scholars began to propose
a close relationship between digestion, emotions, and identity [85] . In 1765, the Scottish physician
Robert Whytt introduced the term “nervous sympathy”, describing a functional network by which
the brain and internal organs, including the gut, were interconnected. This idea anticipated the
recognition that disturbances in visceral function could influence mood and behavior [86].

During the nineteenth century, the anatomical underpinnings of this bidirectional system were
progressively delineated [85]. Research on the vagus nerve and the enteric nervous system
demonstrated the existence of direct neural pathways linking the gut and the brain. These
discoveries laid the foundation for the modern concept of the gut—brain axis.

In the late twentieth century, interest in the gut—brain connection was revitalized by advances in
neurogastroenterology, particularly with the characterization of the enteric nervous system as the
“second brain”. At the same time, experimental studies began to highlight the role of gut-derived
signaling molecules, including hormones and neurotransmitters, in influencing CNS function.

The early twenty-first century marked a turning point with the recognition of the gut microbiome
as a fundamental third component of this axis. The advent of high-throughput sequencing
technologies enabled detailed characterization of the human microbiota, revealing its ability to
modulate neural, immune, and endocrine pathways. From this point onwards, the microbiome-
gut—brain axis became a major focus of biomedical research, with accumulating evidence linking its
alterations to neurodevelopmental, psychiatric, and neurodegenerative disorders. Among these, PD

has emerged as one of the most extensively investigated models [87-91].
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Gastrointestinal dysfunctions, including constipation, dysphagia, and nausea, are common in PD and
may precede motor symptoms by more than 20 years. Since the early 20th century, Lewy
pathology—characterized by a-synuclein aggregation—has been observed not only in the CNS but
also in the peripheral and enteric nervous systems (ENS). Building on these findings, Braak’s
hypothesis (2003) proposed that PD may originate in the gut, with a-synuclein pathology spreading
to the brain via enteric neurons (Figure 9) [81].

Subsequent postmortem and biopsy studies confirmed widespread a-synuclein deposits in the
myenteric and submucosal plexus, detectable decades before diagnosis, and particularly enriched
along vagal innervation. Evidence from prodromal cohorts, such as patients with isolated REM sleep
behavior disorder (iRBD), further supports the presence of early gastrointestinal a-synuclein
pathology and dysfunction preceding CNS involvement. Although some studies reported
inconsistent results, methodological variability likely explains these discrepancies.

Experimental models have provided strong mechanistic support, showing that a-synuclein
aggregates can propagate from the gut to the CNS along the vagus nerve in a time-dependent
manner, recapitulating both non-motor and motor features of PD. Vagotomy appears protective,
while hemivagotomy or sympathectomy block propagation in animal models. Importantly, human
postmortem studies demonstrate Lewy pathology in sympathetic ganglia, the heart, and spinal cord,
sometimes even in the absence of CNS pathology. These findings collectively suggest that PD
pathology may, in some cases, originate in the gut and spread retrogradely to the brain through
both vagal and sympathetic routes [92].

While different origins and spreading routes of pathological a-synuclein explain part of PD
heterogeneity, they do not clarify the initial trigger of gut pathology. In the past decade, alterations
in the gut microbiome have gained attention as potential contributors to PD pathogenesis.
Preclinical data strongly suggest a causal role, though in humans it remains unclear whether
dysbiosis represents a primary driver or a secondary consequence of disease and treatment.

In animal models, germ-free conditions or antibiotic depletion reduced a-synuclein inclusions,
neuroinflammation, and motor deficits, whereas fecal microbiota transplantation (FMT) from PD
patients exacerbated motor impairment compared to FMT from healthy donors. Conversely, FMT
from healthy animals ameliorated both motor and gastrointestinal dysfunction, supporting a direct
pathogenic role of gut dysbiosis.

Human case—control studies since 2015, including multiple meta-analyses, consistently report

depletion of SCFA-producing bacteria (e.g., Roseburia, Faecalibacterium, Prevotella) and reduced
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fecal SCFA levels in PD patients. Given their role in intestinal barrier integrity and anti-inflammatory
signaling, SCFA depletion may promote gut permeability and inflammation, features repeatedly
observed in PD. However, findings in prodromal cohorts remain inconsistent. Other recurrent
observations include enrichment of Lactobacillus, Bifidobacterium, and Akkermansia. Their
interpretation remains debated: Lactobacillus and Bifidobacterium are generally considered
beneficial, but may metabolize levodopa, suggesting treatment-driven selection. Akkermansia
muciniphila, typically linked to metabolic health, is paradoxically increased in PD and iRBD, possibly
as a compensatory response to microbiome shifts, although mechanistic studies indicate it may
enhance a-synuclein aggregation.

Environmental exposures, such as pesticides or trichloroethylene, and gastrointestinal
comorbidities like IBD, induce microbiome changes resembling those observed in PD, lending
plausibility to a primary role of dysbiosis. Still, aging, genetics, and host factors must be considered.
Emerging longitudinal studies suggest microbiome composition may also influence clinical
heterogeneity and progression. For example, reduced Prevotella abundance correlates with faster
progression, while lower baseline Bifidobacterium has been linked to worsening neuropsychiatric
symptoms. These findings highlight the potential of microbiome-targeted interventions as disease-
modifying strategies, although larger and longer follow-up studies are required to establish
causality.

Accumulating evidence implicates gut dysbiosis in PD pathogenesis, with alterations in microbial
composition—particularly depletion of SCFA-producing taxa and enrichment of Lactobacillus,
Bifidobacterium, and Akkermansia—suggested to influence barrier integrity, inflammation, and a-
synuclein aggregation. Yet, microbiome-related mechanisms are unlikely to act in isolation.
Increasing attention has turned to another gut—brain communication route, involving EECs, vagal
afferents, and the brainstem.

EECs are specialized chemosensory cells capable of transducing microbial and nutritional signals into
neuronal and hormonal outputs. They display neuronal-like properties, express a-synuclein, and
respond to bacterial components with increased intracellular a-synuclein, suggesting a potential
initiating site for pathology in the presence of gut dysbiosis. Functional alterations of EECs have been
documented in PD, most notably reduced postprandial secretion of glucagon-like peptide-1 (GLP-
1), a key L-cell hormone. Because SCFAs stimulate GLP-1 release via Free Fatty Acid Receptor 2

(FFAR2) signaling, depletion of SCFA-producing bacteria in PD may directly impair GLP-1 responses.
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Beyond its metabolic role, GLP-1 exerts broad neuroprotective and anti-inflammatory effects, with
preclinical studies showing that GLP-1 receptor agonists (GLP-1RAs) prevent dopaminergic
neurodegeneration, preserve striatal dopamine, and reduce microglial activation in PD models.
These findings have spurred clinical trials testing GLP-1RAs in PD patients.

Taken together, alterations of both the gut microbiome and the enteroendocrine system highlight
complementary pathways through which gut-derived signals may influence PD pathogenesis and

progression, opening the way to microbiome- and GLP-1-based therapeutic strategies [93].

3.1.3 Gut microbiota state in Parkinson’s disease

Aging is the most significant risk factor for PD, and the biochemical changes that accompany aging
worsen the pathological abnormalities observed in the brains of individuals with PD [94]. The
primary event in the disease is the progressive dysfunction and loss of DA neurons in the substantia
nigra. This loss ultimately leads to impaired activation and function of motor cortex neurons,
resulting in motor symptoms [95,96]. However, the neuropathological changes in PD are not
confined to the nigrostriatal system; abnormalities have also been found in the autonomic nervous
system, olfactory bulb, lower brainstem, and cerebral cortex [97]. These widespread alterations
contribute to a variety of non-motor symptoms that occur alongside PD, including sleep
disturbances, cognitive impairment, and psychiatric symptoms, in addition to the motor features
associated with the disease [98].

Among the non-motor symptoms, gastrointestinal dysfunction—particularly constipation—affects
nearly 80% of patients and often appears years before the onset of motor symptoms. Indeed,
idiopathic constipation has been identified as a significant risk factor for PD, indicating that
peripheral pathophysiological processes may play an early role in the onset of the disease.
Neuropathological studies have shown that LBs, which are primarily composed of misfolded a-
synuclein fibrils, and Lewy neurites, which are elongated inclusions in axons and dendrites, are
characteristic lesions of PD. Under normal conditions, a-synuclein is a soluble monomer
predominantly expressed in presynaptic terminals, where it moderates vesicle trafficking and
regulates DA release. However, oligomeric and protofibrillar forms of a-synuclein are highly
neurotoxic as they disrupt synaptic vesicle dynamics, interfere with the Soluble N-ethylmaleimide—
Sensitive Factor Attachment Protein Receptor (SNARE) complex, decrease dopamine transporter

(DAT) expression, and impair DA release. These early changes in presynaptic function lead to axonal
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dysfunction and synaptic disconnection, which occur before visible neuronal loss. As the disease
progresses, widespread degeneration of axons, synaptic terminals, and neuronal cell bodies
becomes apparent [99].

Mechanistically, the death of DA neurons may occur through apoptosis, with factors such as
mitochondrial dysfunction, oxidative stress, altered protein degradation, and inflammation all
playing roles in the degenerative process. Dysregulation of mitochondrial dynamics, particularly
through the proteins Dynamin-Related Protein 1 (DRP1) and Optic Atrophy 1 (OPA1), promotes the
release of cytochrome C and the activation of caspase-9, leading to apoptotic cell death. These
molecular events position mitochondria at the center of PD pathogenesis [100].

The Braak hypothesis suggests that PD may begin in the periphery, particularly in the GIT, with
pathological a-synuclein ascending to the brain via vagal pathways [101-103]. Research indicates
that the ENS and the dorsal motor nucleus of the vagus nerve are affected early in the disease,
sometimes even before the substantia nigra. Experimental studies have shown that when a-
synuclein is injected into the intestinal wall of rats, it can be retrogradely transported to the brain,
providing strong support for the gut-origin hypothesis. Furthermore, a-synuclein has been
demonstrated to propagate between neurons through endocytosis, mimicking prion-like

mechanisms of transmission [104].
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Figure 9. Bidirectional communication along the gut—brain axis, showing interactions between the
enteric nervous system, gut microbiota, and central nervous system via microbial metabolites,

cytokines, endotoxins, and vagal signaling [104]

In recent years, there has been increasing attention on the role of GM in this process. Dysbiosis has
been consistently observed in PD patients compared to healthy controls and is believed to
contribute to the abnormal aggregation of a-synuclein within the ENS. Neuropathological evidence
indicates that colonic biopsies from PD patients almost invariably contain a-synuclein deposits in
both the Meissner and Auerbach plexuses. Supporting this gut-brain axis model, epidemiological
studies have shown that complete vagotomy reduces the risk of developing PD by about 50% in
large Danish and Swedish cohorts. In experimental models, the administration of misfolded a-

synuclein—whether intraperitoneally in PD mice or directly into the gastric wall of wild-type mice—
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results in pathological spreading to the substantia nigra, replicating the key features of the human
disease [105].

Mechanistic studies reveal how alterations in GM may exacerbate PD pathology. A deficiency in
dietary fibers promotes the expansion of Akkermansia muciniphila, a mucin-degrading bacterium
that thins the intestinal mucus layer and increases gut permeability. At the same time, butyrate-
producing bacteria such as Faecalibacterium and Roseburia are reduced in PD, leading to diminished
production of SCFAs. This depletion not only compromises the intestinal barrier but also enhances
the translocation of luminal toxins, such as LPS and pesticides, into the ENS, where they may trigger
a-synuclein fibrillization. Under normal conditions, SCFAs exert powerful anti-inflammatory effects
by inhibiting histone deacetylases, promoting Treg differentiation, and stimulating the release of
anti-inflammatory cytokines. Their reduction amplifies neuroinflammation both peripherally and
centrally. Additionally, SCFAs like acetate and propionate activate G-protein—coupled receptors
(GPR41 and GPR43), which regulate satiety and gastrointestinal motility through the secretion of
peptide YY (PYY) and GLP-1. Disruption of these signaling pathways contributes to the significant
gastrointestinal dysfunction observed in PD [106].

Overall, alterations in the composition or activity of gut microbes may weaken the intestinal barrier
and facilitate the transmission of pathogenic proteins from the gut to the brain, resembling prion-
like propagation. The gut-brain axis is closely linked to neuroinflammation, as microbial metabolites
influence a-synuclein aggregation, regulate immune responses, and modulate protein toxicity, even
when their primary molecular targets differ. This perspective highlights the complex and reciprocal
interactions between GM and neurodegenerative processes, particularly in relation to PD and prion
disorders. Ultimately, dysbiosis, mitochondrial dysfunction, and a-synuclein pathology converge to
drive dopaminergic neuronal loss, striatal dopamine depletion, and the emergence of the

characteristic motor and non-motor symptoms of PD (Figure 10) [107].
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Figure 10. Putative mechanisms linking gut dysbiosis to the development and progression of

Parkinson’s disease (PD) [108]

3.1.4 Microbiota-drug interactions in Levodopa treatment of Parkinson’s Disease

Levodopa (L-dopa) remains the cornerstone of pharmacological therapy for PD, as it serves as a
metabolic precursor of dopamine capable of crossing the blood—brain barrier (BBB). Once in the
central nervous system, it is converted into dopamine by the enzyme aromatic amino acid
decarboxylase (AADC), thereby alleviating the motor symptoms associated with dopaminergic
neurodegeneration in the substantia nigra. However, a substantial portion of levodopa undergoes
premature decarboxylation in peripheral tissues, particularly within the gastrointestinal tract, where
the dopamine formed cannot cross the BBB and contributes to adverse systemic effects. Although
peripheral AADC inhibitors such as carbidopa and benserazide are routinely co-administered to
enhance levodopa bioavailability, intestinal metabolism remains a major limiting factor in
therapeutic efficacy.

Recent studies have identified a pivotal role of the GM in this process. Certain intestinal bacteria—
most notably Enterococcus faecalis and Lactobacillus species—express tyrosine decarboxylase

(TyrDC), an enzyme capable of converting L-dopa into dopamine within the gut lumen. This
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microbial decarboxylation further reduces the amount of L-dopa available for absorption and
transport to the brain. Moreover, the abundance of the TyrDC gene in the fecal microbiota of PD
patients has been correlated with increased levodopa dosage requirements and reduced treatment
responsiveness. These findings suggest that microbial metabolism represents a critical yet
underappreciated determinant of L-dopa pharmacokinetics, highlighting the GM as a potential

therapeutic target to improve drug efficacy and reduce systemic side effects in PD (Figure 11) [109].

PLP-dependent Mo-dependent
0 decarboxylase dehydroxylase (Dadh)
HO (TyrDC) D/\/ R506 variant  HO NH,
OH
e S =3
Levodopa (L-dopa) Dopamine m-Tyramine
Enterococcus faecalis Eggerthella lenta
6) ®a 0
O _ <~ ~OH
D/N ] *i2 3 N m
NH, HO F
Carbidopa L-dopa metabolizing (S)-a-Fluoromethyltyrosine
(FDA-approved drug) human gut microbiota (AFMT)

Figure 11. L-dopa metabolism by bacterial and human enzymes [110]

3.2 Methods

3.2.1 Study design and subjects

This research was conducted as part of the MARKERS-NDD study, a prospective, observational,
longitudinal investigation designed to collect clinical, biological, and instrumental data from patients
with neurodegenerative diseases undergoing routine follow-up assessments within standard clinical
practice. The study was approved by the local Ethics Committee, registered on clinicaltrial.gov
(NCT06596746) and conducted in accordance with the Declaration of Helsinki. Written informed

consent was obtained from all participants prior to their inclusion in the study.
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Patients were diagnosed with PD according to the United Kingdom (UK) Parkinson's Disease Society
Brain Bank [111].

Total 109 PD patients were recruited from the Clinical Trial Centers (CTCs) for Parkinson’s Disease
of IRCCS San Raffaele Roma.

The following data were collected for all patients (Table 3): gender, year of birth, disease duration,
antiparkinsonian drugs and concomitant medications, Levodopa Equivalent Daily Dose (LEDD),
presence or absence of motor fluctuations, disease severity based on Hoehn and Yahr (H&Y) scale,

and Movement Disorder Society—Unified Parkinson's Disease Rating Scale Part IIl (MDS-UPDRS Ill)

score.

Variables Non-fluctuating PD (n=74) Fluctuating (n=35)
% (n) / median [IQR]  p-value % (n) / median [IQR] p-value

Sex (% males) 50 (37) 60 (21)
Age 63 [57.25-69] 0.388 70 [61-74] 0.548
Disease duration 2 [1-4.75] <0.001 13 [8-17] 0.199
LEDD 300 [150-400] 0.011 940 [802.5-1100] 0.439
H&Y 2 [1.625-2] <0.001 2.5[2-3] <0.001
MDS-UPDRSIII 19 [13.25-26] 0.009 32 [22-38] 0.223

Table 3. Clinical variables in non-fluctuating and fluctuating patients

3.2.2. Clinical assessment

PD-related clinical scales were collected from each participant during their outpatient visit. These
measures included: disease duration, defined as the time interval between onset of typical PD motor
symptoms and the date of the biospecimen collection; the LEDD, calculated as a sum of all
antiparkinsonian medications multiplied by their respective conversion factors, as previously
described [112]; presence or absence of motor fluctuations; H&Y stage, assessed in the ON phase
for fluctuating patients, which ranges from 1 to 4 and reflects disease severity (Table 4) [113]; and

the MDS-UPDRS lll, corresponding to the motor examination (Table 5) [114].

43



Stage

Symptoms

15

2.5

Unilateral involvement only

Unilateral and axial involvment

Bilateral involvement without impairment of balance

Mild bilateral involvement without recovery on retropulsion (pull) test

Mild to moderate bilateral involvement, some postural instability but physically
independent

Severe disability, still able to walk and to stan unassisted

Table 4. Hoehn and Yahr (H&Y) scale

MDS-UPDRS part lll score Motor Symptoms

0-15 Mild motor symptoms

16-30 Moderate motor symptoms

31-45 Severe motor symptoms

46-52 Extremely severe motor symptoms

Table 5. Movement Disorder Society—Unified Parkinson's Disease Rating Scale Part Il (MDS-UPDRS

) score

3.2.3 Sample collection and 16SrRNA gene (rDNA) sequencing

Fecal samples were collected in tubes containing DNA stabilization buffer (CANVAX Biotech). For
16S rDNA sequencing, total microbial DNA was extracted using the QlAamp PowerFecal DNA Kit

(Qiagen), according to the manufacturer’s instructions. DNA concentration and purity were

assessed, and samples were subsequently stored at —80 °C until further processing.

Library preparation for lllumina 16S metagenomic sequencing was performed starting from 12.5 ng
of each DNA extract. The V3-V4 hypervariable regions of the bacterial 16S rRNA gene were

amplified using universal primers described by Klindworth et al. [115], containing lllumina adapter
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sequences. The resulting first-round PCR amplicons were purified with Agencourt AMPure XP beads
(Beckman Coulter, Milan, Italy) before a second PCR step, which introduced dual indices and
sequencing adapters using the Illumina Nextera XT Index Kit (Illumina Inc., San Diego, CA, USA) for
library multiplexing. Following a second purification step, DNA concentrations were quantified with
the Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific), diluted to 4 nM, and pooled for sequencing.
Sequence data were generated as FASTQ files and deposited in the ArrayExpress repository under
accession code E-MTAB-12486. Raw FASTQ reads were imported into QIIME2 (v2021.2 (44)), and
[llumina primers were trimmed using the g2-cutadapt plugin in trim-paired mode [116]. Denoising
of trimmed paired-end sequences was performed with the g2-dada2 plugin [117]. Taxonomic
assignment of amplicon sequence variants (ASVs) was carried out using the g2-feature-classifier
plugin [118] with a pre-trained Naive Bayes classifier based on the SILVA 138 database (99%
operational taxonomic units, full-length sequences) [119]. The overall workflow, from sample

collection to data analysis.

3.2.4 Statistical analysis

All statistical analyses were performed using RStudio (version 2023.12.1+402) running R (version
4.3.2). Data processing, statistical testing, and visualization were conducted on relative abundance
data (normalized to 10 1 per sample) using the following R packages: phyloseq, microbiome, vegan,
ggplot2, dplyr, tidyr, FSA, scales, forcats, writexl, and broom. Random seeds were fixed to ensure
reproducibility.

To characterize differences in gut microbial diversity among clinical subgroups, a comprehensive
multilevel statistical approach was employed.
Initially, alpha diversity was assessed using the Shannon and Simpson indices, which quantify within-
sample microbial diversity by integrating both species richness and evenness.
These indices were calculated from rarefied abundance data to minimize sampling depth bias.
Group-wise comparisons were performed using non-parametric tests (Wilcoxon rank-sum or
Kruskal-Wallis, followed by Dunn’s post hoc test where appropriate), in order to evaluate potential
differences in microbial diversity across sex, H&Y stages, and the presence or absence of motor
fluctuations.

Subsequently, beta diversity analyses were conducted to explore inter-sample community

dissimilarity and compositional overlap among groups.
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Bray—Curtis dissimilarity matrices were computed based on relative abundance data, and the
resulting distance matrices were visualized through Principal Coordinates Analysis (PCoA).
The statistical significance of group-wise clustering patterns was tested using Permutational
Multivariate Analysis of Variance (PERMANOVA) [120] with 9,999 permutations, as implemented in
the vegan R package (adonis function).
This multivariate test evaluates whether the centroids and dispersion of microbial communities
differ significantly among predefined groups, thus providing a robust measure of compositional
divergence.

Together, these analyses allowed us to determine whether microbial communities exhibited
comparable internal diversity (a-diversity) or distinct overall community structures (B-diversity)
when stratified by sex, disease severity (H&Y), and motor fluctuation status.
A false discovery rate (FDR) correction was applied to adjust for multiple testing where applicable,
and a p-value < 0.05 was considered statistically significant.

To identify taxa showing significant compositional differences between PD patients with and
without motor fluctuations, a differential abundance analysis was performed on the filtered dataset.
Operational Taxonomic Units (OTUs) were first filtered to include only those with a relative
abundance greater than 0.1% in at least 5% of all samples, ensuring that only prevalent and
biologically meaningful taxa were retained for statistical testing.

This prevalence and abundance threshold was applied to reduce the influence of rare or spurious
taxa that may introduce noise into the analysis.

Relative abundances were compared between the “No” (non-fluctuating) and “Yes” (fluctuating)
groups using the non-parametric Wilcoxon rank-sum test, as implemented in R.

This test was chosen because microbiome relative abundance data are typically non-normally
distributed and zero-inflated, making non-parametric methods more robust to deviations from
Gaussian assumptions.

For each taxonomic rank (Phylum, Family, and Genus), taxa-level comparisons were computed, and
p-values were subsequently adjusted for multiple testing using the Benjamini—Hochberg FDR
correction. Adjusted g-values below 0.05 were considered statistically significant. In addition, effect
sizes were estimated as log, fold changes (log,FC) between the two groups. This analytical
framework allowed the identification of specific microbial taxa that significantly differed between
fluctuation phenotypes, highlighting taxonomic signatures potentially associated with dopaminergic

instability and gut—brain axis dysfunction in PD.
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To further explore potential relationships between microbial composition and clinical
characteristics, a Spearman’s rank correlation analysis was performed.

Correlations were computed between the 20 most abundant bacterial genera and selected clinical
parameters, including age, disease duration, disease severity as measured by the H&Y stage, and
motor symptom severity assessed by MDS-UPDRS Il score.

Spearman’s p coefficients were calculated to capture monotonic relationships without assuming
data normality, and corresponding p-values were adjusted using the Benjamini—Hochberg FDR
correction to control for multiple testing.

Finally, simple linear regression analyses were performed to evaluate the specific association
between the relative abundance of Faecalibacterium and both the H&Y stage and MDS-UPDRS Il
scores.

Regression models were fitted using ordinary least squares (OLS), and model residuals were
inspected to ensure homoscedasticity and absence of influential outliers.

These analyses allowed quantification of the directional relationship between Faecalibacterium

abundance and clinical measures of disease progression and motor impairment.

3.3 Results

3.3.1 Microbiota diversity

Alpha diversity was assessed to evaluate within-sample microbial richness and evenness across
different clinical and demographic variables. Diversity indices, including Shannon and Simpson, were
calculated and compared between groups.

When stratified by sex, no significant differences in gut microbial diversity were observed between
male and female participants as indicated by the Shannon (p = 0.978) or Simpson (p = 0.778,
adjusted p = 0.978) indices. These findings suggest that sex did not exert a measurable influence on
overall gut microbial diversity within this cohort (Figure 12A).

Similarly, alpha diversity measures did not differ significantly across H&Y stages (1-1.5, 2—-2.5, and
3—-4) with a slight tendency toward higher Shannon values in advanced one, suggesting that disease
severity was not associated with changes in microbial richness or evenness (all adjusted p > 0.26;

Figure 12B).
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When patients were grouped according to the presence or absence of motor fluctuations, a trend
toward higher alpha diversity was observed in fluctuating compared with non-fluctuating patients.
However, these differences did not reach statistical significance after multiple-comparison
adjustment (Shannon index: p = 0.029, adjusted p = 0.058; Simpson index: p = 0.077; Figure 12C).

Overall, these results indicate that gut microbial alpha diversity remained relatively stable across
sex, disease stage, and motor fluctuation status, suggesting that PD—related clinical features may

have a limited effect on within-sample microbial diversity in this population.
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3.3.2 Beta diversity

Beta diversity was evaluated to assess differences in the overall gut microbial community structure
among study subgroups. PCoA based on Bray—Curtis dissimilarity was used to visualize inter-
individual dissimilarities, while PERMANOVA was applied to test statistical significance across
groups.

When comparing male and female participants, PCoA plots showed a substantial overlap of samples,
with no evidence of distinct clustering by sex (Figure 13A). Consistently, PERMANOVA revealed no
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significant differences in beta diversity between males and females (R? = 0.0069, F = 0.747, p =
0.683), indicating that sex did not significantly contribute to the observed variability in microbial
composition.

To explore the potential influence of disease severity, patients were next stratified according to H&Y
stage categories (1-1.5, 2-2.5, and 3—4). The resulting PCoA ordination displayed partial overlap
among groups, with no clear separation along the main coordinate axes (Figure 13B). PERMANOVA
analysis did not detect statistically significant compositional differences across stages (R? = 0.0276,
F = 1.503, p = 0.080), suggesting that disease progression was not associated with substantial
changes in the global gut microbial structure.

Conversely, when comparing PD patients with and without motor fluctuations, PCoA plots
suggested a modest but noticeable separation between the two groups (Figure 13C). This
observation was confirmed by PERMANOVA, which identified a statistically significant difference in
microbial composition between fluctuating and non-fluctuating patients (R>=0.0298, F =3.282,p =
0.003*). Although the proportion of variance explained by fluctuation status was relatively small
(~3%), the finding indicates that the presence of motor fluctuations is associated with detectable
shifts in gut microbial community composition.

Overall, these analyses demonstrate that beta diversity was largely unaffected by sex or disease
stage, whereas motor fluctuation status emerged as a significant factor influencing gut microbial
composition. This suggests that clinical manifestations related to disease variability, rather than
static demographic or severity measures, may have a more pronounced relationship with

microbiota structure in PD.
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3.3.3 Differential abundance of microbial taxa according to motor fluctuation status

Following filtering at >0.1% relative abundance in 25% of samples, 119 genera were retained for
differential abundance analysis. The GM of PD patients was predominantly composed of Firmicutes
and Bacteroidetes, with smaller contributions from Proteobacteria and Actinobacteria (Figure 14A).
These major phyla accounted for the vast majority of the bacterial community across all subjects,
with no substantial differences observed between patients with and without motor fluctuations.
At lower taxonomic levels, more pronounced group-specific variations were identified (Figure 14C,
Figure 15). Several genera exhibited significant differential abundance between fluctuating and non-
fluctuating PD patients. Specifically, Lachnoclostridium (p-adj = 0.018) and unclassified
Lachnospiraceae (p-adj =0.022) were notably depleted in the fluctuating group. These taxa are well-
recognized producers of SCFAs such as butyrate, which play a crucial role in maintaining intestinal
barrier integrity and anti-inflammatory homeostasis. Their reduction could therefore suggest
impaired SCFA-mediated regulatory functions in patients experiencing motor fluctuations.
Conversely, fluctuating patients showed higher relative abundances of unclassified Eubacteriaceae
(p-adj = 0.018), Alistipes (p-adj = 0.022), and Collinsella (p-adj = 0.022). These taxa have been
previously associated with altered mucin degradation, bile acid metabolism, and pro-inflammatory
activity, processes that may influence intestinal permeability and local immune activation.
Additional genera enriched in the fluctuating group included unclassified Bacilli (p-adj = 0.022),
unclassified Clostridia (p-adj = 0.033), Desulfovibrio (p-adj = 0.044), and Lactobacillus (p-adj = 0.044).
The presence of these bacteria may reflect a shift toward microbial communities adapted to
oxidative or metabolic stress conditions, consistent with previous evidence linking intestinal
dysbiosis to disease progression and treatment response variability in PD.

In addition, the reduction of beneficial genera such as Roseburia (p-adj = 0.029) and
Faecalibacterium (p-adj = 0.058) further supports the notion of a less butyrogenic microbiota in
fluctuating patients. Although differences in other genera, including Bilophila, Butyrivibrio, and
Fusicatenibacter, did not reach statistical significance after adjustment (p-adj=0.058), they followed
a consistent downward trend, reinforcing this overall pattern.

Taken together, the observed taxonomic shifts suggest that patients with motor fluctuations harbor
a GM characterized by decreased SCFA-producing capacity and increased representation of taxa
involved in mucin and bile acid metabolism. This compositional profile may contribute to a pro-
inflammatory intestinal milieu and altered gut—brain metabolic signaling, potentially influencing

dopaminergic drug metabolism and the fluctuating clinical course of PD.
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Figure 15. Genus-level microbial composition differences between PD patients with and without
motor fluctuations
Relative abundances are displayed on a logarithmic scale. Statistically significant differences were

determined using the Wilcoxon rank-sum test. * (p-value < 0.05).

3.3.4 Associations between microbial genera and clinical variables

Spearman correlation analysis (Benjamini—Hochberg adjusted) was performed between the 20 most
abundant bacterial genera and key clinical variables, including age, disease duration, H&Y stage, and
MDS-UPDRS Il motor score (Figure 16).

Distinct correlation patterns emerged, highlighting specific microbial signatures associated with PD
severity and progression.

Negative correlations were observed between Faecalibacterium, Roseburia, Lachnoclostridium, and
unclassified Lachnospiraceae(f) with both disease duration and MDS-UPDRS Il scores. These
associations (all p-adj < 0.01) indicate that the depletion of these SCFA—producing genera parallels
longer disease duration and worse motor function, suggesting a link between reduced butyrate-
producing capacity and neurodegenerative progression. Faecalibacterium also exhibited a
significant negative correlation with H&Y stage (p =—0.36, p-adj = 0.0039), reinforcing its association

with advancing disease severity.
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Conversely, Alistipes and Parabacteroides displayed positive correlations with both disease duration
and MDS-UPDRS lll, although these did not survive multiple-comparison adjustment (p-adj > 0.05).
These genera have previously been linked to mucin degradation and pro-inflammatory metabolic
activity, suggesting their increase may accompany disease-related intestinal dysfunction.
Unclassified Eubacteriaceae(f) and Clostridia(c) showed weak positive correlations with Disease
Duration and MDS-UPDRS Il (p = 0.17-0.19), consistent with a potential enrichment of pro-
inflammatory taxa in more advanced disease stages, though these associations were not statistically
significant after adjustment. No significant correlations were observed between any genus and
LEDD, and only weak associations with age were detected, suggesting that medication dosage and
chronological aging exert a minor influence on microbial composition compared with disease-
related factors.

Overall, the correlation heatmap revealed two distinct bacterial clusters. The first cluster—
comprising Faecalibacterium, Roseburia, Lachnoclostridium, and Lachnospiraceae(f)—represents a
“protective SCFA-producing” group, characterized by negative correlations with disease severity and
duration, consistent with their role in SCFA production and gut homeostasis. In contrast, taxa such
as Alistipes, Parabacteroides, and unclassified Eubacteriaceae(f) formed a “pro-inflammatory
dysbiosis-associated” group, positively associated with disease parameters and potentially
contributing to mucosal inflammation and metabolic imbalance.

This bidirectional pattern is clearly visible in the hierarchical clustering of the lateral dendrograms
(Figure 16), which group together genera exhibiting similar correlation profiles, emphasizing a

functional dichotomy between SCFA-producing and pro-inflammatory microbial taxa in PD.
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Figure 16. Heatmap showing Spearman correlations between most abundant bacterial genera and
clinical variables

Colors indicate correlation strength (red = positive; blue = negative).

Linear regression analyses were conducted to explore the association between Faecalibacterium
relative abundance and clinical markers of PD severity.

A significant negative correlation was found between Faecalibacterium abundance and H&Y stage
(B =-0.0293, R?=1.00, p = 0.00117; Figure 17A), indicating a marked reduction of this short-chain
fatty acid (SCFA)—producing genus with advancing disease stage.

Similarly, Faecalibacterium abundance was inversely associated with MDS-UPDRS Ill motor scores
(B = -0.00198, R? = 1.00, p = 0.00019; Figure 17B), suggesting that lower levels of this beneficial
taxon are linked to more severe motor dysfunction.

Together, these findings highlight a consistent, severity-dependent depletion of Faecalibacterium in

PD, reinforcing its potential as a microbial biomarker of disease progression and motor impairment.
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Figure 17. Linear regression analyses showed a significant negative correlation between

Faecabilibacterium and A) Hoehn & Yahr (H&Y) stage and B) MDS-UPDRS Il motor scores

3.4 Discussion

This study explored the relationship between GM composition and clinical features in PD, with
particular attention to the presence of motor fluctuations, disease severity, and motor symptom
burden. Through an integrated analysis of microbial diversity, differential abundance, and clinical—
microbial correlations, we observed that while global microbial diversity remained largely
preserved, specific taxonomic and functional alterations were associated with the progression and
fluctuating course of the disease [121,122].

The analysis of a-diversity, reflecting within-sample microbial richness and evenness, revealed no
significant differences across sex or disease severity, and only a non-significant trend toward higher
diversity in patients with motor fluctuations. These findings are consistent with several previous
studies reporting that the total richness of the intestinal microbiota in PD often remains stable or
may even increase with the progression of the disease [123].

In contrast, compositional and functional imbalances are more relevant to disease pathophysiology.
The slight, non-significant increase in Shannon diversity observed in the most advanced H&Y stages
may reflect compensatory microbial remodeling rather than a true enrichment in beneficial taxa.
Overall, these results suggest that disease progression in PD is not characterized by a generalized
microbial impoverishment, but by selective compositional shifts involving key metabolic and

inflammatory pathways.
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In contrast, beta diversity analysis highlighted that the overall structure of the gut microbial
community was significantly influenced by the presence of motor fluctuations. Patients experiencing
fluctuations displayed a distinct clustering pattern compared to non-fluctuating subjects, indicating
detectable differences in microbial community composition. Although the proportion of variance
explained by fluctuation status was modest, this finding suggests that dynamic aspects of PD, such
as dopaminergic response instability, may be linked to specific alterations in gut microbial networks
[124]. This observation aligns with the growing evidence that gut microbial metabolism can
modulate dopaminergic signaling through mechanisms involving the production or degradation of
levodopa, modulation of intestinal permeability, and immune—neural crosstalk along the gut—brain
axis.

Differential abundance analysis revealed a complex microbial signature distinguishing fluctuating
from non-fluctuating PD patients. Fluctuating patients exhibited a marked reduction in butyrate-
producing genera such as Lachnoclostridium, Roseburia, Faecalibacterium, and unclassified
Lachnospiraceae. These taxa are key producers of SCFAs, particularly butyrate, which serves as an
essential energy source for colonocytes and exerts potent anti-inflammatory and neuroprotective
effects [125,126]. Their depletion may indicate a reduced capacity of the gut ecosystem to maintain
intestinal barrier integrity and suppress chronic inflammation, both of which are increasingly
recognized as relevant contributors to PD pathogenesis. Conversely, an increased abundance of
Alistipes, Collinsella, Desulfovibrio, and unclassified Eubacteriaceae and Clostridia was observed in
fluctuating patients. These bacteria have been associated with mucin degradation, bile acid
dysmetabolism, and LPS-mediated pro-inflammatory responses, which may amplify intestinal
permeability and systemic inflammation. Such processes could facilitate peripheral immune
activation and contribute to microglial sensitization, thereby influencing neurodegenerative
progression [127].

The functional implications of these microbial shifts are particularly relevant in the context of motor
fluctuations. The enrichment of Desulfovibrio and Alistipes—genera capable of producing hydrogen
sulfide and other potentially neurotoxic metabolites—may contribute to local oxidative stress and
impaired absorption or metabolism of dopaminergic therapies. On the other hand, the reduction of
SCFA producers may limit the availability of anti-inflammatory metabolites such as butyrate and
propionate, which are known to regulate dopaminergic neuron survival, BBB permeability, and

neuroimmune homeostasis. Therefore, the imbalance observed between beneficial SCFA-producing
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and potentially deleterious taxa may represent a microbial correlate of dopaminergic instability and
motor fluctuation occurrence.

Correlation and regression analyses further reinforced these observations, linking specific bacterial
taxa to clinical indices of disease progression. Negative correlations between Faecalibacterium,
Roseburia, Lachnoclostridium, and unclassified Lachnospiraceae with both disease duration and
MDS-UPDRS Il scores indicate that depletion of these beneficial taxa parallels worsening motor
performance and longer disease course [121]. In contrast, positive correlations between unclassified
Eubacteriaceae and Clostridia with clinical severity suggest that their proliferation accompanies
neurodegenerative advancement and motor instability. Alistipes exhibited mixed associations with
age and disease severity, while Akkermansia remained relatively stable, reflecting preserved mucin-
degrading capacity independent of clinical status.

Linear regression analyses focusing on Faecalibacterium abundance provided further confirmation
of these trends. The significant inverse associations between Faecalibacterium and both H&Y stage
and MDS-UPDRS lll scores underscore the consistent depletion of this SCFA-producing genus with
increasing disease severity. Given the well-established anti-inflammatory and neuroprotective roles
of Faecalibacterium prausnitzii, its reduction may reflect a loss of microbial resilience contributing
to intestinal and central neuroinflammation. Although the relationship between microbial diversity
and disease severity was not linear, the decline in specific beneficial taxa highlights the selective
nature of PD-related dysbiosis, involving targeted disruptions in microbial function rather than a
global collapse of community diversity [128].

Taken together, the findings from this study suggest that the GM in PD is characterized by selective
functional and compositional alterations that become more pronounced in the presence of motor
fluctuations. Rather than generalized dysbiosis, PD appears to involve a progressive imbalance
between anti-inflammatory, butyrate-producing bacteria and pro-inflammatory, mucin-degrading
taxa. This imbalance may contribute to impaired gut barrier function, altered dopamine
metabolism, and chronic neuroinflammation, all of which are potential mediators of disease
progression and motor fluctuation development.

These results not only reinforce the link between GM and PD pathophysiology but also raise the
possibility that targeting microbial function—through dietary modulation, prebiotic or probiotic
supplementation, or microbiota transplantation—could represent a complementary therapeutic

approach to stabilize motor function and slow disease progression.
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Additionally, it would be beneficial to further investigate the presence of specific bacteria, such as
Enterococcus faecalis. This bacterium produces the enzyme decarboxylase, which metabolizes L-
dopa. This metabolism may reduce the effectiveness of therapy in patients with advanced PD who
exhibit more severe symptoms [109].

Future longitudinal and mechanistic studies integrating metagenomic and metabolomic data will be
essential to determine whether these microbial alterations precede clinical changes or arise as
secondary phenomena, and to identify specific microbial metabolites that may influence

dopaminergic homeostasis and treatment responsiveness in PD.
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4.Changes in gut microbiota composition after 12 weeks of
a home-based lifestyle intervention in breast cancer
survivors during the COVID-19 lockdown

4.1 Introduction

BC is the most common malignancy in women worldwide and continues to be a cause of death
despite screening, early diagnosis, and personalized treatments. Incidence rates of BC have been
increasing by about 0.5% per year, and the expected worldwide incidence of BC by 2050 is estimated
to be 3.2 million new cases per year [129,130]. In Italy, there are around 55000 newly diagnosed
cases of cancer each year, with 13000 resulting in death. These cases account for 14.6% of new
cancer diagnoses [131,132]. From an etiological point of view, the onset of BC can be influenced by
genetics or epigenetics (e.g., Micro-RNA miR-21, which controls various genes involved in tumor
progression) and age (young age is a negative risk factor for BC). It can lead to advanced stages or
lower survival rates, reproductive factors (the breast cells differentiation process during pregnancy
could be protective), and lifestyle (e.g., less physical activity) [129,130]. This worrying data reflects
the need for rigorous prevention and treatment strategies and further studies to understand all
possible factors influencing the development of BC and its recurrence.

The GM is a newly emerging field of study as an additional environmental risk factor in a patient
with BC, especially associated with metabolic dysfunctions. Recent evidence has described the role
of GM dysbiosis in the development of BC via estrogen-dependent mechanisms linking the
production of microbial-derived metabolites, adaptive immune response, and estrogen metabolism
[133]. Moreover, microbial metabolites have been demonstrated to express anticancer properties,
including lithocholic acid, butyrate, and cadaverine [134,135]. Novel approaches targeting the GM
have been proposed to preserve or restore normobiosis in the prevention and treatment of BC
[134]. The GM is influenced by several factors: some are unmodifiable (e.g., age, genetics, sex), and
others are modifiable (e.g., lack of a regular diet and physical activity) [136]. In particular, diet is a
key component of the relationship between humans and their microbial residents and plays an
important role in modulating its composition and diversity, affecting human health through this
interaction [137]. Changes in the host’s eating habits are reflected in the bacterial metabolism and
induce the proliferation of the species most suitable for the use of the nutrients consumed [138]. A
western type diet, rich in fat, salt, meat, refined flour, and sugar, can induce a state of dysbiosis,
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which is a change in the structural and functional balance of the gut microbial population often
associated with obesity, diabetes and chronic inflammation [139]. It has been recognized that 35%
of all cancers are associated with dietary intake, including 50% of breast carcinomas [140], and it is
likely that microbiota can be involved in carcinogenesis. On the other hand, correct dietary habits
can positively influence intestinal microbiota, restore gut eubiosis, and hence improve overall host
health.

The Mediterranean Diet (MD) is recognized by UNESCO as a cultural heritage of humanity. It is
considered one of the healthiest nutritional patterns because it prefers raw foods to processed ones,
and it provides a high consumption of vegetables, fruits, whole grains, unsaturated fats such as olive
oil, fish, eggs, nuts, legumes, and poultry, reducing red meat and sugars [141]. Along with protection
against diabetes and metabolic diseases, a reduction in BC has also been shown [142]. It has been
demonstrated that MD improves the microbiota composition compared to other diets [143].
Moreover, Pellegrini et al. [144] demonstrated that MD, in addition to probiotics, can positively
affect GM composition and that these effects translate into the improvement of metabolic and
anthropometric parameters.

Low saturated and high w-3 fatty acids intake has been linked to anti-inflammatory signaling, which
is also mediated by microbiota [145,146]. High amounts of fibers and polyphenols that exert a
prebiotic action on specific strains lead to increased SCFA, lowering cancer risk and cardio-metabolic
diseases [147,148]. Fermentable fibers allow bacteria to produce butyrate, acetate, and propionate
[149] that regulate immunity and metabolism via microbiota [150]. The protection from cancer
seems to be improved by increased Bifidobacterium genera [151] and decreased Fusobacterium
nucleatum [143]. Furthermore, adherence to the MD increases a-diversity, which expresses the
number of species present in the microbiota and positively correlates with overall health [152].

In both animal and human investigations, physical exercise was associated with favorable
modifications in the GM’s diversity, richness, and composition [153]. Positive associations have been
shown in humans between butyrate-producing bacteria, alpha diversity, and cardiorespiratory
fitness [154], as well as between athletes and sedentary controls in terms of SCFA concentrations
and higher turnover of carbohydrates and proteins. When fecal samples from nineteen people
belonging to three cohorts (adults elite, youth elite, and youth non-elite athletes) were analyzed, it
was found that top athletes had higher microbial diversity, a distinct taxonomic and functional
composition, and a substantial correlation with athletic performance [155]. Exercise alone does not

account for changes in the microbiota composition; these changes also have to do with nutritional
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consumption, which research has shown to be altered by exercise itself [156]. In a study by Donati
Zeppa et al. [157], nine weeks of high-intensity exercise caused a shift in the gut microbial
population towards a healthier microbiome in healthy male college students. Moreover, changes in
the GM composition were correlated with dietary, body composition, and performance variables.
Cheng et al. [158] recently demonstrated that a combined 8.6-month aerobic exercise and low-
carbohydrate dietary intervention increased microbiome diversity and stability in patients with
nonalcoholic fatty liver disease. Further, Furber et al. [159] reported a significant association
between microbial stability following a dietary intervention and athletic performance in a cohort of
highly trained athletes.

Several studies have been carried out on the role of microbiota in human health, and particular
attention should be paid to the frail population. In this regard, BC survivors represent a population
in which the combined influence of cancer treatment and advancing age often coincides with several
physiological changes harmful to cardio-metabolic health, including increased adiposity [160],
dysbiosis [161], and reduced cardiorespiratory fitness [162]. When BC survivors complete primary
treatments (i.e., chemotherapy and radiotherapy), women face several challenges in the long term,
and some of them continue with hormone therapy for 5 to 10 years. Side effects of treatments
include significant changes in anxiety, fatigue, and sleep dysfunction [163], as well as changes in the
metabolic profile (36). Thus, interventions based on diet and physical activity have the potential to
reduce comorbidity and prevent BC recurrences [164,165]. An increasing need for such lifestyle
interventions was highlighted during the pandemic emergency, which further increased the health
risks for people with a poor lifestyle [166,167].

We previously reported that a 12-week home-based lifestyle intervention focused on MD and an
aerobic exercise training program performed during the COVID-19 home confinement significantly
ameliorated cardiometabolic parameters in BC survivors [168]. Here we report the gut microbial
composition before and after the lifestyle intervention in twenty BC survivors. The present study
explores the effect of lifestyle (MD and aerobic exercise) in modulating the gut microbial

composition in twenty BC survivors during the first wave of the COVID-19 lockdown.
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4.2 Methods

4.2.1 Study design and population

The MoviS clinical trial (protocol no. NCT04818359) was designed as an open-label randomized
controlled trial with two parallel groups (1:1 randomization ratio with the control arm). However,
due to the imposed COVID-19 pandemic restrictions, after the approval of the institutional ethics
committee, the study protocol was amended (protocol no. 29/20, 22/04/2020). As reported by
Natalucci et al. [168], the forced changes in the study protocol made the difference in
cardiometabolic parameters between the intervention and control arms negligible, providing similar
adaptations between groups. Therefore, due to the lack of meaningful differences between the two
interventions, the results of the two groups were combined. Informed consent was obtained from
all individual participants included in the study, and the research was performed in accordance with
the Declaration of Helsinki. The women included in this study were recruited at the “Santa Maria
della Misericordia” Hospital of Urbino (ltaly), as they were eligible for the inclusion and exclusion
criteria reported in https://clinicaltrials.gov/ct2/show/NCT04818359. A sample size was considered
(n=20), according to a previously published paper [163].

4.2.2 Lifestyle intervention

Following surgery and primary therapies (chemotherapy and/or radiotherapy), eligible participants
participated in a lifestyle intervention. As previously described, participants (intervention and
control arms) received 12-week lifestyle (nutrition and exercise) educational counseling and
program [168]. All participants received nutritional advice based on MD during the intervention
phase, while only the intervention arm participated in a 12-week exercise training program (2 on-
site and 1 remotely supervised aerobic session per week) with progressive increases in exercise
intensity (from 40% to 70% of heart rate reserve) and duration (from 20 to 60 min).

Although different methods can be used to prescribe exercise intensity [169,170], heart rate (HR)
reserve was used in the current study to account for physiological adjustments that occur during
prolonged aerobic exercise (e.g., cardiovascular drift) [171]. The recommended quality (exercise
intensity) and quantity (exercise volume) of aerobic exercise for participants were attained and
exceeded gradually by increasing exercise intensity and duration [172]. However, as a result of

COVID-19 pandemic restrictions put in place, from the 4th week, the type of supervision was
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adapted to exclusively remotely supervised aerobic exercise (3 sessions per week). Weekly phone
calls from the exercise specialist, who provided the weekly exercise prescription and tailored
feedback based on the training logs, were used for supervision.

Both remotely and on-site supervised training sessions consisted of aerobic exercise (i.e., walking,
running, or cycling). On-site aerobic exercise sessions (for the first 4 weeks) were performed using
a treadmill or stationary bikes. While remotely supervised sessions were performed using treadmill
or stationary bikes, if the participant had them available at home or through other outdoor exercises
(e.g., walking without the aid of tools) according to the possibilities and preferences of the
participants. Regardless of the exercise modality, the sessions were performed at individualized
exercise intensities (e.g., walking speed and grade or cycling wattage), allowing each participant to

reach and maintain the prescribed target HR during the training sessions.

4.2.3 Sample collection and 165rRNA gene (rDNA) sequencing

Fecal samples were collected at baseline and after 12 weeks in tubes filled with DNA stabilization
buffer (CANVAX Biotech). For 16S rDNA sequencing, the total microbial DNA was extracted using
the QlAamp PowerFecal DNA Kit (Qiagen) following the manufacturer’s protocol. After assessing
DNA concentration and purity, samples were stored at -80° until processing. Library Preparation for
the lllumina 16S Metagenomic Sequencing protocol was implemented starting from 12.5 ng of each
DNA extract which was subjected to V3-V4 hypervariable regions of the bacterial 16S rDNA
amplification using the universal primers previously published by Klindworth et al. [115] with
Illumina adapters. Agencourt AMPure XP beads (Beckman Coulter, Milan, Italy) were utilized for the
first PCR amplicons purification before the second round of PCR aimed to barcode the libraries using
the Illumina dual-index system (Nextera XT Index Kit, [llumina Inc., San Diego, CA, USA) necessary
for multiplexing. After the second purification step, the Qubit dsDNA BR Kit assay was employed to
guantify the eluted DNA, which was then diluted to 4nM and pooled. Sequence data generated as
FASTQ files, deposited in the Arrayexpress repository under accession code E-MTAB-12486. FASTQ
raw sequencing data were imported into QIIME2 v.2021.244, and lllumina primers were removed
using the g2-cutadapt plugin in trim-paired mode [116]. Denoising of trimmed sequences was
performed in paired-end mode using the q2-dada2 plugin [117]. The g2-feature-classifier plugin was
used to perform the taxonomy assignment of the amplicon sequence variants (ASVs) [118] based

on the pre-trained Naive Bayes classifier SILVA 138 99% operational taxonomic units (OTUs) full-

64



length sequence dataset [119]. The workflow from sample collection to data analysis is reported in

Figure 18.

4.2.4 Statistical analysis

Data are reported as median and quartiles (Q1-Q3). The microbial alpha diversity indexes (OTUs
number and Shannon’s Effective Number of Species (ENS)), which describe the richness of the
microbial community [173], were calculated with the diversity function of the vegan R package, in
pre- and post-intervention, and compared by a Wilcoxon signed-rank test for paired data. The choice
for the use of Shannon’s effective number is that it describes the taxa to be considered important
in a sample, and it is calculated by the exponential of the Shannon-Wiener index, which considers
the differences in the abundance of each species. For further analysis, data were filtered for a
relative abundance of 0.1% in both pre- and post-training conditions. A PERMANOVA for repeated
measures on a Bray-Curtis distance matrix was applied to test pre-post differences in the relative
abundances at different taxonomic levels; post-hoc comparisons were conducted with a Wilcoxon
test, and a FDR with Benjamini-Hochberg correction was applied to account for multiple
comparisons. Effect sizes (r) were then calculated with the rstatix and coin R packages. To assess
pre-post changes in global genera abundances, a non-metric dimensional scaling (nMDS) with Bray-
Curtis distance was used. A multivariate analysis of variance for repeated measures (RM-MANQOVA)
was applied to test pre-post changes of physical and hematological variables. Lastly, a correlation
plot was built to explore correlations between pre-post variations of genera abundances and
variations of physical and hematological parameters; for graphical reasons, only significant
correlations were reported (ro.0s,20 2 0.378). Statistical analyses were conducted using R Studio 4.1;

the alpha value was set at the standard level of 0.05.
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Figure 18. Workflow of the 16S rRNA gene analysis of fecal samples collected

4.3 Results

4.3.1 Sample characteristics

The analysis included twenty women who were originally enrolled in the main trial.

Baseline sample characteristics are described in Table 6. The mean age of the sample was 51.8 + 7.8
years old, and the time since diagnosis was 10.2 + 3.1 months.

Variations in cardiorespiratory fitness, body composition, blood biomarkers, and MD adherence are
reported in Table 7. Significant changes in the post-intervention measures were detected for
maximal oxygen uptake (VO2max), fasting glucose, testosterone concentration, Homeostatic Model
Assessment (HOMA), triglycerides, LDL, and adherence to MD (MeDiet Score by DianaWeb, as

reported in Natalucci et al. [168]).
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Disease stage

0 4 20%
I 10 50%
I 6 30%

Menopausal Status at diagnosis

Pre-menopausal 3 15%
Post-menopausal 17 85%
Surgery type

Mastectomy 3 15%
Quadrantectomy 16 80%
Lumpectomy 1 5%

Treatment in addition to surgery

Radiation 7 35%
Chemotherapy 16 80%
Radiation + Chemotherapy 7 35%
None 4 20%

Current Endocrine Therapy

Tamoxifen 5 25%
Aromatase inhibitor 10 50%
None 5 25%

Table 6. Clinical baseline characteristics of the sample (n=20), reported as absolute and relative

frequencies
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Pre Post p(F) (n3)
Median * SD Median * SD

BMI (kg/m?) 23.99+2.74 23.72+2.32 0.311 (0.054)
Fat mass (%) 29.15+4.78 29.11+£3.76 0.952 (0.000)
VO2max (ml-kg-min) 32.55 + 4.54 35.78 + 6.07 <0.001 (0.617)
Fasting glucose

100.15+10.84 90.45 +11.55 <0.001 (0.597)
(mg/dL)
Testosterone (ng/mL) 0.28+0.14 0.21+0.17 0.018 (0.259)
Insulin (microu/mL) 6.99 +4.27 5.69 +3.73 0.091 (0.143)
HOMA index 1.81+1.44 1.32+1.02 0.036 (0.211)
Progesterone (ng/mL) 0.47 £0.25 0.47 £0.22 0.977 (0.000)
Triglycerides (mg/dL) 102.60 + 43.68 87.02 £43.29 0.018 (0.263)

Total cholesterol

207.10+31.99 197.85+33.31 0.119 (0.123)

(mg/dL)
HDL (mg/dL) 59.15 + 14.37 58.10+ 11.89 0.539 (0.020)
LDL (mg/dL) 129.90 + 23.44 120.75 £ 26.98 0.022 (0.246)
Hs-CRP (mg/L) 1.30+0.84 1.07 +0.88 0.078 (0.155)
Mediterranean diet

7.65+2.32 9.25+2.38 0.002 (0.406)

score

Table 7. Variations in cardiorespiratory fitness, body composition, and blood biomarkers.
BMI, body mass index; VO2max, maximal oxygen uptake; HDL, high-density lipoprotein; LDL, low-
density lipoprotein; hs-CRP, high-sensitivity C-reactive protein; Mediterranean diet score: MeDiet

Score by DianaWeb.

4.3.2. Microbial composition

After the lifestyle intervention, as shown in Figure 19, there was a significant (p=0.025) increase in
OTUs number. The pre-intervention count was 212.0 (Q1: 155.8; Q3 = 242.0), while the post-
intervention number was 224.5 (Q1: 151.5; Q3: 252.2), which represents a 5.7% increase. However,

there was no significant (p=0.620) change in the ENS as measured by Shannon’s ENS index. The ENS
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count remained relatively constant, with a pre-intervention count of 37.2 (Q1: 25.4; Q3: 45.7) and
a post-intervention count of 36.8 (Q1: 21.5; Q3: 44.2).

PERMANOVA revealed significant differences between pre and post-intervention at phylum (F=0.62;
p=0.035) and order levels (F=0.51; p=0.036). Post-hoc comparisons at the phylum level detected a
significant reduction in the abundance of Proteobacteria (pre: 3.01% (1.45-4.43), post: 2.22% (1.03-
2.80); V=189; p=0.006, ES=0.701), while no significant changes were reported for any of the other
phyla (Figure 20).

Although not significant (p=0.067), a moderate effect-size (ES=0.410) increase in the
Firmicutes/Bacteroidetes (F/B) ratio could be noticed, which showed values of 1.19 (0.82-1.43) in
the pre-intervention and 1.24 (0.99-1.55) in the post-intervention.

At the order level, significant changes were observed for Lactobacillales (p=0.040, ES=0.459),
Acidaminococcales (p=0.048, ES=0.442), and Burkholderiales (p=0.005, ES=0.609). However, these
p-values become not significant when applying FDR correction for multiple comparisons (p=0.380
for Lactobacillales and Acidaminococcales, p=0.110 for Burkholderiales).

At the genus level, significant decreases in Odoribacter (p=0.024), Erysipelotrichaceae_UCG-
003 (p=0.020), Coprococcus (p=0.042), Lachnospiraceae_UCG-004 (p=0.015), Sutterella (p=0.007)
and a significant increase in Colidextribacter (p=0.044) were observed. However, when an
exploratory non-metric multidimensional scaling was used to compare global genera abundances at
the two times, ellipses were almost perfectly overlapping (Figure 21), supporting the absence of

significant results in the PERMANOVA.
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Figure 19. Boxplots representing the number of operational taxonomic units (OUT’s number,
above) and Shannon’s effective number of species (ENS, below) in pre- and post-intervention,
respectively

Each point represent a subject, and grey lines connect pre and post-intervention measurements of

each participant.

70




Te+00

1a-01 | ‘

-
| ‘
8 1002 I |
]
c '—I—
é‘ Time
. Pre
. | &
B 1e-03 B3 Post
€D
N .
2 [
=
.
1e-04 - 5
.
1e-05
Firmicutes Bacteroidota Protecbacteria Vermucomicrobiota Actinobacteriota Desulfobactarota Cyanobacteria
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interval.
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Figure 21. Non-metric multidimensional scaling (nMDS) at the genera level
Red points represent subjects in the pre-intervention, while blue dots refer to the post-

intervention; 95% confidence ellipses are also represented.

4.3.3. Correlations with physical variables

A correlation matrix has been used to explore associations between variations of anthropometric
and cardiometabolic variables and genera abundances (Figure 22). Negative correlations were
reported between fasting glucose and Clostridia_vadinBB60 (r=-0.62), insulin and HOMA index
and Butyricicoccus genera (r = -0.72 and -0.66, respectively), and HDL cholesterol
and Escherichia/Shigella (r = -0.59). Moreover, positive correlations were found between MD
adherence and Lachnospiraceae_ND3007 (r = 0.50), Faecalibacterium (r = 0.38),

and Butyricimonas (r = 0.39).

72




: P r-:]:I__,I1J_-|_‘|_|._.—|:’.I'-._L;|_;I_'._i._ .

| !

W
_ . _ Turstissbiring 02
I | I_ Ll 04
— | HONA i Inﬁ
- E = =
m . u R e
[ T
_-: = -
EEPRITIEIE] e ?szg-gasﬂfrf;s*igaggagsgqmgsggwm
IR Y
3%:',%»:%5%' ;s gi gg, g H § §"'§ i EEE
Y g IR A T
P T § 1 ET 5 3
P g

Figure 22. Correlation plot between delta (post-pre) values of anthropometric and
cardiometabolic variables (body composition, cardiorespiratory fitness, and blood biomarkers)
and genera relative abundances

Column clustering among genera is reported. Blue color indicates positive correlation, red color
negative correlation. Only variables showing significant correlations are reported (Spearman ro.s.20

> 0.378).

4.4 Discussion

The risk of cancer recurrence and the increased risk of chronic diseases brought on by cancer
treatments endanger the well-being of cancer survivors [174-177]. Improving lifestyle behaviors
attenuates these risks, and in particular, nutrition and physical activity have been considered
powerful allies to cancer patients and survivors, as they positively impact body mass, physical
fitness, fatigue, depressive symptoms, anxiety, inflammatory profile, and quality of life [174-178].
Inversely, unhealthy eating patterns and a sedentary lifestyle are the main contributors to metabolic
syndrome, which is associated with chronic low-grade systemic inflammation and symptoms in
patients with BC who have undergone chemotherapy and survivors [179-181].

Diet and exercise are known to alter the composition of the GM, with resulting health-improving
effects [182,183]. Up to date, a limited number of human studies have uncovered that exercise
could play a beneficial role in gut health, increasing microbial diversity and changing microbiota

composition depending on training intensity and duration [184]. Only a few clinical studies
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investigated the effects of dietary interventions on the gut microbiome and/or metabolome in
patients with cancer [185].

In this study, we investigated the impact of a home-based lifestyle intervention on the GM of BC
survivors, demonstrating remarkable changes. In particular, a significant decrease in Proteobacteria
has been observed. This phylum is normally associated with the instability of the microbial
community that can lead to dysbiosis or disease [72]. Furthermore, Escherichia/Shigella bacteria
belonging to the Proteobacteria phylum possess B-glucuronidase enzymes, which produce free
estrogens from conjugated estrogens derived from the liver; free estrogens can re-enter the
bloodstream and reach different organs, including the breast [186].

Physical exercise has been previously reported to reduce inflammatory processes, decreasing
Proteobacteria but also increasing Actinobacteria [184]. Though representing only a small
percentage of the total microbial community, Actinobacteria play a key role in maintaining the
homeostasis of the GIT by increasing the expression of occluding junctions, regulating the synthesis
and catabolism of mucins, providing energy for epithelial cell proliferation, and stimulating the
immune system. In particular, Bifidobacteria (belonging to the phylum Actinobacteria) produce
lactate, which can be used by a group of microorganisms defined as “lactate users” to produce
butyrate, an SCFA that plays an important role in regulating energy metabolism and insulin
sensitivity [187]. Moreover, the F/B ratio increased after the lifestyle intervention, although not
statistically significant. This result agrees with other studies in which increases in the F/B ratio occur
following physical activity [152,184] and is particularly important since Firmicutes are the main
producers of SCFA butyrate. Furthermore, a relationship between cardiorespiratory fitness (VO2max)
and F/B ratio in healthy young adults was also reported by Durk et al. [188]. A slight but not
significant increase was observed in Actinobacteria and Bifidobacteria after 12 weeks of a home-
based lifestyle intervention in BC survivors, which exerts an inflammatory and beneficial metabolic
effect [189]. Interestingly, at the order level, Lactobacillales were found to be significantly increased
after the lifestyle intervention. This order includes bacteria belonging to the genus of Lactobacillus,
which are microorganisms with anti-inflammatory functions and may have a role against BC, as
already suggested [190]. Moreover, the lifestyle intervention produced a decrease in Sutterella, a
bacterial genus previously found enriched in patients with BC [191]. The correlation analysis
between bacterial genera and anthropometric and cardiometabolic variables evidenced a strong

positive association between adherence to MD and the butyrate
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producers Lachnospiraceae_ND3007, Faecalibacterium, and Butyricimonas, in agreement with
previous studies [192,193].

An increase in the consumption of dried fruit and cereal-based meals, and a reduction of red meat,
desserts, and glasses of wine per week (data not shown) have been observed in all participants. The
improvement of the MeDiet score obtained from the lifestyle intervention is particularly interesting
for glycemic control, as highlighted by the amelioration of metabolic and inflammatory parameters
(Table 7). The MD has been linked to improved health, including the production of SCFAs and anti-
inflammatory properties that reduce the risk of chronic inflammatory diseases such as type Il
diabetes [194-196].

Another butyrate-producing microorganism, Butyricicoccus, was negatively correlated with insulin
levels and the HOMA index. This result is in line with previous studies demonstrating that butyrate
acts as an insulin-sensitizing agent [197,198]. Moreover, Butyricicoccus was previously found to be
enriched in physically active people with respect to less active individuals, as reported by Magzdal
et al. [199]. The same was observed for Clostridia_vadinBB60 which, in our study, was negatively
correlated with fasting glucose. An interesting inverse association was found between the pro-
inflammatory bacteria Escherichia/Shigella and HDL cholesterol.

The present study shows that a lifestyle intervention based on physical activity and adherence to
the MD in patients with BC was able to shape GM towards a healthier profile by modulating some
microorganisms capable of decreasing inflammation and others capable of improving the lipid and
glycemic assets of the host. The study recognizes certain limitations. Due to the relatively small
sample size, the data are preliminary and should be interpreted with caution. Also, the absence of
a control group should be acknowledged. Even though significant changes have been noted, it is still
unknown whether also tiny modifications have any biological significance. Nonetheless, it's among
the earliest studies which demonstrate how a lifestyle intervention in previously sedentary BC
survivors can lead to an improvement in the composition of their gut microbial community. In order
to gain a more comprehensive understanding of this topic, further research is required.

This study is part of the MoviS Trial (NCT04818359), a randomized controlled trial on the effect of
aerobic exercise training on quality of life among BC survivors starting in January 2020 and ending
in 2025. The forced changes in the study protocol, imposed by COVID-19 pandemic restrictions,
made the difference between IA and CA interventions for the first recruited group of BC survivors
negligible, and the results of the two groups were combined [168] qualifying this study as a pre-post

assessment. Although the lack of a control group represents a limitation, no healthy control group,
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and no No-Covid control group were included, further studies on the MoviS cohort will allow a
comparison of these preliminary data obtained on GM and verify whether some other factors (e.g.,
COVID-19 restrictions) could better explain the changes in the GM induced by a 12-weeks lifestyle
intervention in this particular BC survivors population.

In this study, we enrolled BC survivors at high risk of recurrence due to their sedentary condition,
metabolic syndrome, inflammatory level, and dysmetabolism in the pandemic emergency, and we
verified the effect of a lifestyle intervention in the improvement of cardio-metabolic condition and
microbiota in a pre- and post-intervention assessment.

The elaborations presented in this study should be contextualized, taking into account the type of
BC survivor population in Italy during the first Covid lockdown that tended to aggravate the BC
health status by worsening their lifestyle and, consequently, their prognosis. In this line, we verified,
for example, the profile of sedentary behavior among 781 BC survivors belonging to the cohort of
the Italian DianaWeb project in the period of the first Covid lockdown. We observed a trend toward
a decrease in physical activity (22%, 57%, and 26% for walking activity, vigorous activity, and total
PA, respectively), and the sitting and lying time increased up to 54.2% [167], suggesting how COVID-
19 emergency increased the unhealthy behaviors in BC patients, indicative of a possible higher risk
of worse prognosis.

Our findings suggest that adopting a healthy lifestyle, by affecting the GM, may help to improve
some biological parameters, such as the reduction of the inflammatory pattern involved in health

maintenance, improvement of the prognosis, and reduction of the recurrence risk.
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5. Microbiota-Derived Propionate as a Modulator of EMT
and Tumor Progression in NSCLC

5.1 Background

Non-small cell lung cancer (NSCLC) remains one of the most lethal malignancies worldwide, with an
estimated 5-year survival rate of only 20-30%. Despite advances in targeted therapies and
immunotherapy, prognosis remains poor, highlighting the urgent need for novel biological
approaches to modulate tumor aggressiveness and therapeutic response. Emerging evidence has
revealed a critical role of microbiota in cancer biology. Microbial dysbiosis has been increasingly
associated with enhanced tumor growth, invasiveness, and immune evasion [200]. In the context of
lung cancer, preclinical studies have demonstrated that lung-resident bacteria can directly influence
tumor progression and aggressiveness, promoting oncogenic signaling and modulating the tumor
immune microenvironment [201].

Lung tissue was traditionally regarded as a sterile environment, devoid of microbial colonization
under healthy conditions [202]. However, recent metagenomic and culture-based evidence has
overturned this paradigm, showing that continuous microaspiration and aerosolized bacterial
dispersal from the upper respiratory tract maintain a distinct lung microbiota. This microbial
community engages in dynamic metabolic crosstalk with host tissues, contributing to physiological
homeostasis in health (eubiosis) and shifting toward a pro-inflammatory, tumor-promoting state in
disease (dysbiosis) [203]. Notably, specific bacterial taxa produce SCFAs—such as butyrate, acetate,
and propionate—that exert profound effects on host cell metabolism and gene expression. Recent
studies have shown that these microbial metabolites can reprogram tumor gene expression and
suppress cancer aggressiveness in vivo [204]. These findings open new perspectives for the
development of microbiota-driven therapeutic strategies, particularly those employing non-
pathogenic, LPS-free bacterial strains capable of producing beneficial metabolites without triggering
deleterious immune activation.

The main goal of this project is to investigate the potential of microbially mediated biotherapeutic
approaches in the context of lung cancer. Specifically, the study aims to characterize and control the
microbial production of key anticancer metabolites—such as SCFAs—with the ultimate objective of
developing a translational framework for microbiota-based interventions against NSCLC. In this

context, Acidipropionibacterium microaerophilum has been selected as the bacterial strain of
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interest to evaluate its capacity to produce SCFAs and to assess their potential protective effects on
A549 lung cancer cells, particularly in modulating tumor progression through the inhibition of
epithelial-to-mesenchymal transition (EMT). This approach seeks to harness the metabolic
versatility of commensal bacteria as a novel therapeutic tool to modulate tumor biology, enhance

treatment responsiveness, and ultimately improve clinical outcomes in patients with lung cancer.

5.1.1. Non-small cell lung cancer (NSCLC)

Lung cancer is traditionally divided into two major histological subtypes: small-cell lung cancer
(SCLC) and NSCLC. The latter accounts for approximately 85% of all lung cancer cases.

NSCLC encompasses three predominant histological subtypes distinguished by their microscopic
features:

e Adenocarcinoma, originating from mucus-secreting glandular cells,

e Squamous cell carcinoma, derived from the bronchial squamous epithelium,

e Large cell carcinoma, a heterogeneous group of poorly differentiated epithelial tumors.
Less common histological variants include adenosquamous carcinomas, displaying both glandular
and squamous features, and sarcomatoid carcinomas, characterized by the coexistence of epithelial
and mesenchymal components
Tobacco smoking remains the leading global risk factor for lung cancer. Despite a decline in smoking
prevalence over the past two decades, in 2020 more than 20% of the world’s population were still
smokers, with a prevalence of 15.4% among individuals aged 15—-24 years. However, the incidence
of lung cancer in never-smokers has been steadily increasing, emphasizing the need to explore
additional etiological factors. Exposure to carcinogens, whether from tobacco or environmental
sources, induces genomic alterations that promote uncontrolled cell growth and malignant
transformation [205].

According to GLOBOCAN (2022), lung cancer was the most frequently diagnosed malignancy
worldwide, with approximately 2.5 million new cases (12.4% of all cancers), and represented the
leading cause of cancer-related death (18.7%). Incidence and mortality are nearly twice as high in
men as in women, although the male-to-female ratio varies widely across regions. In the United
States, both incidence and mortality have declined in recent decades for both sexes, whereas in
Europe mortality has decreased among men but increased among women, likely reflecting

differences in historical smoking patterns (Figure 23) [206].
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Figure 23. Global maps present (A) the incidence rate and (B) the mortality rate

The sizes of the respective populations are included in the legend [206].

Sex-related disparities are also evident in clinical presentation: women diagnosed with lung cancer
tend to be younger, have fewer comorbidities, and are more frequently never-smokers compared
with men. The median age at diagnosis is approximately 71 years, and nearly half of patients present
with advanced-stage disease at the time of diagnosis. NSCLC constitutes the majority of lung cancer

cases, with adenocarcinoma (=50%) and squamous cell carcinoma (20-30%) being the most
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prevalent subtypes, often associated with smoking history and specific druggable genomic
alterations
Lung carcinogenesis may originate from two principal sites within the respiratory tract (Figure 24):
1. The peripheral bronchioloalveolar epithelium, where the terminal respiratory unit
undergoes a multistep process from atypical adenomatous hyperplasia and adenocarcinoma
in situ to invasive adenocarcinoma,
2. The central bronchial epithelium, where progressive changes from squamous dysplasia and
carcinoma in situ lead to invasive squamous cell carcinoma.
Only a minority of precancerous lesions progress to invasive carcinoma. Rarely, adenocarcinomas
may arise centrally, and squamous carcinomas may develop in the lung periphery. Moreover,
adenocarcinomas can partially or completely transform into squamous carcinomas during tumor
evolution.
In patients with interstitial lung diseases, abnormal proliferation of lung epithelium carries an
increased risk of malignant transformation into either adenocarcinoma or squamous cell carcinoma.
Among never-smokers, adenocarcinoma is the most frequent histological subtype and often harbors
targetable genomic alterations, such as EGFR mutations or ALK, ROS1, and RET fusions. Conversely,
tumors in smokers tend to be genetically more complex, most frequently involving KRAS and BRAF
mutations. Squamous cell carcinomas also exhibit marked genomic complexity, though druggable

oncogenic alterations remain uncommon [205].
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Figure 24. Carcinogenesis occurs in two main tissues in the lung [205]
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Over the past two decades, thoracic oncology has undergone remarkable progress, particularly in
the management of NSCLC. Advances span from early detection and screening to the introduction
of novel systemic therapies, includingimmune checkpoint inhibitors (ICls) and personalized targeted
therapies for oncogene-addicted NSCLC. Notably, both therapeutic strategies are increasingly being
applied to early-stage disease, leading to improved outcomes across all stages.

A deeper understanding of the mechanisms of acquired resistance has facilitated the development
of next-generation agents capable of overcoming therapeutic resistance, thereby expanding
treatment options for selected patients. Local treatment modalities have also evolved: refinements
in surgical techniques have reduced postoperative morbidity, while advances in radiation therapy
have improved precision and minimized toxicity. This has enabled the use of local ablative
treatments, particularly in patients with oligometastatic NSCLC.

Despite these major achievements, global disparities in access to care persist, resulting in substantial

geographical differences in disease burden and clinical outcomes [205].

5.1.2 Lung microbiome

The lung microbiome differs substantially from other microbial ecosystems of the human body, such
as those inhabiting the gut or the oral cavity. It is characterized by a low microbial biomass and by a
dynamic balance between microbial immigration and clearance, resulting in a fluid and variable
composition rather than a stable community structure [202].

The upper respiratory tract — comprising the nasal cavity, paranasal sinuses, pharynx, and
supraglottic portion of the larynx — is richly colonized by bacteria, with distinct topographical
variations in microbial composition. In the nasal cavity and nasopharynx, dominant genera include
Moraxella, Staphylococcus, Corynebacterium, Haemophilus, and Streptococcus, whereas the
oropharynx is mainly populated by Prevotella, Veillonella, Leptotrichia, Rothia, Neisseria, and
Haemophilus.

In contrast, the lower respiratory tract — including the trachea and lungs — harbors a much lower
microbial biomass. This condition is maintained by efficient physiological clearance mechanisms,
which are crucial for preserving the primary respiratory function of oxygen and carbon dioxide

exchange (Figure 25).
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Figure 25. Overview of the microbial distribution across the respiratory tract [202]

Alterations in the normal microbial balance can exert detrimental biological effects and significantly
influence the development and progression of respiratory diseases, underscoring the clinical
importance of understanding the biology of the lung microbiome.

In recent years, the application of advanced culture-independent genomic techniques has enabled
a more detailed characterization of the lung microbial environment. These studies have revealed
that specific microbial signatures are associated with distinct inflammatory endotypes of the lower
airways and with particular pathophysiological processes.

The lung microbiome should therefore be regarded as a dynamic system, constantly oscillating
between states of low microbial presence and transient colonization. Experimental evidence,
including mouse models of microaspiration, supports this dynamic nature, which clearly
distinguishes the lung from high-biomass mucosal sites such as the oral cavity or the gut, where
microbial communities display greater stability and resilience.

A deeper understanding of the dynamic behavior of the lung microbiome is essential to elucidate
the pathogenetic mechanisms underlying pulmonary diseases and to identify novel therapeutic

targets at the microbe—host interface [202].
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5.1.3 Lung microbiome and lung cancer pathogenesis

The airway microbiota plays a crucial role in the initiation and progression of lung cancer.
Experimental models have demonstrated that germ-free or antibiotic-treated mice are markedly
protected against lung tumor development driven by Kirsten Rat Sarcoma Viral Oncogene Homolog
(KRAS) mutation and Tumor Protein p53 (p53) loss [207]. Conversely, the presence of commensal
microorganisms can stimulate inflammatory responses — particularly through the activation of y6
T cells — thereby promoting the formation of lung adenocarcinoma [201].

As proposed by McLean et al. [208], microbial dysbiosis may contribute to pulmonary carcinogenesis
through three interrelated mechanisms:

1. Immune imbalance, where reduced microbial diversity limits antigen presentation and
dampens antitumor immune activation, while excessive bacterial proliferation may lead to
chronic immune overstimulation and expansion of interleukin-17 (IL-17)—producing CD4* T
cells, key drivers of lung tumorigenesis.

2. Chronic inflammation, resulting from microbial metabolites and genotoxins that damage
host DNA, as well as the release of reactive oxygen and nitrogen species by inflammatory
cells, fostering angiogenesis and neoplastic transformation.

3. Direct activation of oncogenic signaling pathways by specific bacterial taxa. For example,
exposure to microcystin, a cyanobacterial toxin, has been linked to PARP1 overexpression in
NSCLC tissues, whereas Streptococcus and Veillonella species have been associated with
activation of the Phosphoinositide 3-Kinase (P13K) and Extracellular Signal-Regulated Kinase
(ERK) pathways, both implicated in lung cancer pathogenesis.

Although increasing evidence connects certain microbial species to tumor-promoting mechanisms,
it remains challenging to distinguish between microorganisms that actively drive oncogenesis and
those that merely colonize the tumor microenvironment opportunistically. Clarifying this distinction
is essential for advancing our understanding of the microbiota—cancer axis and for exploring the
airway microbiome as a potential therapeutic target in lung cancer [201].

Building upon these immunological and inflammatory mechanisms, recent studies have broadened
the understanding of how the lung microbiota influences tumor biology through additional
metabolic, molecular, and microenvironmental pathways. The formation of a sustained
inflammatory niche promotes neoplastic transformation, particularly in patients with chronic lung
diseases such as COPD, where microbial dysbiosis perpetuates inflammation and structural

parenchymal damage. Bacterial metabolites, N-formyl peptides, and cytokines such as interleukin-
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6 (IL-6) and interleukin-8 (IL-8) activate the NF-kB signaling cascade, enhancing tumor cell
proliferation, migration, and invasion.
Several microbial taxa have been linked to oncogenic signaling pathways:

e Helicobacter pylori promotes the release of IL-1, IL-6, and TNF-a, fostering a pro-tumorigenic
inflammatory milieu.

e Bacteroides fragilis activates STAT3 via T-helper 17 cells, supporting tumor proliferation and
angiogenesis, and secretes genotoxins such as cytolethal distending toxin that impair DNA
repair.

e Streptococcus and Veillonella have been associated with activation of PI3K and ERK
pathways, involved in both tumor initiation and metastatic progression.

Microbiota-induced metabolic reprogramming has also been reported. In patients with lung cancer,
microbial alterations correlate with decreased energy metabolism and ATP-binding cassette
transport, coupled with enhanced amino acid and lipid metabolism—changes that promote
malignant transformation of airway epithelial cells. Among these molecular pathways,
PI3K/AKT/mTOR plays a pivotal role, as its dysregulation drives uncontrolled proliferation, metabolic
remodeling, and resistance to apoptosis.

Moreover, the microbiota modulates the immune microenvironment of the lung. In murine models
of lung adenocarcinoma, dysbiosis stimulates yd T-cell proliferation and IL-17 production, triggering
local inflammation that supports tumor growth. Experimental reduction of microbial burden or
inhibition of IL-17 signaling significantly limits tumor progression, underscoring the
immunomodulatory impact of airway bacteria.

Beyond tumor initiation, the microbiota contributes to metastasis and angiogenesis. Pathogens such
as Mycobacterium tuberculosis and Haemophilus influenzae activate pro-metastatic signaling
(including TLR2 and PTPA) and promote neovascularization through mediators such as Vascular
Endothelial Growth Factor (VEGF), IL-6, and IL-8. Other agents, including Helicobacter pylori, Human
Papillomavirus type 16 (HPV-16), and Mycoplasma species, enhance tumor invasiveness and
vascular remodeling through mechanisms involving PI3K/AKT and c-Jun signaling [209].
Collectively, these findings indicate that the airway microbiota influences lung carcinogenesis,
tumor progression, and metastasis through the interplay of chronic inflammation, immune
modulation, metabolic reprogramming, and oncogenic signaling activation. A deeper understanding
of these interactions could pave the way for microbiota-targeted strategies in the prevention and
therapy of lung cancer.
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5.1.4 Metabolic Crosstalk between Tumor Cells and the Microbiome

The lung microbiota produces a wide range of bioactive metabolites, including SCFAs — particularly
acetate, propionate, and butyrate — as well as lactate and methylglyoxal (MGO), derived from the
fermentation of dietary substrates (Figure 26).

These molecules influence cellular metabolism and immune responses within the tumor
microenvironment, modulating immune cell proliferation and antitumor activity.

Some of these metabolites, such as propionate, butyrate, and lactate, can also alter chromatin
structure and regulate gene expression, exerting both pro- and anti-tumor effects depending on the
cellular and metabolic context.

Overall, microbiota-derived metabolites create a complex network of metabolic interactions among
tumor, microbial, and stromal cells, while also shaping immune cell function.

This interdependence can contribute either to the progression or inhibition of lung cancer and
represents a promising therapeutic target to modulate both metabolism and immunity within the
tumor microenvironment [209].

Among these metabolites, propionate has recently gained attention for its protective role in
suppressing EMT and reducing metastatic potential in NSCLC [210].

EMT is a key biological process in which epithelial cells lose polarity and intercellular adhesion,
acquiring mesenchymal features that enhance motility, invasiveness, and resistance to therapy.
Treatment with propionate has been shown to reinforce epithelial characteristics, sensitize tumor
cells to cisplatin, and promote histone acetylation, suggesting that microbial metabolites may
contribute to epigenetic remodeling and tumor suppression [204].

Based on this evidence, two propionate-producing bacterial species — Lactobacillus brevis and
Acidopropionibacterium microaerophilum — were selected for the present study. Both taxa have
been detected within the murine lung microbiota, indicating ecological relevance to the respiratory
niche, and their metabolic activity provides a biologically meaningful model to investigate how

microbially derived propionate may modulate EMT processes in NSCLC.
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Figure 26. The crosstalk between the non-small cell lung cancer (NSCLC) and the lung microbiota

5.2 Methods

5.2.1 Bacterial cultures and growth conditions

Lactobacillus brevis (LB) and Acidopropionibacterium microaerophilum (AM DSMZ13435) are Gram-
positive, facultatively anaerobic, and microaerophilic bacteria, meaning that they thrive in
environments with low oxygen concentrations [211]. This metabolic versatility allows them to adapt
to both aerobic and anaerobic conditions, making it particularly suitable for the controlled
production of SCFAs under low oxygen levels.

Lactobacillus brevis (LB) was cultured in ZMB liquid medium containing 7.2 g/L glucose, 1 g/L yeast
extract (w/v), 3.1 g/L KH2POa, 6.4 g/L K2HPO4, 1 g/L MgS04x7H,0, and supplemented with essential
amino acids at various concentrations, adjusted to pH 6.5.

Strain AM DSMZ13435 was cultured in CYL liquid medium composed of 10 g/L casein peptone, 5 g/L
yeast extract, and 14 mL/L sodium lactate (60% w/w; Sigma-Aldrich, L7900-100ML) as the main
carbon source, adjusted to pH 7.0.

Both bacterial strains were incubated at 30 °C under two different conditions—static and shaking
(70 rpm)—in their respective growth media (ZMB for LB and CYL for AM DSMZ13435), as well as in
Dulbecco’s Modified Eagle Medium (DMEM), to evaluate the most favorable environment for

growth and metabolite production.
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Optical density measurements (ODsoo) Were obtained and correlated with colony-forming units
(CFU/mL) by determining cell counts through microscopic visualization using a hemocytometer.
Regular samples were collected from the cultures to monitor growth kinetics and to determine the
exponential growth phase. This provided an estimate of the bacterial growth rate.

Additionally, supernatant samples were collected at different time intervals to quantify glucose,
pyruvic acid, lactic acid, and SCFAs by HPLC equipped with a SUPELCOGEL C-610H column and a
Refractive Index Detector (RID).

To mimic the physiological environment of lung epithelial cells, both LB and AM DSMZ13435 were
also cultured in DMEM medium at 37 °C under static conditions. This setup was designed to assess
bacterial adaptation, metabolic activity, and SCFA production in conditions comparable to those

used for A549 cell culture assays.

5.2.2. A549 cell culture and treatment conditions

A549 cells, a human alveolar basal epithelial cell line derived from lung adenocarcinoma, were used
for all experiments.

Cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 1% penicillin—
streptomycin (P/S), and 1% L-glutamine, and maintained at 37 °C in a humidified atmosphere
containing 5% CO,.

Prior to the bacterial treatment experiments, the culture medium was replaced with antibiotic-free
DMEM to avoid interference with bacterial growth.

Before treatment, AM DSMZ13435 was re-inoculated in DMEM medium 4 days in advance, allowing
bacterial adaptation to the mammalian culture environment and accumulation of secreted
metabolic compounds in the medium.

A549 cells were seeded in 12-well plates and allowed to adhere for 24 hours. After removal of the
growth medium, the wells were treated with filtered supernatants obtained from AM DSMZ13435
cultures grown in DMEM media, applied in serial twofold dilutions (1:2), and incubated for 18 hours.
Following treatment, the medium was removed, and the cells were lysed by shaking for 5 minutes
in RIPA buffer to obtain whole-cell lysates. Total protein concentration was then quantified using

the bicinchoninic acid (BCA) assay.
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The extracted protein lysates were subsequently processed for protein expression analysis, focusing
on key epithelial and mesenchymal markers to evaluate the potential impact of AM DSMZ13435—

derived metabolites on the EMT process.

5.2.3 Western Blot analysis

Protein lysates were prepared using Pierce RIPA lysis buffer (Thermo Scientific) supplemented with
1x Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific), following manufacturer’s
instructions. Total protein concentration was determined using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific).
Approximately 5 ug of total protein from each sample were resolved on a 10% SDS—PAGE gel and
subsequently transferred onto a polyvinylidene difluoride (PVDF) membrane (Thermo Scientific).
Membranes were blocked for 1 hour at room temperature in blocking buffer consisting of either 5%
non-fat dry milk or 3% bovine serum albumin (BSA) prepared in 1x TBS-T (Tris-buffered saline with
0.1% Tween-20).
Following blocking, membranes were incubated overnight at 4 °C with the following primary
antibodies:

e Zinc finger E-box-binding homeobox 1 (ZEB-1, rabbit polyclonal, diluted 1:2.000, BSA),

e Vimentin (VIM, rabbit polyclonal, diluted 1:3.000, milk),

e E-cadherin (CDH1, mouse monoclonal, diluted 1:5.000, milk),

e Tubulin Alpha 4A (TUBA4A, mouse monoclonal, diluted 1:10.000, milk) as the housekeeping

protein.

The next day, membranes were washed three times with 1x TBS-T and incubated for 1 hour at room
temperature with HRP-conjugated secondary antibodies (Southern Biotech) at a dilution of
1:10.000:

e Goat anti-mouse IgG-HRP (Southern Biotech, 1071-05)

e Goat anti-rabbit IgG-HRP (Southern Biotech, 4030-05).
Protein bands were visualized using Pierce ECL Western Blotting Substrate (Thermo Scientific) and
detected with X-ray films (Thermo Scientific). Band intensity was quantified using ImagelJ software,
normalizing target protein levels to TUBA4A, and expressed as the relative fold change compared

with control samples (Figure 27).
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5.3 Results
5.3.1. Bacterial growth dynamics and SCFA production

The growth profile of LB showed that the strain was able to proliferate efficiently under both ZMB
and DMEM culture conditions (Figure 28A). In ZMB broth, LB produced detectable levels of
propionic acid (PA) (1.2 g/L) after 24 hours of incubation at 70 rpm, confirming its metabolic
capacity to synthesize SCFAs under low-oxygen and mild agitation conditions. Static conditions
supported bacterial growth only during the initial 48 hours, after which shaking enhanced both cell
proliferation and metabolite accumulation (Figure 29A). Furthermore, LB was capable of growing
at 37 °Cin DMEM medium (Figure 28A), demonstrating its adaptability to a mammalian-like
environment and its potential to maintain metabolic activity under conditions similar to those of
A549 cell culture.

AM DSMZ13435 exhibited a more robust and sustained growth profile in both CYL and DMEM
media. ODeoo Values increased steadily over time, confirming its ability to grow efficiently not only
in its standard medium but also in DMEM, which mimics the mammalian culture environment
(Figure 28B). In CYL broth, AM DSMZ13435 produced substantial quantities of SCFAs, particularly
acetic acid (AA) and PA, reaching concentrations of approximately 2.64 g/L and 5.5 g/L,
respectively, after 192 hours of incubation at 70 rpm under microaerophilic conditions. Similarly,
when cultured in DMEM, the strain maintained a comparable metabolic profile, producing

increasing amounts of AA and PA up to 3 g/L between 48 and 168 hours (Figure 29B). Importantly,
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AM DSMZ13435 was also able to grow at 37 °C in DMEM (Figure 28B), confirming its metabolic

activity in conditions analogous to mammalian cell culture.

Given its higher metabolic output—particularly the elevated production of propionic acid under

shaking conditions—AM DSMZ13435 was selected for subsequent experiments involving A549 cell

treatment to evaluate the potential protective effects of its secreted metabolites on tumor

progression and EMT.
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5.3.2. Protein expression analysis — Western Blot results

Western blot analysis was performed to evaluate the modulation of EMT markers in A549 cells
treated with filtered bacterial supernatants from AM DSMZ13435.

Protein lysates were obtained after 18 h of exposure, and expression levels of ZEB-1, E-cadherin,
and VIM were quantified relative to the housekeeping protein TUBA4A.

As shown in Figure 30, ZEB-1 expression exhibited a general trend toward downregulation across
the tested dilutions, suggesting a partial suppression of EMT-related transcriptional activity. This
downregulation was most pronounced in samples treated with the highest concentrations of
bacterial supernatant, indicating a dose-dependent response.

Similarly, VIM, a key structural component of mesenchymal cells, demonstrated reduced expression
in treated samples compared with controls, particularly at higher supernatant concentrations. This
reduction is consistent with a reversion toward an epithelial phenotype characterized by decreased
motility and invasive potential.

In contrast, E-cadherin, a hallmark epithelial adhesion protein and canonical marker of EMT
inhibition, was found to be upregulated following treatment, with a more evident increase at higher
doses of bacterial supernatant. The upregulation of E-cadherin, coupled with the suppression of
ZEB-1 and Vimentin, supports the notion that AM DSMZ13435-derived metabolites exert a
protective and anti-EMT effect in lung epithelial tumor cells.

Collectively, these findings indicate that exposure to AM DSMZ13435supernatants promotes a shift
toward an epithelial phenotype by modulating key EMT markers in a direction opposite to that
observed during mesenchymal transition.

This protective effect is particularly evident at higher supernatant concentrations, where the
metabolic activity of the bacterium—most likely linked to the production of short-chain fatty acids,
especially propionate—appears to play a pivotal role in maintaining epithelial integrity and

counteracting EMT-driven tumor progression in A549 cells.
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5.4 Discussion

This study investigated the potential of AM DSMZ13435 to produce bioactive SCFA and to modulate
EMT in NSCLC through metabolic—epigeneticinteractions. The bacterium demonstrated adaptability
to both bacterial and mammalian-like conditions and released metabolites capable of influencing

tumor cell behavior. In particular, the results indicate that exposure of A549 cells to bacterial

93




supernatants enriched in SCFA—especially propionate—was associated with a shift toward an
epithelial phenotype, supporting an anti-EMT and potentially anti-metastatic effect.

The observed modulation of EMT markers is consistent with current evidence linking cellular
metabolism to cancer cell plasticity. Metabolic reprogramming is now recognized as a major
hallmark of EMT, and targeting these processes has gained increasing therapeutic attention
[212,213]. In this context, SCFA such as propionate have emerged as regulators of epithelial identity,
acting through mechanisms that include histone acetylation and chromatin remodeling [210,214].
Functional genomic studies in NSCLC identified a negative association between EMT activity and the
presence of propionate and butyrate, supporting the idea that these metabolites may restrain
mesenchymal differentiation and invasive potential.

The effect of propionate on EMT appears to involve epigenetic reprogramming via p300-mediated
histone H3 lysine 27 acetylation (H3K27ac) enrichment, leading to the activation of epithelial genes
such as CDH1 and the suppression of transcriptional repressors including ZEB1 [204,215,216]. These
findings are consistent with the molecular trends observed in this study, suggesting that AM
DSMZ13435—-derived SCFA can contribute to the reinforcement of epithelial features in lung cancer
cells. In addition, propionate has been shown to sensitize tumor cells to chemotherapy and reduce
metastatic dissemination, further underscoring its potential therapeutic relevance [217,218].

The biological implications of these findings extend beyond EMT regulation. SCFA have been
implicated in the modulation of immune and inflammatory pathways [219], maintenance of
epithelial barrier function [220], and regulation of host—microbiota metabolic crosstalk [221]. The
ability of AM DSMZ13435 to produce SCFA under mammalian-compatible conditions supports the
concept that lung-associated or exogenous microbial species could influence the tumor
microenvironment through metabolic and epigenetic signaling.

Overall, this study provides preliminary evidence that AM DSMZ13435—derived metabolites,
particularly propionate, can counteract EMT-associated phenotypes in NSCLC cells, suggesting a link
between microbial metabolism and tumor suppression. These findings contribute to the growing
recognition of the microbiota as a modifiable factor in cancer biology, offering potential for
translational applications in metabolic or probiotic-based adjuvant therapies.

Further work should aim to elucidate the molecular mechanisms by which propionate influences
chromatin dynamics and EMT transcription factors, and to assess the in vivo relevance of these

effects in NSCLC models. Ultimately, leveraging microbial metabolic pathways for therapeutic
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benefit could provide a novel avenue for the prevention or treatment of EMT-driven cancer

progression and fibrosis.
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6. Conclusion

The relationship between GM and host physiology is increasingly recognized as dynamic and
bidirectional, influencing metabolic balance, immune function, and neuroendocrine regulation.
Changes in microbial communities are consistently observed in conditions related to chronic
inflammation, neurodegeneration, metabolic dysfunction, and tumor progression. However, it
remains unclear whether these shifts act as drivers, modulators, or consequences of disease.

What is becoming evident is that microbial metabolites, barrier integrity, and immune signaling are
critical points of interaction through which the microbiota can impact systemic outcomes.
Interventions aimed at modifying the microbiota—whether through diet, physical activity, or the
targeted use of microbial metabolites—present promising avenues for maintaining or restoring
physiological balance. Nonetheless, individual variability, context-dependent responses, and the
complexity of host-microbe co-regulation underscore the necessity for approaches that are
personalized and deeply grounded in mechanisms. The ability of specific microbial products to
influence cellular plasticity and inflammatory responses further suggests potential therapeutic
applications, especially in situations where metabolic reprogramming and immune dysregulation
are central concerns.

Despite these insights, several questions remain unanswered. The timing and sequence linking
microbial shifts to the onset and progression of disease are not fully understood. The mechanisms
by which microbial metabolites influence epigenetic and signaling pathways require further
exploration. Additionally, translating microbial modulation into stable, clinically effective strategies
will necessitate rigorous, long-term investigation.

Nonetheless, the intersection of microbiology, metabolism, immunology, and systems biology
continues to redefine our understanding of health and disease. As profiling and manipulation tools
for microbial ecosystems become increasingly precise, the microbiota offers both a lens for viewing
complex pathophysiology and a potential target for interventions aimed at enhancing resilience,

reducing chronic inflammation, and modulating disease trajectories.
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AADC: Aromatic amino acid decarboxylase
AMPK: AMP-activated protein kinase
ASD: Autism Spectrum Disorder
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FMT: Fecal microbiota transplantation
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GLP-1: Glucagon-like peptide-1
GLP-1Ras: GLP-1 receptor agonists
GM: Gut microbiota

H&Y: Hoehn and Yahr
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116



HOMA: Homeostatic Model Assessment

HPV-16: Human Papillomavirus type 16

IBD: Inflammatory Bowel Disease

IBS: Irritable Bowel Syndrome

IgA: Immunoglobulin A

IL-12: Interleukin-12

IL-17: Interleukin-17

IL-18: interleukin-18

IL-22: Interleukin-22

IL-4: interleukin-4

IL-6: Interleukin-6

IL-8: Interleukin-8

iRBD: REM sleep behavior disorder

KRAS: Kirsten Rat Sarcoma Viral Oncogene Homolog

LBs: Lewy bodies

LEDD: Levodopa Equivalent Daily Dose

LGR5: Leucine-rich repeat-containing G protein-coupled receptor 5
LPS: lipopolysaccharide

M: Microfold

MAMPs: microbe-associated molecular patterns

MDS-UPDRS lll: Movement Disorder Society—Unified Parkinson's Disease Rating Scale Part llI
MGO: Methylglyoxal

MHI: Microbiome Health Index

MUC2: Mucin-2

MUCS5AC: Mucin-5AC

NF-kB: Nuclear Factor kappa-light-chain-enhancer of activated B cells
NLRs: NOD-like receptors

nMDS: Non-metric dimensional scaling
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