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Abstract — The human gut microbiome represents a sophisticated ecosystem in which different clusters called ‘guilds’ and
peculiar properties develop from intricate local microbial interactions. This review evaluates how environmental factors,
climate change, and lifestyle choices remodel microbial connectivity and health. The MANOCCA (Multivariate Analysis of
Conditional Covariance Analysis) framework indicates that advancing age and smoking disrupt microbial networks, whereas
elevated BMI (Body Mass Index) is associated with increased network densification. A primary mechanism of host protec-
tion is colonization resistance against ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species) pathogens, maintained through nutritional
competition and the production of metabolites like short-chain fatty acids (SCFAs) and bacteriocins.

Environmental stressors, including climate change, exacerbate dysbiosis and thermal stress, which compromises
the intestinal barrier. Anthropogenic pollutants, specifically pesticides and micro/nanoplastics (MNPs), act as biologi-
cal reservoirs for toxins, triggering oxidative stress, NF-kB-mediated inflammation, and “leaky gut” syndrome.

Dietary patterns also play a fundamental role; while ultra-processed foods deplete microbial diversity, the Medi-
terranean diet and bioactive compounds promote eubiosis. Additionally, the microbiota modulates host responses to
ionizing radiation, facilitating tissue repair. Integrating multi-omics and precision medicine is essential to improve
targeted therapies, such as engineered probiotics, to reestablish homeostasis in a changing environment.
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INTRODUCTION

The gut microbiome is increasingly recognized as a complex ecosystem characterized not only by
its biodiversity but also by properties that emerge from local bacterial interactions (Figure 1). These
interactions contribute to the development of organized functional groups known as “guilds.”

The combined impact of these communities on human health is frequently more significant
than what can be predicted by studying individual species. The MANOCCA (Multivariate Analysis
of Conditional Covariance Analysis) framework has been leveraged by researchers in order to
comprehend such complex dynamics. Unlike traditional threshold-based approaches, MANOCCA
provides the evaluation of continuous variables and the mitigation of confounding effects by model-
ling bacterial co-abundance as a random variable contingent upon environmental and host factors
such as age, smoking, sex and BMI which are key drivers of this co-abundance.
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Figure 1. Representation of gut microbiota. Created with notebooklm.google.com.

MANOCCA research highlights different impacts on the microbial network. In particular, ad-
vancing age and smoking are linked to a pervasive decline in co-abundance which points toward
a fragmentation of microbial connectivity. In contrast, elevated BMI is associated with a densifica-
tion of the network. At the structural level, a core of 200 genera undergoes systematic modulation,
driven predominantly by inter-familial interactions rather than within-family ties. Notably, the Oscil-
lospiraceae and Lachnospiraceae families emerge as highly sensitive to these environmental and
host-derived shifts.

To decode how environmental factors perturb the microbiome, a shift toward a network-centric
perspective is essential. A clear example is Bacteroides A, which maintains stable relative abun-
dance in smokers despite a profound reorganization of its interactions with the core microbiome.
By capturing these hidden dynamics, models based on co-abundance data achieve three-fold
higher accuracy in age prediction in comparison to standard models. This evidence highlights that
microbial connectivity supplies a stronger and more sensitive framework for modern predictive
medicine’.

METHODS

This narrative review was conducted by systematically identifying and evaluating 43 scientific arti-
cles published during the previous year, focusing on the multifactorial role of environmental factors
in modelling the human gut microbiota. The search strategy targeted peer-reviewed studies inves-
tigating how climate change, anthropogenic pollutants (such as pesticides and MNPs), ionizing
radiation, and lifestyle choices remodel microbial connectivity and host homeostasis.
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CLINICAL ANTIBIOTIC USE: COLLATERAL DAMAGE TO THE GUT MICROBIOTA

The rise of ESKAPE (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species) pathogens rep-
resents a serious threat to global health, yet the gut microbiota provides a primary defense through
colonization resistance, which utilizes nutritional competition and active interference systems like
Type VI secretion to exclude invaders. This barrier is fortified by a biochemical arsenal of bacte-
riocins and metabolites like SCFAs, particularly butyrate, which stabilizes the mucosal barrier via
HIF-1a and maintains luminal anoxia to starve opportunistic aerobes. Furthermore, the microbiota
orchestrates systemic immunity through the gut-lung axis, balancing Treg/Th17 lineages to pro-
tect against severe pneumonia. To counteract antibiotic-induced dysbiosis, precision interventions
such as fecal microbiota transplantation, symbiotic, and phage therapy are emerging as highly
successful strategies to eradicate multidrug-resistant strains and restore homeostatic protection?.

SMOKING-INDUCED DYSBIOSIS: ALTERATIONS IN THE INTESTINAL ECOSYSTEM

The interaction between cigarette smoking and the gut microbiota represents a complex axis that
strongly influences global health, metabolic stability, and oncological progression®?.

Large-scale analyses suggest that smoking plays an important influence on the taxonomic com-
position and structural organization of the microbiota, altering the microbial interaction network.
This structural reorganization suggests a less structured and less resilient microbial ecosystem?®+.

The dysbiosis induced by smoking is reflected in a disrupted metabolomic signature. Remark-
able changes include altered serum levels of gamma-glutamyl cysteine, which correlates with Ac-
tinomyces abundance, and significant perturbations in arginine biosynthesis and arachidonic acid
metabolism. These metabolic shifts function as potential mediators for common chronic condi-
tions®s.

Smoking-induced dysbiosis is a key driver of pancreatic, colorectal, and bladder cancer pro-
gression. By remodeling the tumor microenvironment, this dysbiotic state dysregulates the infiltra-
tion of CD8+ T cells and dendritic cells while promoting myeloid-derived suppressor cells recruit-
ment. Remediating this microbial aberration with selective neomycin treatment abolishes these
immunosuppressive shifts, thereby mitigating tumor promotion®. Murine models reflect key human
responses to tobacco smoke—notably weight fluctuations, Cyp1al induction, and shifts in Lachno-
spiraceae and Prevotellaceae. However, they show intrinsic disparities in mirroring human inflam-
matory signatures and Bacteroidaceae dynamics®.

In spite of such limitations, current evidence displays the gut microbiota’s role as a central me-
diator of smoking-induced systemic pathology, rather than a mere non-contributory factors.

HOW CLIMATE CHANGE SHAPES OUR MICROBIOTA

Global climate change reshapes the human gut microbiota through a tripartite nexus of nutritional
disruptions, environmental shifts, and direct physiological stress. Extreme weather triggers “hidden
hunger” and increased toxin bioaccumulation, inducing the extinction of beneficial taxa, while rising
temperatures facilitate pathogens’ growth and waterborne diseases. Furthermore, direct thermal
stress compromises intestinal barrier integrity, allowing oxygen to penetrate the anaerobic lumen
and favoring the expansion of facultative aerobes at the expense of beneficial anaerobes. These
dynamics necessitate a “one health” framework to develop climate-resilient nutritional strategies
and aimed interventions to mitigate the disproportionate effect of environmental crises on global
health and immune homeostasis’.

OXIDATIVE STRESS AND MICROBIAL RESPONSES TO IONIZING RADIATION
The bidirectional crosstalk between the gut microbiota and ionizing radiation fundamentally de-

termines the balance amongst radiotherapeutic success and systemic toxicity. Radiation-induced
damage, driven by DNA breaks and ROS-induced oxidative stress, triggers the ATM/ATR-p53
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apoptotic pathway and NLRP3-mediated inflammation. However, the microbiota mitigates these
outcomes by orchestrating a triple-action defensive mechanism. By stimulating the Wnt/B-catenin
pathway through metabolites, the microbiota promotes Lgr5+ stem cell proliferation for epithelial
repair, while simultaneously leveraging TLR2/TLR4 signaling to recruit mesenchymal stem cells
and produce anti-apoptotic PGE2. Beyond protection, specific microbial metabolites like urolithin A
act as radiosensitizers by inhibiting the PISBK/AKT/mTOR pathway in malignant cells®.

ENVIRONMENTAL POLLUTANTS AND GUT MICROBIOTA DYSBIOSIS

As mentioned above, the gut microbiota is no longer viewed as a passive observer, but as a cen-
tral “microbial organ™. In our modern era, the stability of this ecosystem is constantly threatened
by metals, microplastics, and pesticides®'® which possess potent antimicrobial activity capable of
inhibiting human gut bacteria at common dietary concentrations.

At the molecular level, these contaminants trigger a self-perpetuating cycle where the induc-
tion of ROS (Reactive Oxygen Species) overwhelms antioxidant defenses and activates systemic
inflammatory pathways®. This process compromises the intestinal barrier, leading to a “leaky gut”
condition that facilitates the translocation of endotoxins into the systemic circulation. These alter-
ations extend through the microbiota-gut-brain axis®' and disrupt the enteroendocrine system,
where the downregulation of nuclear receptors reduces the production of protective metabolites,
such as SCFAs' through the downregulation of nuclear receptors®. Furthermore, the “hygiene par-
adox” suggests that excessive environmental cleanliness may paradoxically decrease microbial
diversity™.

IMPACT OF DIETARY PATTERNS ON MICROBIAL DIVERSITY

Current scientific literature indicates that the gut microbiota, through diet and the exposome, reg-
ulates processes that range from chronic inflammation to neurocognitive and muscular health's".

Algae-derived polysaccharides, such as porphyran, fucoidan, and alginate, function as special-
ized fermentable fibers that orchestrate significant systemic benefits through the gut-microbiota
axis. These compounds exert metabo-glycemic control by promoting the growth of Akkermansia
and Bifidobacterium, which repair the intestinal lining and stabilize glucose levels. Beyond metabo-
lism, fucoidan offers neuroprotective potential by modulating the gut-brain axis to reduce amyloid-8
accumulation, while porphyran demonstrates potent antitumor properties by inducing apoptosis in
colon cancer cells and optimizing the microbial ratio to suppress pathogens™®.

Polyphenols modulate bacterial composition while gut microbes convert polyphenols into more
bioactive metabolites'®?°. The response to polyphenols (e.g., from pomegranate or soy) strongly
depends on individual metabotypes, such as producers of urolithin A or equol'-®.

Additionally, polyphenol-rich interventions (blueberries, green tea, grape seed extracts) reduce
oxidative stress and inflammatory markers, promoting beneficial bacteria and reducing metabolic
endotoxemia?®2',

Diet quality is the key factor that determines whether the gut remains in a healthy state (eubiosis)
or shifts into an unbalanced one. This balance directly influences inflammation that accelerates the
aging process'’?2, The Mediterranean Diet enhances beneficial bacteria and SCFAs production, a
synergy further optimized by organic foods which shield the microbiota from damaging xenobiotics
and pesticide residues'. Ultra-processed foods and added sugars collapse microbial diversity,
while common emulsifiers degrade the protective intestinal mucus layer. This disruption triggers
systemic endotoxemia, significantly elevating the risk of obesity-related cancers?*24. Pyrenean red
meat from extensive farming promotes gut health shifts similar to chicken, proving that meat quality
and farming methods are more influential than meat type?®.

SCFAs produced by bacterial fiber fermentation play an essential role in muscle protein syn-
thesis: in fact, they can activate IGF-mTORC1 signaling, stimulating muscle growth and pre-
venting sarcopenia in the elderly. Although animal proteins have traditionally been considered
superior for muscle protein synthesis, a well-balanced vegan diet rich in fiber can support com-
parable myofibrillar protein synthesis rates to other lean meats. This is possible thanks to posi-
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tive microbiota modulation and reduced systemic inflammation, which help the body use protein
more efficiently?.

Advancements in this field are driven by integrating multi-omics data with sophisticated analyti-
cal frameworks like multistage in vitro fermentation' which accurately simulates nutrient and poly-
phenol bioconversion across different colon regions. This approach is complemented by Mende-
lian randomization, which provides the genetic evidence needed to establish causal links between
dietary patterns, microbial composition, and disease development?. In the end, precision nutrition
must evolve far beyond macronutrients to integrate food chemical quality, individual microbial pro-
files, and the gut’'s metabolic capacity to generate protective molecules like SCFAs'-17-28,

PESTICIDE-INDUCED ALTERATIONS IN THE GUT MICROBIOTA

Pesticides act as functional regulators that model the gut microbiota, transforming it into a biolog-
ical reservoir through the bioaccumulation of persistent organic pollutants. This triggers systemic
metabolic dysregulation across approximately 40 biochemical pathways, altering the production
of SCFAs, indoles, and secondary bile acids, and inducing bacterial structural remodelling like
modifying Lipid A and fatty acid saturation. Specific strains show neuroprotective effects, while
taxonomic shifts in biosentinels reveal declines in xenobiotic-degrading genera®-%.

IMPACT OF MICRO- AND NANOPLASTICS ON GUT MICROBIAL HOMEOSTASIS

The pervasive infiltration of micro- and nanoplastics (MNPs) into the human gastrointestinal tract,
primarily through the food chain and contaminated water, represents a significant risk to system-
ic homeostasis®'*2. These contaminants are not merely inert objects, but they act as carriers by
adsorbing heavy metals, persistent organic pollutants, and antibiotics while providing a selective
substrate that encourages the growth of harmful bacterial biofilms. This physical and chemical
presence leads to a remodelling of the gut microbiome, leading to essential probiotics depletion
and the proliferation of inflammatory pathobionts including Enterobacteriaceae, Desulfovibrio
spp., and Lepagella®'33-3¢. Desulfovibrio spp. produces hydrogen sulfide, which is linked to intesti-
nal inflammation and increased risks of colorectal cancer3+3.

From a molecular perspective, MNPs destabilize the intestinal barrier through multiple overlap-
ping pathways. Exposure to these particles triggers apoptosis in epithelial cells—driven by ROS
and significantly reduces the levels of essential sealing proteins3!3437.38,

Progress in the field have uncovered a sophisticated mechanism where nanoplastics interfere
with intracellular signaling by manipulating the content of extracellular vesicles. Specifically, NP
(nanoplastics) exposure increases the levels of certain intestinal microRNAs, which then block the
production of ZO-1 and protective mucin glycoproteins®. This collapse of both the physical and
mucus defences allows lipopolysaccharides and other endotoxins to leak into the systemic circula-
tion, activating inflammatory cascades through the NF-kB and NLRP3 pathways343839,

Chronic exposure to MNPs fundamentally unbalances host metabolism. The resulting dysbiosis
triggers a sharp decline in SCFAs, especially butyrate, which are fundamental for the energy bal-
ance and the integrity of the intestinal lining32343%4°, Moreover, MNPs disturb systemic metabolic
communication. In the liver, MNP-driven shifts in the microbiota accelerate fat accumulation and
oxidative damage by altering linoleic and taurocholic acid pathways®'. Most strikingly, gestational
exposure to MNPs induces intergenerational toxicity: maternal dysbiosis causes mitochondrial dys-
function, ferroptosis of trophoblasts, and subsequent fetal growth restriction®2.

To address these hazards, innovative protective strategies are arising. These include nanopar-
ticles coated with plant polysaccharides, which enhance the delivery of bioactive compounds
and promote healthy microbial populations*®. Additionally, engineered probiotics designed to se-
crete TGF-B have shown promise in repairing cell membranes and modulating the NF-kB pathway,
effectively neutralizing nanoplastic-associated infections and barrier dysfunction*'. This compre-
hensive framework illustrates that MNP toxicity is a multi-tiered disruption of the host’s metabolic
and immune equilibrium, requiring urgent interdisciplinary attention to protect public and neonatal
health3442:43,
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CONCLUSIONS

The scientific understanding of the gut microbiota has seen a deep transformation in the past
years, recognizing it as a dynamic “microbial organ”. This role is destined to become even more
central as the microbiota continues to function as the primary interface between the human body
and the environmental and lifestyle stressors (Table 1 and Table 2).

TABLE 1. WORKS SUPPORTING “THE INFLUENCE OF ENVIRONMENTAL FACTORS ON GUT MICROBIOTA”.

Author Type Year Topic Finding
Boetto et al' Original research 2025  Lifestyle Influence It introduces a model to analyse how age and
article smoking affect microbial network fragmentation,
while a high BMI increases network density.
Fanetal & Original research 2025  Cigarette Smoking Demonstrates how smoking reduces the modularity
Zhuetal® article and resilience of the microbial network.
Sharma et al° Original research 2025  Oncology and It identifies the microbiota as a central mediator
article Dysbiosis in the progression of tumors induced by smoking
through immunosuppressive mechanisms.

Litchman’ Review article 2025  Climate Change Examines how heat stress compromises
the intestinal barrier and promotes pathogen
proliferation (“One Health”).

Lietal® Review article 2025  lonizing Radiation Describes the protective role of the microbiota
in post-radiation tissue repair and the use
of urolithin A as a radiosensitizer.

Gugescu et al"® Full length article 2025  Environmental The microbiota modulates the specific toxicity

Pollutants of pollutants.

Roux et al"! Original research 2025  Environmental Environmental pollution inhibits beneficial bacteria

article Pollutants and promotes dysbiosis.

Di Renzo et al" Original research 2025  Diet and Eubiosis Confirms the benefits of the Organic Mediterranean

article Diet in promoting beneficial bacteria and SCFAs
compared to ultra-processed foods.

Karagoz et al' Review article 2025  Bioactive Compounds It highlights the neuroprotective and antitumor
potential of algae-derived polysaccharides
(fucoidan and porphyran).

Rueda-De-Torre Original research 2025  Consumption of Red Comparison of meat types and farming methods.

etal® article Meat vs. White Meat Grass-fed red meat promotes gut health similarly
to white meat.

Al- Refai et al*® Review article 2025  Vegan Diet SCFAs activate the IGF-mTORC1 signal which
supports muscle protein synthesis and helps
prevent sarcopenia in the elderly.

He et al*? Original research 2025  Neonatal Toxicity Demonstrates that gestational exposure to

article nanoplastics causes intergenerational toxicity
and fetal growth restriction.

Yang et al*® Review article 2025  Pollutants (MNPs) Analyses how microplastics act as vectors for
toxins, promoting inflammatory pathobionts such
as Desulfovibrio.

Yuetal® Review article 2025  Air Pollution (PM2.5)  Air pollution has a direct impact on bacterial
metabolites and intestinal homeostasis.

Chen et al*! Original research 2025  Innovative Therapies It proposes the use of engineered probiotics to

article repair the intestinal barrier damaged by MNPs

Lu et al®® Original research 2025  MNPs (PET) Chronic exposure to MNPs in murine models

article causes intestinal dysbiosis and disorders

of hepatic lipid metabolism.

Looking ahead, the interaction between the host and its microbial ecosystem is expected to
evolve further, making continuous, multidisciplinary research indispensable. The future of this field
lies in moving beyond simple observations toward precision medicine, utilizing advanced frame-
works to fully understand microbial dynamics. To protect public health in an ever-changing world,
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TABLE 2. RELATIONSHIP BETWEEN ENVIRONMENT, MICROBIOTA AND HEALTH.

Environmental
factors

Climate Change

Effects on the intestinal
microbiota

It compromises the intestinal barrier; oxygen
enters the lumen, favoring the growth of facultative
aerobic bacteria at the expense of beneficial
anaerobic bacteria.

Clinical implications

Disturbance of immune homeostasis
(“One Health”).

Pollutants (Pesticides
and Microplastics -
MNPs)

They act as biological reservoirs for toxins;
depletion of essential probiotics and proliferation
of pathobionts such as Desulfovibrio.

Leaky gut syndrome; oxidative stress; inter-
generational toxicity and colorectal cancer risk.

Cigarette Smoke

Fragmentation of microbial connectivity; reduction
of bacterial network modularity and resilience.

Drivers of oncological progression (pancreas,
colon, bladder); systemic metabolic alterations.

Diet (Ultra-Processed
vs. Mediterranean)

They reduce diversity and degrade mucus;
the Mediterranean diet promotes eubiosis
and SCFAs production.

Risk of obesity and related cancers;
prevention of sarcopenia in the elderly through
the gut-muscle axis.

lonizing Radiation

Induction of oxidative stress and DNA damage;
the microbiota modulates the repair response
via metabolites.

Balancing radiotherapy toxicity and tissue repair;
urolithin A acts as a radiosensitizer.

Use of Antibiotics

Loss of “colonization resistance”; reduction in
production of butyrate and protective metabolites.

Emergence of multidrug-resistant pathogens
(ESKAPE); vulnerability to severe infections
(e.g., pneumonia via the gut-lung axis).

Host Factors
(Age and BMI)

Advanced age fragments connectivity;
high BMI increases microbial network density.

Connectivity; a high BMI increases microbial
network density.

Accelerated aging (inflammaging); need for
personalized precision medicine and nutrition.

it will be essential to integrate artificial intelligence, multi-omics, and real-time monitoring technolo-
gies. These ongoing efforts are crucial for the development of next generation targeted therapeutic
strategies and for maintaining host homeostasis amidst global environmental shifts.

In conclusion, although the microbiota’s role as a dynamic interface between environment and
health is well established, new frontiers of research are now opening up, requiring an increas-
ingly multidisciplinary approach. The transition from simple observation to precision medicine
and nutrition is the priority, requiring the integration of artificial intelligence, multi-omics analysis,
and real-time monitoring technologies to fully decode the hidden dynamics of microbial connec-
tivity. It also remains crucial to establish definitive causal links between environmental variables
and pathologies, leveraging tools such as Mendelian randomization and the development of
next-generation targeted therapies, such as engineered probiotics and bioactive nanotechnol-
ogies. Only through this coordinated scientific effort, within a one health framework, resilient
strategies to protect human homeostasis in the face of future evolving environmental challenges
will be possible.
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